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1 Abstract

Toxoplasma gondii is a globally widespread apicomplexan parasite, with domestic cats (or felines in
general) as definitive hosts and many warm-blooded animals, including humans, as intermediate hosts.
The parasite has three infectious stages: tachyzoites, bradyzoites and oocysts. After infection (usually
through ingestion of tissue cysts containing bradyzoites), cats shed oocysts in the environment which
sporulate and become infectious after several days. Intermediate hosts can be infected through the
ingestion of food or water contaminated with sporulated oocysts or by ingestion of tissue cysts.

T. gondii infections are common in humans, livestock, and companion animals, but clinical disease is
rare. Over 80% of immunocompetent individuals, especially in Europe and North America, experience
no symptoms. In the remaining cases, mild symptoms like fever and lymphadenopathy may occur.
However, in immunocompromised individuals, toxoplasmosis often results from the reactivation of a
chronicinfection and can be life-threatening. The primary organs affected by T. gondii include the brain
(toxoplasmic encephalitis), heart (myocarditis), lungs (pulmonary toxoplasmosis), eyes and pancreas.
Congenital toxoplasmosis is another significant concern, occurring in pregnant women, where the
severity of outcomes depends on the stage of pregnancy during maternal infection.

Treatment options for toxoplasmosis are limited, with the folate pathway being the primary target of
anti-Toxoplasma drugs, such as pyrimethamine and sulfadiazine. Other drugs, such as atovaquone,
spiramycin, azithromycin, and clindamycin are also used as second-line drugs.

Unfortunately, current treatment regimens often cause side effects such as myelotoxicity (e.g.,
leukopenia and thrombocytopenia), rash, nausea, or vomiting, which can necessitate discontinuing
therapy or, more commonly, lead to poor patient compliance. In addition, a key challenge in treating T.
gondii infections is that, while existing drugs can control acute toxoplasmosis, no approved therapy is
available to eliminate the tissue cysts that cause chronic infections and the risk reactivation.

For this reason, new compounds have been recently optimized and tested to develop new therapies
that address all these issues. Thiosemicarbazones (TSCs) are organosulfur compounds which have been
shown to exhibit very good activity against T. gondii.

The present thesis has focused on evaluating the activity of three gold(lll) complexes with salicyl-TSC
ligands against T. gondii in vitro and in vivo. Among the compounds, one gold complex (C3) and its
corresponding salicyl-TSC ligand (C4) demonstrated promising inhibition constants in vitro against the
parasite (nanomolar range: C3 ICsp = 100 nM; C4 ICso = 30 nM) and were selected for further analyses.

Interestingly, after several days of in vitro treatment, T. gondii tachyzoites quickly adapted to these
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compounds, suggesting that the inhibitory effects of C3 and C4 were transient. To explore the mode of
action of the drugs and the mechanisms behind the adaptation to the treatment, differential affinity
chromatography coupled with mass spectrometry and proteomics (DAC-MS-proteomics) was
employed. Initially, DAC-MS-proteomics was used to identify T. gondii tachyzoite proteins that interact
with C3 and C4. Subsequently, DAC-MS-proteomics was carried out to compare the protein expression
profiles of six T. gondii tachyzoite clones adapted to C3 and C4 treatment with those of non-adapted
tachyzoites.

DAC results suggested that C3 and C4 may interfere with protein biosynthesis and that adaptation to
the treatment may be associated with the upregulated expression of tachyzoite transmembrane
proteins and transporters, suggesting that the in vitro drug tolerance in T. gondii might be due to
reversible, non-drug specific stress-responses mediated by phenotypic plasticity.

Furthermore, the potential side effects of the compounds were investigated, especially regarding their
impact on the immune system and embryonic development. Since neither compound exhibited any
immunosuppressive effects on murine splenocytes, in vivo experiments were performed in a murine
model of cerebral toxoplasmosis. However, the congenital murine model of toxoplasmosis was
excluded from further studies due to the toxicity observed in the zebrafish embryo development model.
In vivo efficacy of the compounds in the murine model of cerebral toxoplasmosis was evaluated by
performing Real-time PCR on DNA extracted from the organs (brain, heart, and eyes) of mice after
euthanasia. The analysis targeted the 529 bp gene of T. gondii, comparing parasite loads between
infected, untreated mice and those treated with C3 and C4 compounds.

The results from quantification of the parasite burden after in vivo treatments showed that neither
compound was effective in reducing parasite burdens in the brain and eyes, while there is a statistically
significant decrease of parasite burden in the heart after C4 treatment.

This lack of efficacy in the brain and in the eyes is likely due to the inability of these compounds, like
many other drugs tested for toxoplasmosis treatment, to cross the blood-brain barrier (BBB). Further
studies should explore alternative routes of administration, which may enhance the compounds'
activity, and investigate their pharmacokinetics to assess how they are metabolized. This would help
determine whether dosage adjustments are feasible. Another possibility could be testing these
compounds in combination with standard therapies like sulfadiazine or pyrimethamine to potentially
improve treatment outcomes.

In summary, T. gondii, the parasite responsible for toxoplasmosis, continues to cause significant

challenges in treatment. Current therapies manage acute infection but have limitations, including
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incomplete parasite elimination and harmful side effects. Recent research focuses on developing new
compounds, such as thiosemicarbazones and small molecules, which show promise in laboratory
studies. These new drugs could offer better efficacy, reduced toxicity, and broader action, addressing
the shortcomings of current treatments. This underlines the importance and continued necessity of

studies like this to drive the discovery of more effective treatment options.



2 Introduction

2.1 Biology of Toxoplasma gondii

2.1.1 Classification

Toxoplasma gondii is a globally widespread apicomplexan parasite, with felines, particularly domestic
cats, serving as definitive hosts, while a wide range of warm-blooded animals, including humans, act as
intermediate hosts.

The taxonomic classification of T. gondii is reported in Table 1.

Table 1. Taxonomic classification of T. gondii (Dubey, 2021a).

Phylum Apicomplexa Levine, 1970

Class Sporozoasida Leukart, 1879

Subclass Coccidiasina Leukart, 1879

Order Eimeriorina Leger, 1911

Family Toxoplasmatidae Biocca, 1956

Genus Toxoplasma Nicolle and Manceaux, 1909
Species Toxoplasma gondii Nicolle and Manceaux, 1909

T. gondii is the only existing species, named “gondii” because it was isolated for the first time from the
African rodent Ctenodactylus gundi. The life cycle of T. gondii was described for the first time in 1970
(Dubey and Frenkel, 1972). In that year, T. gondii, a parasite previously known as able to parasitize
extra-intestinal tissues of virtually all warm-blooded hosts, was found to also be an intestinal coccidian
of cats and to have an Isospora- like oocyst. This finding was a breakthrough in medical and veterinary
science and led to the discovery of several new taxa of economically important Toxoplasma-like
parasites (i.e. Neospora caninum, Sarcocystis spp.) and the description of their life cycles.

Historically, T. gondii probably originated as a coccidian parasite of cats with a fecal-oral cycle. With
domestication, it adapted its transmission by several modes, including transmission by carnivorism,
and transplacentally. There are three infectious stages of T. gondii: the tachyzoites, the bradyzoites,

and oocysts, all linked in a complex life cycle (Dubey, 2021a) (Figure 1).
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Figure 1. Life cycle of T. gondii (Taken from: Lindsay and Dubey, 2020).

2.1.2 Structure and life cycle

Tachyzoites (tachos = speed in Greek) represent the proliferative and rapid stage of the parasite. It is
crescent-shaped, having a size of approximately 2 x 6 um, with a pointed anterior (conoidal) end and
rounded posterior end. The tachyzoite has a complex structure comprised of several organelles and
inclusion bodies including a pellicle (outer covering), cytoskeleton or inner membrane complex (IMC),
subpellicular microtubules, apical rings, polar rings, a conoid, secretory organelles (rhoptries,
micronemes, dense granules), a mitochondrion, a Golgi complex, ribosomes, rough and smooth
endoplasmic reticula, nucleus and an apicoplast.

The nucleus is usually situated toward the central area of the tachyzoite. It consists of a nuclear
envelope with pores, clumps of chromatin and a centrally located nucleolus. The mitochondrion is
branched, nearly as long as the whole tachyzoite and has bulbous cristae (Dubey, 2021a).

Tachyzoite motility is driven through the actin-myosin motor complex anchored to the IMC and with
this system the parasite penetrates host cells. The mechanical events involved in zoite attachment and

penetration include (i) gliding of the zoite; (ii) probing of the host cell with the zoite’s conoidal tip; (iii)
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indenting the host cell plasmalemma; (iv) forming a moving junction that moves posteriorly along the
zoite as it penetrates the host cell; and (v) partially exocytosing micronemes, rhoptries and dense
granules (Dubey, 2021a).

T. gondii can penetrate many different nucleated cell types from a wide range of hosts, indicating that
the biochemical receptors involved in attachment and penetration are probably common to most
animal cells. Following penetration of the host cell, tachyzoites are quickly surrounded by a membrane
derived from the host-cell plasmalemma that becomes the parasitophorous vacuole membrane (PVM).
Inside the cells, tachyzoites start to divide by endodyogeny, an asexual process of reproduction in which
two progeny form within the parent parasite. Tachyzoites continue to proliferate inside the cells till
their rupture, that allows the infection of other cells. After many divisions and after the activation of
the host immune response, tachyzoites convert into a slowly replicating stage, called bradyzoite (brady
= slow in Greek), that form intracellular tissue cysts. Inside the cyst, the parasites remain alive, viable
and replicate slowly. If the host’s immune defenses are compromised for any reason, the parasites
begin to replicate more aggressively, eventually leading to cyst rupture. This allows the infectious
bradyzoites to escape, enter the circulatory system, transform into tachyzoites and infect other cells
and tissues, causing necrosis and organ damage.

Tissue cysts can have different sizes, depending on the age of the parasites: young tissue cysts may be
5 umin diameter and contain only two bradyzoites, while older ones may contain thousands. The tissue
cyst wall is elastic and less than 0.5 um thick and it contains chitin-like polysaccharides and
glycoproteins. Bradyzoites have only some differences in the structure from the tachyzoites, since the
nucleus is situated toward the posterior end, while in the tachyzoite is more centrally located. In
addition, bradyzoites are less susceptible to destruction by proteolytic enzymes compared to
tachyzoites (Dubey, 2021a).

Experimental infections have shown that after inoculation, tissue cysts begin to form after three days.
Their location is dependent on the host: in fact, cysts have been found in lungs, liver and kidneys, but
are more prevalent in muscular and neural tissues, including the brain, eye, skeletal and cardiac muscle

(Dubey, 2021a).
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2.1.2.1 Life cycle in the definitive host: the cat

Figure 2. Life-cycle of T. gondii in cat. a) Ingestion of prey containing tissue cysts. b) The cyst wall is digested in the stomach
and intestines, liberating bradyzoites. c) Bradyzoites invade epithelial cells of the intestine. d) In the enterocytes bradyzoites
divide by schizogony giving rise to merozoites. e) Merozoites differentiate into microgamonts, or macrogametes (f). g)
Fertilization gives rise to an unsporulated oocyst excreted with cat feces (h). i) Sporulation occurs and generates two

sporocysts with four sporozoites each (j) (Taken from: Attias et al., 2020).

After ingestion of bradyzoites or oocysts, cats can shed oocysts in the environment. Prepatent periods
and frequency of oocyst excretion vary according to the stage of T. gondii ingested. Prepatent periods
are 3-10 days after ingesting tissue cysts and are more than 18 days after ingesting oocysts, irrespective
of the dose. On the other hand, the prepatent period after ingesting tachyzoites may vary. Fewer than
50% of cats shed oocysts after ingesting tachyzoites or oocysts, whereas nearly all cats shed oocysts
after ingesting tissue cysts (Dubey, 2021a). Tachyzoites, indeed, are very rarely infectious for cats.
After reaching the stomach, the tissue cyst wall is disintegrated by proteolytic enzymes, releasing
bradyzoites into the intestine. There, they convert to tachyzoites and begin replicating through multiple
generations via both asexual (schizogony) and sexual (gametogony) reproduction (Figure 2).

The zygote is enclosed in a protective wall containing cytoplasm and a large central nucleus. The
infected epithelial cells then disintegrate, releasing the oocysts into the intestinal lumen, which are
excreted into the environment via feces. The oocysts measuring 10 x 12 um are shed as non-infectious,

they need to sporulate. Sporulation requires 1-5 days, depending on external environmental conditions
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like temperature, humidity and oxygenation. Sporulated oocysts contain two sporocysts, each
containing four sporozoites formed by endodyogeny, resulting in each oocyst containing eight

sporozoites (Dubey, 2021a).

2.1.2.2 Life cycle in the intermediate hosts

Toxoplasma gondii is usually transmitted to intermediate hosts through the ingestion of sporulated
oocysts found in contaminated food or water or by ingestion of tissue cysts.

In case of the ingestion of sporulated oocysts, sporozoites excyst, penetrate enterocytes and goblet
cells of intestinal epithelium and traverse to the lamina propria. Several studies have suggested that
cell traversal of sporozoites to the lamina propria takes place within 6-12 hours post-infection (p.i.) and
is driven by the production and release of several dense granule proteins (GRA)s (Dubey, 1997;
Tartarelli et al., 2020; Speer and Dubey, 1998). Twelve hours post-infection, sporozoites have divided
into two tachyzoites and by six days p.i., bradyzoites and tissue cysts are formed (Dubey, 2021a).

The parasite may spread first to mesenteric lymph nodes and then to distant organs by invasion of
lymphatic system and blood and can multiply in virtually any cell in the body.

All extracellular forms of the parasite are directly affected by host immune response, but intracellular
forms are not. In fact, immunity does not eradicate infection and tissue cysts can persist for several
years after acute infection, potentially for all the life of the subject (Hill and Dubey, 2014).

In immunocompromised patients, bradyzoites can reconvert into replicating tachyzoites, thereby
reactivating the infection and potentially causing serious tissue damage in critical organs (Augusto et
al., 2021). Pathogenicity of T. gondii is determined by the virulence of the strain and the susceptibility
of the host species. T. gondii strains may vary in their pathogenicity in each host. Certain strains of mice
are more susceptible than others and the severity of infection in individual mice within the same strain
may vary. Mice of any age are susceptible to clinical T. gondii infection. However, adult rats do not
become ill, while young rats can die of toxoplasmosis. Adult dogs, like adult rats, are resistant, whereas
puppies are fully susceptible to clinical toxoplasmosis. Certain species are genetically resistant to clinical
toxoplasmosis. Cattle and horses are among the hosts more resistant to clinical toxoplasmosis, whereas
certain marsupials and New World monkeys are highly susceptible to T. gondii infection (Hill et al.,

2005).
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2.2 Toxoplasmosis: sources of infection

As mentioned above, intermediate hosts, including humans, can be infected via different pathways.
These include (i) ingestion of water, vegetables and fruits contaminated with viable sporulated oocysts,
shed in the feces by cats (Figure 3d); (ii) ingestion of raw or undercooked meat containing viable tissue
cysts (Figure 3f); (iii) congenital transmission from the mother through the placenta (Figure 3h); (iv)
blood transfusion; (v) organ transplantation, where the organs may contain cysts or tachyzoites (Figure
3j). Oocysts can also survive in oysters and mussels retaining its infectivity. Ingestion of non- pasteurized
milk or milk products is a potential (but uncommon) source of transmission, especially goat milk (Attias

et al., 2020).

Tissue cyst

Tissue cyst

Unsporulated & =
oocyst

Sporulated
oocyst (¢

Figure 3. T. gondii pathways of transmission. a) Feline definitive host (cat). b) Unsporulated oocysts in cat feces. c¢) Food
contaminated with sporulated oocysts. d) Oocysts may be ingested by intermediate hosts via water or raw vegetables. e)
Intermediate hosts (e.g. cattle, sheep, poultry and swine). f) Ingestion of tissue cysts in uncooked meat. g) Intermediate
hosts (humans). h) Tachyzoites transmitted through the placenta to the fetus. i) Transmission by blood transfusion and

organ transplant (j). (Taken from: Attias et al., 2020).

2.2.1 Infection through tissue cysts

Tissue cysts play a crucial role in the life cycle of T. gondii, as they represent the parasite's dormant

stage, awaiting consumption by animals, including humans. In Europe, consuming undercooked
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infected meat is a significant risk factor, accounting for 30—63% of infections (Cook et al., 2000; Tenter,
2009). Based on the proportion of different meats consumed, their likelihood of being eaten raw or
undercooked, and the susceptibility of various animal species to T. gondii, meat from pigs and small
ruminants is considered the primary source of human infection (farm-to-fork food chain). Meat from
wildlife, horses, poultry, and cattle are less common sources (Gabriél et al., 2023).

Tissue cysts have been found to persist in edible tissues of live animals for months. There are numerous
reports tracing toxoplasmosis to the consumption of infected meat, and some serological surveys
incriminate meat more strongly than cats as a source of human infection. The prevalence of T. gondii
infection is greater in abattoir workers and in people who handle raw meat than in the general

population.

2.2.2 Infection through oocysts

Based on experimental studies, the commonly reported duration of oocyst shedding is approximately
1-2 weeks after initial infection, during which cats can excrete a variable number of oocysts, going from
3 to 810 million oocysts (occasionally, none) per cat infection (Dubey & Frenkel, 1972; Torrey & Yolken,
2013). These need between one and five days to become infective for other hosts, depending on
temperature, humidity and oxygenation, which explains why the direct contact with cats is not thought
to be a major risk for human infection. Unsporulated oocysts lose the ability to sporulate and to become
infective, after freezing at -6°C for seven days or after exposure to 37°C for one day. Once sporulated
they remain viable in a moist environment for more than a year. Under laboratory conditions, they
resist at 4°C for up to 54 months. They survive freezing at -10°C for 106 days and heating at 35°C and
40°C for 32 days and 9 days, respectively. However, they are killed within 1-2 min by heating at 55—
60°C (when cooking vegetables for example). They are also highly impermeable and very resistant to
disinfectants (Dumetre and Dardé, 2003). All these characteristics make oocysts very resistant and
durable, explaining why they are found in water and in soil, from where they reach vegetables and
fruits, finally infect humans and intermediate hosts. Oocyst ingestion constitutes a significant
proportion of T. gondii infections and the water-borne route of infection is one of the most common
routes of transmission of toxoplasmosis in humans, mainly in countries with precarious infrastructure
for water and sewage treatment. A significant number of outbreaks have been described in Brazil, for
example, with water or contaminated produce implicated as the common source of exposure (Pinto-

Ferreira et al., 2019).
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Water contamination with T. gondii oocysts can also lead to the presence of the parasite in edible
shellfish, such as Mytilus spp., which are commonly consumed in many Mediterranean countries. This
leads to a significant health concern. A recent survey conducted in Sardinia (ltaly), confirmed the
presence of various parasites, including T. gondii, in mussels, further raising awareness about this issue

(Tedde et al., 2019).

2.2.3 Infection through tachyzoites

The tachyzoite form of the parasite is not able to survive without a host and it is easily destroyed by
gastric secretions. Despite that, tachyzoites can be transmitted through vertical transmission from the
mother to the fetus, causing congenital toxoplasmosis. After infection with T. gondii, parasitemia occurs
and tachyzoites can invade the placenta if the woman is pregnant. Nearly half of fetuses whose mothers
become infected during pregnancy escape T. gondii infection. The stage of gestation at the time of
mother’s infection may determine the transmission of T. gondii to fetus. In general, the transmission is
more efficient in the later term of gestation, mostly related to the anatomy and immune factors. For
example, the thickness of the placenta varies with gestation; in early pregnancy, placental barrier of
humans is 50—-100 um thick and progressively decreases to 2.5-5 um at the end of pregnancy, allowing
tachyzoites to more easily invade trophoblasts by the end of the gestational course (Btaszkowska and
Goralska, 2014). Transplacental transmission of T. gondii infection generally occurs when a woman
becomes infected for the first time during pregnancy. Rarely, congenital transmission occurs in women
infected just before pregnancy or during chronic infection. Transplacental infection can lead to a wide
variety of manifestations in the fetus and infant including spontaneous abortion, stillbirth; it can also
cause severe disease in live infant, but most children are asymptomatic at birth (see paragraph 2.5.3b
about congenital toxoplasmosis) (Dubey et al., 2021).

Other but less common/rare routes of tachyzoite transmission include transfusion of packed leukocytes
or by organs’ transplantation (for example from an infected donor into an immunocompromised

recipient) and ingestion of raw contaminated milk (human or goat) (Dubey, 2021a).

2.3 Population structure of T. gondii

The parasite is characterized by a clonal population structure and the genotypes are historically divided
into types |1, Il, lll. This distinction was originally made based on the different virulence patterns
observed in mice. Despite the presence of a sexual stage in the life cycle of the parasite and a worldwide

distribution, the population structure, in isolates genotyped and sequenced in United States and
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Europe, appears highly clonal with low genetic diversity. However, multi-locus and multi-chromosome
genotyping of isolates from other continents have revealed a much more complex population structure.
Most isolates in South America, Africa or Asia do not fit into the three major lineages and they are also
considered the more virulent, responsible for important outbreaks and severe cases of ocular

toxoplasmosis in humans (Carme et al., 2009; de-la-Torre et al., 2013).

2.3.1 Genotypes, their geographic distribution and virulence

Using the microsatellites (MS), geographic differences were found among 275 isolates, with some
isolates confined to Brazil whereas others were worldwide in distribution (Lehmann et al., 2006) .
From Northern to Southern Europe the population structure of T. gondii is highly clonal, with a
predominance of strains belonging to the type Il lineage. Type Il and Il predominate in Europe and
atypical strains have been rarely isolated. In North America the population structure is very similar to
that one described for Europe, but also a fourth clonal lineage (haplogroup 12) and atypical strains
isolated both from domestic and wild animals showed an important prevalence (Dubey et al., 2011).
The identification of atypical strains is clinically and epidemiologically significant, as these strains are
often linked to severe disease outcomes. Contamination by non-European strains can occur through
residence abroad or consumption of imported meat. High-resolution analyses are needed to identify
the genotype more prevalent in different areas: MS are the most used and are amplified by PCR. A
single-multiplex-PCR using 15 MS markers located on 11 different chromosomes of T. gondii was
developed and led to the identification of atypical isolates that were characterized by a different mix
of alleles of haplogroups 1 to 3 and by additional atypical alleles at some loci. The detection of these
atypical alleles brought to discover atypical strains in South America (1, 14, 15) (Ajzenberg et al., 2010).
In Brazil in particular numerous studies have highlighted the presence of atypical and new strains
isolated from animals and from healthy humans with acute toxoplasmosis. Some of these strains are
more prevalent and widely distributed in Brazil: Brl (Toxoplasma database (ToxoDB) #6), Brll (#11), Brlll
(#8), and BrlV (#17) (Brito et al., 2023).

Looking at African countries less information is available, and most samples identified and genotyped
(118/141) were from Egypt. Overall, types Il and Il variant were the dominant (Mercier et al., 2010). In
Asia, the most common genotype found is ToxoDB#9 (Chinese 1), at least in China, while clonal types |,
Il and Il variants, and Ill have also been found (Shwab et al., 2014; Almeria and Dubey, 2021).
Experimental virulence is defined by the mouse reaction after the inoculation of the parasite
intraperitoneally. Type | isolates are highly virulent, leading to the death of mice in less than 10 days
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after the inoculation of less than 10 tachyzoites; while type Il and Il are considered avirulent strains,
allowing survival after the inoculation of more than 103 tachyzoites. The virulent strains display several
characteristics that may explain the rapid dissemination and virulence. Type | strains are

more rapid in destroying a cell monolayer than type Il or lll because they multiply rapidly and show a

lower rate of tachyzoite-to-bradyzoite interconversion (Saeij et al., 2006).

2.4 Virulence factors of T. gondii and host-parasite relationship

2.4.1 Virulence factors

To invade host cells T. gondii uses a vast repertoire of effector proteins housed primarily in two
secretory organelles, the rhoptries and dense granules. The rhoptry organelle effectors (ROPs) are
secreted by the parasite into the host cytosol during or immediately prior to invasion by an as-yet-
undefined mechanism (Rastogi et al., 2020). The few ROPs that have been characterized to date include
virulence factors that disrupt immune clearance mechanisms, remodel the host’s cortical actin
cytoskeleton at the point of parasite penetration and coopt the signal transducer and activator of
transcription proteins (STATs) STAT3 and STAT6 pathways.

In contrast, the dense granule effectors (GRAs) are thought to be secreted later during the invasion
process and mostly after the parasite has invaded the host cell (Rastogi et al., 2020). ROP18 and ROP5
were identified as the major factors of virulence of T. gondii, secreted from the parasite into the host
cell during invasion where they colocalize to the surface of the parasitophorous vacuole. In addition,
ROP18is an active serine/threonine (S/T) protein kinase that contributes to differences in pathogenesis
between the three types of strains, since it has been demonstrated that the expression of the type |
allele of ROP18 in the non- virulent type Il background is sufficient for conferring acute virulence of T.
gondii (Saeij et al., 2006; Taylor et al., 2006; Behnke et al., 2015). ROP5 plays also an important role in
the pathogenesis, considering that is an inactive member of protein kinase family that controls
virulence by blocking interferon gamma (IFN-y) - mediated clearance in activated macrophages. It can
also regulate the active protein kinase ROP18, which normally prevents clearance of the parasite in
interferon-activated macrophages phosphorylating host immunity related GTPases (IRGs). Additionally,
ROP5 has other functions indicating that it plays a general role in governing virulence factors that block
immunity (Behnke et al., 2015).

Another rhoptry protein, ROP16, was identified as playing a role in altering host gene transcription by

comparing the differences in host gene expression induced by various parasite strains. These studies
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led to a focus on genes involved in interleukin IL-4 and IL-6 responses and implicated changes in the
activity of the transcription factors STAT3 and STAT6 (Saeij et al., 2007). Although all three strains
initially induce STAT3 and STAT6 activity, only the type | or Ill strains (which share the same ROP16
variant, ROP16l/Ill) sustain this response. Prolonged STAT3/6 activation by ROP16I/Ill down-regulates
the induction of IL-12, thus limiting the protective T helper (TH1) cytokine responses (Saeij et al., 2007),
which might lead to less inflammation, reduced pathology and enhanced parasite survival.

Another virulence factor is GRA15, which is a crucial effector of type |l strains of T. gondii that is closely
associated with host immune modulation by suppressing the indoleamine 2,3-dioxygenase-1 (IDO1)-
dependent immune response in human neurons. Recent studies showed that GRA15 also inhibits IFN-
y-induced IDO1- dependent antiparasitic immune responses in human cells, suggesting a novel
therapeutic strategy for human toxoplasmosis by blocking nitric oxide (NO) or IL-1B production (Cai et

al., 2020).

2.4.2 The immune response to T. gondii and immuno-prophylaxis

The immune response to T. gondiiis complex and involves both the innate and adaptive immune
systems. Upon initial infection, the innate immune response is triggered to control the rapid replication
of the tachyzoite form of the parasite.

Innate immune response includes dendritic cells (DC) and macrophages, that play an essential role in
recognizing the parasite via pattern recognition receptors (PRRs) such as tool-like receptors (TLRs).

In addition, cytokines such as interleukin-12 (IL-12) are produces by human neutrophils and monocytes
in response to T. gondii (Schluter et al., 2001; Aldebert et al., 2007).

At this point IL-12 induces the production of interferon-gamma (IFN-y), a key mediator of immunity in
humans and mice (Cerdvolo et al., 1999; Lima and Lodoen, 2019) that initiates protective type 1
immunity (Lader, 2024).

In addition to activating T cell-mediated immunity, IFN-y functions autonomously within cells to control
intracellular parasites. For example, IFN-y increases tryptophan degradation in human fibroblasts,
inhibiting parasite replication (Pfefferkorn, 1984).

Another IFN-y- dependent mechanism of resistance in humans and mice involves guanylate binding
proteins (GBPs), which are recruited to the parasitophorous vacuole membrane and cause vacuolar
membrane disruption and parasite clearance. Human GBP1 restricts replication of type Il T. gondii in
epithelial cells without targeting the parasitophorous vacuole, suggesting that GBPs can participate in
host defense without causing classical vacuolar membrane disruption (Lima and Lodoen, 2019).
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Although innate immune responses to T. gondii have been examined in detail, how these processes
lead to the stimulation of adaptive immunity, including the ability of DC to access antigens for priming
of CD4+ and CD8+ T cells, are less well understood. Moreover, infection of host cells is associated with
reduced expression of major histocompatibility complex (MHC) molecules (Lider et al., 1998). Despite
these mechanisms of avoidance, infection with type Il strains of T. gondii leads to the activation and
expansion of DCs and a strong CD8+ T cell response, while infection with virulent type | strains induces
a weaker response (Tait et al., 2010).

While infection or vaccination with avirulent strains of T. gondii generally induces life-long immunity,
using these strains for human vaccination is not recommended due to risks, especially to pregnant
women, of a possible reactivation of tissue cysts that may eventually developed. Vaccines made from
killed T. gondii have proven to be ineffective, offering only marginal protection. Similarly, attempts to
attenuate T. gondii through irradiation have not been practical, as the parasite remains virulent even
at high doses. Vaccination using mutant strains is also not feasible due to the risk of reversion to
virulence.

In sheep, a live attenuated vaccine using a cyst-less strain of T. gondii S48 has been successful in
reducing abortion and neonatal mortality in lambs, and a commercial version is available (Toxovax®,
MSD) (Buxton and Innes, 1995).

Recently, a prophylactic vaccine has been tested in French zoos where lethal T. gondiiinfection
occurred annually in squirrel monkeys (Saimiri sciureus) (Ducournau et al., 2023). The vaccine is based
on inactivated T. gondii, associated with lipidated maltodextrin-based nanoparticles (NPL). It was
administered twice nasally at one-month intervals, followed by a 3™ heterologous nasal/subcutaneous
boost at 6 months. No death has occurred among vaccinated animals in the participating zoos since the
first administration, thanks to a memory Th1 immune response induced (Fasquelle et al., 2023).

No effective vaccine for humans has been developed to date.

Ideally, the solution of the environmental contamination with sporulated oocysts, and indirectly for
toxoplasmosis, could be the creation of a vaccine for cats. Several attempts have been done, starting
from an infection with non-oocyst-producing strains, or with an oral live vaccine using bradyzoites of
the mutant strain T-263. In this case, the mutant T-263 strains was effective in preventing oocyst
excretion (Mateus-Pinilla et al. 1999), but its commercial production was discontinued due to its short
shelf-life, high cost and lack of demand and the mechanism by which it prevented oocyst shedding is
still unclear. A more recent genetically engineered mutant, HAP2KO, has been developed

(Ramakrishnan et al., 2019) which initially led to the production of abnormal, non-sporulating oocysts
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in cats, and subsequently rendered the cats immune to oocyst excretion. Another study found that the
ablation of AAH genes reduced infection rates in cats, lowered oocyst yields, and decreased sporulation
(Wang et al., 2017). Attempts to develop vaccines using killed T. gondii or recombinant proteins have
been unsuccessful in preventing oocyst shedding after challenge with tissue cysts. Similarly, efforts to
immunize cats with crude or recombinant rhoptry proteins via rectal or nasal routes have failed to

prevent oocyst excretion (Zulpo et al., 2012, 2017).

2.4.3 Alterations in host signaling and immune evasion

The three dominant clonal lineages of T. gondii (types |, 11, lll) notably differ in their effects on host cells.
Type | and lll, but not type Il strains activate STAT3 and STAT6 in human and mouse cells, thereby down-
regulating IL-12 (Lima and Lodoen, 2019).

Another major signaling cascade dysregulated by T. gondii is the NF-kB pathway, which leads to the
production of pro-inflammatory cytokines involved in host immunity. In infected HFFs, type | T. gondii
limits NF-kB activation by reducing p65/RelA phosphorylation and translocation to the nucleus (Shapira
et al., 2005). Type | T. gondii also inhibits LPS- induced IL-1B production in primary human neutrophils,
and this effect is associated with inhibition of NF-kB signaling. In T. gondii-infected neutrophils, IkBa
degradation and p65/RelA phosphorylation are reduced, as are transcripts for IL-1B and the
inflammasome sensor NLRP3. T. gondii also inhibits caspase-1 cleavage and activation in infected
neutrophils (Lima et al., 2018), but not in infected human monocytes (Gov et al., 2013, 2017),

representing different human cell type-specific mechanisms of IL-1B regulation.

2.5 Toxoplasmosis in animals and humans

2.5.1 Infection in domestic animals

Toxoplasma gondii infections are common in humans, livestock and in companion animals but clinical
disease is relatively rare. Differences in virulence of T. gondii strains and the host immune system’s
conditions are key factors in pathogenesis of clinical toxoplasmosis. Infection in cats continues to be a
public health and veterinary concern, since they are the only hosts that can excrete the environmentally
resistant oocysts (Dubey et al., 2020). Cats of any age or any breed and either sex can die of
toxoplasmosis. Fortunately, reports of clinical toxoplasmosis in cats are sporadic. Domestic dogs may

also be infected with T. gondii; however, clinical infection is less common than subclinical disease
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(Dubey, 2009; Hill and Dubey, 2013). When manifested, clinical signs may affect respiratory,
neuromuscular, or gastrointestinal systems and can prove fatal (Dubey, 2009).

Toxoplasmosis is common in sheep, goats, pigs and chickens; however, cattle and horses are notably
resistant to the disease. In sheep, congenital infection is a leading cause of stillbirth and preterm lamb
loss. Lambs that are born infected and survive usually exhibit normal growth, but they still represent a
public health risk if their infected meat is consumed (Dubey, 2009). Toxoplasmosis can also occur in
adult goats and the disease is more severe than in sheep. Congenital infection results in loss of kids
before or after birth. Pigs may become infected with T. gondii by consumption of oocysts, congenitally
by tachyzoite transplacental transmission and through consumption of meat containing T.
gondii bradyzoite tissue cysts (i.e rodents). Although adult pigs rarely show clinical signs, the meat of

infected pigs can act as a source of human infection (Aguirre et al., 2019).

2.5.2 Infection in wild animals

Toxoplasmosis is a global disease found in all habitats and regions, from the Arctic to the tropics in
terrestrial, aquatic, and marine settings affecting all homeotherms (Sibley, 2003).

Several serosurveys document high levels of exposure to T. gondii in circumpolar bear species. Zarnke
et al. (1997) examined sera from 892 grizzly bears (Ursus arctos) in Alaska by the modified agglutination
test (MAT) and detected antibodies in 220 (24.7%). The bears were captured from north-

western, southern, and eastern interior Alaska and seroprevalence was highest in the northwestern
bears. Geographic differences in prevalence are likely accounted for by differences in feeding ecology
rather than exposure to oocysts, given the absence of both lynx and domestic cats at the northwestern
collection sites (Zarnke et al., 1997; Elmore et al., 2012).

Infection in marine mammals is geographically and taxonomically widespread, driven by land-to-sea
coastal oocyst pollution linked to oocysts from storm water runoff (Cole et al., 2000; Rengifo-Herrera
et al.,, 2012). The endangered southern sea otter (Enhydra lutris nereis), exposed through the
consumption of invertebrate prey (Johnson et al., 2009), serves as a sentinel of the land-to-sea flow
of T. gondii oocysts originating from runoff carrying infected domestic or wild felid fecal matter (Conrad
et al., 2005).

Recent studies reported the presence of T. gondii in wild boars or red deers in Germany (Bier et al.,
2020), which are of significant interest to hunters, as well as in wild boars (43% of positive) (Gazzonis

et al., 2018) and free-ranging pigs (95 % of positive) (Bacci et al., 2015) in Italy.
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2.5.3 Toxoplasmosis in humans

Approximately 30% of the human population is infected with T. gondii. In most people, symptoms
(when present) are mild and mimic other ailments such as flu, Lyme disease, Q fever, hematological
alterations and mumps (Dubey, 2021b).

The prevalence varies between countries: low seroprevalence (10-30%) in North America, South
Eastern Asia, Northern Europe and Sahelian countries of Africa; moderate seroprevalence (30 to 50%)
in Central and Southern Europe; high seroprevalence (50-80%) from Colombia and Brazil and in tropical
African countries (Robert-Gangneux and Dardé, 2012; Cafidn-Franco et al., 2014; Mose et al., 2020).
Climate factors such as temperature and humidity influence the resistance of oocysts and consequently
can influence infection levels. High prevalence is classically recorded in tropical countries (warm and
humid) and lower ones in arid or colder countries. Other factors such as economic, social and cultural
habits can explain the wide variations in human seroprevalence (dietary habits, methods of cooking
meat, hand washing, water quality, risk knowledge associated with food consumption) (Vismarra et al.,
2022).

In the United States, toxoplasmosis was identified as the second leading cause of foodborne illness-
related deaths and fourth leading cause of foodborne illness-related hospitalizations (an estimated 327
deaths, and 4428 hospitalizations annually) (Scallan et al., 2011; Gao et al., 2016; CDC Toxoplasmosis
2024). Globally, the WHO reported that foodborne toxoplasmosis reached a rate of 149 cases/100,000
citizens while in Europe the estimation of foodborne toxoplasmosis is still complicated to evaluate
because there are no EU regulations concerning the surveillance and monitoring of T. gondii in animals
and food. Therefore, the available and reported information relies on national legislation and whether
the countries have a mandatory reporting system following the detection of T. gondii. Moreover, the
cases of congenital toxoplasmosis in the EU are strongly biased by the high number of cases reported
from France, which has accounted for 75.1% to 82.7% of overall EU cases in 2017-2021 (Available at:

WHO, 2024; EFSA-ECDC report, 2023).

2.5.3a Toxoplasma gondii and human health: pathogenesis

Most horizontal transmissions to humans are caused either by the ingestion of tissue cysts in infected
meat or by the ingestion of soil, water, or food contaminated with sporulated oocysts derived from the
environment or, less frequently, directly from feline feces.

Primary acquired infection is asymptomatic in more than 80% of cases of immunocompetent subjects

in European countries or North America (Dunay et al., 2018). As mentioned above, some patients may
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experience fever or cervical lymphadenopathy, sometimes associated with myalgia, asthenia, or other
nonspecific clinical signs. (Robert-Gangneux and Dardé, 2012).

In contrast to T. gondii infection in immunocompetent individuals, toxoplasmosis can be life-
threatening in immunocompromised patients, regardless of virulence, though the host's immune
background remains crucial. In these individuals, toxoplasmosis almost always happens because of
reactivation of chronic infection. The CNS is the site most typically affected by re-infection. Clinical
presentation of toxoplasmic encephalitis varies from a subacute gradual process evolving over weeks
to an acute confusional state, with or without focal neurological deficits, evolving over
days. Toxoplasmosis in immunocompromised patients can also present as chorioretinitis, pneumonitis,
or multiorgan involvement presenting with acute respiratory failure and haemodynamic abnormalities
like septic shock. Toxoplasma pneumonia seems to be more frequent in recipients of bone-marrow
transplants and in patients with AIDS (Dunay et al., 2018).

In addition, recent data indicate that chronic T. gondii infection (tissue cysts) may predispose to
neurological diseases due to alterations in neuronal architecture, neurochemistry, and behavior
(Carter, 2013; Kazemi Arababadi et al., 2024). Several studies have explored the connection between T.
gondii infection and conditions such as schizophrenia, epilepsy, depression, bipolar disorder, dysphoria,
Alzheimer's disease, Parkinson's disease, and obsessive-compulsive disorder (OCD). However, the
evidence regarding T. gondii's role in these neurological and neurobehavioral disorders remains varied

and inconclusive and needs more detailed study (Virus et al., 2021).

2.5.3b Congenital toxoplasmosis

When primary infection is acquired by a pregnant woman, tachyzoites can colonize placental tissues
during the dissemination process and from there can gain access to the fetal compartment in about
30% of cases. The frequency of vertical transmission increases with the gestational age at maternal
infection. At the beginning of pregnancy, the transplacental passage of tachyzoites is a rare event, but
the consequences for the offspring are heavy (Robert-Gangneux and Dardé, 2012).

Transplacental infection can lead to a wide variety of manifestations in the fetus and infant including
spontaneous abortion, stillbirth; it can also cause severe disease in live infant, but most children are
asymptomatic at birth. Most severe cases of prenatally acquired toxoplasmosis were reported first with
the predominant manifestation of encephalomyelitis. Moreover, ocular symptoms are the most

common signs of congenital toxoplasmosis (Dubey et al., 2021).
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However, a high incidence and severity of ocular toxoplasmosis in immunocompetent subjects and in
congenitally infected babies, caused mainly by atypical strains, have been reported from Africa, Brazil
and Colombia (Gilbert et al., 2008; Huang et al., 2012, 2018).

The prevalence of ocular toxoplasmosis varies from less than 1% to approximately 18% of persons,
depending on geographical location. For the majority, ocular toxoplasmosis involves the posterior eye
and is characterized by recurrent necrotizing retinitis, with frequent extension of the inflammation and

tissue destruction into the choroid, which encapsulates the retina (Smith et al., 2021).

2.6 Challenges and limitations of current toxoplasmosis treatments
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Figure 4. Currently available drugs, their chemical structures, and targets on T. gondii (Taken from: Abdullahi et al., 2020).

Figure 4 reports currently available drugs for treatment of toxoplasmosis, their chemical structures, and
targets on T. gondii.

Treatment options for toxoplasmosis are limited, with the folate pathway being the primary target of
anti-Toxoplasma drugs. This pathway, essential for DNA synthesis, involves the enzymes dihydrofolate
reductase (DHFR) and dihydropteroate synthetase (DHPS), which are inhibited by current
chemotherapy agents. Pyrimethamine (PYR) and sulfadiazine (SDZ) are the primary drugs used for the
treatment of acute toxoplasmosis: PYR targets the parasite’s DHFR, while SDZ inhibits the DHPS.

However, they are unable to distinguish between the parasite’s enzymes and those of the human host.
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In addition, when taken alone they do not have full efficacy and must be used in combination regimens,
blocking DHFR and DHPS synergically. Other treatment regimens include trimethoprim (another DHFR
inhibitor), in combination with sulfamethoxazole and atovaquone either alone or in combination with
sulfadiazine (Dunay et al., 2018).

Pyrimethamine is an antiparasitic drug commonly used to treat toxoplasmosis but also malaria (White
et al., 2014). Sulfadiazine and trimethoprim are broad-spectrum antibiotics primarily effective against
gram-positive bacteria. Sulfadiazine, a sulfonamide antibiotic, inhibits bacterial folic acid synthesis,
similarly to how pyrimethamine acts on parasites. Trimethoprim, on the other hand, is commonly
paired with sulfamethoxazole to form a combination known as co-trimoxazole, a treatment widely used
for bacterial infections such as urinary tract infections, pneumonia, and certain gastrointestinal
infections. Both sulfadiazine and trimethoprim target the bacterial folic acid pathway, making them
highly effective against a variety of bacterial pathogens. (Available at “MSD MANUAL: trimethoprim
and sulfamethoxazole” by Werth, PharmD, University of Washington School of Pharmacy
Reviewed May 2024). In addition, these two drugs are widely used in combination as prophylaxis for
toxoplasmosis treatment, especially in HIV infected individuals.

Other drugs, such as atovaquone, spiramycin, azithromycin, and clindamycin are also used to treat T.
gondii infection as second-line drugs. The second-line drugs are used individually or in combination
with either pyrimethamine or sulfadiazine. Spiramycin is used in pregnant women as a prophylaxis to
prevent fetal infection but is ineffective for the treatment for an established fetal infection, since it
barely crosses the placental barrier (Robert-Gangneux, 2014). Spiramycin, along with other antibiotics
used in the treatment of toxoplasmosis such as clindamycin and azithromycin, targets ribosomal
proteins, thereby inhibiting protein synthesis in the parasite. These antibiotics interfere with the
parasite's ability to produce essential proteins, disrupting its growth and replication. Despite their
efficacy, these drugs primarily act on the acute phase of infection and do not eliminate tissue cysts,
underscoring the need for more comprehensive treatment strategies (Dunay et al., 2018). Another
antibiotic, ciprofloxacin, targets the DNA gyrase complex in the apicoplast, affecting DNA replication
(Martins-Duarte et al., 2015).

Another common drug target against apicomplexa parasites, including T. gondii (Alday and Doggett,
2017), is the cytochrome bcl complex. Inhibitors binding to the Qo and Qi sites of the complex disrupt
the electron transport chain. Atovaquone is the only cytochrome bc1 inhibitor currently used in clinical
practice and it is a therapeutic and prophylactic agent used against the protozoan Pneumocystis carinii,

although it was originally developed as an antimalarial (Meshnick et al., 2001). Like other
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naphthoquinones, it binds to the Qo site of the complex. Its effectiveness in reducing T. gondii tissue
cyst burden has been shown both when used alone (Ferguson et al., 1994) and in combination with
clindamycin (Djurkovic-Djakovic et al., 2002). However, mutations in the cytochrome b binding site can
lead to resistance, limiting its broader use.

Only a limited number of parasite targets have been identified as sites of action for drugs against T.
gondii. Furthermore, many of these targets are also present in the human host, and treatment can lead
to significant adverse effects (Abdullahi et al., 2020). Indeed, current treatment regimens often cause
side effects such as myelotoxicity (e.g., leukopenia and thrombocytopenia), rash, nausea, or vomiting,
which can necessitate discontinuing therapy or, more commonly, lead to poor patient compliance. This
is a serious drawback, as patients (congenitally infected neonates, immunocompromised patients)
usually need prolonged treatments (Porter et al., 1992; Konstantinovic et al., 2019). Another major
challenge in treating T. gondii infections is that, while several existing drugs can effectively manage
acute toxoplasmosis, there is currently no approved therapy capable of eliminating the tissue cysts
responsible for chronic infections and potential reactivation.

Unlike many other apicomplexans, T. gondii can cross the blood-brain barrier (BBB) and establish a
persistent infection with the drug-resistant bradyzoite stage. The ideal treatment for toxoplasmosis
would need to be effective against both the actively replicating tachyzoite and the quiescent bradyzoite
stages and to achieve therapeutic concentrations in the systemic circulation, brain, and eyes, targeting

the organs where the parasite persists.

2.7 Novel treatments against toxoplasmosis

2.7.1 Calcium-dependent protein kinase inhibitors, endochin-like quinolone and
natural compounds

Ongoing research into new treatments has yielded promising preclinical compounds specifically aimed
at toxoplasmosis (Alday and Doggett, 2017). New compounds have been optimized, such as calcium-
dependent protein kinase 1 (CDPK1) inhibitors (Rutaganira et al., 2017) and endochin-like quinolone
(ELQ) (Doggett et al., 2012), both of which show promising potential as leads for developing new
therapies targeting both the acute and latent stages of T. gondii infection.

The CDPK1 inhibitors are particularly interesting because T. gondii CDPK1 is crucial for the parasite’s
gliding motility, host-cell invasion and egress and, importantly, it differs from human kinases (Lourido

et al.,, 2010).
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Among promising TgCDPK1 inhibitors, pyrazolo-pyrimidine (PP)-based compounds that belong to the
class of bumped kinase inhibitors (BKI)s have been shown to be highly efficacious against different
apicomplexan parasites in vitro (Van Voorhis et al., 2017) and in laboratory animal models (Lourido et
al., 2013; Alday and Doggett, 2017). BKI 1294 demonstrated high efficacy against acute toxoplasmosis
in mice (Doggett et al., 2014). However, concerns have been raised about its potential cardiotoxicity
due to inhibition of the human Ether-a-go-go-Related Gene (hERG) ion channel (Ojo et al., 2014).
Despite the potential toxicity for humans, a study on sheep infected with T. gondii during pregnancy
found that BKI1294 was safe and successfully prevented vertical transmission of the parasite (Sanchez-
Sanchez et al.,, 2019). Vidadala et al.,, (2016) optimized a new compound (compound 32) with
modifications in the main PP scaffold that retained favorable BKI 1294 properties but lacked the hERG
inhibitory activity. This compound significantly reduced the parasite burden in a murine model of acute
T. gondii infection. Moreover, it was able to penetrate the CNS where it significantly reduced the brain
cyst burden (by 88.7%) when administered five weeks after infection (Konstantinovic et al., 2019). A
more recent alternative to BKI 1294 is BKI 1748, which has also proven effective against congenital
toxoplasmosis in sheep. Unlike BKI 1294, BKI 1748 does not exhibit toxicity toward hERG K+ channels,
thus mitigating the cardiovascular risks associated with BKI 1294 treatment (Sanchez-Sanchez et al.,
2024).

Unlike naphthoquinones, which bind to the Qo site of the cytochrome bcl complex, another class of
compounds is the ELQs, which are thought to bind to the Qi site. From a library of these compounds,
ELQ-271 and ELQ-316 were selected for further study and demonstrated low ICso values. These
compounds were significantly more effective than atovaquone in a murine model of acute
toxoplasmosis, reducing brain cysts by 88% in mice treated five weeks post-infection with the ME49
strain (Doggett et al., 2012). Since atovaquone and ELQs target different sites (Qo and Qi) of the bcl
complex, their combination has been proposed to act synergistically, potentially preventing resistance
development (Alday and Doggett, 2017).

Another interesting compound, ELQ-300, in its prodrug form ELQ-331, was recently accepted as a
preclinical candidate by the Medicines for Malaria Venture for potential use in malaria prevention and
treatment (Frueh et al., 2017).

Guanabenz, an FDA-approved drug for the treatment of hypertension, protected mice against lethal
acute infection and significantly reduced the number of brain cysts in chronically infected mice due to
its excellent passage through the BBB (Benmerzouga et al., 2015). Guanabenz shows potential for

repurposing as an antiparasitic drug in humans, with the distinctive ability to reduce tissue cysts in the
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brain, targeting T. gondii eukaryotic initiation factor-2alpha (TglF2alpha) which plays a key role in
controlling translation and is used by the parasite to modulate gene expression during its
developmental stages (Narasimhan et al., 2008).

Other compounds currently being studied are plant-derived substances, such as artemisinin, a
sesquiterpene lactone used as an antimalarial (Loo et al., 2017) that is derived from Artemisia annua,
an herb traditionally used in Chinese medicine. Recent data indicate that artemisinin and its derivatives
also show activity against T. gondii (Dunay et al., 2009; Deng et al., 2020) and target the parasite's
metabolism, likely by generating reactive oxygen species (ROS) that damage vital proteins and enzymes
(Rosenberg et al., 2019).

While they show potential, the effectiveness of different derivatives varies, suggesting possible
differences in their mechanisms of action or the parasite's ability to absorb the drugs. Artemisinin-
based treatments are being explored as alternative or adjunct therapies for toxoplasmosis, especially
in drug-resistant or severe cases. However, further studies are needed to fully understand their
potential in combating T. gondii.

In summary, while some novel treatments for toxoplasmosis still present toxicity concerns due to their
effects on human targets, there are also promising compounds that have progressed to experimental
testing in preclinical studies in animals, such as mice and sheep. These advancements highlight the
potential for safer, more effective therapies in the future, with some compounds, like ELQs and newer
BKls, showing efficacy against T. gondii and other apicomplexan parasites, and moving closer to clinical

trials.

2.7.2 Thiosemicarbazones and their metal complexes

Thiosemicarbazones (TSCs) are organosulfur compounds known for their antimicrobial and anticancer
properties (Beraldo and Gambino, 2004; Pelosi, 2010; Khan et al., 2022; Scaccaglia et al., 2022). Two
specific TSC iron chelators, Dp44mT and DpC, belonging to the di-2-pyridylketone thiosemicarbazone
(DpT) class, have demonstrated significant efficacy against cancer cells both in vitro and in vivo. These
compounds are believed to accumulate in lysosomes, generating reactive oxygen species (ROS) and
inducing apoptosis (Krchniakova et al., 2022). Since 2005, over fifty TSC derivatives have been tested
for activity against T. gondii in vitro, with several showing promising results against the proliferative
tachyzoite stage (de Aquino et al., 2008; Gomes et al., 2013; Dzitko et al., 2014; Ansari et al., 2020;
Bekier et al., 2021). One study on 4-arylthiosemicarbazides suggested that the TSC scaffold targets T.
gondii tyrosine metabolism by inhibiting tyrosine hydroxylase, which in turn inhibits tachyzoite
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proliferation in vitro (Bekier et al., 2021). In addition, the biological properties of semicarbazones and
thiosemicarbazones are often related to metal ion coordination, indeed the metal complex can be more
active than the free ligand and some side effects may decrease upon complexation or the complex can
exhibit bioactivities which are not shown by the free ligand (Beraldo and Gambino, 2004). For example,
gold-based complexes have attracted significant interest for treating T. gondiiinfections. A notable
example is auranofin, an FDA-approved drug for rheumatoid arthritis (Faa et al., 2017), which has been
repurposed as an antibacterial agent (Liu et al.,, 2022) and that has demonstrated high efficacy
against T. gondii, both in vitro and in an experimental model of acute toxoplasmosis (Andrade et al.,
2014). Gold(Ill) complexes featuring pyridine, porphyrin, phosphines, and thiosemicarbazone (TSC)
ligands have been synthesized (Dominelli et al., 2018; Almeida et al., 2022). These complexes are
thought to target cysteine- or seleno-cysteine-containing enzymes, such as thioredoxin reductase,
phosphatases, and cathepsin, all of which are presentin T. gondii (Dou and Carruthers, 2011; Xue et al.,

2017).

2.8 Mechanisms of drug resistance in T. gondii

Mechanisms of drug resistance or lower susceptibility have been reported for several drugs used to
treat T. gondii infection. T. gondii possesses remarkable adaptive potential, making it inherently
"resistant" to various treatments. However, the precise mechanisms underlying its resistance or
adaptation have yet to be fully elucidated (Kropf et al., 2012).

Drug-resistant mutants have been generated in vitro through mutagenesis under drug pressure for
sulfonamides (Pfefferkorn et al., 1992), pyrimethamine (Reynolds et al., 2001) and atovaquone
(Mcfadden et al., 2000). However, only six strains of T. gondii resistant to SDZ were found in clinical
cases between 2013 and 2017. A potential cause of concern is the slight recent increase in SDZ
resistance of Brazilian T. gondii strains obtained from livestock and human newborns with congenital
toxoplasmosis between 2016 and 2017 (Montazeri et al., 2018). The relationship between genotype
and drug susceptibility is not well understood, however, results from one study comparing in vitro
susceptibilities of T. gondii strains from genotypes |, II, and Ill, suggested that type Il and Il strains were
approximately 40 times more susceptible to pyrimethamine than the type | RH strain (Reynolds et al.,

2001).
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2.9 Techniques commonly used for drug screening

2.9.1 Cell cytotoxicity assays in vitro

Cell cytotoxicity and proliferation assays are commonly employed in drug screening to determine
whether compounds affect cell proliferation or exhibit direct cytotoxic effects. It is crucial that the host
cells remain unaffected by the compounds being tested on the parasite, as this ensures that any
observed effects are specific to the parasite and not due to host cell toxicity.

Different methods are available to detect cytotoxic and cytostatic effects of different compounds and
assess cellular viability. These methods are based on the detection of various cellular functions,
including cell membrane permeability, dye uptake, metabolic activity, enzyme release, cell adherence,
ATP production, co-enzyme production, DNA synthesis, and nucleotide uptake activity (Adan et al.,
2016). The most used are the metabolic cell proliferation assays like the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT), Alamar Blue or Resazurin Reduction Assay (RES) and
Lactate Dehydrogenase (LDH) assay.

The MTT assay was first described by Mosmann (1983) as an alternative to radioisotopes (Mosmann,
1983). It is based on the conversion of MTT into insoluble formazan crystals by mitochondrial NAD(P)H-
dependent oxidoreductase enzymes in living cells (Figure 5). This assay helps determine the number of
viable cells by measuring mitochondrial activity, which correlates with the amount of formazan
produced. Proliferating cells exhibit a higher rate of MTT conversion, while dead or slowly growing cells
show reduced metabolism, resulting in lower MTT reduction. After MTT application, the formazan
crystals are solubilized using solutions such as dimethyl sulfoxide (DMSQ) or sodium dodecyl! sulfate
(SDS). The concentration of formazan is then measured using a spectrophotometer at wavelengths
between 540 nm and 720 nm. This assay really helps to determine drug effects in vitro to make
prediction for clinical applications. On the other hand, it is not convenient for follow-up studies in vitro
since it needs to kill all the cells during protocol. It is also not possible to distinguish cytotoxic and
cytostatic agents by this method and results would not be proper when the cell number is low (Adan et

al., 2016).
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Figure 5. Reduction of MTT bromide to its formazan (Taken from: Ghasemi et al., 2021).

The Alamar Blue assay, also known as resazurin assay, is a non-toxic, cell-permeable dye that serves as
a vital indicator of cellular viability. Resazurin was discovered by Weselsky and first used by Pesch and
Simmert in 1929 for estimating the bacterial content of milk (Twigg, 1945). Once inside the cell,
resazurin is reduced to resorufin, which is pink and highly fluorescent (Figure 6) and reflects the
reducing environment within the cytosol. Proliferating cells exhibit a higher rate of resazurin reduction,
while dead or damaged cells show lower reduction, making this a useful marker for distinguishing viable
cells. The fluorescence produced can be measured at 570 nm and 630 nm. This assay is preferred due
to its lower toxicity compared to other assays, allowing for long-term experiments without harming the
cells. Resazurin is also non-radioactive, water-soluble, and highly stable in cell culture. However, using
resazurin may require extensive experimental optimization, limiting its convenience for rapid assays.

Additionally, fluorescence interference can occasionally occur, leading to false results (Adan et al.,
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2016).

Figure 6 Reduction of resazurin to resorufin (Taken from: Sanjai et al., 2024).

2.9.2 In vitro efficacy assessment of drugs on T. gondii

To date, various systems are available for in vitro drug screening against T. gondii, including morphology

assays, quantification assays (immunofluorescence, ELISA, gPCR) and assays using reporter strains.
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2.9.2a Morphology assay: Diff-Quick May Grunwald and Giemsa staining

The morphological assay is a method used to observe T. gondii-infected host cells for drug screening.
While it requires minimal technical equipment, it is labor-intensive and demands highly trained
personnel to conduct the observations (Jin et al., 2009).

The principle of this assay is based on staining and counting parasitophorous vacuoles formed within
an infected monolayer of cells. All assays based on staining can be used with any type of strain or isolate
and are therefore highly versatile. A disadvantage is the inherent lack of specificity of these dyes (Miller
and Hemphill, 2024). One of the most commonly used stains is Diff-Quick May Grunwald-Giemsa to

discriminate between nuclei and cytoplasm.

2.9.2b Assay using reporter strains: T. gondii -gal assay

This assay is based on the use of a reporter strain of T. gondii that expresses bacterial B-galactosidase,
enabling a high-throughput and nonradioactive screening method for drug testing of viable parasites.
The gene reporter was introduced under the control of the strong Surface Antigen 1 (SAG1)-promotor,
to obtain a stable expression (McFadden et al., 1997). This allows discrimination between live and dead
parasites through a colorimetric assay. This method has become the “gold standard” for measuring
parasite growth (Seeber, 2000; Molina et al., 2021; Paunescu et al., 2021; Desiatkina et al., 2022b;
Boubaker et al., 2024), offering several advantages, such as the use of a single reagent, chlorophenol
red-B-D-galactopyranoside (CPRG). This makes the test simpler and cheaper than an enzyme-linked
immunosorbent assay (ELISA) assay, for example, which requires multiple steps and the use of several
reagents. In addition, the result is visible to the naked eye and immediate, lending additional
convenience and speed to the analysis (McFadden et al., 1997). CPRG is the substrate of the enzyme B-
galactosidase, which is initially yellow in color and because of the reaction catalyzed by the enzyme

turns red, and its coloration is detectable by spectrophotometric reading.

2.9.2c Real-time Polymerase Chain Reaction

Real-time PCR is commonly used to quantify the parasite load after in vivo drug treatment. This
technique helps determine the effectiveness of the drug by measuring the reduction in parasite
numbers. Real-time PCR is a variation of the standard PCR technique that enables real-time monitoring
of the DNA amplification process. PCR itself is a molecular method used to enzymatically generate
numerous copies of a specific DNA region for various purposes. Real-time PCR is one of the most
powerful molecular tools available today, widely used in biological sciences and medicine due to its

guantitative accuracy, sensitivity, and speed. Applications of real-time PCR include gene expression
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analysis, mutation detection, pathogens’ detection and quantification, identification of genetically
modified organisms, allergen detection, microbial degradation monitoring, species identification, and
assessing parasite fitness.

Real-time PCR systems use a fluorescent reporter to detect and quantify DNA amplification. They are
generally classified into two groups based on the type of fluorescent agent and detection specificity.
The first group uses double-stranded DNA intercalating dyes, such as SYBR Green | and EvaGreen, which
bind to both specific and non-specific amplicons. SYBR Green | is the most used dye, binding to the
minor groove of double-stranded DNA and fluorescing only when bound. The strength of the
fluorescence correlates with the amount of double-stranded DNA in the reaction. Its advantages
include low cost, convenience, and sensitivity but non-specific amplification, such as primer-dimers,
that may occur. A melting curve analysis is recommended to verify the specificity of the amplified
products.

The second group of real-time PCR systems uses fluorophores attached to oligonucleotides, detecting
a specific sequence of the target DNA. This includes probes like TagMan, molecular beacons, and
scorpion probes. The TagMan probe is a widely used hydrolysis probe system. It consists of a reporter
fluorophore at one end and a quencher at the other. During PCR, the probe hybridizes to the target
DNA between the forward and reverse primers. As the DNA polymerase extends the strand, its
exonuclease activity cleaves the probe, separating the fluorophore from the quencher. This releases
the fluorophore, generating a fluorescence signal directly proportional to the amount of target DNA
being amplified, making TagMan highly specific and reliable for quantification.

In addition, detection and quantification of a house-keeping gene is decisive to perform a good analysis,

in case of T. gondii one of the most used is the B1 gene (Costa et al., 2000) or the 529 bp.

2.9.3 Tools to investigate drug mode of action and potential targets

Over the past two decades, advancements in the analysis of genomes, transcriptomes, and proteomes
have opened new avenues for drug target discovery and led to significant improvements in sensitivity
and the ability to process large amounts of data within a reasonable time frame.

Current strategies of target deconvolution include the evaluation of those proteins binding to
compounds of interest and the determination of whole-cell proteomes of drug-resistant strains by
shotgun mass spectrometry (Miller et al., 2024). Proteomics studies the global expression of proteins
that an organism can express and how different proteins interact with each other. When it is coupled
to mass spectrometry it is possible to perform high-throughput identification of multiple proteins per
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sample (Timp and Timp, 2020). It is very useful for identifying which proteins are differentially
expressed in resistant strains compared to wild-type strains of T. gondii.

The investigation of T. gondii proteins binding to compounds is done using Differential Affinity
Chromatography (DAC) coupled with mass spectrometry (MS) based quantitative proteomics of
respective eluates, allowing a hypothesis of the potential drug target.

Transmission Electron Microscopy (TEM) and the Tetramethylrhodamine Ethyl Ester (TMRE) assay are
further methods for evaluating potential drug targets, in particular providing valuable information on
potential effects of the drugs on the mitochondria.

TEM is an ideal tool for studying the internal structures of cells and various biological materials and in
this case is used to characterize ultrastructural changes in tachyzoites exposed to the drug treatments.
The TMRE assay is specifically designed to detect potential damage to the mitochondrial membrane
potential. It uses a fluorescent dye that can cross the mitochondrial membrane only if the membrane

remains unaffected by the compounds being tested (Perry et al., 2011).

2.9.4 Immune and embryonic toxicity assessment of the compounds

Before proceeding with in vivo experiments involving these compounds in a model of toxoplasmosis
infection, it is crucial to further investigate their potential side effects, especially regarding their impact
on the immune system and embryonic development (this is especially important for evaluating the risks

associated with congenital toxoplasmosis).

2.9.4a Evaluation of the effect of the compounds on the stimulation of the host immune cells

A key aspect of evaluating the toxicity of these compounds is their interaction with the host immune
system. The modulation of immune responses, which involves the regulation of both cellular and
humoral components following the administration of drugs or natural compounds, is known as
immunomodulation. This process can include immunosuppression, immunostimulation or
amplification of various phases of the immune response (Alnugaydan et al., 2022). It is essential to
ensure that any potential new drug does not suppress the host's immune system. This can be assessed
through in vitro tests by using immune cell stimulators along with the addition of the compound of
interest to observe any potential immunosuppressive effects. Common stimulators include
concanavalin A (ConA), an antigen-independent mitogen that activates T cells, and lipopolysaccharides

(LPS), which activate B cells (Walia et al., 2015).
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2.9.4b Evaluation of the toxicity on embryonic stages of fish

Zebrafish (Danio rerio) is a widely used model organism for assessing the toxicity of pharmaceuticals
and new agents. Zebrafish embryos are easy to manipulate and offer several advantages, such as small
size, low maintenance costs and rapid development. The Organisation for Economic Co-operation and
Development (OECD) has established a fish embryo toxicity test using the zebrafish model. This assay
is an alternative to acute toxicity tests on juvenile and adult fish, specifically designed to evaluate the

lethal effects of chemicals on fish during embryonic stages (Anghel et al., 2020).

2.9.5 In vivo efficacy assessment of drugs on T. gondii

After a drug candidate shows effectiveness in a series of in vitro experiments, in vivo models are used
to further advance drug development. These preclinical studies, often conducted on animals, help
assess the drug's safety, efficacy and delivery. Laboratory animals, including mice, rats, rabbits, pigs and
nonhuman primates are most often used to study the efficacy of drugs against T. gondii infection in
vivo. Mice are the animals most commonly used to study the efficacy of antiparasitic drugs. Strains of
T. gondii, which differ genetically, also show high levels of virulence in laboratory mice. Type | strains
are acutely virulent and a single viable organism is uniformly lethal in all strains of laboratory mice. By
contrast, type Il strains display intermediate virulence in laboratory mice and are often used to explore
the evolution of the infection. Type lll strains are highly avirulent in laboratory, with challenge doses
leading to a low level of lethal infection (Wang and Sibley, 2020). Animal models of infection allow
determination of the efficacy of antiparasitic drugs by applying diverse readouts; these include survival
of infected animals, histopathological changes in affected organs, and/or tachyzoite or cyst loads in
various organs, determined using staining techniques, qPCR (see paragraph 2.9.2c), or sub-inoculation
of tissue into naive mice or cell cultures (Piketty et al., 1990).

In the table 2 are reported the most commonly used strains of T. gondii for research.
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Table 2. Commonly used strains of T. gondii for research (Dubey, 2021a).

Genetic Type©
T. gondii Strain ATCC No® or Haplo-
(Year Isolated) Source BRC TOXO Nt Type groups  References
RH (1937) Human, brain, USA 50838 | (ToxoDB #10) 1 1079
GT1 (1978) Goat, muscle, USA 50853 | (ToxoDB #10) 1 341
TgA00004
PRU (Prugniaud) Human, fetal tissues, congenital, H-001 Il (ToxoDB #3) 2 273
(1964) France TgHO0001
ME 49 (1965) Sheep, muscle, USA 50840 Il (ToxoDB #1) 2 821
TgA00001
PTG (?) (clone from ME 49) 50841 Il (ToxoDB #1) 2 661
Beverley (BEV) Rabbit, brain, UK 50854 Il (ToxoDB #3) 2 118
(1956) TgA00002
VEG (1989) Human, blood, USA 50861 Il (ToxoDB #2) 3 371,971
TgHO0005
C (CTG, CEP) Cat, oocysts, USA 50842 Il (ToxoDB #2) 3 997
(1976)
NED (1989) Human, placenta, congenital, France H-002 1l (ToxoDB #2) 3 273
Tg00003
TgCatStk7 (2007) Cat, St. Kitts Caribbean 1, (ToxoDB 3 398
#13)
TgCatBr1 (2003) Cat, tissue, Brazil Brll (ToxoDB #11) A4 387
MAS (1991) Human, fetal tissues, congenital, 50870 BrlV (ToxoDB #17) 4 273
France TgHO0006
RUB (1992) Human-adult, broncho alveolar fluid, H-003 Atypical (ToxoDB #98) 5 275
immunocompetent, French Guiana  TgH00002
GUY-2002-KOE Human-adult, peripheral blood, H-005 Atypical (ToxoDB #60) 5 22,190
(2002) immunocompetent French Guiana  TgH18002
FOU (1992) Human, kidney transplant, Africa TgHO0007 Brl, Africa 1 (ToxoDB #6) 6 274,661
CAST (1989) Human, AIDS, brain abscess, USA ~ TgH00008 Atypical (ToxoDB #28) 7 661,813
TgCatBr5 (2003) Cat, tissue, Brazil TgA00007 Atypical (ToxoDB #19) 8 387
TgCatBré4 (2003) Cat, tissue, Brazil Atypical (ToxoDB #111) 8 984
TgPgUs15 (P89) Pig, heart, USA 50879 Brill (ToxoDB #8) 9 365,1256
(1991)
GUY001-DOS (2001) Human, French Guiana Atypical (ToxoDB #97) 10 190
TgCgCat (Cougar)  Cougar, oocysts, Canada Atypical (ToxoDB #66) 1 57, 395
(1998)
ARI (1977) Human, brain abscess, 10 months Type 12 (ToxoDB #5) 12 661,813
after heart transplant, USA
TgCatPRC2 (2007)  Cat, tissue, China Chinese 1 (ToxoDB #9) 13 392
GAB2-2007-GAL- Chicken, tissue, Gabon TgA105004 Africa 3 (ToxoDB #203) 14 881
DOM2 (2007)
TgRsCr1 (2006) Toucan, Costa Rica Atypical (ToxoDB #52) 15 400
TgCatEg65 (2009)  Cat, Egypt Africa 4, (ToxoDB #20) Nodata 27 28,535
CASTELLS (1993)  Sheep, placenta, Uruguay Atypical (ToxoDB #15) 16 274

& Deposited by Dr. David Sibley.
b See http://www.toxobrc.com, courtesy of Drs. Ajzenberg and Dardé. Codes beginning by TgH or TgA are from BRC Toxoplasma.
¢ | thank Drs. Darde, M.L., Montoya, J., and Su, C. in preparation of this Table.
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3 In vitro and in vivo assessment of thiosemicarbazones

against Toxoplasma gondii infection

As previously mentioned, treating toxoplasmosis remains a significant challenge. Current therapeutic
regimens are associated with serious side effects, including myelotoxicity, which can necessitate
treatment discontinuation. In some cases, the adverse effects can be life-threatening. Additionally,
existing treatments are unable to eliminate tissue cysts, which are responsible for maintaining chronic
infections and pose a risk of reactivation, particularly in immunocompromised individuals. These
limitations drive the need to develop novel compounds that can not only reduce toxicity but also
effectively target tissue cysts. Recently, several new compounds have been optimized and tested with
the aim of overcoming these barriers, offering safer, more comprehensive therapies that address
both acute and chronic phases of toxoplasmosis. This advancement holds the potential to significantly
improve patient outcomes and prevent reactivation of the disease.

In this study, two promising compounds from the thiosemicarbazone class, C3 and C4, were selected

for full characterization. The aim of the present experimental thesis was to:

1. Assess the in vitro toxicity of the compounds on host cells and evaluate their efficacy against

the parasite T. gondii.

2. Investigate the mode of action of these compounds using differential affinity chromatography

(DAC) and proteomics techniques.

3. Assess their toxicity on host immune cells (in a murine model) and in a zebrafish embryo

development model.

4. Evaluate the efficacy of the compounds in vivo in a murine model of cerebral toxoplasmosis.
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4 Materials and Methods

4.1 Host cells and parasites

Vero cells and human foreskin fibroblast (HFF) cells were used as host cells for T. gondii infection.

HFF were maintained in Dulbecco’s modified Eagle medium (DMEM), while Vero cells were cultured in
RPMI 1640 medium. Both media were supplemented with phenol red, 10% heat-inactivated and sterile-
filtered fetal calf serum (FCS), 50 U/ml penicillin, and 50 pg/ml streptomycin.

For the in vitro assessment of the synthetized compounds, we used three T. gondii strains: (i) T. gondii
B-gal-RH (Type 1), a genetically modified strain constitutively expressing B-galactosidase (kindly
provided by Prof. David Sibley, Washington University, St. Louis, USA), (ii) T. gondii RH (Type 1) and (iii)
T. gondii ME49 (type Il) strain which were provided by Dr. Furio Spano (Istituto Superiore di Sanita,

Roma, Italy).

4.1.1 Cell maintenance

Cultures were kept at 37°C with 5% CO.in tissue culture flasks (Sarstedt, Sevelen, Switzerland) and were
passed at least once a week, after reaching the confluence. Briefly, after discarding the old media, cells
were washed twice with Hanks' Balanced Salt Solution (HBSS) (Gibco-BRL, Ziirich, Switzerland) and then
detached with 1 mL of Trypsin/EDTA (Gibco-BRL, Zirich, Switzerland), that needs to be incubated at
37°C for at least 5 minutes to be activated. Once cells are detached, media at 10% FBS (should be used
at least at the same volume of Trypsin to inactivate it) is used to resuspend them and cells are

transferred into new flasks or seeded into 96-well plates.

4.1.2 Cell counting and seeding

To seed 96-well plates, it was necessary to determine the concentration of HFF in 1 mL of suspensions
using the Burker’s counting chamber. Once known the number of cells/mL it was possible to calculate
the volume to collect from the suspension, depending on the concentration of cells that must be seeded
in each well. Detachment of cells was done as described above (paragraph 4.1.1). From the cell
suspension obtained, serial dilutions (1:10, 1:100, 1:1000) in 100 pl as finale volume, using 90 ul of PBS
1X and 10 pl of cells, were made. At this point cells were counted under the microscope at 10x
magnification and afterwards 96-well plates were seeded with 200 pl/well of cell suspension prepared

at the concentration of 2.5 x 10* and incubated at 37°C/5% CO; to reach the confluency.
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4.1.3 Parasite maintenance

Parasites were maintained by serial passages in either Vero cells or HFF in their respective media.
After discarding the old medium, new medium was added and tachyzoites were collected by removing
infected cell layers with a rubber cell scraper. The suspension obtained was filtered through a 25-gauge
needle three times to break up the cells and isolate parasites. For the new infection different number
of parasites were added to new cells flasks (with both HFF or VERO cells), depending on the need
(usually in a T25 flask, a volume of 50 ul or 150 ul of parasite suspension is enough for their
maintenance). For experiments where determining the number of parasites needed to infect cells was
essential, the parasites were counted using the same protocol as for cell counting (refer to paragraph
4.1.2), with Trypan blue to enhance contrast.

Figure 7 shows a monolayer of HFF cells infected by T. gondii B-gal-RH.
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Figure 7. Monolayer of Human Foreskin Fibroblast (HFF) cells infected by T. gondii B-gal-RH at 20x magnification.

On the right side of the picture: HFF infected are highlighted in black, HFF non-infected are highlighted in blue and T. gondii

is colored in red. “N” indicates nucleus of the cells.

4.2 Compounds

Thiosemicarbazone derivatives were selected as coordinating ligands due to their suitability as scaffolds

for developing bioactive complexes.
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4.2a Copper complexes and their thiosemicarbazone ligands

In this study, we incorporated the pyridoxal moiety into the ligand design, given its vital role in

metabolic processes across prokaryotic and eukaryotic cells. Pyridoxal, a key member of the vitamin

B6

group, is closely related to pyridoxine, pyridoxamine, and their corresponding 5'-phosphates. In animal

tissues, pyridoxal phosphate is the predominant and active form of vitamin B6. Its absorption is

controlled by phosphatase-mediated hydrolysis, allowing the non-phosphorylated forms to diffuse

passively into cells.
Pyridoxal and pyridoxal 5'-phosphate were subsequently functionalized with thiosemicarbazide.

investigate potential differences in biological activity, we opted for the phosphorylated forms

To

to

enhance the compounds' water solubility. Additionally, the presence of two methyl groups on the

terminal nitrogen (N4) of MV4 and MV5 increased the ligands' hydrophobicity, providing

an

opportunity to study the electron-donating effects of these groups on the metal coordination behavior

(Scaccaglia et al., 2022). To further boost the biological activity of the ligands, a copper complex was

synthesized by adding copper(ll) chloride salts to the aqueous ligand solution.
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Figure 8. Chemical structures of four copper (Cu) complexes and their thiosemicarbazone ligands. MV3: piridoxal
thiosemicarbazone, MV3Cu: piridoxal thiosemicarbazone copper chloride, MV4: pyridoxal-5-phosphate 4,4’dimethyl-3-
thiosemicarbazone, MVA4Cu: pyridoxal-5-phosphate 4,4’dimethyl-3-thiosemicarbazone copper chloride, MV5: pyridoxal
4,4’dimethyl-3-thiosemicarbazone, MV5Cu: pyridoxal 4,4’dimethyl-3-thiosemicarbazone copper chloride, MV20:

pyridoxal-5-phosphate thiosemicarbazones, MV20Cu pyridoxal-5-phosphate thiosemicarbazones copper chloride.
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4.2b Gold complexes and their thiosemicarbazone ligands

Three gold(lll) complexes (C1, C2 and C3) and one thiosemicarbazone ligand (C4) (Figure 9) were
synthesized according to (Scaccaglia et al., 2024). Briefly, the ligands were synthesized by reacting the
corresponding aldehyde with the thiosemicarbazides in an alcoholic solution. The resulting precipitate
was filtered and employed in the synthesis of gold (lll) compounds through the reaction with HAuCla.
For in vitro testing, drug stock solutions were prepared at 20 mM concentration in dimethyl sulfoxide

(DMSO) and stored at -20°C.
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Figure 9. Chemical structures of three gold(lll) complexes and their thiosemicarbazone ligand. C1: salicylaldehyde
thiosemicarbazone gold(lll) chloride, C2: salicylaldehyde 4,4-Dimethyl-3-thiosemicarbazide gold(lll) dichloride, C3:
salicylaldehyde 4-phenylthiosemicarbazide gold(lll) chloride, and C4: salicylaldehyde 4,4-dimethyl-3-thiosemicarbazide.

4.3 In vitro toxicity evaluation of thiosemicarbazones on host cells

For the initial screening of thiosemicarbazones on host cells, two different assays were evaluated to
identify the most reliable and effective method. Both the MTT assay and the Alamar Blue assay were
tested in parallel. After careful comparison, the Alamar Blue assay was selected as the preferred
method due to its superior accuracy, reproducibility and sensitivity in detecting cell viability. This assay
provided more consistent results across multiple experiments, making it a more reliable tool for
assessing the cytotoxicity of the compounds. The MTT assay, although widely used, showed more

variability, leading to its exclusion from further analysis (data not shown).

4.3.1. Alamar Blue assay

Briefly, HFF were seeded in 96-well plates at a density of 5x103 cells/well. Serial dilutions (ratio 1:2) of

the compounds were prepared in DMEM complemented with 10% FBS (50 uM-0.8 uM) and added to
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HFF cultures with 80% confluency (200 pl/well). Negative controls were prepared using the solvent in
which the compounds were dissolved (DMSO).

After culture for 72 h at 37°C/5% CO3, the medium was discarded and viability of HFF was determined
by Alamar Blue Assay.

Briefly, a stock of resazurin concentrated 2g/mL was prepared and stored at 4°C. Cells were washed
three times with phosphate saline buffer (PBS) 1X and then resazurin was added to the plates (making
a dilution 1:200 from the initial stock [2g/mL] to reach the final concentration of 10 pug/mL per well).
Plates fluorescence was read (excitation 530 nm, emission 590 nm wavelength) using a Hidex Sense
microplate reader instrument (Hidex, Turku, Finland). The output data were expressed in Relative
Fluorescence Unit (RFU) and used to compare the fluorescence intensity detected at the level of the
well of the treated samples against the negative controls. Fluorescence-reported values were evaluated
through specific steps: initially, two readings were taken, one representing time zero (TO) when the
resazurin was added, and a second reading taken approximately three or four hours later (T3h or T4h).
This was followed by calculations using Microsoft Excel® software package (Microsoft, Redmond, WA,
USA). The first reading was necessary to discard the amount of background fluorescence due to the
fluorescent reagent alone. The values obtained from the two readings were subtracted from each
other, and from these the respective averages of each group were calculated. This was followed by
calculation of the standard deviation and the percent (normalized) fluorescence calculation, which was
obtained from a ratio between the mean of the treatments and the mean of the negative control
(DMSO), multiplied by 100. In order to minimize the uncertainty, the assay was repeated several times,
on different days (at least three times). A calibration line was determined by nonlinear regression
considering the mean value of each group compared to the negative control. From there, the half-
maximal inhibitory concentration (ICso) value given by the exponential of the intercept of the line was
measured. The ICso value corresponded to the minimum concentration of drug capable of inhibiting

50% of the cells.

4.4 In vitro efficacy assessment of thiosemicarbazones on Toxoplasma

gondii

4.4.1 Diff-Quick May Grunwald — Giemsa staining

Vero cells were seeded on glass coverslips at the concentration of 7x10°/mL in 6-well plates.
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Once confluent, cells were infected with 3.5x108 parasites/mL and simultaneously treated with
compounds (MV5 and MV5Cu) prepared in DMEM complemented with 10% FBS at 100 uM and 200
UM in a final volume of 3 mL/well.

After 3 h from the infection, medium was removed, and cells were washed twice with HBSS.

After 24 h or 48 h (different plates were made for different time points), coverslips were washed three
times with HBSS e then let to dry. Once dried, glass coverslips were stained with Diff-Quick May

Grunwald Giemsa (Bio-Optica, Milano, Italy).

4.4.2 T. gondii B-galactosidase viability assay

T. gondii B-gal-RH (Type |) is a genetically modified strain constitutively expressing B-galactosidase
under the control of the promoter SAG1 (constitutive promoter). Susceptibility of T. gondii B-gal to the
tested compounds was assessed by determining ICso values based on B- galactosidase assay, as
described by (Pdunescu et al., 2021). Briefly, HFF (5x103/well) were seeded into 96-well plates and once
confluent, serial dilutions (ratio 1:2) of compounds (10 uM to 1x10° uM) were prepared in DMEM
complemented with 10% FBS and added either 5 min prior to infection of host cells (ICso in pre-infection
in vitro model) or 3 h after infection (ICsp in post-infection in vitro model, for C3 and C4). Negative
controls were prepared using the solvent in which the compounds were dissolved (DMSO).
Compounds were added at a volume of 100 ul per well, along with 100 ul per well of parasites at a
concentration of 10%/mL (resulting in 10° parasites per well). After 72 h of culture at 37°C, 5% CO,,
cultures were washed once with 200 pl/well of PBS 1X. Subsequently 90 pl per well of Triton-X at 0.05%
were added to the plates to obtain cell lysis and exposure of B-galactosidase enzyme. Ten ul of 5 mM
chlorophenol red-B-D-galactopyranoside (CPRG) were added and plates were measured at 570 nm
absorbance.

Absorbance intensity detected in treated samples was compared to negative controls. The values
referring to absorbance are evaluated through specific steps. Initially several readings were taken: at
TO to remove the background of the reaction and other readings to follow its progress. The last reading
was taken when the production of the colored compound was visible and the reaction was saturated
(usually in maximum 30 minutes). The values obtained from the two readings were subtracted from
each other, and from these, the respective averages of each group were calculated. This was followed
by calculation of the standard deviation and the calculation of percentage (normalized) absorbance,
which was obtained from a ratio between the mean of the treatments and the mean of the negative
control (DMSO), multiplied by 100. A calibration line was then created by nonlinear regression
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considering the mean value of each group compared to the negative control. From there, the ICsovalue
given by the exponential of the intercept of the line was measured. The ICsp value corresponds to the

minimum concentration of drug capable of inhibiting 50% of the cells.

4.4.3 Viability assay of T. gondii wild-type (WT) and clones “adapted” to the

treatment

To determine ICso values of C3 and C4 adapted clones to the treatment and WT-T. gondii ME49
tachyzoites, confluent HFF monolayers grown in 24-well plates were treated with drugs diluted in
DMEM complemented with 10% FBS at concentrations ranging from 4 x 1073 to 2 pM.

Parasites previously frozen after long term-treatment (see paragraph 4.5.3) were then thawed and used
to infect the cells. An amount of 2 x103 freshly purified tachyzoites was used in a total volume of one
mL (drug + tachyzoites). After five days of culture at the classical conditions, the culture medium of
each well was collected and centrifuged at 2000 x g for 10 min, supernatants were discarded and pellets
collected. The pellets from the supernatants and the corresponding lysates from the wells were
combined in Eppendorf tubes and DNA was extracted using the Nucleospin Rapid lyse according to the
manufacturer's instructions. Quantification of tachyzoite numbers was done using T. gondii-specific
guantitative TagMan Real-time PCR as described in paragraph 4.7.2b (Hanggeli et al., 2022). Assays
were performed in triplicates and ICso values were calculated using the logit-log algorithm and are
indicated with 95% confidence intervals (Semeraro et al., 2024).

In parallel, MICs for C3- and C4 adapted- and WT T. gondii ME49 were determined using HFF
monolayers grown in 96-well-plates inoculated with 103 freshly purified tachyzoites, by applying serial
two-fold dilutions of the compounds starting at 50 uM as previously reported. After five days, 96-well
plates were examined under the microscope and MIC values were given as first concentration at which

rosettes were visible (Miiller et al., 2023).

4.5 Discovering the mechanism of action of the drugs

4.5.1 Embedding samples for Transmission Electron Microscopy (TEM)

TEM was conducted as described before (Anghel et al., 2021; Mdller et al., 2023).
Briefly, confluent HFF in T25 flasks were inoculated with 1x10° T. gondii ME49 tachyzoites. At 24 h post-
infection, C3 or C4 were added at 1 uM, whereas negative control cultures received complemented

DMEM containing 0.005% DMSO (solvent control). As a positive control for visualization of drug-
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induced alterations, cultures were treated with 1 uM DB745 (Kropf et al., 2012). Samples were
embedded at different time points (6, 12, 24 and 48 h). For fixation, specimens were washed twice with
8 mL of sodium cacodylate solution 0.1 M pH 7.3 and then 8 mL of cacodylate buffer containing 2%
glutaraldehyde were added and incubated for 10 minutes at room temperature (RT). Fixed cells were
then gently scraped from the flasks and transferred into 15 mL falcon tubes. Samples were centrifuged
at 1200 rpm, 4°C for 10 minutes and were fixed for 2 h at RT or overnight (ON) at 4°C. After the
incubation another centrifugation at the same conditions but for 5 minutes was performed and
supernatant was discarded.

Following several washes in cacodylate buffer (with centrifugation at 1800 rpm at 4°C for 5 minutes) to
remove glutaraldehyde, specimens were post-fixed in 500 ul of 2% osmium tetroxide in cacodylate
buffer for 1-2 h, RT. Samples were centrifuged in the same conditions as mentioned above, the
supernatant was discarded and then washed three times with 5 mL of H,O (centrifugation in the same
condition described before). At the last wash samples were resuspended in 1 mL of H,0 and transferred
into 1.5 mL Eppendorf tubes.

This step was followed by stepwise dehydration in a graded series of 1 mL of ethanol (30%, 50%, 70%,
90% and three times with ethanol 100%). Centrifugation after each concentration step was done at
10.000 rpm for 1 min at 20°C. They were finally embedded resuspending the pellet in Epon-182 resin,
incubated at 37°C in the water bath for at least 30 minutes to a maximum of 2 h and then centrifuged
for 15 min, at maximum speed at 24°C. The tube was then rotated 180° in the centrifuge to prevent the
pellet from sticking to one side of the tube, and it was spun down for another 15 minutes at full speed.
This step was repeated twice, always ensuring that the tube was filled to the top with resin.

The total incubation time at 37°C should be at least 2.5 h. Finally, centrifugation was performed at full
speed for about 30 minutes or longer. The resin was allowed to infiltrate for 24-48 h at RT.
Polymerization of the resin was carried out at 60°C. Ultrathin sections (80 nm) were cut using an
ultramicrotome (Reichert and Jung, Vienna, Austria) and placed onto 200 mesh formvar-carbon-coated
nickel grids (Plano GmbH, Marburg, Germany), stained with Uranyless® and lead citrate (both from
Electron Microscopy Sciences, Hatfield PA, USA). Imaging was performed on a FEI Morgagni TEM
equipped with a Morada digital camera system (12 Megapixel) operating at 80 kV (Anghel et al., 2021;
Midller et al., 2023).
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4.5.2 Tetramethylrhodamine Ethyl Ester (TMRE) assay

To assess whether C3 and C4 could interfere with the mitochondrial membrane potential (MMP), TMRE
assays were conducted in host cells and/or parasites. Briefly, 5 x 10> HFF were seeded into T25 culture
flasks in DMEM supplemented with 10% FBS and maintained for 72 h to reach ~ 80% confluency. HFF
monolayers were left either non-infected or were infected with 2 x 10> T. gondii ME49 tachyzoites.
After 48 h, the medium in both infected and non-infected flasks was replaced with either medium
containing 0.5 uM C3 or C4, or with medium containing 0.05% DMSO for non-treated controls. As
positive controls, the mitochondrial uncouplers carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) and carbonyl cyanide m-chlorophenylhydrazone (CCCP) were applied at a
concentration of 80 and 50 uM, respectively. Pyrimethamine (PYR) was applied at 0.5 uM as a negative
control drug that does not affect the MMP.

The HFF monolayers, infected and non-infected, were treated with C3, C4 or PYR for 3.5 h, while FCCP
and CCCP were added 10 minutes before the end of the treatment. Untreated cultures served as
positive control (100% TMRE uptake). After treatment, cells were washed three times with HBSS,
incubated with TMRE (500 nM) for 30 minutes and washed five times with HBSS. Finally, 3 mL of HBSS
was added to each T25 flask and cells were removed with a cell scraper and passed through a G25
needle. The resulting lysates were filtered through 3.0-micron polycarbonate membranes and
distributed into 96-well plates (100 pl/well). Fluorescence was measured using a Hidex Sense
microplate reader instrument (Hidex, Turku, Finland) with the excitation wavelength 544/20 nm and
emitted light collected at 590/20 nm. Value from wells belonging to the same experimental condition
were summed and the mean TMRE uptake in each condition was calculated from three biological
replicates. Results are shown as mean of TMRE uptake in each condition plus/minus standard deviation

and statistical significance was calculated using Student’s T-test (p< 0.05) (Semeraro et al., 2024).

4.5.3 Long-term in vitro treatment

To determine whether C3 and C4 exert parasiticidal or parasitostatic activity, a long-term treatment
experiment was conducted, lasting up to 20 days, with fresh medium containing the compounds added
every three days. In brief, HFF grown T25 culture flasks were infected with 2 x 10°> T. gondii ME49
tachyzoites and treatments with 0.5 uM of either C3 or C4 were initiated at 3.5 h post-infection.
Negative controls were HFF infected and maintained in medium 0.0025% DMSO. The drugs were

removed at various time points (days 3, 6,9, 12, 16 and 21) and were replaced with fresh DMEM- 10%
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FBS. Cultures were observed daily by light microscopy to monitor plaque formation (area of lysis). Since
tachyzoites resumed full proliferation in the presence or absence of both drugs, we proceed to generate
in vitro adapted T. gondii clones.

To do this, HFF monolayers in T25 flasks were infected with 2 x 10° T. gondii ME49 tachyzoites and
treatments (0.5 uM C3 or C4) were initiated at 3.5 h post-infection. The media containing C3 or C4 was
renewed on day 3. After six days of treatment, the drug-containing medium was replaced with drug-
free medium and cultures were maintained for four additional days until plaque formation was evident.
On day 10, infected monolayers were washed with PBS 1X, tachyzoites were collected, counted and
cloned by limiting dilution (0.2 tachyzoites/0.2 ml medium) in HFF monolayers grown in 96-well plates.
After eight-ten days culture at 37°C, 5% CO;, wells were inspected by light microscopy and cells from
those containing a single plaque were transferred into a fresh T25 flask to infect and proliferate within
HFF monolayers. The resulting cultures were suspended in FBS with 10% of DMSO and frozen at -150°C
(two cryotubes per clone). The stabilates were later thawed and reintroduced into culture and after
one passage were used for ICsp and MIC determination (see above paragraph 4.4.3).

For proteomics, WT T. gondii ME49, and C3 and C4 clones, were cultured in HFF monolayers in T75
flasks and pellets were obtained as previously described (Miller et al., 2023). Briefly, to release
tachyzoites from host cells, infected cells were repeatedly passed through a syringe, followed by
filtration through a polycarbonate membrane (3 um pore size) and stored on ice. Parasites were
counted and centrifuged at 800 x g for 10 min at 4°C. The supernatant was removed and each of the
three pellets was resuspended in 1.5 mL DMEM and divided into three aliquotes of 500 pL each. After
another centrifugation step, the pellets were stored at —-80°C for subsequent whole-cell shotgun mass

spectrometry. For each strain, two technical and three biological replicates were analyzed.
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Figure 10. Experimental design of long-term in vitro treatment.

4.5.4 Differential Affinity Chromatography (DAC)

Differential Affinity Chromatography (DAC) was performed to identify T. gondii proteins binding the
compounds, to identify potential drug targets.

Epoxy-activated Sepharose 6B (Merck, Darmstadt, Germany) matrices conjugated to either C3, C4 or
tyrosine (as an internal control with similar chemical structure as C3 and C4 and ineffective against T.
gondii) were prepared as previously described (Miiller et al., 2007).

In brief, sepharose lyophilized (0.5 g) with a C12 spacer (Sigma, Buchs, Switzerland) were suspended in
15 mL of H,0 in a falcon tube, vortexed until dissolution occurred and centrifugated at 300 x g for 5
minutes, RT. Washes with H,0 were repeated twice and afterwards samples were washed once in the
coupling buffer (0.1 M Na;COs3, adjusted with HCl to pH 9.5.) Ligands (C3, C4 and tyrosine), 10 or 20 mg
each, were dissolved in 1 mL DMSO and added to the falcon tubes with 1 mL of coupling buffer. The

falcon tubes were incubated for 3 days at 37 °C under slow but continuous shaking.
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After the incubation, samples were washed twice with 10 mL of coupling buffer as described above,
subsequently were washed once with ethanolamine (1 M, pH 9.5), and eventually were overlayed with
5 mL of ethanolamine and incubated ON at 20 °C on a shaker in the dark.

The resulting columns medium (approximately 2 mL) were then transferred to a chromatography
column (e. g. Novagen, Merck, Darmstadt, Germany) and extensively washed with a solution PBS-DMSO
1:1 in order to remove unbound ligand. The resulting columns were stored in PBS containing 0.02%
NaNs at 4°C until use. In addition, a mock column, with resin treated in the same way but without C3,
C4 or tyrosine, was prepared and was used in tandem with C3, C4 or tyrosine (mock first, then
compound). Frozen pellets of T. gondii MEA49 tachyzoites were resuspended in ice-cold extraction buffer
containing 1% Triton X-100 and 1% HALT proteinase inhibitor cocktail (ThermoFisher Scientific, Reinach,
Switzerland), vortexed thoroughly, and were centrifuged at 10.000 x g for 30 min. The resulting
supernatants were subjected to affinity chromatography. Bound proteins were eluted with 50 mM
acetic acid (5 mL per column), lyophilized and stored at -80°C for subsequent proteomic analysis (see

below).

4.5.5 Proteomics

Proteomic analyses were conducted at the Proteomics and Mass Spectrometry Core Facility,
Department for BioMedical Research (DBMR), University of Bern, under the supervision of Prof.
Manfred Heller as described previously (Semeraro et al., 2024).

Briefly, the DAC samples were resuspended in 10 pL solution containing 8 M urea/100 mM Tris pH 8,
reduced with 0.1 M dithiothreitol (DTT) for 30 min at 37°C, alkylated with 0.5 M iodoacetamide (IAA)
for 30 min at 37°C, and digested with LysC 2 hours at 37°C followed by trypsin at RT ON. The digests
were analyzed by nano-liquid chromatography on a Dionex, Ultimate 3000, (ThermoFisher Scientific,
Reinach, Switzerland) coupled to a timsTOF Pro (Bruker Daltonics, Bremen, Germany), through a
CaptiveSpray source (Bruker, Bremen, Germany) with an endplate offset of 500 V, a drying temperature
of 200°C and with the capillary voltage fixed at 1.6 kV. A volume of 2 pL from the protein digests were
loaded onto a pre-column (C18 PepMap 100, 5 um, 100A, 300 um i.d. x 5mm length, ThermoFisher,
Reinach, Switzerland) at a flow rate of 10 pL/min with 0.05% trifluoroacetic acid (TFA) in
water/acetonitrile 98:2 (Merck, Buchs, Switzerland). After loading, peptides were eluted in back flush
mode onto a homemade C18 CSH Waters column (1.7 um, 130 A, 75 pum x 20 cm) by applying a 70-
minute gradient of 5% acetonitrile to 40% in water/0.1% formic acid, at a flow rate of 250 nl/min. The
TimsTOF Pro was operated in data-dependent acquisition (DDA) mode using the Parallel Acquisition
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SErial Fragmentation (PASEF) option. The mass range was set between 100 and 1700 m/z, with 10 PASEF
scans in a mobility range between 0.7 and 1.4 V s/cm?. The accumulation time was set to 2 ms, and the
ramp time was set to 100 ms. Fragmentation was triggered at 20,000 arbitrary units (au), and peptides
(up to charge 5) were fragmented using collision induced dissociation with a spread between 20 and 59
ev.

The data was searched and quantified with fragpipe (Yu et al., 2020) version 20.0 with the following
parameters: database was T. gondii entries from uniprot (Bateman, 2019) (strain ATCC 50861, release
July 2023), to which common contaminants were added; precursor and fragment mass tolerances were
set to £20 ppm and £0.05 Da, respectively; protein digestion was set to trypsin, with a maximum of
three missed cleavages; variable modifications allowed were oxidation on methionine and protein N-
terminal acetylation; carbamidomethylation of cysteines was given as fixed modification; the minimum
number of matched fragments was set to five; validation was done with Percolator (MSBooster
enabled); protein inference was done with Protein Prophet, and results filtered at 1% False Discovery
Rate (FDR) for protein level. Quantification was done without match between runs. Protein groups
identified by only 1 peptide were removed from the list of positively identified proteins.

Next to fragpipe’s measure of quantification (Fragl), MaxLFQ values were reported by the software.
Top3 (Silva et al., 2006) values were calculated as the sum of the three most intense peptide forms for
each protein, having first normalized the peptide forms by variance stabilization normalization (vsn)
(Huber et al., 2002). After filtering off contaminants, both the peptide forms and the Fragl and MaxLFQ
were re-normalized by vsn. In order the calculate consistent log2 fold change, missing values were
replaced at the protein level by the lowest value of the corresponding sample. Ibaq values were
calculated as described (Schwanhiusser et al., 2011). The empirical cumulative distribution of the log2
fold changes was obtained from the ecdf function of the R base package.

For the analysis of the adapted tachyzoites, three technical and three biological replicates were
subjected to whole-cell shotgun mass spectrometry. Cell pellets were re-suspended in 8 M urea/100
mM Tris-HCI pH. Proteins were reduced and alkylated as described elsewhere (Braga-Lagache et al.,
2016). Samples were diluted by addition of 1:10-volume of 50 mM Tris/HCI pH 8.0 before protein
precipitation with 5 volumes of cold (-20°C) acetone over night at -20 °C. Proteins were pelleted by
centrifugation at 16’000 xg for 10 min at 4°C and the acetone supernatant was discarded. Pellets were
dried in ambient air for 15 min and stored at -20°C until use. Proteins were re-dissolved in 8 M urea/50
mM Tris-HCI pH 8 and protein content determined by bicinchoninic acid (BCA) assay after 1:10 (v/v)

dilution with water. Urea was then diluted to 1.6 M by addition of 20 mM Tris-HCI pH 8/2 mM calcium
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dichloride before digestion of the proteins with trypsin over-night at room temperature. Digestions
were stopped by adding 1:20-volume of 20% (v/v) tri-fluoroacetic acid (TFA, Fluka). The digests
underwent nano-liquid chromatography analysis using a Nano Elute2 (Bruker Daltonics, Bremen,
Germany) connected to a timsTOF HT (Bruker Daltonics, Bremen, Germany), via a CaptiveSpray source
(Bruker, Bremen, Germany). The analysis was conducted with an endplate offset of 500 V, a drying
temperature of 200°C, and with the capillary voltage fixed at 1.6 kV. For the chromatographic
separation, a volume of 5 uL corresponding to 500 ng protein digest was loaded onto a pre-column
(C18 PepMap 100, 5 um, 100A, 300 um i.d. x 5 mm length, ThermoFisher) and subsequently eluted in
back flush mode onto a Bruker 10 cm pulled emitter column (ionOpticks) (1.9 um, 75 um) by applying
a 30 minute gradient of 5% acetonitrile to 30% in water/0.1% formic acid, at a flow rate of 500 nl/min.
The timsTOF HT was operated either in DDA or data-independent acquisition (DIA) mode using the
Parallel Acquisition SErial Fragmentation (PASEF) mode. For the DDA method, the mass range was set
between 100 and 1700 m/z, with 8 PASEF scans between 0.75 and 1.35 V s/cm2. The accumulation and
ramp time were set to 100 ms. Fragmentation was triggered at 15,000 arbitrary units (au), and peptides
(up to charge 5) were fragmented using collision induced dissociation with a spread between 20 and 75
ev.

The dia-PASEF acquisition method was set with 47 isolation windows of 26 m/z width, including an
overlap of 1 m/z. Isolation windows were associated with ion mobility range between 0.7 to 1.45V
s/cm?. TIMS accumulation and separation were both set at 100 ms.

The DDA data were used to produce a spectral library with fragpipe (Yu et al., 2020) version 20.0 with
the following parameters: database was T. gondii ME49 from the Eukaryotic Pathogen, Vector and Host
Informatics Resource (Alvarez-Jarreta et al., 2024)(release 55), to which common contaminants were
added; precursor and fragment mass tolerances were set to +20 ppm and +0.05 Da, respectively;
protein digestion was set to trypsin, with a maximum of three missed cleavages; variable modifications
allowed were oxidation on methionine and protein N-terminal acetylation; carbamidomethylation of
cysteines was given as fixed modification; the minimum number of matched fragments was set to 5;
validation was done with Percolator (MSBooster enabled); filtering was done at 1% FDR for protein
level.

DIA data was analyzed by Spectronaut version 18.1.230626.50606 (Biognosis) with factory settings and
the spectral library as described above, excluding single hit proteins. Potential contaminants were then
removed for further analysis. Missing Spectronaut protein intensity values were imputed in the

following manner: if there was at most one detection in a replicate group, then the remaining missing
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values were imputed by a random draw from a Gaussian distribution of width 0.3 x sample standard
deviation and shifted left from the sample mean mu by 2.5 x sample standard deviation; all other
missing values were replaced by the Maximum Likelihood Estimation method (Silver et al., 2009) for
differential expression tests using the moderated T-test (Kammers et al., 2015). For multiple test
correction, the R tool fdrtool (Strimmer, 2008) was applied. Significance criteria using 20 imputation
cycles were applied as described in Ref. (Uldry et al., 2022) (paragraph 4.9), imposing a minimum log2
fold change of > 0.58 in absolute value, and a maximum adjusted p-value of 0.05 (the latter value
reachable at asymptotically high log2 fold changes).

For each drug, three technical and three biological replicates were subjected to whole-cell shotgun

mass spectrometry.

4.6 Evaluation of the effect of thiosemicarbazones on host immune cells and
evaluation of the toxicity in a model organism

Before proceeding with in vivo experiments involving these compounds, it is essential to further
investigate their potential side effects, particularly on the immune system and embryonic development.
Given that mice are commonly used as model organisms for studying toxoplasmosis, an in vitro viability
assay on murine splenocytes was conducted after treatment with thiosemicarbazones, to assess any
potential immunosuppressive effects.

Additionally, the zebrafish embryo development test was performed to simulate congenital
toxoplasmosis in a model organism and evaluate any potential damage to embryonic development

following treatment.

4.6.1 Assessment of viability of murine splenocytes after treatment with C3 and C4 in

vitro (AlamarBlue)

To perform this in vitro assay, spleens were aseptically collected from mice under the hood after the
euthanasia. Splenocytes were isolated from the spleens as previously described (Paunescu et al., 2021).
Shortly, the spleens were immersed immediately into 5 mL of RPMI 1640 with 10% FCS,
penicillin/streptomycin 1%, glutamine 2mM and B-mercaptoethanol 55 uM in a 50 mL Falcon tube. The
spleens were then disaggregated through a cell strainer of 40 um using the top of a syringe and
collecting the flow through in a 50 mL Falcon. The filter was washed with 10-15 mL of media. Samples

were centrifuged at 1250 rpm, for 10-15 minutes at 4°C. Supernatant was discarded, the cell pellets
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were resuspended in 3-4 mL of red blood cell lysis 1X and incubated for 4-5 minutes at RT. At this point
at least 20 mL of medium was added to neutralize the lysis buffer. Another centrifugation in the same
condition was performed, supernatant was discarded, and pellets resuspended in 4-5 mL of media. One
mL of solution was filtered again in a new Falcon Tube to remove clumps and cells were counted by
Trypan Blue (live cells with intact membranes were not coloured) and seeded in 96-well plates (5x10*
cells/well, 100 ul/well). The splenocytes were either left unstimulated (negative control) or stimulated
with ConA (5 mg/mL) or LPS (10 mg/mL), which are known to activate immune responses. The
compounds being tested were prepared in DMEM 10% FBS and added to the cultures at concentrations
of 0.1, 0.5, 1 e 2 uM. Cyclosporine A (CsA) was included as a positive control for strong
immunosuppressive activity. After 48 h splenocyte viability was assessed using AlamarBlue assay, see

paragraph 4.3.1.

4.6.2 Effects of C3 and C4 on early zebrafish (Danio rerio) embryo development

Zebrafish embryo development assay was performed as described by Anghel et al., (2020).

Briefly, at 3 h post- fertilisation (hpf), zebrafish eggs were transferred into a Petri dish containing
osmosis water at the tested drugs concentration (20, 10, 1 and 0.2 uM).

From there, viable eggs were transferred into the respective 24-well plate, with one egg/well in 1 mL
of the same solution. For each concentration a 24-well plate was used and it contained 20 wells with
the test solution at a given concentration and 4 wells without drug as internal controls (iC). The negative
control plate consisted of 20 wells containing 1 mL of osmosis water. The solvent control plate consisted
of 20 wells containing 1 mL of osmosis water with 0.1% DMSO. All plates were covered with sealing foil
and the embryos were maintained at 28°C. Test solution was replaced every 24 h with fresh solution.
Embryos were viewed and malformations or viability changes were assessed in a blinded manner using
a Nikon eclipse TS100 light microscope at 10X magnification at 24, 48, 72 and 96 hpf (hour-post-
infection), with plates kept on a heating pad at 26°C during observation and medium changes. At 96
hpf, all embryos were euthanized by immersion in a solution of pre-cooled 3-101 aminobenzoic acid
ethyl ester (100 pg/L; MS222; Argent Chemical Laboratories, Redmond, WA, USA) and placed at —20°C
for 24 h.

At the end of the assay the impact score (Si) of the drug was calculated subtracting the mean control
score (Smean) from the assay score (Sassay). The assay score was calculated using a total of 20, that
represents the number of eggs in each plate per concentration of the drug (Ne), from which 1 point is
subtracted for every dead embryo (Nd), while 0.5 is subtracted for each malformation of the embryo
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after the treatment (Nm), including non-hatched embryos at 96 hpf. The mean control score (Smean)
was calculated in the same way, but referred to the average of negative (non-treated embryos) and
solvent control scores. A negative Si indicated interference, while Si 20 implied no interference in

embryo development.
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Figure 11. Proposed algorithm for the zebrafish embryo development assay score calculation. Sneg= negative control score
(no compound, no DMSO); Spmso=solvent control score (no compound, 0.01% DMSQO); Sassay= assay score (score for each
compound concentration); Smean = control mean score; Ne = number of embryos introduced per test item (20 per
compound and concentration); Nd = number of dead embryos after 96 hpf (score —1 for each dead embryo); Nm = number
of embryonal malformations observed after 96 hpf (score —0.5 for each malformation, including non-hatched embryos at

96 hpf); Si= impact score of the drug (Anghel et al., 2020).

4.7 In vivo efficacy of the compounds in the murine model of cerebral
toxoplasmosis

Once assessed that thiosemicarbazones have a good effect in vitro against T. gondii and did not show
immunosuppressive effects on the murine host splenocytes, the next step was testing the compounds
in vivo in the murine model of cerebral toxoplasmosis. Mice are the most widely used model for
studying toxoplasmosis infection, given that their immune system shares many similarities with the
human one (Masopust et al.,, 2017), making them an effective model for understanding the

pathogenesis and immune response to T. gondii.

4.7.1 Drug stock preparation

C3 was dissolved in DMSO and then diluted 1:10 in H,O 15% DMSO before oral administration.
C4 was dissolved in DMSO and then diluted 1:10 in corn oil before oral administration.

Corn oil at 25% DMSO was used as control.
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4.7.2 Thiosemicarbazones efficacy assessment in CD1 mice orally infected with

TgShSp1 oocysts

Animal experiments were approved by the Animal Welfare Committee of the Canton of Bern,
Switzerland (license BE48/2023), and mice were handled in strict accordance with practices to minimize
suffering. Forty-eight female CD1 mice, 8 weeks of age, were purchased from Charles River (Sulzberg,
Germany) and were maintained in a common room under controlled temperature and a 14 h/10 h
light/dark cycle in the animal facility for two weeks for adaptation before the experiments.

Mice were randomly distributed into different groups: i) negative control group (C-) with non-infected
(challenged with PBS) and non-treated mice (n = 2), ii) positive control group 1 (C+) with infected and
non-treated mice (n = 4), iii) placebo control group (C+) with infected but non-treated drug mice (corn
oil 25% DMSO was used as placebo) (n = 8) and two treatments group after infection: iv) C3 dosed at
10 mg/kg/day (n = 8), v) C4 dosed at 10 mg/kg/day (n = 8).

Infections were carried out with 120 TgShSp1 oocysts by peroral application at day 0, the C- group
received PBS only. Placebo, C3 and C4 treatments were started at 3 days post infection (pi) by oral
gavage at 10 mg/kg/day for 5 days.

Two additional non-infected groups of 8 mice each were included to study the in vivo effect of C3 and
C4 treatment on spleen cells and one group of naive mice was left as negative control (n = 2). During
and following treatments all mice were monitored clinically for 4 weeks. Following euthanasia, blood,

brain, eye, heart and spleens samples were collected to extract DNA and quantify parasite load.

4.7.2a DNA extraction from mice organs

DNA was extracted using the NucleoSpin DNA RapidLyse Kit (Macherey-Nagel, Oensingen, Switzerland)
according to standard protocols. First, 500 ul of RNA Lysis Buffer (RLY) containing 40 ul/mL of Liquid
Proteinase K was added to each sample and shredded 4 times for 45 seconds at 5.5 m/s (letting the
sample rest in ice for 5 minutes after every shredding) in the Fastprep-24 rotor-stator homogenizer (MP
Biomedicals Germany GmbH, Eschwege, Germany), in order to digest the organs. To activate the
digestion, samples were incubated 3 h or ON at 56°C, 900 rpm. A part of the lysate from each sample
(160 pl) was transferred in a new tube to go on with the DNA extraction, following the standard protocol
of the kit. DNA concentrations were quantified using the Nanodrop spectrophotomer (Thermofisher
Scientific, Scientific, Reinach, Switzerland) or QuantiFluor double-stranded DNA (dsDNA) system
(Promega, Madison, WI, USA).
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4.7.2b Parasite load quantification by Real-time PCR (529 bp gene detection)

Quantification of parasite load in the organs was carried out by a Real-time PCR following the protocol
described by (Hanggeli et al., 2022) using 529 bp gene as a target, a marker commonly used for the
diagnosis of toxoplasmosis, to confirm (or not) the presence of T. gondii DNA. Quantitative Real-time
PCR was performed with the Bio-Rad CFX 96 QPCR instrument (Biorad Laboratories AG, Cressier,
Switzerland) and for each reaction DNA concentrations were adjusted to 5 ng/ul, gPCR reactions were
performed in a final volume of 10 pl containing 1x SensiFast master mix (Bioline, Meridian Bioscience,
Cincinnati, OH, USA), 0.5 uM of reverse and forward primers, 0.1 uM of 529rpeQ-P probe, 0.3 mM
dUTP, and one unit of heat-labile Uracil DNA Glycosylase (UDG). Amplification was performed in the
Bio-Rad CFX 96 QPCR instrument (Biorad Laboratories AG, Cressier, Switzerland) using the following
thermal profile: (1) initial incubation of 10 min at 40°C, followed by (2) denaturation step of 5 min at
95°C and (3) 40 cycles of two-step amplification (10 s at 95°C and 20 s at 62°C). For quantification, a
standard curve was created based on a 10-fold serial dilution of DNA from T. gondii, equivalent to
tachyzoites number ranging from 1 x10* to 1 per 4 pl. The parasite load was expressed as number of
tachyzoites per 20 ng of DNA. Negative controls were inserted in each plate. Statistical analyses were
performed using Microsoft Excel software package (Microsoft, Redmond, WA, USA). Comparisons of
the parasite burdens between groups were conducted with the non-parametric Kruskal-Wallis test,
followed by the Mann-Whitney-U test.

The oligonucleotides sequences are described in table 3.

Table 3. Sequence of primers and TagMan probe designed in this study.

529rpe-F 5’-AGGAGAGATATCAGGACTGTAG-3’
529rpe-R 5’-GCGTCGTCTCGTCTAGATCG-3’
Probe 529rpeQ-P FAM- GAGTCGGAGAGGGAGAAGATGTT- BHQ

4.7.2c Histopathology of mice brains

Mice brains from three groups (one mice per group: a positive control group and two treatment groups
dosed with C3 and C4 at 10 mg/kg/day) were fixed in 10% neutral buffered formalin (NBF) for at least
48 hours. The fixed brains were dehydrated through increasing ethanol concentrations and cleared with
xylene. The tissue was then embedded in paraffin, trimmed and cut into 3-5 mm thick sections using a
microtome. Sections were deparaffined, rehydrated and stained with hematoxylin and eosin (H&E) for

histopathological analysis under a light microscope (Bancroft and Layton, 2013).
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4.7.3 Assessment of susceptibility of murine splenocytes to C3 and C4 in vivo:

measurement of viability and proliferation

These experiments were conducted as described by Miiller et al., 2022b. Briefly, spleens from mice
treated with the compounds were aseptically collected under the hood after the euthanasia.
Splenocytes were isolated from the spleens and seeded in 96-well plates (5x10% cells/well). For
proliferation/viability assays, splenocytes were either left unstimulated or were stimulated with
Concanavalin A (ConA, 5 pg/mL), lipopolysaccharide (LPS, 10 pg/mL), ConA plus C3 or C4 (0.1-2 uM) or
LPS plus C3 or C4. Experiments were done in quadruplicate in 200 pL/wells, and cultures were
maintained at 37°C/5% CO; for 72 h. The proliferative responses of splenocytes were measured using
a BrdU cell proliferation kit (QIA58, Merck Millipore, Burlington, MA, USA) according to the instructions
provided by the manufacturer and absorbance measurements were done at 450/540 nm in an Hidex
Sense multimode plate reader (Hidex, Turku, Finland). To measure the impact on viability, AlamarBlue
assay was used (Desiatkina et al., 2022a): resazurin (0.1 mg/mL) was added and the fluorescence
intensity was measured at 530/590 nm at 0, 1, 2, 3, 4 or 5 h. Differences were calculated by subtracting
time point 0 values from each time point. Data are presented as mean of emission +/- SD for the

indicated numbers. Data comparisons between groups were examined using a Student’s t-test.

5. Results

5.1 Toxicity of thiosemicarbazones on host cells in vitro

5.1a AlamarBlue assay with copper complexes and their thiosemicarbazone ligands

All the compounds, including thiosemicarbazone ligands and their respective copper complexes, were
tested at concentrations of 5, 10 and 20 uM on HFF, to evaluate potential cytotoxicity on the host cells.
Drug concentrations that led to 50% reduction in cell viability compared to fully viable controls of cells
non-treated (set to 100%) were calculated using the logit-log algorithm in Microsoft Excel®. The
clustered columns in Figure 12 display the results obtained, showing that HFF maintained a high
percentage of viability with all the tested treatments. No significant toxicity was detected, indicating

that these compounds were safe for further testing against the parasite T. gondii.
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Figure 12: Clustered columns chart showing the in vitro activities at 5, 10 and 20 uM of the thiosemicarbazone ligands (A)
and of their 4 copper complexes (B) on HFF viability, measured using AlamarBlue assay. On the x-axis, the tested
concentrations are reported, while on the y-axis, the percentage of viability is shown. The percentage of viability is obtained
by calculating the ratio between the mean values of each treatment and the viable non-treated controls (set to 100%), then

multiplying by 100.
5.1b AlamarBlue assay with gold complexes and their thiosemicarbazone ligands

Three gold(lll) complexes (C1, C2, C3) and one thiosemicarbazone ligand (C4) were tested on HFF at
different concentrations, starting from 50 uM and decreasing to 0.8 uM through serial dilutions, to
select compounds with low ICsg.

Drug concentrations that led to 50% reduction in cell viability compared to fully viable controls of cells
non-treated (set to 100%) were calculated using the logit-log algorithm in Microsoft Excel®.

C1, C2 and C3 demonstrated ICspvalues of 25.5 uM [22.3 - 29.2], 12.1 uM [10.5 - 14], 24.3 [18.1 - 32.8],
respectively (In figure 13 are reported the dose vs response curves).

However, no reduction in HFF viability was detected with C4 at 25 uM (Table 4).
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All the compounds were subsequently tested for their activity against the parasite.
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Figure 13: Dose vs response curves of gold complexes C1 (A), C2 (B) and C3 (C) on HFF, obtained using Alamar Blue assay.
On the X-axis, the logc of the tested concentrations is reported, while on the Y-axis, the percentage of viability is shown.
The percentage of viability is obtained by calculating the ratio between the mean values of each treatment and the viable

non-treated controls (set to 100%), then multiplying by 100.

Table 4: Results of Alamar Blue performed on HFF with C4. In the table are reported the percentages of viability of each

concentration tested and the correspondent standard error (SE).

C4 activity

Concentrations (uUM) 25 13 6 3 2 1 0,62
% of viability 95,0 96,4 95,5 99,0 108,8 109,9 92,1
SE 2,5 3,4 4,6 2,8 1,4 1,7 2,8

5.2 In vitro efficacy of thiosemicarbazones on T. gondii
5.2a Efficacy of copper complexes and their thiosemicarbazone ligands on T. gondii
using B-galactosidase assay

All the compounds, including thiosemicarbazone ligands and their respective copper complexes, were

tested at concentrations of 5, 10, and 20 uM on T. gondii tachyzoites to evaluate their efficacy against
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the parasite. The results, displayed in the clustered columns in Figure 14, showed no significant activity

against the parasites. As a result, none of these compounds was selected for further analysis.
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Figure 14: Clustered columns chart showing the in vitro activities at 5, 10 and 20 uM of the thiosemicarbazone ligands (A)

and of the 4 copper compounds (B) on T. gondii B-gal, measured using B-galactosidase assay.

5.2b Efficacy of gold complexes on T. gondii using B-galactosidase assay

Three gold(lll) complexes (C1, C2, C3) and one thiosemicarbazone ligand (C4) were tested on T. gondii
at different concentrations, starting from 20 uM and decreasing to 0.3 uM through serial dilutions. Drug
concentrations that led to 50% reduction in parasites viability compared to fully viable controls of
infected cells non-treated (set to 100%) were calculated using the logit-log algorithm in Microsoft
Excel®. C1 and C2 showed ICso values against T. gondii of 11.5 uM [9.1 — 14.5] and 7 uM [5.5 — 8.9],
respectively (shown in figure 15 through the dose vs response curves).

However, additional experiments were conducted with C3 and C4 at lower concentrations, as the initial
testing range (20 uM to 0.3 pM) still left a high number of viable parasites, making it impossible to
calculate the ICso. New dilutions for these two compounds were prepared, starting from 10 uM and

decreasing to concentrations in the picomolar range.
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Additional experiments showed that C3 and C4 had ICsg values against T. gondii of 0.028 uM [0.027 —

0.030] and 0.030 uM [0.040 — 0.020], respectively (shown in figure 15 through the dose vs. response

curves). Similar results were obtained when compounds were added 3 h after host cell invasion: C3

showed ICsp values ranging between 0.020 and 0.026 uM and C4 showed ICsg values ranging between

0.015 and 0.025 pM.

At this point the Sl of each compound was calculated and reported in the table below:

Table 5: ICso of each compound calculated on HFF and on T. gondii B-gal and correspondent SI.

ICso on the parasite ICs on the parasite
when'added when a'ldded'ﬂ ICs on HFF S|
concomitantly to post- infection
Compounds - -
infection
. . .. (|C50 on HFF/|C50 on

T. gondii 3-gal (uM) T. gondii B-gal (UM) Toxicity (uM) T. gondii RH B-gal)
c1 11.5[9.1-14.5] / 25[22.3-29.2] 2
Cc2 7[5.53-8.89] / 12.1[10.5 - 14] 1.7
c3 0.028 [0.027 — 0.030] |0.023 [0.020—0.026] | 24 [18.1-32.8] 240
ca 0.030 [0-040 —0.020] | 0-020[0.015-0.020] >25 5240

Based on the results obtained, among the four compounds tested, only C3 and C4 demonstrated a

promising selectivity index (SI) and a good efficacy against the parasite at very low concentrations

without showing toxicity to the host cells. These findings suggested their potential as promising

therapeutic candidates. Consequently, both compounds were chosen for further investigations,

including studies to explore their mode of action and additional in vitro experiments focused on

assessing their toxicity.
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Figure 15: Dose vs response curves of gold complexes C1 (A), C2 (B), C3 (C) and C4 (D) on T. gondii B-gal, obtained measuring
B-galactosidase enzyme activity (Toxo B-gal assay). On the x-axis, the logio of the tested concentrations is reported, while
on the y-axis, the percentage of viability is shown. The percentage of viability is obtained by calculating the ratio between

the mean values of each treatment and the viable non-treated controls (set to 100%), then multiplying by 100.

5.2c Efficacy of gold complexes and their thiosemicarbazone ligands on T. gondii ME49

wild-type and adapted clones to the treatment

ICso was determined first on T. gondii B-gal, a transgenic type | strain with RH background (see
paragraph 5.2.b).

Here results of the ICsp and minimum inhibitory concentration (MIC) values calculated for the type Il T.
gondii ME49 wild-type (WT) strain, in comparison to clones adapted to treatment, are reported. ICso
values were determined using Real-time PCR, while MICs were assessed through microscopic
observation. ICsp values were determined by quantitative Real-time PCR and are given at 95%
confidence interval (Cl); LI is the “Inferior Limit” of Cl and LS is the “Superior Limit” of Cl. Both
compounds (C3 and C4) showed similar ICso values for T. gondii ME49 WT strain and the three clones

adapted to each treatment (Figure 16), indicating that adaptation was lost after freezing/thawing
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cycles, suggesting only a temporary adaptation to the drug exposure. The MIC values were also
consistent across all tested strains, remaining at 25 uM (Table 6). These findings suggest that T. gondii
did not develop permanent resistance to C3 or C4 in vitro but rather transiently adapted to the stress

induced by the drugs through a reversible mechanism.
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Figure 16: Dose-response curves for the compounds C3 (A) and C4 (B) against T. gondii ME49 WT and their respective

adapted clones (three per drug) as determined by quantitative PCR.

Table 6: Half maximal inhibitory concentrations (1Cso) and minimal inhibitory concentration (MIC) of the gold (l1l) complex
C3 and its C4 ligand against T. gondii ME49 WT tachyzoites, and three cloned strains, each derived from C3-adapted or C4-
adapted T. gondii.

c3 ICs0 (nM) MIC (uM)
T. gondii ME49 wildtype (WT) 31 ([16-62) 25
P1F3 45 (28-70) 25
P1E5 90 (54-150) 25
P2F5 51 (31-84) 25
C4
T. gondii ME49 wildtype (WT) 13 (6-27) 25
P2F3 11 (6-18) 25
P1G10 10 (4-23) 25
P3E2 6 (4-9) 25

5.3 Mechanism of action of C3 and C4 compounds

5.3a TEM results

To detect possible ultrastructural changes in tachyzoites exposed to C3 and C4, treated and untreated

parasites were comparatively analyzed by transmission electron microscopy (TEM).
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T. gondii ME49 tachyzoites cultured without compounds (Figure 17) went through intracellular
proliferation by endodyogeny within a parasitophorous vacuole, separated from the cytoplasm by a
parasitophorous vacuole membrane (PVM). Tachyzoites showed the typical hallmarks of
apicomplexans including secretory organelles such as rhoptries, micronemes and dense granules and a
conoid situated at the apical pole. Tachyzoites have a single mitochondrion composed of branched
tubules, of which only parts are visible in any given section plane, exhibiting densely packed cristae
within an electron dense matrix. Normally parasites proliferate by endoduogeny, and in rapidly dividing
cultures multiple newly formed tachyzoites were often seen emerging from a residual body. At 6-12 h
after initiation of drug treatments with C3 (Figure 18) and C4 (Figure 19), few but distinct changes were
detectable. For instance, a large portion of parasitophorous vacuoles (> 50%) were surrounded by a
multi-layered parasitophorous vacuole membrane (Figure 18A-C; Figure 19A), as opposed to the typical
single membrane surrounding non-treated parasites. At these early time points, tachyzoites in C3-
treated cultures, however, did not appear to be structurally altered and underwent cell division, while
approximately 30% of parasites in C4 treated cultures exhibited an aberrant cytoplasmic organization,
most notably with increased vacuolization and “empty spaces” forming between the nuclear
membrane and the cytoplasm of tachyzoites (Figure 19C and D). At 24 h of C3 treatment, such
cytoplasmic alterations were also visible occasionally in 10-20% of tachyzoites (Figure 18D and E) and
slight structural disturbances such as a partially dissolved matrix could be detected in the
mitochondrion in C3-treated (Figure 18D) and C4-treated (Figure 19D) tachyzoites. At 48 h, C3-treated
parasites had largely recovered, and only slight alterations could be seen in some, (< 5%) of tachyzoites
in C4-treated cultures. In conclusion, the changes induced by treatments with C3 and C4 were rather

mild and apparently only of a transient nature.
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Figure 17: TEM of non-treated T. gondii ME49 tachyzoites (A-E) and tachyzoites treated with the positive control drug
DB745. (A) A tachyzoite undergoing endodyogeny with the two emerging daughter cells (dc) at 12 h post-infection, situated
within a parasitophorous vacuole. The boxed area in (A) is shown at higher magnification in (B). The vacuole is surrounded
by the parasitophorous vacuole membrane (pvm). (C) A vacuole containing numerous tachyzoites at 24 h p.i., the boxed
area is shown at higher magnification in (D), revealing rhoptries. (rop), dense granule (dg), micronemes (mic), the
mitochondrion, and the nucleus (nuc). (E) Proliferating tachyzoites still attached to a residual body (rb) within a
parasitophorous vacuole at 48 h of culture. (F) tachyzoites treated with DB745 during 48 h, showing tachyzoites (T) with

severe structural alterations. Barsin A=1um; B=0.3 pm; C=1.2 um; D=0.6 pm; E=1.5 pm; F = 1.2 um.
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Figure 18: TEM of T. gondii ME49 tachyzoites grown in HFF and treated with 0.5 uM C3 during 6 — 12 h (A-C), 24 h (D, E) and
48 h (F). A tachyzoite undergoing endodyogeny with an emerging daughter cell (dc) after 6 h of treatment is depicted in (A),
and the respective apical part, including the conoid of the daughter cell (con) is shown at higher magnification in (B). A large
portion of the parasitophorous vacuole is surrounded by a multi-layered membrane (marked with small arrows). Similar
findings were obtained after 12 h (C). At 24 h, the multilayered membrane surrounding the parasitophorous vacuole was
no longer visible , but many parasites exhibited cytoplasmic alterations, leaving an empty space between the nuclear
periphery and the cytoplasm, marked by asterisks (*) as shown in (D) and (E), and the matrix of the mitochondrion (mito)
was partially dissolved. At 48 h, most tachyzoites had lost these ultrastructural alterations and had a normal appearance (F).

BarsinA=0.8um; B=0.5um; C=0.8 um; D=1um; E=1pum; F=0.8 um.
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Figure 19: TEM of T. gondii ME49 tachyzoites grown in HFF and treated with 0.5 uM of C4 during 6h (A), 12 h (B, C), 24 h
(D), and 48 h (E, F). The boxed area in (E) is depicted at higher magnification in (F). A multi-layered membrane, indicated by
arrows surrounding the parasitophorous vacuole is evident after 6h of treatment (A). After 12 h of treatment (B and C),
ultrastructural alterations become visible in a large number of parasites as evidenced by the accumulation of membranous
components within the vacuolar space (thick arrows), increased numbers of cytoplasmic vacuoles (vac) and in some
parasites a separation of the nucleus from the surrounding cytoplasm was visible (asterisks *, see C). In addition,
pronounced alterations of the mitochondrial matrix (mito) were noted after 24 h (D). At 48 h after initiation of drug
treatment (E, F), parasites exhibited a largely normal structural appearance, with the exception of some parasites still
maintaining free spaces between nuclear membrane and cytoplasm (asterisks *). Bars in A=0.6 um; B=1 um; C= 0.5 um;

D=0.9um; E=2.2 um; F=0.9 um.

5.3b TMRE Results

Since TEM suggested that treatment with C3 as well as C4 could partially impact on the ultrastructure
of the mitochondrial matrix, the possibility that these compounds could alter the MMP was

investigated. HFF cultures infected with T. gondii ME49 and uninfected cells were treated with 0.5 uM

68



of C3 or C4 for 3.5 h and then incubated with tetramethylrhodamine, ethyl ester (TMRE) for 30 min.
The two known MMP inhibitors carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and
carbonyl cyanide m-chlorophenylhydrazone (CCCP) were used as positive controls.

As shown in Figure 20, TMRE uptake by mitochondria of FCCP or CCCP-treated cultures decreased by
more than 80% compared to untreated cultures. Pyrimethamine (Pyr), the standard anti-Toxoplasma
drug interfering in folate metabolism, did not impact on the MMP in tachyzoites or HFF, thus no change
in TMRE uptake was noted. C4 and C3 treatments resulted in only a slight decrease of TMRE uptake in
T. gondii ME49 infected (both of 17%) as well as uninfected HFF cultures (6% and 19%, respectively),

also indicating that these compounds do not have a clear effect on the MMP.
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Figure 20: Measurements of the mitochondrial membrane potential by TMRE uptake in uninfected HFF and T. gondii
infected HFF. TMRE uptake was measured in the presence or absence of either uncouplers (FCCP and CCCP), pyrimethamine
(PYR) and C3 and C4. Assays were carried out in T25 tissue culture flasks, and the bars represent the mean of TMRE
fluorescence. Standard deviations (SD) were calculated from three biological replicates. 100% of TMRE uptake was set for
the control cells in absence of uncouplers or treatments and the corresponding percentage of TMRE fluorescence intensity

is displayed on the top of each bar.

5.3c DAC results

To characterize proteins that specifically bind to either C3 and C4, or to both compounds, differential
affinity chromatography (DAC) was combined with mass spectrometry (MS)-based quantitative

proteomics of respective eluates. Tyrosine was included as a control compound, having a closely related
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chemical structure but no effects on T. gondii proliferation. Overall, the analysis of the DAC eluates
yielded 5137 unique peptides that were mapped to 630 T. gondii proteins (see Suppl. Table S1 for the
full dataset) with equal intensity distribution among samples as displayed in Figure 21 A.

A total of 118 proteins were exclusively identified in the mock column eluate, whereas 512 proteins
were found in proteomes obtained from eluates of the remaining three columns: C3, C4 and tyrosine.
The largest proportion of the identified proteins (318/630) were exclusively C4-binding proteins,
whereas only 14 proteins were exclusively C3-binding proteins (Figure 21 B). One hundred and sixty-
two proteins were commonly identified in proteomes obtained from C3- and C4 columns, while only
seven proteins were commonly found in the eluates of tyrosine, C3- and C4 columns (Figure 21 B). The
fourteen proteins exclusively binding to the C3 column are shown in Table 7 as ranked by relative
abundance. The ribosomal protein RPL27 (TGME49_262690) was the most abundant and constituted
42% of total C3-specific binding proteome (Table 7). Among the 318 proteins specifically binding to C4,
the SAG-related sequence (SRS) protein SRS25 encoded by ORF TGME49 213280 was the most
abundant (Table 8). A total of 11 SRS proteins were identified as specifically binding to C4, five of which
were among the 20 most abundant proteins (Table 8). The hypothetical protein encoded by ORF
TGME49 253690 was the second most abundant protein binding to C4 (Table 8). The ribosomal protein
RPSA (ToxoDB ORF: TGME49 266060) was among the five most abundant proteins and represented
3% of the C4-specific binding proteome. A large portion (50/162; 31%) of the 162 proteins that bind to
both C3 and C4 but were not found in Mock- or tyrosine-eluates, were ribosomal proteins. In Table 9,
the twenty most abundant proteins which are shared between C3 and C4 columns are ranked according
to their relative abundance. Most (18 out of 20) proteins commonly interacting with C3 and C4 were

ribosomal proteins (Table 9).
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Figure 21: Identification of Toxoplasma proteins that bind to C3 and / or C4 by affinity chromatography coupled mass-
spectrometry. A: box and whisker plot describing protein intensity distributions as calculated by the iBAQ (intensity Based
Absolute Quantification) algorithm across eluates from C3 (gold(lll) complex), C4 (salicyl-TSC ligand), mock and tyrosine

columns. B: Venn diagram detailing the distribution of identified proteins (512) which did not bind to the mock column.

Table 7: List of the fourteen proteins specifically binding to C3 columns as identified by DAC followed by mass spectrometry.
See Suppl. Table S1 for the full dataset. The relative abundances (rAbu) based on iBAQ sum up to a total of 1000000 for each

sample. The proteins are listed according to their decreasing rAbu values.

ToxoDB ORF Annotation rAbu
Cc3

TGME49_262690 ribosomal protein RPL27 741
TGME49 244110 nucleosome assembly protein (nap) protein 324
TGME49_309740 LSM domain-containing protein 100
TGME49_321520 hypothetical protein 91
TGME49_279390 proliferation-associated protein 2G4, putative 80
TGME49_319870 ubiquitin-conjugating enzyme subfamily protein 77
TGME49_313560 60S ribosomal protein L7a, putative 71
TGME49 248810 nuclear factor NF7 54
TGME49_ 231850 serine-threonine phosophatase 2C (PP2C) 51
TGME49_ 209170 hypothetical protein 43
TGME49_272400 casein kinase ii regulatory subunit protein 43
TGME49 227810 rhoptry kinase family protein ROP11 (incomplete catalytic triad) 35
TGME49_256050 signal recognition particle 14kd protein 28
TGME49_305340 corepressor complex CRC230 9
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Table 8: List of the twenty most abundant proteins binding to C4 columns as identified by DAC followed by mass
spectrometry. See Suppl. Table S1 for the full dataset. The relative abundances (rAbu) based on iBAQ sum up to a total of
1000000 for each sample. The proteins are listed according to their decreasing rAbu values.

ToxoDB ORF Annotation rAbu C4
TGME49_ 213280 SAG-related sequence SRS25 22200
TGME49_253690 hypothetical protein (putative transmembrane protein) 15804
TGME49 316710 hypothetical protein 4878
TGME49_266060 ribosomal protein RPSA 3977
TGME49 288245 hypothetical protein 2980
TGME49 231160 hypothetical protein 2724
TGME49_226570 hypothetical protein 1943
TGME49 285870 SAG-related sequence SRS20A 1652
TGME49_319560 microneme protein MIC3 1600
TGME49_ 289680 Ras-related protein Rab11 1461
TGME49 263630 hypothetical protein 1426
TGME49_214410 hypothetical protein 1316
TGME49 214770 small GTP binding protein rabla, putative 1305
TGME49_225555 hypothetical protein 1284
TGME49_308020 SAG-related sequence SRS57 1218
TGME49_249900 adenine nucleotide translocator, putative 1171
TGME49_233450 SAG-related sequence SRS29A 1156
TGME49_ 308840 SAG-related sequence SRS51 1153
TGME49_245490 microneme protein MIC8 1126
TGME49 227920 hypothetical protein 1043
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Table 9: List of the twenty most abundant common proteins binding to both C3- and C4-affinity columns as identified by
DAC followed by mass spectrometry. See Suppl. Table S1 for the full dataset. The relative abundances (rAbu) based on iBAQ
sum up to a total of 1000000 for each sample. The proteins are listed according to their decreasing rAbu values in the C3
dataset.

ToxoDB ORF Annotation rAbu C3 rAbu C4
TGME49_309810 ribosomal protein RPP2 3431 3473
TGME49_249250 ribosomal protein RPL35A 3406 214
TGME49_262670 ribosomal protein RPL18A 2651 522
TGME49_ 313390 ribosomal protein RPL6 2390 482
TGME49_261570 ribosomal protein RPL7A 2348 372
TGME49_205340 ribosomal protein RPS12 2026 493
TGME49_ 292130 ribosomal protein RPL13A 1678 447
TGME49_238070 glutaredoxin domain-containing 1666 332

protein

TGME49_267060 ribosomal protein RPL14 1540 317
TGME49_320050 ribosomal protein RPL5 1492 223
TGME49_204020 ribosomal protein RPL8 1487 114
TGME49_238250 ribosomal protein RPL36 1422 517
TGME49_245680 ribosomal protein RPL21 1362 219
TGME49_260260 ribosomal protein RPP1 1354 2505
TGME49 314810 ribosomal protein RPL7 1325 666
TGME49_270380 ribosomal protein RPS13 1265 1846
TGME49_210690 ribosomal protein RPS6 1242 759
TGME49_215470 ribosomal protein RPL10A 1090 400
TGME49 218820 alba 2 1046 753
TGME49 232230 ribosomal protein RPL30 986 50

5.3d Long term treatments and generation of clones of drug adapted T. gondii

tachyzoites

Further studies were carried out using T. gondii ME49 tachyzoites. While C3 and C4 treatments were
highly effective in short term three-day-growth assays, treatments with both compounds at 0.5 uM for
an additional four to eight days revealed that parasites quickly resumed proliferation despite
continuous drug pressure. To investigate the actual drug susceptibility of such drug-adapted strains, C3
and C4-adapted tachyzoites were cloned, and three clones/drug were frozen as stabilates and stored
at -150°C. Subsequently the stabilates were thawed and subjected to ICsp and MIC determinations and
results are summarized in Table 6 and Figure 16 (see paragraph 5.2c). For both drugs, the I1Cso values
for the T. gondii MEA49 tachyzoites representing WT strain and the C3 and C4-adapted strains (three

clones each), were in the similar range, suggesting that the effect was lost after freezing/thawing and
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that parasites had only transiently adapted to increased drug concentrations. MIC values were in the
same range (25 uM) for all strains tested. Taken together, these findings indicate that T. gondii did not
develop in vitro resistance against C3 or C4, but only a transient adaptation to the environmental stress

induced by C3 and C4, through a mechanism that was reversible.

5.3e Proteomic analysis analysis of T. gondii ME49 clones recovered after in vitro

adaptation to C3 and C4

The T. gondii ME49 WT strain and the six clones derived from C3- and C4-treated cultures (three clones
per drug) were analyzed by whole cell shotgun proteomics to identify differentially expressed (DE)
proteins. As shown in suppl. Table S2, a total of 3860 proteins were identified. To reliably identify
differentially expressed proteins in C3 and/or C4 treated tachyzoites versus non-treated WT, only those
with fold change FC > 1.5 (Log2FC > 0.58) and those with FC < 0.66 (Log2FC < -0.58) were considered as
significantly up- and down-regulated proteins, respectively, in treated parasites compared to WT. Thus,
a total of 131 and 72 proteins were found to be differentially expressed in C3- and C4 treated cultures,
respectively, compared to WT-parasites. C3-clones showed upregulation of the expression of 74
proteins and downregulation of 57 proteins compared to WT tachyzoites (Suppl. Table S2). Most of the
dysregulated proteins (125/131) upon treatment with C3 were found exclusively in clone P1E5. Two
proteins (TGME49 251180 and TGME49 229140) were commonly dysregulated in the three C3-clones
P1F3, P1E5 and P2F5, whereas the ORF TGME49 238200 encoding for alpha/beta hydrolase fold
domain-containing protein was shared between P2F5 /P1E5 (Suppl. Table S2). Table 10 presents the
top 20 up- and downregulated proteins in C3-clones, ranked according to their FC. Interestingly, the
upregulated ribosomal protein RPL44 encoded by ORF TGME49 203630 was also identified as a C3-
binding protein (suppl. Table S1). Another upregulated protein (FC = 1.7 in P1E5/WT, see suppl. Table
S2) annotated as cyst wall protein CST7 (TGME49_258870) shown in suppl. Table S2, was also identified
as a C3-binding protein (suppl. Table 1). The most downregulated proteins in C3 treated clones were
the putative ribosomal RNA (adenine(1779)-N(6)/adenine(1780)-N(6))dimethyltransferase encoded by
the ORF TGME49 248200, and the cyst matrix protein MAG2 (TGME49_209755) (Table 10). Proteomic
analyses of clones recovered from C4 treatment compared to T. gondii ME49 WT parasites showed that
66 proteins were upregulated (FC 2 1.5 (Log2FC > 0.58); P < 0.05) and six proteins were downregulated
(FC £ 0.66; P < 0.05). As shown in Table 11, the expression of hypothetical protein encoded by ORF
TGME49 306300 was more than seven-fold higher in clone P1G10 compared to T. gondii ME49 WT

parasites. TGME49_ 306300 contains a conserved domain (TIGR00927) described as a K+-dependent
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Na+/Ca+ exchanger, which is reminiscent of transport and binding proteins for cations and iron carrying
compounds. Three other upregulated proteins, namely the hypothetical protein (TGME49_277920),
the ribosomal protein RPS27 (TGME49_217570) and the ribosomal-ubiquitin protein RPS27A
(TGME49 _245620) (suppl. Table S2) were also identified as C4-binding proteins by C4-affinity
chromatography (suppl. Table S1) and among those the ribosomal protein RPS27A was also identified
in the C3-binding fraction by affinity chromatography (suppl. Table S1). A further 11 upregulated
proteins and one downregulated protein were identified in both C3- and C4- recovered parasites, in
comparison to WT tachyzoites. As shown in Table 12, those proteins exhibiting the highest upregulated

expression are transmembrane proteins and membrane transporters.
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Table 10: List of twenty most differentially expressed proteins in clones adapted to compound C3 as compared to T. gondii
ME49 WT strain. For upregulated (FC = 1.5; P < 0.05) and for downregulated (FC < 0.66; P < 0.05). Whole cell shotgun MS

was performed on three clones per drug and three replicates per clone.

ToxoDB ORF Product Description C3_Clone Fold
Change
(FC)
Upregulated 1
TGME49 258700 transporter, major facilitator family protein P1F3 6.5
TGME49 225480 hypothetical protein P1ES5 6.4
TGME49 248140 hypothetical protein P1E5 5.6
TGME49 262120 1Q calmodulin-binding motif domain-containing P1E5 3.3
protein
TGME49_253360 SNARE protein STX20 P1E5 3.2
TGME49_306300 hypothetical protein P1E5 3.2
TGME49_257160 hypothetical protein P1E5 3.1
TGME49_261740 rhoptry protein ROP47 P1E5 2.8
TGME49_293480 MoeA N-terminal region (domain | and Il) domain- P1F3 2.6
containing protein
TGME49_250950 KRUF family protein P1E5 2.5
TGME49 203630 ribosomal protein RPL44 P1E5 2.4
TGME49 315290 hypothetical protein P1ES 2.4
TGME49 214410 hypothetical protein P1E5 2.3
TGME49 268730 glutaredoxin 1 P1E5 2.3
TGME49_268740 hypothetical protein P1E5 2.2
TGME49 234180 hypothetical protein P1E5 2.1
TGME49_238200 alpha/beta hydrolase fold domain-containing P2F5/P1E5 2/1.6
protein
TGME49_219690 hypothetical protein P1E5 2.0
TGME49_202940 hypothetical protein P1E5 2.0
KRUF family protein P1E5/P1F3/ | 2/1.7/1.
TGME49_251180 P2F5 5
Downregulated |,
TGME49_248200 ribosomal RNA (adenine(1779)-N(6)/adenine(1780)- P1E5 0.1
N(6))-dimethyltransferase, putative
TGME49_209755 cyst matrix protein MAG2 P1E5 0.1
TGME49 253350 hypothetical protein P1E5 0.3
TGME49 297110 kinesin motor domain-containing protein P1E5 0.3
TGME49_273780 SWI2/SNF2-containing protein P1E5 0.4
TGME49_280570 SAG-related sequence SRS35A P1E5 0.4
TGME49_272900 DNA repair protein RAD51 P1E5 0.4
TGME49_281900 SET domain containing lysine methyltransferase P1E5 0.4
KMTox
TGME49_247390 ATPase, AAA family protein P1ES 0.4
TGME49_280390 HEAT repeat-containing protein P1E5 0.5
TGME49_320190 SAG-related sequence SRS16B P1E5 0.5
TGME49_318470 AP2 domain transcription factor AP2IV-4 P1E5 0.5
TGME49 297870 inner membrane complex protein IMC36 P1E5 0.5
TGME49 214970 DNA replication licensing factor, putative P1E5 0.5
TGME49 301170 SAG-related sequence SRS19D P1E5 0.5
TGME49_244500 Tubulin-tyrosine ligase family protein P1E5 0.5
TGME49 290970 serine palmitoyltransferase SPT2 P1E5 0.5
TGME49_219700 DNA replication licensing factor MCM4, putative P1E5 0.5
TGME49_237220 DNA replication licensing factor Mcm7, putative P1E5 0.5
TGME49 262990 hypothetical protein P1E5 0.5
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Table 11: List of twenty most upregulated proteins and six downregulated proteins in clones adapted to compound C4 as

compared to T. gondii ME49 WT strain, for upregulated (FC = 1.5; p < 0.05) and for downregulated (FC < 0.66; p < 0.05).

Whole cell shotgun MS was performed on three clones per drug and three replicates per clone.

Fold
ToxoDB ORF Product Description C4_Clone | Change
(FC)
Upregulated P

TGME49_306300 hypothetical protein P1G10 7.2
TGME49_258700 transporter, major facilitator family protein P2F3 4.2
TGME49_248140 hypothetical protein (putative transmembrane protein) P3E2 4.1
TGME49 234980 hypothetical protein (putative transmembrane protein) P2F3 3.8
TGMEA49 277740 zinc finger, C3HC4 type (RING finger) domain-containing P2F3 )8

- protein
TGME49_268860 enolase 1 P2F3 2.8
TGMEA49 265190 Ulp1 protease family, ‘C-‘terminal.catalytic domain- PIF3 57

- containing protein
TGME49 276120 histone lysine methyltransferase, SET, putative P2F3 2.3
TGME49 220170 hypothetical protein P2F3 2.2
TGME49_200440 hypothetical protein P2F3 2.2
TGME49 273060 ribosomal protein S17, putative P2F3 2.1
TGME49 273550 hypothetical protein P2F3 2.1
TGME49 293480 MoeA N-terminal regi.or) (domair.1 I and Il) domain- P3E2 5

B containing protein
TGME49_238200 alpha/beta hydrolase fold domain-containing protein PZF%MG 2'03/1
TGME49 284580 ribose-phosphate diphosphokinase subfamily protein P2F3 2
TGME49 211470 Fcf2 pre-rRNA processing protein P2F3 2
TGME49 229260 basal complex component BCC4 P2F3 2
TGME49 226640 zinc binding protein, putative P2F3 2
TGME49 224932 hypothetical protein P2F3 19
TGME49 297220 AMP-binding enzyme domain-containing protein P2F3 1.9
Downregulated

N2
TGME49_309580 transporter, major facilitator family protein P2F3 0.1
TGME49_268220 hypothetical protein P2F3 0.2
TGME49_305870 DAD family protein P1G10 0.4
TGME49 305610 hypothetical protein P2F3 0.5
TGME49 229140 MaoC family domain-containing protein P1G10 0.6
TGME49 320588 glycosyl hydrolases family 35 protein P2F3 0.6
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Table 12. List of differentially expressed proteins in C3- and C4-recovered clones as compared to T. gondii ME49 WT
tachyzoites. Eleven proteins were upregulated (FC > 1.5; p < 0.05), one was downregulated (FC < 0.66; p < 0.05) in both C3

and C4 clones, and three proteins had a divergent expression between C3 and C4 clones.

Upregulated i
31 Ca Annotation C3_Clone FC C4_Clone FC
TGME49 306300 hypothetical protein P1E5 3.2 P1G10 7.2
TGME49_258700 transporter, major facilitator P1F3 6.5 P2F3 42
family protein
TGMEA49_ 248140 hypothetical protein (putative P1ES 5.6 P3E2 41
transmembrane protein)
TGME49 203480 | IoeA N-terminal region (domain | P1F3 26 P3E2 2.0
and Il) domain-containing protein

TGMEA49 238200 alpha/beta hy.dr.olase fol(_:l domain- | P1E5/P2F | 1.62/ | P2F3/P1G | 2.0/1.
- containing protein 5 2.03 10 9

TGME49_211470 Fcf2 pre-rRNA processing protein P2F5 1.8 P2F3 2.0

TGME49_297220 AMP-binding enzyme domain- P1ES 2.0 P2F3 1.9

containing protein
TGME49_277920 hypothetical protein (putative P1ES 2.0 P2F3 15
transmembrane protein)

TGME49_224932 hypothetical protein (putative P1ES 1.6 P2F3 1.9
- jmjC domain protein)

TGME49_269660 TFIIH basal transcription factor P1ES 1.6 P2F3 15
- complex helicase XPB subunit

TGME49 274100 hypothetical protein P2F5 1.5 P2F3 1.6

Downregulated C34,
cald
TGME49_229140 MaoC family domain-containing P1F3 05 | P1G10 0.6
protein
Divergent C34, C4

TGME49_312500 hypothetical protein P1E5 0.6 P2F3 1.5

TGME49_315590 macro domain-containing protein P1E5 0.6 P2F3 1.9

TGME49_242720 aspartyl protease ASP5 P1E5 0.7 P2F3 1.5

5.4 Effect C3 and C4 on the stimulation of the host immune cells and

evaluation of the toxicity in a model organism
5.4a Assessment of viability of murine splenocytes after treatment with C3 and C4 in

vitro

The effects of C3 and C4 treatments on murine immune cells were investigated in vitro to detect
eventual immunosuppressive activity. Splenocytes, a mixed population of immune cells, were treated
with ConA to stimulate T cells and LPS to stimulate B cells, with or without C3 and C4. Splenocytes
stimulated with ConA or LPS were also treated with ciclosporin A (CsA) as a positive control, as it serves
as an inhibitor for both types of stimulation. Their viability was measured using Alamar Blue assay.

Figure 22 A shows that C3 reduced B cell viability only at 2 uM (very low concentration, not concerning),
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while C4 did not affect T or B cells viability at any concentration tested (Figure 22 B). Based on these
results, in vivo studies using a murine model of cerebral toxoplasmosis were planned to evaluate their

efficacy in a more complex biological environment, paving the way for future therapeutic development.
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Figure 22: Effects of C3 (A) and C4 (B) on viability of murine T-cells and B-cells in vitro. 96-well plates were seeded with
splenocytes obtained from murine spleens (2x 10° cells/mL, 100 uL/well), and were exposed to ConA (5 ug/mL) or LPS (10
pg/mL). C3 and C4 were added at 0.1, 0.5, 1 and 2 uM, respectively, and cultivation was carried out for 48 h at 37 °C/5%

CO,. Viability was assessed by resazurin reduction and is given as relative fluorescence units (RFU).

5.4b Effects of C3 and C4 on early zebrafish embryo development

The effects of C3 and C4 on zebrafish embryo development were assessed through daily microscopic
inspection of 20 fertilized eggs per drug and concentration, cultured from 24 to 96 hours post-
fertilization (hpf) with or without the compounds. This visual assessment was conducted blinded to the
treatment conditions by a single expert operator. At the end of the assay, the impact score (Si) of each

drug was calculated based on the observation of each concentration compared to the negative controls
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(see details in Table 13). A negative Si is indicative of toxicity. Results showed that both compounds are
toxic in a dose-dependent manner, causing adverse effects in early zebrafish embryo development, like
malformations and death (Figure 23). C3 was shown to be toxic from 1 uM to the highest concentration
tested (20 uM), while C4 was toxic at all concentrations tested. Based on these results, in vivo studies

using a murine model of congenital toxoplasmosis were excluded.

A

Figure 23. A) Normal zebrafish embryo 24 hpf. B) Dead zebrafish embryo after C3 treatment (24 hpf). C) Dead zebrafish
embryo after C4 treatment (24hpf). D) Normal hatched embryo after 72 hpf. E) Hatched embryo with malformation (curved
tail) after C4 treatment (72 hpf).
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Table 13: Calculations of the scores obtained for each concentration of the compounds tested (Si.) Sneg = negative control
score (no compound, no DMSO); Solvent control = solvent control score (no compound, 0.01% DMSO); Sassay, assay score
(score for each compound concentration); Smean = control mean score; Si = impact score; Ne = number of embryos
introduced per test item (20 per compound and concentration); Nd = number of dead embryos after 96 hpf (score -1 for
each dead embryo); Nm = number of embryonal malformations observed after 96 hpf (score —0.5 for each malformation,

including non-hatched embryos at 96 hpf).
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5.5 In vivo efficacy of the compounds in a murine model of cerebral

toxoplasmosis
5.5a Parasite load quantification by Real-time PCR

In the in vivo study outbred CD1 mice were experimentally infected with TgShSp1 type Il oocysts.

After the oral administration of 120 oocysts, C3 and C4 were administered at 10 mg/kg/day for 5 days
starting at day 3 post-infection (p.i.). C3 was formulated in H,O containing 25% DMSO and C4 in corn
oil containing 10% DMSO. Neither the infection nor the treatment caused clinical signs, indicating non-
toxicity at this dosage. On day 30 p.i., mice were euthanized, the brain tissue, eyes and heart were
dissected, and the parasite load was determined by quantitative Real-time PCR. As shown in figure 24
A, C3 and C4 treatments did not reduce the cerebral parasite load compared to the placebo control
group (p = 0.45 and p = 0.54). Similarly, figure 24 B shows no reduction in the eye parasite load
compared to the control group (p = 0.90 and p = 0.78.) However, the parasite load in the heart was

significantly reduced in the C4 treated group (Figure 24 C).
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Figure 24: In vivo efficacy of C3 and C4 in CD1 mice experimentally infected with TgShSp1 oocysts. Box plots show the
parasite load at 30 days p. i. in placebo control mice (CTR, 0.25% DMSO) and C3 and C4 treated mice. The number of parasites
in 20 ng DNA extracted from brain (A), eyes (B) and heart (C) was determined using qPCR. Parasite load data are represented
as box and whisker (min to max) plots with the x showing the mean per group. Statistics were obtained using Student t-test

and p-values below 0.05 are considered statistically significant.

5.5b Histopathology of mice brains

Histopathology was conducted on mice brains from three groups of infected mice (one mice per group:
a positive control group (C+) and two treatment groups dosed with C3 and C4 at 10 mg/kg/day) that
were fixed in 10% neutral buffered formalin (NBF) for at least 48 hours immediately after their removal.
After being processed and paraffin embedded, brains were stained with hematoxylin and eosin (H&E)
for histopathological analysis under a light microscope (Figure 25). The histopathology results
supported the findings from gPCR, further confirming the inefficacy of both treatments in the brain. In
fact, 19 cysts per slide were found in the positive control group, 11 cysts per slide in the treatment with
C3 and 16 slides in the treatment with C4 (Table 14). No tissue cysts were observed in the heart samples

analyzed.
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Figure 25: Tissue cysts at 40x magnification at the light microscope obtained from FFPP mice brain infected with T. gondii.

A) Overview of cysts in mice infected and non-treated (C+); B) Overview of cysts in mice infected and treated with C3; C)

Overview of cysts in mice infected and treated with C4.

Table 14: Comparison of results obtained from gPCR and histopathological analyses.

No. tachyzoites

No. of cysts

per 20 ng of DNA
C+ 159 19 per slide
c3 154 11 per slide
ca 235 16 per slide
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5.6 Viability and proliferation of murine splenocytes after treatment with

C3 and C4 in vivo

5.6.1 Measurement of viability and proliferation after treatment in vivo

To investigate whether C3 and C4 treatments in vivo would have an impact on B or T cell proliferation,
non-infected mice were similarly treated either with C3 and C4 or with vehicle alone, and isolated
spleen cells were cultured in vitro and stimulated with either ConA or LPS. Viability of cells was
measured using Alamar Blue assay and proliferation of cells with BrdU- ELISA.

Asseenin Figure 26, C3 and C4 treatment did not affect either the viability nor the proliferative capacity

of these splenocyte populations.
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Figure 26: (A) Effects of C3 and C4 on viability of murine T-cells and B-cells in vivo. 96-well plates were seeded with
splenocytes obtained from murine spleens (2x 10° cells/mL, 100 pL/well), of mice treated with C3 and C4, respectively and
were exposed to ConA (5 pug/mL) or LPS (10 pg/mL) in vitro. Cultivation was carried out for 48 h at 37 °C/5% CO?2. Viability
was assessed by resazurin reduction and is given as relative fluorescence units (RFU). (B) Effects of C3 and C4 on proliferation
of murine T-cells and B-cells in vivo. Stimulation was done as explained above and proliferation was measured using BrdU-

ELISA.
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5.6.2 Measurement of viability and proliferation after infection and treatment in vivo

To assess the impact of C3 and C4 treatments combined with in vivo infection on B and T cells
proliferation, splenocytes were isolated from infected mice treated with either C3 or C4. These cells
were then cultured in vitro and stimulated with ConA or LPS. Cell viability was measured using the
Alamar Blue assay, while cell proliferation was assessed via BrdU-ELISA.

As shown in Figure 27, the combination of C3 or C4 treatment and infection did not affect either the

viability or proliferative capacity of these splenocyte populations.
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Figure 27: (A) Effects of C3 and C4 plus infection on viability of murine T-cells and B-cells in vivo. 96-well plates were seeded
with splenocytes obtained from murine spleens (2x 10° cells/mL, 100 uL/well) of mice infected and treated with C3 and C4,
respectively, and were exposed to ConA (5 pug/mL) or LPS (10 pg/mL) in vitro. Cultivation was carried out for 48 h at 37 °C/5%
CO.. Viability was assessed by resazurin reduction and is given as relative fluorescence units (RFU). (B) Effects of C3 and C4
plus infection on proliferation of murine T-cells and B-cells in vivo. Stimulation was done as explained above and proliferation

was measured using BrdU-ELISA.
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6. Discussion

In this study, various TSC ligands coordinated with different metal ions were screened for their activity
against T. gondii. The aim was to evaluate whether metal coordination could enhance or not the
antiparasitic properties of these ligands, as metal complexes have been shown to exhibit increased
biological activity compared to their free ligand counterparts (Beraldo and Gambino, 2004).

Initially four TSC and their respective copper(ll) complexes were tested in vitro for their toxicity on HFF
and their activity against T. gondii tachyzoites. None of them exhibited cytotoxicity on host cells, nor
any efficacy against the parasite, leading to their exclusion from further studies and prompting the
design of new compounds.

Successively, three gold(lIl)—salicyl-TSC complexes (C1-C2-C3) and one salicyl-TSC compound (C4) were
tested in vitro as well. Among these compounds, only C3 and C4 (C3 without gold) were selected for
further analyses, since exhibited specific toxicity against T. gondii tachyzoites with ICso values below 50
nM and no impairment of HFF viability at a > 500 times higher concentration. The fact that the salicyl-
TSC ligand (C4) by itself was as active as the respective C3 gold(lll) complex indicates that the presence
of gold was not necessary to exert the anti-parasitic effect, and this is in agreement with previous
studies demonstrating anti-protozoal activity for thiosemicarbazones, including T. gondii and T. cruzi
(Linciano et al., 2018; Bekier et al., 2021). Since 2005, more than fifty thiosemicarbazone (TSC)
derivatives have been tested against T. gondii in vitro, with several demonstrating promising results
against the proliferative tachyzoite stage (de Aquino et al., 2008; Gomes et al., 2013; Dzitko et al., 2014;
Ansari et al., 2020).

In this case, similar efficacies of the gold(lll) complex C3 and its ligand C4 were noted upon the addition
of the drugs concomitantly to infection but also when parasites were already intracellular. This point is
very interesting because it suggests that these drugs affect intracellular parasites rather than inhibiting
T. gondii tachyzoite entry into host cells. TEM of treated versus non-treated T. gondii ME49 tachyzoites
was performed to investigate how intracellular tachyzoites were affected by C3 and C4 exposure.
Surprisingly some effects were observed only at the early stages of treatment (6-24 h) and were slightly
more pronounced upon C4 treatment. Common features seen for both C3 and C4 treatments were the
build-up of several layers of membranes surrounding the parasitophorous vacuole, moderate
cytoplasmic vacuolization, as well as distinct alterations in the matrix of the parasite mitochondrion. It
is not clear whether the additional parasitophorous vacuole membrane material is generated by the

parasite, or whether it is derived from the host. However, as there is currently no mechanism known
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by which T. gondii could form additional lipid bilayer membranes (Sibley, 2011), it is conceivable that
these membranes are host cell derived. This would imply that they lack T. gondii transporter proteins
to acquire nutrients from the host cytoplasm, which in turn could be partially responsible for the
observed cytoplasmic vacuolization as well as mitochondrial alterations. Thus, the effects of the drugs
could be not directly on the tachyzoites but could be mediated, at least partially, by the host cell,
potentially as attempted autophagy. This would also explain why the effect of the drug is restricted to
intracellular tachyzoites. It is important to note that (i) these aberrant ultrastructural alterations were
not found in all, but in a majority of tachyzoites, (ii) they were not evident in the controls, the alterations
occurred only transiently, with most parasites returning to their original ultrastructural characteristics
after 48 h. Thus, we cannot exclude the possibility that the tachyzoites showing these ultrastructural
alterations die and disappear (possibly by authophagy by the host cells) and that the non-affected
tachyzoites are responsible for the observed growth during longer term treatments. In order to identify
potential interaction partners of C3 and C4 in T. gondii, differential affinity chromatography coupled
with mass spectrometry was performed. Since ribosomal proteins, with 31% relative abundance,
represent by far the major proportion of C3 and C4 binding proteins, these compounds may interfere
with protein biosynthesis.

In cancer cells, thiosemicarbazones, particularly those presenting a thio carbonyl (C=S) bond, have been
shown to interfere specifically with the function of RLP44 receptor during the elongation step of
translation, by inhibiting the crosslinking reaction between RPL44 and the periodate-oxidized tRNA
(Houngue et al., 2017). Translation is one of the best investigated targets of antimicrobials. The first
drugs approved against toxoplasmosis were antibiotics, including clindamycin (Hofflin and Remington,
1987) and spiramycin (Chew et al., 2012), that inhibit translation. In addition, affinity chromatography
identified several quinoline-binding proteins in the closely related Neospora caninum that are involved
in translation (Mdller et al., 2022a). If inhibition of translation is the real mode of action, the effect
appears to be reversible, since prolonged treatment resulted in adaptation of T. gondii tachyzoites to
drug exposure and parasites subsequently resumed proliferation. Results from comparative
examination of proteomic data from T. gondii ME49 WT and the six clones recovered from C3 and C4
treatments, suggest that there are three main strategies of molecular mechanisms by which tachyzoites
could reverse the effect of C3 and C4-salicyl-TSC based drugs. A first strategy could be the
overexpression of C3- and C4 drug targets to restore their normal levels. This is largely supported by
the STRING protein-protein interaction network analysis of upregulated proteins (see suppl. Figure 1)

which reveals a cluster of ribosomal proteins. In contrast, the STRING analysis of down regulated
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proteins identified a network consisting of proteins involved in DNA replication and repair (see suppl.
Figure 2), which then may explain the initial inhibition of proliferation seen in the presence of the
compounds. A significant example of the target overexpression strategy is given by the ribosomal
protein RPL44, whose expression level increased in all six clones compared to WT tachyzoites. In
addition, the expression of RPS27, which binds to both C3 and C4 by affinity chromatography, was
increased in C4-adapted clones. Binding of this, and various other ribosomal proteins to the
compounds, suggests that they target the ribosomes and possibly interfere with protein biosynthesis.
The standard procedure to confirm drug targets consists in generating either knockouts or
overexpressing strains and testing their ICsgvalues in comparison to the parental cell lines. Since protein
biosynthesis is essential, it is obvious that this approach cannot be performed in this special case.
Moreover, the selection procedure to obtain genetically modified strains may interfere by itself with
gene expression (Hanggeli et al., 2023).

It is also important to keep in mind that just because a compound can bind to a solubilized ribosomal
protein in isolation, it may not have access to that same binding motif when the protein is part of the
assembled ribosome, or that it would inhibit ribosomal functions. However, for spectinomycin, which
is a ribosome-targeting antibiotic, it has also been shown that bacteria enhance the expression of the
16S rRNA helix 34, which is the main target. The 16S rRNA helix 34 is, on one hand, needed for
translation, but will also sequester the drug when overexpressed (Gc et al., 2019).

A second possible strategy identified in the present study for developing tolerance to C3 and C4 is the
upregulation of cellular efflux transporter proteins, which could lead to a reduction of intracellular C3
and C4 concentrations. The three proteins with the highest level of upregulation in adapted strains as
compared to their WT, namely the hypothetical protein encoded by TGME49_ 306300, a putative
transporter encoded by TGME49 258700, and another hypothetical protein encoded by
TGME49_248140 containing two short transmembrane domains, may be involved in this strategy.
However, these proteins have not been functionally characterized with respect to transport of
xenobiotics, so far, and exact localization studies should be carried out to verify the localization of these
proteins at the plasma membrane. In addition, another protein, the soluble N-ethylmaleimide-
sensitive-factor attachment protein receptor (SNARE) protein STX20 (TGME49_253360), was
upregulated in five out of the six analyzed clones. In T. gondii, SNAREs are involved in exocytosis at the
plasma membrane (Cao et al., 2021) and it has recently been shown that T. gondii STX20 associates
with STX1 and STX21 to form an unconventional SNARE complex which mediates exocytosis at the

plasma membrane and vesicular fusion at the apical annuli (Fu et al., 2023). Furthermore, it is well
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known that bacteria upregulate the expression of porins and efflux pumps in response to most
ribosome-targeting antibiotics (Fernandez and Hancock, 2012; Ayaz et al., 2017; Jiao et al., 2023).
Thirdly, proteomics analyses indicate that T. gondii responded to C3 and C4 treatments by
metabolization, degradation or modification of C3 and C4, e.g. via upregulated oxidases,
dehydrogenases or hydroxylases, similar to that previously reported for tetracycline (Rudra et al.,
2018). Four of the six clones adapted to either C3 or C4 exhibited an upregulated expression of the
alpha/beta hydrolase fold domain-containing protein (TGME49 238200). The functions of these
enzymes in T. gondii are, however, unknown. Rapid adaption of T. gondii to elevated drug
concentrations in vitro has also been described for other compounds, including decoquinate- and
artemisinin-derivatives (Ramseier et al., 2021; Miiller et al., 2023), bumped kinase inhibitors (Imhof et
al., 2021), ruthenium-based compounds (Barna et al., 2013) and pentamidine derivatives (Kropf et al.,
2012) and has also been reported in other apicomplexans including N. caninum tachyzoites treated with
endochin-like quinolones (Anghel et al., 2018) and Besnoitia besnoiti tachyzoites treated with
buparvaquone (Mdiller et al., 2019b). Overall, this suggests that the emergence of adapted/resistant
parasites following long-term drug treatment in vitro is not uncommon, as has also previously occurred
with sulfonamides (Aspinall et al., 2002; Doliwa et al., 2013), although the mechanism of decreased
drug susceptibility in the latter case was based on mutations in the gene sequences that encode the
drug target, specifically enzymes involved in the folate pathway. Similar ICsg and MIC values were
observed for both compounds using clones recovered after C3 and C4-adaptation and regrowth after
freezing, as well as for WT T. gondii. Results showed that the adaptation to these drugs was only a
transient feature and was lost in absence of drugs after one cycle of cryopreservation. Consequently,
the six clones regained similar drug susceptibilities as the WT parasites but could quickly readjust once
drugs were added back to the culture medium. These results highlight the considerable phenotypic
plasticity in T. gondii, which is often mediated by epigenetic changes, allowing the parasite to respond,
in time, to environmental stress, including drugs (Leggett et al., 2013). Moreover, differentially
expressed proteins of clone P1E5 belonging to the epigenetic machinery (Dixon et al., 2010) such as the
SWI2/SNF2-containing protein (TGME49_273780) and the lysine-methyltransferase encoded by
TGME49 281900 suggest the involvement of epigenetic mechanisms in the adaptation of this clone.
The fact that the repressor of bradyzoite-specific genes ApiAP2IV-4 (TGME49 318470) (Radke et al.,
2018) is one of the upregulated proteins of the same clone indicates a link between developmental
regulation and drug adaptation. Furthermore, the fact that varying differentially expressed protein

patterns are found in different clones suggests alternative modes of adaptation which are equally
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effective, similar to what has been observed in different strains of nitro drug-resistant Giardia lamblia
strains (Miiller et al., 2019a). Interestingly, a higher number of differentially expressed proteins were
identified in clones resistant to C3 than in clones resistant to C4. This may be due to the presence of a
gold ion causing oxidative stress and thereby stimulating a variety of responses such as transport or
metabolization (Barbasz and Oc¢wieja, 2016; Scaccaglia et al., 2024). Moreover, the degree of
dysregulation of SAG1-related sequence (SRS) proteins varied among C3 and C4 clones, and the list of
SRSs binding to C3 and / or C4 in affinity chromatography did not correlate with the list of differentially
expressed SRSs. In fact, eleven SRS proteins were identified in affinity chromatography eluates from
C4-columns, with SRS25 being the most abundant protein binding to C4. However, none of these SRSs
showed a changed expression in C4-derived clones. In contrast, none of the SRSs was identified among
proteins binding to C3, while a cluster of six SRSs was differentially expressed in C3 adapted clones with
5/6 being downregulated. Taken together, these results suggest that SRS25 binds to C4, but is not acting
as a target, and that the differential expression of the six SRSs in clones recovered from C3 treatment
is likely an arbitrary event. This hypothesis is largely supported by the fact that SRSs expression pattern
in in vitro maintained tachyzoites is rather random (Theisen and Boothroyd, 2022). Consistent with this,
we also found a significant difference in SRS expression patterns between individual SRS29B knock-out
clones of T. gondii RH (Hanggeli et al., 2023). In conclusion, our results in vitro strongly suggest that the
gold(lll) complex (C3) and its salicyl-TSC ligand (C4) interfere with translation in T. gondii by targeting
ribosomal proteins. The rapid adaptation to salicyl-TSC based drugs is likely mediated by different
mechanisms such as upregulation of some of the target proteins, enhanced cellular efflux function and
possibly drug inactivation/metabolism rather than by downregulation of targets essential for cellular
maintenance. Adaptation, however, was reversible, and tolerance to these drugs was rapidly lost in
their absence. The phenomenon described herein is distinct from drug resistance, which implies either
introducing mutations in a drug target or stable epigenetic changes altering the expression.
Nevertheless, this transient adaptation illustrates how these intracellular parasites can rapidly deal with
environmental changes and displays the outstanding plasticity of the gene expression pattern of T.
gondii. Future studies should determine whether related mechanisms could apply to other TSCs and
also other drug classes that have shown inhibitory effects on parasite survival. DAC and proteomic
analysis of drug treated parasites undertaken here represent an interesting starting point, and further
validation of the proposed mechanisms is needed in the future to dissect this transient adaptive feature

displayed by T. gondii tachyzoites.
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After confirming the compounds' efficacy in vitro, their potential side effects, particularly regarding
their impact on host immune cells and embryonic development, were examined.

Regarding the impact on immune cells, C3 only reduced B cells viability at 2 uM, which is not concerning
as such low concentrations are rarely used in vivo. In contrast, C4 did not affect the viability of either T
or B cells at any concentration tested. Based on these findings, in vivo studies using a murine model of
cerebral toxoplasmosis were initiated to evaluate their efficacy in a more complex biological
environment, laying the groundwork for future therapeutic development. T. gondii tissue cysts are
commonly studied in the murine model, as mice naturally become infected in the wild with the majority
of tissue cysts present in the brain (Dubey et al., 1998).

However, both compounds exhibited toxicity in the zebrafish embryo development model at all
concentrations tested, leading to the exclusion of further studies in the congenital murine model of
toxoplasmosis.

The in vivo efficacy of the compounds in the murine model of cerebral toxoplasmosis was assessed by
performing Real-time PCR on DNA extracted from the brain, heart and eyes of the mice post-
euthanasia. The analysis targeted the 529 bp gene of T. gondii, comparing parasite loads between
infected, untreated mice and those treated with compounds C3 and C4.

The results showed that neither compound was effective in reducing the parasite burden in the brain
and in the eyes. This lack of efficacy is likely due to the inability of these compounds, similarly to many
other drugs tested for toxoplasmosis, to cross the blood-brain barrier (BBB). For instance, despite its
significant tissue penetration, spiramycin shows poor ability to cross the BBB and fails to reach effective
concentrations in the brain. This is due to the presence of efflux transporters such as multidrug-
resistant protein 2 (Mrp2) and P-glycoprotein, which actively transport spiramycin out of the brain, as
it is a substrate for these proteins (Tian et al., 2007; Grover and Benet, 2009). A similar mechanism was
observed with our compounds, which were throwed out from the parasites via membrane transport
proteins.

Nevertheless, a significant decrease in the parasite burden was observed in the hearts of mice treated
with C4, even though the infection rate in this organ at the time of euthanasia was very low (even in
the infected and untreated control group). This variability is likely due to differences in the timing of
parasitic spread, which can be influenced by factors such as the route of administration of the parasites
and the strain of T. gondii used for infection (Chiebao et al., 2021).

In synthesis, few differences were observed between C3 and C4 in this study. However, C4

demonstrated some distinct advantages. Notably, C4 showed no toxicity towards HFF even at
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concentrations exceeding 25 uM, whereas C3 exhibited some degree of toxicity at 25 uM. Furthermore,
unlike C3, C4 did not display any immunosuppressive effects on murine splenocytes at any
concentration tested in vitro. Another significant finding was that C4 exhibited interactions with 318
binding proteins, compared to only 14 proteins for C3, suggesting that C4 has broader activity and
potentially more targets within T. gondii, which may contribute to its increased efficacy. While, as
previously discussed, a higher number of differentially expressed proteins were identified in clones
resistant to C3 compared to those resistant to C4. This difference may be attributed to the presence of
the gold ion in C3, which induces oxidative stress, thereby triggering a range of responses, including
increased transport or metabolism-related processes. Safety of both compounds was confirmed when
toxicity was measured on splenocytes after treatment in vivo.

The addition of metals does not always enhance the activity of TSCs. For example, one study on murine
and human tumor cells reported that the ligands and their Cu(ll), Ni(ll), Zn(ll), and Cd(ll) complexes
exhibited similar activity in leukemia and lymphoma cell lines in suspension (Hall et al., 2000).

These differences highlight that C4 is potentially a more promising candidate for further therapeutic
development compared to C3, despite the limitations shared by both compounds.

Furthermore, since efficacy against parasite burden was observed only in the heart, further studies
should explore alternative routes of administration that could improve the compounds' activity,
together with evaluation of pharmacokinetics to better understand their metabolism and optimize their
therapeutic potential.

It would also be interesting to test these compounds in combination with standard drug treatments,
such as sulfadiazine or pyrimethamine (Konstantinovic et al., 2019), to enhance treatment efficacy.
Artemisone and artemiside, for example, have been reported as partially active in a murine model of
reactivated toxoplasmosis. However, even though these two compounds controlled the initial phases
of reactivated infection, mice died within 25 days after treatment was discontinued, indicating that the
parasite was not fully eradicated (Dunay et al., 2009). More recently, it has been reported that
artemisone combined with a bumped kinase inhibitor showed synergistic effects in vitro against T.
gondii (Schlange et al., 2023). This combination improved the efficacy against the parasites and reduced
the toxicity compared to when the molecule was used alone.

The parasitostatic activity of C3 and C4 observed in the present study could open the door to their
possible use alongside other molecules that can act synergistically. Temporarily inhibiting parasite

proliferation could enhance the efficacy of drugs like pyrimethamine, which on its own is not highly
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effective. However, when used in synergy, it may yield better results, with lower side effects and
reduced dosages.

Among the problems related to the current protocols for toxoplasmosis is the high concentration
needed to be effective on T. gondii and consequently to the severe side effects that treated subjects
might show (as hematological side effects). Combination therapies are an interesting approach usable
to increase efficacy, reduce toxicity, and avoid the development of drug resistance phenomenon,
already been experimented against other infectious diseases, and C3 and C4 might be part of this future
approach (Andrews et al., 2014; Sun et al., 2016).

Another way to improve compounds’ efficacy could be the use of nanoparticles as delivery drug
systems, since it has been demonstrated that the use of drug-coupled nanoparticles greatly increases
drug concentration in the brain, helping to overcome the BBB (Ha et al., 2019). When mice were treated
with 100 mg/kg of oral atovaquone nanosuspensions (ANS) with sodium dodecyl sulfate (SDS) during
the acute phase of toxoplasmosis, a significant increase in drug concentration was observed in both the
serum and brain compared to the standard oral formulation. Additionally, there was a reduction in
parasite load and inflammatory foci, demonstrating that this formulation enhances the drug's
bioavailability, as well as its antiparasitic and anti-inflammatory effects (Shubar et al., 2011).

In addition, there are reports suggesting that inorganic nanoparticles (NPs), such as magnetic and metal
NPs, as well as quantum dot-coated particles, can aid in crossing the blood-brain barrier (BBB) (Aguilera
et al., 2019; Nosrati et al., 2019). Metals and magnetic NPs, considered inert materials, can enhance
contrast-to-noise ratios and improve resolution in imaging applications. Examples include gold (Bittner
et al., 2019), silver (Khan et al., 2019), and other metals which have been used as contrast agents in
computed tomography (CT) imaging. These metals are also being explored for the development of
multifunctional drug delivery systems that can cross the BBB and enable in vivo imaging to trace drugs
within brain tissue (Aryal et al., 2019).

In conclusion, T. gondii, the parasite responsible for toxoplasmosis, continues to pose significant
challenges in treatment. Current therapies manage acute infections but are limited by incomplete
parasite eradication and adverse side effects. Moreover, much remains unknown about the parasite-
host interactions, as T. gondii secretes effectors that manipulate various host cellular functions to
promote its growth and differentiation into a persistent stage within host tissues. Identifying new
secreted effectors and understanding their mechanisms of action are crucial steps in gaining deeper

insights into the parasite's virulence and pathogenicity.
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Indeed, ongoing research is focusing on the development of new compounds, such as
thiosemicarbazones and other small molecules, which have shown potential in laboratory studies.
Furthermore, high-throughput genomic and proteomic analyses are being utilized to identify key
parasite genes and proteins that could serve as therapeutic targets. The goal is to discover essential
proteins involved in T. gondii's survival, replication and cyst formation, which may lead to the
development of innovative treatments.

These new drugs could offer improved efficacy, reduced toxicity and broader action, addressing the
limitations of existing treatments. This underscores the importance of research to identify more

effective therapeutic options.
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9. Appendix

Additional results of proteomics:
Supplementary Figure 1.

Protein-protein interaction network of proteins differentially upregulated (128 proteins) in C3- and C4-
clones compared to T. gondii wildtype tachyzoites. A small cluster of ribosomal proteins was identified.
The interaction network was created by the STRING knowledgebase and software tool from the Swiss

Institute of Bioinformatics (www.expasy.org).
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Supplementary Figure 2. Protein-protein interaction network of proteins differentially downregulated
(59 proteins) in C3- and C4-clones compared to T. gondii wildtype tachyzoites. A unique network
consisting of proteins involved in DNA replication and repair was revealed. The interaction network was
created by the STRING knowledgebase and software tool from the Swiss Institute of Bioinformatics

(www.expasy.org).
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Extended results of DAC-MS and proteomics (table S1 and table S2) are available at this
link:

https://univpr-

my.sharepoint.com/:f:/g/personal/manuela_semeraro_unipr_it/EhA  q2jU7FKgSNKvw7w--
gBoTotEYWNnWjYnNfWrmApl2g?e=gX0HzO .
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