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Introduction

Chapter 1: Introduction

1.1 Toxoplasmosis
Toxoplasmosis, the disease caused by the obligate intracellular parasite Toxoplasma gondii,

is a disease of high public health concern. Nearly a third of the world’s population is infected
by the parasite (Montoya and Liesenfeld, 2004). As of 2017, toxoplasmosis is among the three
most relevant foodborne diseases in the European Union (EU). It is estimated that the disease
is responsible for up to 17 % of all foodborne disease cases in the EU and T. gondii is
considered to infect approx. one million people per year in the EU (WHO, 2017). The
seroprevalence in individual countries is highly variable, however. The Netherlands, for
example, report a low prevalence of T. gondii infections in the population (Hofhuis et al., 2011).
Similarly, in France, where the seroprevalence among pregnant women used to be relatively
high at 83 % in the 1960s, due to implementation of stricter prevention methods in recent years,
these numbers continuously decreased to 37 % (Nogareda et al., 2014). In contrast, in
Germany, infection numbers have consistently been higher than in both neighboring countries
with around 50 % of the population being infected by the parasite (Wilking et al., 2016).

While infections with the parasite only seldom result in acute illness and mostly go unnoticed,
certain groups of people are at great risk in the case of a T. gondii infection. Namely, patients
with a weaker immune system, such as AIDS patients or organ transplant recipients, are more
likely to develop severe cases of toxoplasmosis that could lead to damages of important
tissues (Schmidt et al., 2013). Moreover, in pregnant women that do not have antibodies
against T. gondii due to a previous infection, the unborn child could suffer lasting damages to
the brain or the retina or an infection could even lead to death of the unborn child (Remington
et al., 2011).

1.2 Toxoplasma gondii
1.2.1 The parasite’s life cycle
T. gondii is a unicellular obligate intracellular apicomplexan parasite. Discovered in the early

years of the 20" century (Nicolle and Manceaux, 1908), it wasn't until the late 1960s that the
full lifecycle of the parasite was discovered. At that time it was already known that a form of
T. gondii could be transmitted via ingestion of meat from infected animals. Surprisingly though,
the parasite had also been found in herbivore animals and strictly vegetarian human
populations, strongly suggesting a more complex life cycle. Only when Hutchison conducted
infection experiments with cats, the oocyst stage as a result of sexual replication of T. gondii
could be observed for the first time (Hutchison, 1965). Since then, the understanding of the
parasite has greatly improved. T. gondii does not have a specific host species, rather it could
be shown to infect virtually any warm-blooded animal and some publications even report
infection of fish (Sanders et al., 2015; Marino et al., 2019; Yoshida et al., 2020). However, to

1
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complete its life cycle, it is now well understood that T. gondii requires infection of the feline
small intestine. Only there differentiation into so called merozoites is initiated which in turn
differentiate into macro- and microgametes. These fuse to form what will later become the
oocyst, T. gondii’s environmental form. These oocysts are shed into the environment by an
infected felid to the millions and could be shown to stay infective in the environment for up to
two years. Since T. gondii exhibits no strict host specificity, these oocysts likely play an
important role in the parasite’s widespread distribution, as they can be dispersed in the
environment via water, wind, or other means, stay viable for prolonged time and can infect

many different intermediate and definite hosts (see Figure 1).

Domestic and

wild felids
TOXOPLASMA Sea otters and
O0OCYST other marine

mammals

8 @ Livestock _h—a-
’\ FRESHWATER

Prey species RUNOFF

ﬂ Bivalves and other
invertebrates .@

Predators and scavengers

Figure 1: Life cycle of Toxoplasma gondii. The oocyst plays a vital role in the parasite’s spread
especially into other habitats but is vastly understudied. Adapted from VanWormer
(VanWormer et al., 2013).

The oocyst harbors eight sporozoites. Upon ingestion by another felid or any other intermediate
host, the sporozoites excyst once they passed the stomach and reach the intestine, although
other possible ways for oocysts to enter the body, for example via the lung when inhaled, are
being proposed (Freppel et al., 2016). Once excysted, the sporozoites start invading
surrounding epithelial cells where they soon differentiate into the fast-replicating form, the
tachyzoites (Delgado Betancourt et al., 2019). The tachyzoites allow the parasite to quickly
disseminate throughout the body of its host until after some time they differentiate into the slow
replicating and more dormant form, the bradyzoites. These bradyzoites form cysts in various

tissues of the host, preferably in muscle or brain tissue or in the retinal tissue. However, cysts

2
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have also been observed in other organs such as the liver, kidney or the heart, amongst others
(Dubey, 2016). While the tachyzoites are somewhat easy for the hosts immune system to
control, the host cannot really do anything against the bradyzoite cysts. These cysts allow
T. gondii to chronically infect and persist within a host, increasing the chances of infecting a
new host, when the current one is preyed upon. Then, the bradyzoites can revert to the
tachyzoite stage and start infecting new surrounding tissue. Transmission of T. gondii to
another intermediate host or a definitive host can occur vertically by transmission of tachyzoites
from mother to offspring either via milk or in the placenta (Remington and Klein, 1983; Jackson
and Hutchison, 1989). Horizontal transmission can occur either via ingestion of tissue cysts or
via ingestion of oocysts (Dubey et al., 1996; Dubey, 2001; Dubey, 2006; Dubey, 2016).

1.2.2 The oocyst
Oocyst formation upon sexual reproduction is a key characteristic of all members of the

subclass coccidia (Dubey, 1993; Lindsay and Todd, 1993). Therefore, a lot of knowledge on
T. gondii oocysts is derived from studies on more readily available Eimeria and
Cryptosporidium oocysts (Belli et al., 2006). Still, while the oocyst stage of T. gondii’s is vital
to its life cycle, it is vastly understudied (Djurkovic-Djakovic et al., 2019; Shapiro et al., 2019).
One reason for this is the limited access to oocysts for studying (Wadman, 2019). Generally,
an infected felid sheds oocyst for roughly a week, after which the infected felid is considered
to have developed sufficient immunity to the parasite and will not shed oocysts again (Dubey
and Frenkel, 1974). Since then, more and more evidence has been gathered indicating a
chance of repeated shedding of oocysts, depending on several factors such as T. gondii strain,
number of ingested bradyzoites, nutritional status or age of the cat (Dubey, 1995; Zulpo et al.,
2018).

Oocysts are ovoid in shape and measure approx. 10 x 12 um. When shed with the feces,
oocysts contain cytoplasmic mass, lipid droplets and polysaccharide granules. Only after
incubation under aerobic conditions for several days oocysts become fully sporulated and
infective. Sporulated oocysts contain two sporocysts, each containing four sporozoites, totaling
eight sporozoites per oocyst (see Figure 2, right sporocyst). Each Sporocyst is surrounded by
a wall similar to that of the oocyst, ensuring increased protection to the fragile sporozoites. The
wall of each sporocyst is made from four curved plate-like structures that form the also ovoid
shaped sporocyst. These plates are held together at the edges by sutures (see Figure 2, left
sporocyst) (Ferguson et al., 1982; Speer et al., 1998; Freppel et al., 2019). Ultrastructural
observations hint at a predominantly staggered orientation of these sutures (Ferguson et al.,
1982), although, in other instances a more uniform arrangement of the sutures was observed
as well (Ferguson et al., 1979). Once shed from the felid host, the sporozoites within the oocyst

have no access to external nutrients, fully relying on all metabolites provided and stored in the
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oocyst once shed. This causes limited viability of oocysts after residing in the environment
outside of possible hosts for prolonged time. However, studies indicate that oocysts can remain

viable in the environment for several years (Lélu et al., 2012; Shapiro et al., 2019).

Figure 2: Schematic representation of a sporulated T. gondii oocyst. The oocyst is surrounded
by the bilayered wall consisting of the thin outer layer (blue) and the thicker inner layer (light
blue). The sporocyst wall is similarly bilayered and each sporocyst is formed from four plates
that are cojoined at the so-called sutures (left sporocyst, yellow). Each sporocyst harbors four
sporozoites (orange, right sporocyst) who possess one nucleus each (magenta). The sutures
result in thickened areas in the sporocyst wall (black arrowheads).

The contribution of oocysts to the worldwide spread of toxoplasmosis is currently unknown
although the relevance of oocyst-induced infections is increasingly recognized, not least due
to seemingly more severe disease outcomes (Jones and Dubey, 2010; Dattoli et al., 2011,
VanWormer et al., 2013). Mostly this is due to lack of reliable methods to differentiate sources
of infection in serological tests. Additionally, the lack of robust methods to determine oocyst
contamination in the environment further prevents estimations about oocysts relevance in the
spread of T. gondii. But since oocysts are shed to the millions to the environment by an
individual cat and one oocyst is shown to be sufficient to cause an infection (Dubey et al.,
1996), there is no doubt, the oocyst plays a key role in the parasites life cycle. Therefore, it is
worthwhile to further study this life stage of T. gondii, as expanded knowledge for example on
the molecular composition of oocysts could allow development of better methods for oocyst
detection in the environment or determination of infections caused by oocysts. In addition, it
could help to develop methods for prevention of oocyst infections for example through more

efficient eradication measures.
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1.3 Molecules binding to the oocyst wall

1.3.1 Oocyst wall structure and composition
Although electron microscopic evidence suggests that during its development within the host,

the oocyst wall appears to be a multi-layered structure (Ferguson et al., 1975), recent
publications suggest to view walls of mature, sporulated oocysts as two-layered structures, as
some of the layers only occur during development or are shed prior to fecal excretion (Belli et
al., 2006; Weiss and Kim, 2020). The outer of those two layers is 20 nm thin and electron-
dense. The inner wall layer forms after the outer layer is formed, is thicker at 30 to 70 nm and
electron-lucent (Freppel et al., 2019). Remarkably, the two layers are not tightly connected and
can be separated by certain methods. For example, incubation with sodium hypochlorite
removes the outer layer of the oocyst wall, while the inner layer remains intact (Dumétre et al.,
2013). This is further evidence to distinct differences in the composition of the two layers. The
main building blocks of the oocyst wall are beta-1,3-glucan fibrils, acid-fast lipids and
glycoproteins. However, the distribution varies between the two layers. Proteins, especially
those rich in tyrosine and cysteine, make up approx. 90 % of the oocyst wall (Possenti et al.,
2010; Dumetre et al., 2013) and are present in both layers. Additionally, those tyrosine-rich
proteins are cross-linked, leading to high content of dityrosines, resulting in the oocysts
characteristic blue autofluorescence under UV-light (Belli et al., 2006; Mai et al., 2009). This
process is accompanied by quinone tanning and dehydration events (Dumeétre et al., 2013).
Since sporocysts exhibit similar autofluorescence under UV-light, the presence of similar
cross-linked, tyrosine-rich proteins in the sporocyst wall is safe to assume. But since the oocyst
and the sporocyst wall are difficult to separate in fractionation experiments, there is no definite
indication for this (Freppel et al., 2019). In addition to glycoproteins, the outer wall layer is rich
in acid-fast lipids, as indicated by staining with the diarylmethane dye Auramine O and the
abundance of polyketide synthases in T. gondii oocysts, a class of synthases also found in
mycobacteria which are known to incorporate mycolic acids as lipids in their cell walls (Bushkin
et al., 2013). The structure of the inner wall is reinforced by a scaffold of beta-1,3-glucan fibrils,
likely contributing to the high rigidity of the oocyst wall. Inhibitor studies in Eimeria underlined
the importance of glucan scaffold, as chickens treated with micafungin and anidulafungin did
not release oocysts (Bushkin et al., 2012). As with acid-fast lipids, the glucan fibril scaffold
seems to be absent in sporocyst walls, indicating role-specific composition variations between
the two different walls. For the sporocyst wall, there seem to be yet-to-be discovered structural
components that could be more important to survive the environment of the digestive tract,
such as low pH and digestive proteases. A proteomic screening of fractionated oocysts
identified approx. 225 different proteins present in the oocyst wall (Fritz et al., 2012), of which
some were shown to be differentially expressed in oocysts of different T. gondii strains with
proposed implications regarding virulence and environmental resistance (Zhou et al., 2017).

But due to the limited availability of oocysts for such large-scale studies, these numbers cannot
5
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be considered reliable and warrant further investigations. Additionally, the function of a large
part of these wall proteins is unknown and must be characterized still (Possenti et al., 2010).
Identification of new proteins only present in the oocyst wall could aid in the development of
new methods to detect oocysts in the environment or lead to insights into oocyst eradication

methods.

Glycoproteins -

Cryptosporidium Glycoproteins
oocyst wall B-1,3-glucan fibrils

Toxoplasma/Eimeria
oocyst wall

Figure 3: Composition of the wall of coccidian oocysts. Oocyst walls are bilayered, however,
in Cryptosporidium oocysts (left), the outer wall layer is only comprised of acid-fast lipids, while
the inner layer is exclusively made up from glycoproteins. In contrast, T. gondii and Eimeria
oocysts (right) have glycoproteins in both wall layers. The inner layer is reinforced by a scaffold
of beta-1,3-glucan fibrils, while the outer layer incorporates acid-fast lipids. Adapted from
Bushkin (Bushkin et al., 2013).

1.3.2 Conventional methods for oocyst purification from environmental samples

Over the years, several methods haven been proposed and applied to detect oocysts in
environmental samples. A common feature of most is that a purification step is followed by a
characterization step, e.g., via qPCR. The characterization by gPCR is a necessary step to
unequivocally confirm the presence of viable T. gondii oocysts in the sample. Purification prior
to the gPCR is needed as the effectiveness of the very sensitive qPCR is easily affected by
inhibiting contaminants present in the environmental sample. Therefore, published methods to
detect oocysts recommend purification of oocysts either by magnetic beads coated with a
ligand molecule that binds oocysts or by usage of filter columns to isolate oocysts (Dumétre
and Dardé, 2005; Shapiro et al., 2010; Harito et al., 2017; Harito et al., 2017). All these
methods, however, bear certain disadvantages. For one, the use of specific ligands to enrich

oocysts could lead to preferred selection of oocysts from a certain strain or genotype, as

6
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studies could show that there are translational differences between various T. gondii strains
(Zhou et al., 2017). In contrast, a filter column-based approach would allow isolation of oocysts
regardless of genotype or strain. However, it is not known, how efficient this technique would
eradicate factors that might influence subsequent gPCR analyses, as indicated by the
observation that microscopic analysis was more sensitive than PCR analysis after filtration of
the sample (Shapiro et al., 2010). Moreover, the recovery of oocysts stuck to the filter might
be impaired, resulting in reduced numbers of oocysts after filtration. This could lead to non-
representative assumptions about the presence of oocysts in the sample prior to filtration.
Lastly, none of these techniques can be easily adapted to varying environmental conditions

that might for example hamper ligand-receptor interactions.

1.3.3 Nanobodies
By accident it was discovered that members of the Camelidae family have a special type of

heavy chain-only antibodies in addition to regular antibodies found in most warm blooded
species (Hamers-Casterman et al., 1993). These antibodies are devoid of light chains as
opposed to prevalent antibodies. In addition, it could be shown that the variable fragment of
these antibodies exhibits sufficiently high affinity to possible ligands. These variable fragments
of the heavy chain of heavy chain-only antibodies (VHH) can therefore be used as a highly
affine molecule for all kinds of ligand based interactions such as affinity-based purification,
conjugate-mediated labeling or ligand-based inhibition (Revets et al., 2005; Vanlandschoot et
al., 2011; Schoonooghe et al., 2012; Muyldermans, 2013). Partly due to their relatively small
size of 15 kDa, the commonly used term for VHHs is Nanobody. Nanobodies bring several
advantages that make them well suited candidates for purification by affinity chromatography
of particles from environmental samples. They can be easily produced in bulk by recombinant
expression in bacteria or yeast and during the selection process of suitable nanobodies future
sample conditions can already be simulated to find a candidate that works well under such
conditions. Moreover, Nanobodies can be constructed as dimeric molecules to increase affinity
(Fridy et al., 2014). Thus, nanobodies are prime candidates for development of new methods
to enrich oocysts from the environment, as they can be selected to withstand the harsh
experimental conditions environmental samples usually present, such as samples collected
from especially alkaline soil areas. Their much lower size in comparison to conventional
antibodies could allow access to previously unavailable epitopes on the oocyst surface and
their potential for highly affine interactions could contribute to more reliable results due to
reduced loss of oocysts during enrichment. Their ability for dimerization opens up the potential

to use different targets in the oocyst wall for increased purification success.

There are several methods to generate specific nanobodies, with the most commonly used

technique relying on the usage of phage display (Smith, 1985; Pardon et al., 2014). In short, a
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serologically naive camelid is immunized with the target molecule, for example a recombinant
protein. After several rounds of immunization, peripheral blood monocytes (PBMCs) are
isolated. MRNA is extracted from the PBMCs and converted to cDNA via rtPCR. From the
cDNA, using specific primers, the VHH coding sequence is amplified and subsequently cloned
into phages to generate a nanobody expressing phage library. This library is then selected
against the target molecule in several panning rounds. For this, the target molecule can for
example be coated on the surface of an ELISA plate and incubated with the phage library.
After a washing step, only bound phages remain then are retained during a cleavage step to
detach the phage from the bound nanobody. Caught phages are enriched and incubated again
with the target molecule to increase enrichment. After several rounds of panning, few
nanobody candidate expressing phages remain that are used to generate bacteria that express
the candidate nanobodies for further characterization studies. More recently, it has been
proposed to harness the advantages modern bioinformatic methods provide to make this
process more feasible, for example by transcriptomic analyses of naive and immunized
camelids to immediately detect enriched nanobody sequences and reduce the need for phage
panning (Deschaght et al., 2017).

1.3.4 Molecules known to bind to oocysts
Several different molecules binding to the oocyst surface have been discovered, such as

lectins and C-type lectin receptors (CLRS). Lectins are proteins that exhibit high affinity towards
sugar groups. Due to their widely known effect on cell-cell adhesion they are implied to play
an important role in the innate immune system (Rutishauser and Sachs, 1975; Walker, 1985;
Brudner et al., 2013). The lectin wheat germ agglutinin (WGA) specifically binds to N-acetyl-
D-glucosamine (GIcNAC). Harito et al. reported observation of WGA binding to walls of aged
oocysts (several years old), while fresh oocysts were unlabeled by the lectin (Harito et al.,
2016). Interestingly, upon treatment with acidified pepsin, WGA also bound to fresh oocysts. It
is possible, the acid-pepsin treatment simulated age-related degradation of parts of the oocyst
wall, allowing access for WGA to the parts where GIcNAC molecules are present. Another
lectin binding to oocyst structures is Maclura pomifera agglutinin (MPA). MPA is specific for N-
acetyl-galactosamine (GalNAC) (Huang et al., 2010) and is known to bind to the walls of
sporocysts and oocysts (Chatterjee et al., 2010; Bushkin et al., 2012). Often the discovery of
molecules binding to the oocyst wall or of dyes staining oocyst structures leads to new insights
into the oocyst wall composition (Bushkin et al., 2012; Bushkin et al., 2013). The presence of
acid-fast lipids in the oocyst wall or the trabecular scaffold formed by beta-1,3-glucans in the
inner wall layer were discovered via Auramine-O staining and through binding of the CLR
Dectin-1 (CLEC7A), respectively (see section 1.3.1). The binding of CLRs to the oocyst wall in

particular presents an interesting aspect with immunity related implications.
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1.3.5 CLRs of the Dectin-1 cluster
CLRs are receptor molecules expressed on the surface of several cell types. Their name is

derived from their carbohydrate-binding lectin domain that is stabilized by two disulfide bonds,
providing high variability in carbohydrate binding. This binding activity requires calcium, hence
the term C-type (Murphy and Weaver, 2018). Some CLRs can act as pattern recognition
receptors (PRRs) and are thus known to play roles in the adaptive and innate immune
response. CLRs are involved in antigen presentation upon pathogen detection but also in
cross-presentation of antigen for example of detected necrotic cells (Bermejo-Jambrina et al.,
2018). CLECTA belongs and gave name to a cluster of CLRs, the Dectin-1 cluster (Tone et
al., 2019), that is part of the so-called mammalian natural killer gene complex and is present
on a variety of immune cells. The cluster is comprised of receptors that detect a diverse array
of ligands, resulting in involvement in several different innate immune responses (Plato et al.,
2013). Among the CLRs in this cluster are CLEC1B (CLEC-2), CLEC7A (Dectin-1), CLEC9A
(DNGR1), CLEC12A (MICL), and CLEC12B (macrophage antigen H [MAH]) (Tone et al.,
2019). CLECYA can bind to fungal structures (see above) and is furthermore involved in the
detection of apoptotic cells. Other members of the Dectin-1 cluster lack detailed
characterization, resulting in limited knowledge of the ligands of CLEC1B, CLEC9A, CLEC12A,
and CLEC12B (see Table 1). A cause for this is the promiscuous and flexible nature of the
CLR binding sites, as exemplified by two of the known ligands of CLEC1B, the glycoprotein
podoplanin which is expressed in diverse human tissues and the non-glycosylated snake
venom toxin rhodocytin. Upon binding to CLEC1B, both can cause platelet aggregation,
although binding is mediated differently, as discovered by three-dimensional (3D) structural
analyses (Nagae et al., 2014).

To investigate if CLRs of the Dectin-1 cluster other than CLEC7A also bind to oocyst structures
of T. gondii, a library of fusion proteins consisting of the extracellular part of murine CLRs,
covering the carbohydrate recognition domain, and the constant region of human IgG1 (hFc)
will be used. These fusion proteins have been constructed by cloning of the individual cDNA
sequences of the respective extracellular CLR domains into the pFuse-higG1-Fc vector that
already contains the hFc cDNA sequence (see Figure 4). This yields a molecule that carries
two CLR recognition sites and the constant region of human antibody molecules that can easily
be detected by immunofluorescence using conjugated antibodies that specifically bind to the
heavy chain of human IgG1 constant region. The resulting CLR-hFc-fusion protein-library has
been constructed and published earlier (Maglinao et al., 2014) and was kindly gifted by Prof.
Bernd Lepenies of the Tierarztliche Hochschule Hannover, Germany. The library comprises

almost all members of the Dectin-1 cluster except for CLEC8A (see Table 1).
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Table 1: CLRs from the Dectin-1 cluster that were assessed in this thesis. Table adapted from
Tone (Tone et al., 2019).

CLR Known ligands

Rhodocytin (Watson et al., 2008)
CLEC1B Podoplanin (Nagae et al., 2014)

Fucoidan

Diesel exhaust particles

B-glucan
Tropomyosin

CLEC7A Mycobacterium (Wagener et al., 2018)
Leishmania (Lima-Junior et al., 2017)
Galectin

Galactosylated immunoglobulin

CLEC9A Dead cells (F-actin, myosin Il) (Hanc et al.,
2015)

Dead cells (Neumann et al., 2014)
CLEC12A Hemozoin (Raulf et al., 2019)

Uric acid (Neumann et al., 2014; Raulf et al.,

2019)

CLEC12B Unknown
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Figure 4: Scheme of the construction of the used CLR-hFc-fusion protein library. CDNA
encoding for the carbohydrate recognition domain of the CLRs was cloned into the expression
vector and thus fused to the cDNA fragment encoding for hFc, resulting in a fusion protein that
carries two CLR recognition domains and is detectable via conjugated anti-human antibodies.
Adapted from Mayer (Mayer et al., 2018).

1.4 Molecules contributing to stress tolerance inside the oocyst

1.4.1 Oocystresilience in the environment
As an obligate intracellular parasite, T. gondii tachyzoites rapidly die when exposed to the

extracellular environment for prolonged amounts of time, as they rely on the hosts metabolic
pathways. Although tachyzoite survival for up to 11 days extracellularly has been reported,
these experiments demonstrated survival under non-physiological conditions (Kalani et al.,
2016). The dormant tissue cyst form, housing the bradyzoite stage, can stay infective for longer
periods, posing high risk of infection in contaminated meat from infected animals (Dubey,
2016). Measures to minimize the risk of infection include heating of the meat to above 50 °C
for 10 minutes or freezing at -20 °C for 2 days (EI-Nawawi et al., 2008). In contrast, the oocyst
stage of T. gondii has been shown to survive for as long as 24 months under optimal conditions
and remain infective (Lindsay and Dubey, 2009). This, together with studies on oocyst survival
under different conditions (Yilmaz and Hopkins, 1972; Lélu et al., 2012) indicates specific
oocyst characteristics that increase resistance to environmental stressors. The oocyst wall with
its many different components is proposed to be the main contributor to the oocyst’s resilience
(Dumeétre et al., 2013). Together with the sporocyst wall, the fragile sporozoites are assumed
to be well shielded from adverse events. This is corroborated by the lack of efficacy of many
commonly used disinfection methods on oocysts (Frenkel and Dubey, 1973; Dubey et al.,
1998; Dumetre et al., 2008; Dumeétre et al., 2013) that would kill any other form of the parasite.
However, the presence of other molecular factors contributing to environmental resistance of
oocysts is a possibility that warrants further research as identification of such factors would
allow more efficient removal of oocysts from the environment to prevent the parasite’s spread
(Yan et al., 2016).
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1.4.2 Intrinsically Disordered Proteins
Intrinsically disordered proteins (IDPs) and hybrid proteins carrying intrinsically disordered

regions (IDPRs) as well as structured domains have been discovered in organisms from all
domains of life as well as in viruses (Uversky, 2019). The proportion of IDPs and IDPRs of an
organisms proteome vary greatly, although a correlation between the percentage of IDPs and
IDPRs in the proteome and an organisms complexity as well as the habitat have been
observed (Xue et al., 2012), indicating that multicellular organisms possess a greater number
of IDPs and IDPRs. A key characteristic of IDPs is their lack of a defined structure. This results
in them exhibiting aberrant molecular weight in chromatography experiments such as size
exclusion chromatography (SEC) as well as resistance to high temperatures where globular
proteins usually denature and aggregate (Receveur-Brechot et al., 2006). The latter can be
exploited for easy purification of IDPs. As compared to globular proteins, IDPs are not folded
after translation. Hence, their relevance for biological processes was mostly disregarded and
neglected, due to the long lasting structure-function paradigm, stating that a proteins particular
biological function is derived from its specific defined structure (Fischer, 1894). However, in
recent years, evidence that IDPs play important physiological roles in several different kinds
of processes has been collected. For one, it has been proposed that due to their flexible nature,
IDPs can serve as regulator molecules of cellular processes. In yeast, the IDP Pabl is known
to bind mRNA under physiological conditions thus repressing translation. In response to
thermal or pH stress, Pabl dislocates from mRNA and forms hydrogel structures, enabling
MRNA translation (Chavali et al.,, 2017). Another proposed mechanism is that IDPs are
disordered under certain conditions but if these conditions change, for example due to increase
in temperature or loss of water, IDPs change from a disordered state to a more ordered one
to protect certain cellular structures from damage induced by the stressing conditions (van der
Lee et al., 2014). Such effects have since been observed in small invertebrates like the
Tardigrada (Boothby et al., 2017).

1.4.3 Late embryogenesis abundant proteins
Late embryogenesis abundant (LEA) proteins are a specific class of IDPs that has been

discovered in the 1980s in late-stage plant embryonic tissue (Dure et al., 1981). The term LEAs
was first used in 1986, when several mRNA transcripts were detected to be most abundant
during late stage embryogenesis of cotton seeds as compared to earlier or germinating stages
(Galau et al., 1986). The knowledge on LEA proteins has since steadily increased. They have
been discovered in a wide variety of other plant embryos as well as microorganisms and
invertebrates. Since their discovery, several different classification formats have been
proposed for LEA proteins, based on motifs in their peptide sequence. The two most recent
considerations are that LEA proteins either include eight groups (LEA_1 to 6, dehydrins and

seed maturation proteins (Nagaraju et al., 2019) or that they are divided into classes 1 to 12
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(Jaspard et al., 2012)). For consistency purposes, this thesis adheres to the latter classification.
The individual LEA groups have been linked to different functions within the plant embryo, as
expression of LEA proteins from different groups in Saccharomyces cerevisiae revealed
differences in their function (Zhang et al., 2000). In particular, class 6 (group 3 at that time)
LEA proteins are proposed to form structures similar to cytoskeletal filaments (Wise and
Tunnacliffe, 2004). Moreover, proteins that bear high similarity to class 6 LEA proteins have
been discovered in nematodes (Browne et al., 2002). For some time it has been proposed that
LEA proteins act as cellular protectors through their IDP characteristic, i.e. through
conformational changes induced by changes on a molecular level (Hincha and Thalhammer,
2012). In addition to dividing LEA proteins in different classes, some researchers consider LEA
proteins to be part of a larger group of proteins called “hydrophilins” (Battaglia et al., 2008).
Characteristic for hydrophilins is a glycine content above 6 % and a grand average of
hydropathy (GRAVY; (Kyte and Doolittle, 1982)) score below 1, indicating a hydrophilicity
score of greater than 1 (Garay-Arroyo et al., 2000; Dang and Hincha, 2011). These
characteristics show to be a unifying factor between all LEA classes, as most LEA proteins
exhibit these characteristics.

1.4.4 LEAs in T. gondii
Transcriptomic and proteomic scans of T. gondii sporozoite fractions revealed abundant

expression of four proteins specific to the oocyst stage that were previously unknown (Fritz et
al., 2012; Fritz et al., 2012). Namely, the genes coding for these proteins are TGME49 276850
(acc. Number XM_002370392), TGME49 276860 (acc. Number XM_018781754),
TGME49 276870 (acc. Number XM _002370394) and TGME49 276880 (acc. Number
XM_018781755). While further analysis regarding LEA protein classification using the protein
family data base (PFAM; (Mistry et al., 2020)) only classified TGME49 276860 as a class 6
LEA protein (PFAM: PF02987), amino acid sequence analysis via the Basic Local Alignment
Search Tool (BLASTp; (Altschul et al., 1997)) against an online database of LEA proteins
revealed close homology to predominantly class 6 LEA proteins for all four candidate proteins,
among them Ce-LEA from C. elegans. Thus, in this thesis, the four proteins will be referred to
as “TgLEA-850", TgLEA-860", “TgLEA-870” and “TgLEA-880”, respectively. Remarkably, the
genes are located on the same chromosome, adjacent to each other. Assuming similar
functions of the proteins, this is an uncommon occurrence, since functionally related genes are
not necessarily located in close proximity in the genomes of eucaryotes (Lee and
Sonnhammer, 2003), although polycistronic mMRNAs have been reported in Trypanosoma and
Caenorhabditis elegans (Blumenthal, 1998; Blumenthal et al., 2002). In addition, analysis and
comparison of genomic sequences using the free online tool ToxoDB (Harb and Roos, 2020),

reveals homolog sequences for all TgQLEAs in other closely related coccidian parasites to
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T. gondii, such as Besnoitia besnoiti, Hammondia hammondi and Neospora caninum (see

Figure 5).

Moreover, these homolog sequences are similarly arranged in the respective genomic regions,
suggesting shared synteny between the genomic regions of these proteins between all four
parasites. This preservation of the genomic region would also support the assumption that
TgLEAs play an important role during the oocyst stage, as functionally related genes from
transcription clusters have been shown to be more conserved over several species than

unrelated genes (Amores et al., 1998; Moreno-Hagelsieb et al., 2001).

TgLEA-880 TgLEA-870  TgLEA-860 TgLEA-850
T. gondii
B. besnoiti — — I —
H. hammondi — — —— —
N. caninum — H— I F—

Figure 5: Synteny in the genomic region of TgLEAs with closely related species. The figure
shows the alignment of coding sequences in the genomic locus of TgLEAs in T. gondii to
coding sequences in the coccidia B. besnoiti, H hammondi and N. caninum. All four TgLEAS
are shown to have homolog sequences in these related parasites that are similarly arranged
on the genome, indicating synteny between the species.

Initial confirmation of IDP characteristics of the TgQLEAs, acquired through disorder prediction
using the online tool MobiDB 4.0 ((Piovesan et al., 2021), see Table 2) indicates that all
TgLEAs contain disordered regions to a varying extend, while the globular control protein
TgSAGL1 contains no disordered regions and domain | of human calpastatin (hCD1), a known
unfolded peptide (Uemori et al., 1990), is predicted to contain 96.33 % of disordered regions.
Further, all TgJLEAs have a GRAVY score below 1, like hCD1, while TgSAG1 has a positive
GRAVY score. Lastly, all TgJLEAs and hCD1 have a glycin content of 6 % or higher, while

TgSAGL1 only contains 5 % glycin.
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Table 2: In silico predictions for TQLEAs and control proteins.

Protein MobiDB GRAVY score Glycin content
disordered [%0]
consensus

TgLEA-850 54.81 % -0.672 9

TgLEA-860 25.15% -0.824 7

TgLEA-870 33.33% -0.481 6

TgLEA-880 60 % -0.596 8

TgSAG1 0% 0.132 5

hCD1 96.33 % -1.193 9

Using the online tool Classification of Intrinsically Disordered Ensemble Regions (CIDER
(Holehouse et al., 2015)) to characterize the TgLEAS’ structure further, all four TgLEAs are
sorted into the category of so-called “Janus sequences”, meaning they predominantly possess
regions that are folded or unfolded depending on the surrounding environment (see Figure 6).
In contrast, the control protein TgSAG1, a known globular protein, is sorted into the group of
weak polyampholytes or globular proteins while hCD1, a known IDP, is classified as a strong
polyampholyte. This observation yields more evidence to the assumption that TgLEAs are
IDPs or at least possess IDPRs. Moreover, the categorization as Janus sequences could also

hint at LEA characteristics, suggesting conformational changes upon stress induction.

These preliminary findings suggest interesting aspects regarding the involvement of these four
proteins in oocyst viability. As stated above, T. gondii oocysts, like all coccidian oocysts, are
known to withstand harsh environmental conditions and survive many routinely used
disinfectants (Ito et al., 1975; Kuticic and Wikerhauser, 1996; Dubey et al., 1998). Mostly, this
stress tolerance has been attributed mainly to the thick oocyst and sporocyst walls, as it is
assumed they shield sensitive cellular components from most stressors (Dumetre et al., 2003;
Dumetre et al., 2013). The only methods to reliably kill oocysts that have been confirmed
experimentally are incubation at temperatures above 58 °C for at least 15 minutes and freezing
at -20 °C for 21 days, while drying of oocysts for extended times did not reliably kill significant

numbers (Kuticic and Wikerhauser, 1996).
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Figure 6: CIDER analysis of TgLEASs indicates they exhibit context dependent structure. The
image shows categorization of all four TgLEAS as group 2 proteins (light green) by the CIDER
algorithm while SAGL1 is sorted into group 1 (bright green) as a globular protein and hCD1 as
a highly disordered protein is sorted into group 3 (dark green) of strong polyampholytes.

Interestingly, Frenkel and Dubey observed that while freezing oocysts greatly influenced their
viability, a constant temperature below the freezing point was much more deleterious than
repeated freezing and thawing (Frenkel and Dubey, 1973). Additionally, it was observed that
sporulated oocysts were more resistant to freezing damage than unsporulated oocysts. Since
there is only a small difference in the wall composition of sporulated and unsporulated
coccidian oocysts reported, which could also be due to contaminating sporocyst wall fragments
during analysis (Mai et al., 2009), these observations give reason to assume, that sporulated
oocysts could harbor molecules that aid in protection against freezing stress. This is also
corroborated by the upregulated expression of all four TgLEAs in sporulating oocysts as
compared to unsporulated oocysts (Fritz et al., 2012). Finally, TQLEA-860’s classification as a
class 6 LEA protein and close homology to a class 6 LEA protein from C. elegans that was
found to provide stress resistance (Gal et al., 2004) further underlines the need for
characterization of the TgLEAS to assess their disorder state and investigate whether they are
contributing factors to the increased oocysts resilience. Of particular interest would be

analyses of their effect on cellular survival upon freezing and desiccation but also on growth
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under osmotic stress and high temperatures, as other LEA proteins have been shown to

protect against such stresses (Zhang et al., 2000; Li et al., 2012; Gao and Lan, 2016).

1.4.5 Therole of lactate dehydrogenase (LDH)
The enzyme LDH provides an easy and reproducible experimental setup to assess the

protective effects of candidate proteins on protein stability under different physiological
conditions of interest, as it allows for a fast analysis of effects on aggregation as well as activity.
Thus, assays including citrate synthase and LDH are often used in the assessment of possible
LEA proteins (Goyal et al., 2005; Thalhammer et al., 2014; Boothby et al., 2017).

T. gondii possesses two isoforms of LDH, LDH1 and LDH2. While LDH2 is predominantly
expressed in the bradyzoite stage, LDH1 is the predominant isoform in tachyzoites and
sporozoites (Yang and Parmley, 1997). Proteomics show that LDH1 is among the five most
abundant proteins in the oocyst stage (Fritz et al., 2012). Recent studies have demonstrated
that LDH is an important pathogenesis factor of T. gondii, since deletion mutants were not able
to reproduce in host cells and in addition were lacking the ability for stage conversion (Xia et
al., 2018; Xia et al., 2018). While LDH catalyzes the reversible reaction of pyruvate to lactate
using nicotinamide adenine dinucleotide bonded with hydrogen (NADH) as co-factor (Figure
7A), T.gondii LDH isoform 1 (TgLDH1) was shown to utilize the NAD analogue 3-
acetylpyridine adenine dinucleotide (APAD) more efficiently than NADH, resulting in
preference for lactate as substrate (Figure 7B; (Dando et al., 2001)).

A B

Lactate APAD*
NADH NAD+
O H OH
)1\002- LDH XCOQ' TgLDH
pyruvate lactate
Pyruvate APADH

Figure 7: Reaction catalyzed by LDH. (A) LDH catalyzes the reaction from pyruvate to lactate
and the reverse reaction under usage of NADH and NAD+, respectively. (B) In T. gondii, like
in P. falciparum, LDH tends to favor APAD as co-factor. Adapted from (Markwalter et al., 2016).
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1.5 Molecules as antigens for identification of oocyst-mediated

infections
1.5.1 Conventional serological test methods for T. gondii
Since T. gondii undergoes several equally infective developmental stages, a key part in

effective prevention of the parasites’ spread is the ability to differentiate infection routes, e.g.,
the ability to determine if an infection was caused through tachyzoites, bradyzoites or oocysts.
Test methods enabling identification of infection clusters resulting from environmental oocysts
could aid in the early prevention of the parasite’s spread by taking appropriate measures to
prevent further infections (Opsteegh et al., 2014). Established serological test methods for
T. gondii infections today, however, do not allow such a discrimination and only give a
guantitative answer concerning an infection in general, irrespective of the source. Such test
methods include the Sabin-Feldman dye test (DT), modified agglutination test (MAT), enzyme-
linked immunosorbent assays (ELISA) and western blot analyses. The DT is still considered
to be the definitive method with regards to confirmation of infections in humans (Dubey, 2016).
Generally, the DT is assumed to be very sensitive and specific with no reports of false results
in humans. Also, it allows for detection of IgG as well as IgM antibodies. However, sera from
other animals may need to be heat inactivated prior to testing, as is the case for some ruminant
species (Havakhah et al., 2014), or might not work at all in the DT, as demonstrated for some
avian species (Frenkel, 1981). As a cost and material saving, low risk alternative to the DT
with similar titer results, the MAT has been extensively used in serological analyses of humans
and animals (Desmonts and Remington, 1980) and has been improved and adapted over time
(Dubey and Desmonts, 1987). One Drawback of the MAT as opposed to the DT is that IgM
are not detected due to pre-treatment of sera with 2-mercaptoethanol which removes IgM from
the samples. Therefore, the risk of a false negative result in the MAT in the case of an early
infection is elevated (Dubey and Crutchley, 2008). In contrast to DT and MAT, the ELISA test
for T. gondii infections relies on recombinantly expressed antigens. Thus, its main advantage
over those tests is the possibility to use stage specific antigens or antigens that are recognized
by a specific type of immunoglobulin. More specifically, it has been shown previously that
certain proteins of T. gondii were only detected by antibodies from sera of acutely infected
patients and vice versa (Erlich et al., 1983). Therefore, as opposed to DT and MAT, ELISA
tests would allow for differentiation of infection acquisition as well as determination whether an
infection is acute or chronic (Naot and Remington, 1980; Naot et al., 1981). Moreover, ELISA
tests allow for higher sample throughput than MAT and DT and are more material saving and
thus cost-efficient. Additionally, if used in combination with a plate reading machine and
standard serum, ELISA results can be quantified, allowing a more detailed insight into the

antibody titer.
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1.5.2 The Luminex technology as a multiplexing serological test method
An even further improvement over ELISA tests present multiplexing techniques like the

Luminex technology. Thus, although most serological testing for T. gondii infections is already
routinely done with ELISA, development of Luminex assays to determine T. gondii infections
using different antigens has steadily increased in recent years (Griffin et al., 2011; Priest et al.,
2015; Priest et al., 2016; Wang et al., 2016; Brenner et al., 2019; Klein et al., 2020).

The Luminex technology relies on the use of magnetic polystyrene beads that are coated with
the desired antigen. These beads contain two distinct dyes that allow specific identification of
100 individual bead sets, thus enabling parallel use of different antigens and controls. Serum
antibodies bound to the antigen coated beads after incubation are detected via a secondary
antibody that is conjugated with phycoerythrin (PE). The analysis is done in a plate reader
equipped with two lasers of specific wavelengths. One determines the specific type of bead
that is analyzed and thus the used antigen, while the second laser detects fluorescent signal
of the secondary antibody thus determining presence or absence of serum antibodies in the
sample (Graham et al., 2019).

One main drawback of conventional serological test methods is the limited availability of
sample material. This in turn limits the number of analyses that can be conducted on one
sample. Although ELISA tests, for example, allow relatively easy parallel testing of many
samples, the amount of sample material needed is still high. This is an important factor to take
into consideration when conducting large scale serological surveys, since especially studies
that are conducted in areas with limited access to resources would benefit from multiplexing
opportunities (Jani et al., 2002; Priest et al., 2015; Metcalf et al., 2016). Multiplexing
techniques, while higher in initial costs, allow simultaneous tests on the same sample,
maximizing the number of analyses that can be done on one sample, thus rendering such
studies much more efficient. Thus, with an increasing sample size, the high initial costs of
multiplexing technologies like Luminex are overcome by the clear advantages of reduced

sample material and processing time (Boonham et al., 2014).

1.5.3 Serological markers for infections caused by oocysts
The term serological marker in the context of this thesis is used similarly to previous

publications (Kerkhof et al., 2016; Hachim et al., 2020) and refers to antibodies present in a
host against certain T. gondii antigens that allow identification of an existing or past infection.
The most prominent antigen used in serological tests to detect antibodies against T. gondii is
the SAG1 protein present on the surface of the tachyzoite stage of the parasite (Lekutis et al.,
2001). However, since SAG1 seems to be specific for the tachyzoite stage and infections are
mainly caused bradyzoites or sporozoites (Pinto-Ferreira et al., 2019), tests relying on SAG1

for antibody detection are only able to determine infections in general as they only indicate
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presence of antibodies against tachyzoites, which are occurring with every T. gondii infection.
Serological tests that allow the differentiation of sources that caused T. gondii infections would

be highly beneficial to public health agencies for example to prevent spread of the disease.

Hill et al. proposed antibodies against one of the previously mentioned TgLEA proteins
(TQLEA-850 in this thesis, TQERP in the original publication) as serological markers for
T. gondii infections caused by oocysts (Hill et al., 2011). In sera from pigs and mice that were
either infected with tissue cysts or oocysts of T. gondii, usage of TgJLEA-850 as antigen in
serological analyses showed great promise as a specific marker for oocyst-caused infections.
Up to eight months post infection, serum samples from oocyst infected animals were reacting
to the antigen. In addition, sera from participants of several different study populations from
outbreaks of unknown infection sources were investigated, using TgLEA-850 in ELISA and
Western Blot tests. These analyses also showed promising results, with detectable antibodies

up to eight months post infection.

However, the oocyst and more specifically the sporozoite stage, are not very long-lived in the
body of the host once taken up. While the cause for excystation remains unclear (Freyre and
Falcon, 2004; Freppel et al., 2019), it is known that excystation events occur early after oocysts
are introduced into the intestine and the excysted sporozoites begin invading the surrounding
epithelium as early as 30 minutes post infection (Dubey, 1998). At 6 hours after the infection,
most sporozoites occur in the lamina propria, where they undergo endodyogenie and by
12 hours post infection almost all sporozoites have differentiated into tachyzoites (Dubey et
al., 1997; Speer and Dubey, 1998). Thus, the mounting of an effective immune response
resulting in generation of antibodies that last for prolonged amounts of time against such a

short-lived life-stage seems unlikely.

In addition to TgLEA-850, other proposed oocyst specific markers include members of a family
of oocyst wall proteins (TQOWPs; (Possenti et al., 2010; Sousa et al., 2020)) and CCp5A
(Santana et al., 2015). However, looking at the literature, there are only few publications using
TgLEA-850 to study oocyst infections (Vieira et al., 2015; Burrells et al., 2016; Mangiavacchi
et al., 2016; Milne et al., 2020). Only one publication included CCp5A in their experiments (Liu
et al., 2019) and no publications were found investigating TgOWPs. This lack of studies on
potential oocyst specific infection markers highlights the need for further investigation and in-
depth characterization of these and other potential infection markers. Such tools are crucial to
advance public health efforts in infection prevention (Milne et al., 2020). Therefore, in addition
to further investigation of the proposed marker TgLEA-850, all previously mentioned TgLEA-
proteins were analyzed regarding their suitability to elicit antibodies that can serve as accurate
serological markers, since all four TgLEASs are specific to the oocyst stage of T. gondii (Fritz et
al., 2012).
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1.5.4 Antigenicity of TQLEAS
Since TgLEAs are predicted to contain disordered regions and thus do not necessarily exhibit

secondary structures under physiological conditions (see chapter 1.4.4), it is questionable
whether TgLEAs are suitable candidates for proteins that elicit a strong immune response in
infected hosts that can be detected by serological tests. The ability of IDPs to form high affinity
interactions with antibodies has long been doubted, since the IDPs flexible nature would
counteract such strong, long lasting bonds (Dunker et al., 2002). Accordingly, it seems that
many IDPs are, due to their characteristic flexibility, predominantly involved in signal
transduction processes in many organisms that require a possible ligand to bind several
different interaction partners, a process that would be facilitated by weak receptor ligand
interactions (Wright and Dyson, 2015). Still, as the TgLEASs are predicted to be less disordered
than known IDPs, they could potentially cause an antibody response targeting their structured
regions, due to their increased abundance in the oocyst. In addition, IDPs flexible nature is
also theorized to effectuate the formation of high-affinity antibodies through their disordered
nature that allows deeper binding of a disordered region in an antibodies paratope (MacRaild
et al., 2016). In contrast, some publications showed that functionally important domains of
proteins from pathogenic organisms are either of flexible nature or at least flanked by flexible
regions. This characteristic is assumed to serve the purpose of “masking” these conserved
domains by reducing the immunogenic pressure (Colman, 1997; Kwong et al., 2002; MacRaild
et al., 2011). In this context it is even more important to further assess the antigenic potential
of TQLEA-850 and the closely related other TgLEAs.
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1.6 Aims of this work
As has been established in the introduction, oocysts are a vital stage in the parasite’s life cycle

as they are the product of sexual reproduction. The relevance of oocysts in T. gondii’s
distribution is still unclear due to lack of reliable methods to quantify the prevalence of oocysts
in the environment. Furthermore, oocysts have been shown to be resilient to environmental
stress factors, likely increasing their contribution to the parasite’s epidemiology. Lastly,
knowledge on the oocyst’s role in the high worldwide seroprevalence of T. gondii is insufficient,
as reliable and robust serological test methods to clearly identify oocyst caused infections are

lacking.

Thus, the goal of this thesis is to shed more light on the oocyst stage of T. gondii regarding
several key aspects such as possible new molecules in the oocyst wall that can be harnessed
for ligand-based methods for detection, molecules inside the oocyst that contribute to the
increased stress resistance and molecules that can be used in serological detection methods.
To this end, the project is split into three parts. The first part, detailed in chapters 3.1 and 4.1,
aims to lay the groundwork for establishment of new methods for oocyst enrichment in
environmental samples by identifying new molecules binding to the oocyst wall. As a basis for
further experiments, a method for robust immunofluorescence experiments using only small
numbers of oocysts is developed. Using this method, molecules binding to the oocyst wall can
be identified and their binding characteristics further analyzed. The generation of nanobodies
targeting the oocyst wall is explored. Also, members from the Dectin-1 CLR cluster are
investigated with special focus on their binding to the oocyst wall. Results from these
experiments will also contribute to new insights into the molecular composition of the oocyst

wall.

In the second part, detailed in chapters 3.2 and 4.2, factors contributing to the oocysts
resilience to environmental stress are investigated. Oocysts are known to stay viable in the
environment under varying conditions, relatively untouched by environmental factors. This is
often attributed to the rigidity of the bilayered walls that protect the oocyst and the sporocysts.
However, the presence of so-called LEA proteins inside the oocyst that contribute to protection
against damage induced by certain stress factors has been hypothesized. These LEA proteins
are known to confer stress resistance in plants and invertebrates through their disordered
structure. Through in silico, in vitro and in vivo characterization of the TgLEAS, more in depth
knowledge will be acquired, collecting predictions and findings regarding their IDP
characteristics, their biochemical properties as well as their effect on bacterial growth upon
several stresses. The in vitro analyses will investigate the LEA protein’s potential to protect an
important T. gondii pathogenesis factor from stress induced damage. The findings from these

experiments will lead to a better understanding of oocyst physiology as well as opening up
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more possibilities to develop methods to eradicate oocysts from the environment in a targeted

and more efficient manner and prevent parasite spread.

Lastly, chapter 3.3 and 4.3 analyze the oocyst specific TgLEAs regarding their putative role as
antigens that can elicit a specific antibody response, serving as infection marker. Such a
serological tool would be highly beneficial in early identification of infection clusters and
efficient mounting of counter measures to prevent further spread. First, antibodies against two
most promising LEA proteins will be generated by immunization of two rabbits to serve as
additional controls in future experiments as well as proof of basic antigenicity of TgLEAs.
Subsequently, the Luminex technology will be shortly introduced and adapted to allow feasible
analyses of large numbers of chicken sera for T. gondii infections. ELISA tests will assess the
TgLEAS’ antigenic potential by analysis of sera from experimentally infected chickens. Lastly,
the Luminex technology will be employed to corroborate the ELISA findings and investigate on
a large-scale different serum dilutions to confirm if TJLEAS are suitable antigens to differentiate

different T. gondii infection routes, i.e. tachyzoite, bradyzoite or oocyst.

In summary, this project will expand the knowledge on molecules (1) binding to the oocyst wall,
(2) contributing to stress tolerance inside the oocyst and (3) as antigens for identification of

oocyst-mediated infections.

23



Material & Methods

Chapter 2: Material and methods

2.1 Material

2.1.1 Laboratory equipment
Device Manufacturer
2100 Bioanalyzer Agilent, US

Akta Purifier FPLC system
Analog-digital converter

Automatic plate washer

Axioskop 2 microscope

AxioVert 25 microscope

Bio-plex 200 analyzer

Blotting chamber

Centrifuges

CFX96 Touch Real-Time PCR reader
EM-1 Econo UV monitor

Fusion FX luminescence image detector
Gammacell 40 Exactor

Gel documentation
Gelelectrophoresis equipement
GenePix 4300A microarray scanner
Incubator bacterial plates

Incubator T. gondii cell culture
Infinite M200 pro plate reader
Lightpad A930

LSM 780 confocal microskope
Observer 71

Peristaltic pump

pH meter PB-11

Pipettes

24

GE Healthcare, US
DataQ, US

Tecan, Austria

Zeiss, Germany

Zeiss, Germany
BioRad, US

BioRad, US

Thermo Fisher, US; Eppendorf, Germany
BioRad, US

Bio-Rad, US

Vilber, France

MDS Nordion, US
Serva, Germany
BioRad, US

Molecular Devices, US
Heraeus Instruments, Germany
Binder, Germany
Tecan, Austria
Artograph Inc., US
Zeiss, Germany

Zeiss, Germany

GE Healthcare, US
Sartorius, Germany

Gilson, France; Eppendorf, Germany
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Device

Manufacturer

Power supply

Qubit Fluorometer

SDS-PAGE equipment

Shaking incubators bacteria cultures
Shaking tube heating block
Sonoplus HD70 Sonicator
Spectrophotometer Ultrospec 10
Te-Inject-reagent injectors
VacuSafe pump

VacuSip pump

Water bath

BioRad, US

Thermo Fisher Scientific, US
BioRad, US

New Brunswick, US
Eppendorf, US

Bandelin, Germany

GE Healthcare, US

Tecan, Austria

Integra, Switzerland

Integra, Switzerland

GFL, Germany

2.1.2 Chemicals and consumables

Material

Manufacturer

12 mm round cover slips
64-well incubation chambers
96 well plates for ELISA

96 well plates for Luminex
Acetic acid

Acetone

Acrylamide 30 %

Agar

ATP

Bacto tryptone
Beta-Mercaptoethanol
Bio-Plex Pro Magnetic COOH beads
Bromphenol blue

BSA

CaCl>

Citric acid

Counting chamber

Paul Marienfeld, Germany
Grace Bio-Laboratories, US
Thermo Fisher, US
Greiner Bio-One, Austria
Merck KGaA, Germany
Carl Roth, Germany

Carl Roth, Germany

Carl Roth, Germany

Carl Roth, Germany

Carl Roth, Germany

Carl Roth, Germany
Bio-Rad, US

Merck KGaA, Germany
Carl Roth, Germany

Carl Roth, Germany

Carl Roth, Germany

PAA Laboratories, US
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Material Manufacturer

CSA Sigma-Aldrich, Germany
DAPI Sigma-Aldrich, Germany
DB71 Sigma-Aldrich, Germany
DMEM Capricorn Scientific GmbH, Germany
DMSO Sigma-Aldrich, Germany
dNTPS Carl Roth, Germany
DreamTaq DNA polymerase Thermo Fisher Scientific, US
DTT Carl Roth, Germany

ECL substrate Self-made

EDC Thermo Fisher Scientific, US
EDTA Carl Roth, Germany

Ethanol Carl Roth, Germany

FAGLA Alfa Aesar, Germany

FCS Sigma-Aldrich, Germany
Fluoromount Sigma-Aldrich, Germany
GeneRuler 1 kb Plus DNA Ladder Thermo Fisher Scientifc, US
Glycerol Carl Roth, Germany

hCD1 Merck, Germany,

HCI Carl Roth, Germany

HEPES Carl Roth, Germany
HisTrap HP 1 ml column GE Healthcare, US

HiTrap Protein A HP antibody purification GE Healthcare, US

column, 1 ml

Imidazol Fluka, Germany

Inoculation loops, 10 ul VWR, Germany

IPTG PEQLAB Biotechnologie GmbH, Germany
Isopropanol Carl Roth, Germany

KCI Carl Roth, Germany
Low-bind reaction tubes Corning Costar, US
Low-melt agarose Carl Roth, Germany
Lymphoprep Stemcell, US

MES Carl Roth, Germany

MgCl> Carl Roth, Germany
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Material

Manufacturer

Midori green direct nucleic acid stain
Mowiol

NaCl

NADH

NaH>PO4

NaHCOs3

NanoQuant quartz plate
Natriumazide

Nitrocellulose membrane
PageRuler™ Prestained Protein Ladder
Parafilm

Penicillin-Streptomycin (100 units/ml)
Porcine LDH

Protease inhibitor cOmplete EDTA-free
Q5® High-Fidelity DNA Polymerase
gPCR plate and cover strips

Quartz plate

Reaction tubes, 0.5 -2 ml

Reaction tubes, 15 & 50 mi
Restriction enzymes

RNA Later

SDS

Sephadex columns

SepMate-50 tubes

Six-well glass microscopic slides
Skimmed milk powder

Sodium pyruvate

StabilGuard®

Sterile filter 0.45 pm

Sulfo-NHS

Sulfuric acid

T. gondii strain ME49 oocysts
TEMED

Nippon Genetics Europe, Germany
Sigma-Aldrich, Germany
Carl Roth, Germany

Carl Roth, Germany

Carl Roth, Germany

Carl Roth, Germany

Tecan, Austria

Carl Roth, Germany

GE Healthcare, US

Thermo Fisher Scientific, US
Pechiney plastic packaging, US
Biochrom AG, Germany
Carl Roth, Germany

Roche, Switzerland

New England Biolabs, US
Thermo Fisher Scientific, US
Hellma, Germany

Neolab, Germany

TPP, Switzerland

New England Biolabs, US
Qiagen, Germany

Carl Roth, Germany

GE HEalthcare, US
Stemcell, US

Paul Marienfeld, Germany
Carl Roth, Germany
Biochrom AG, Germany
Surmodics, US

TPP, Switzerland

Thermo Fisher Scientific, US
Carl Roth, Germany

JP Dubey, US

Carl Roth, Germany
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Material Manufacturer

TFE Carl Roth, Germany
TgSAGLpio (Klein et al., 2020)
Thermolysin Promega, US
Tris-glycine Merck KGaA, Germany
Tris-HCI Carl Roth, Germany

Trypsin/EDTA solution (10x)

Tween-20

Uric acid crystals

Uricase

Vivaspin 2, 10,000 MWCO PES
Whatman paper
Yeast extract

Yellow fluorescent polystyrene beads

Biochrom AG, Germany
Merck, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sartorius, Germany

Carl Roth, Germany
Carl Roth, Germany

Spherotech, US

2.1.3 Bacteria strains

Name Description Antibiotic References
resistance

BW25113 Used for TgLEA expression and - (Datsenko  and
growth assays; A(araD-araB)567, Wanner, 2000)
Alacz4787(::rrnB-3), A-, rph-1,
A(rhaD-rhaB)568, hsdR514

JW5312-3 “cold sensitive“; A(araD-araB)567, Kanamycin (Baba et al,
AlacZ4787(::rrnB-3), A-, AotsA747 2006)
::kan, rph-1, A(rhaD-rhaB)568,
hsdR514

LOBSTR Reduces contamination with - (Andersen et al.,
unwanted proteins during 2013)
purification; Used for TgLDH1
expression; gifted by Furio Spano

OmniMAX Sensitive to ccdB toxin, used for Tetracyclin proprietary

2T1R positive selection of cloned genes

via SLIiCE; Thermo Fisher, US;
F'[proAB+ lacl® lacZAM15
Tn10(TetR) A(ccdAB)] mcrA A(mrr-
hsdRMS-mcrBC) ¢80(lacZ)AM15
A(lacZYA-argF)U169 endAl recAl
ginV44 thi-1 gyrA96(NalR) relAl
tonA panD
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2.1.4 T. gondii strain and host cells

Name Description

BJ-5ta HFF cells for maintenance of T. gondii strains. Cells were immortalized
after transfection with human telomerase reverse transcriptase
(hTERT); LGC Standards GmbH, Germany

RhRGFPmMt T. gondii strain expressing a green fluorescence protein in the
mitochondria and the p-galactosidase enzyme

2.1.5 Solid and liquid growth media

Name

Composition

E. coli freezing medium

HFF growth medium

Hypertonic growth agar
Hypotonic growth agar
LB agar / isotonic growth agar

LB Medium

SOC medium

T. gondii growth medium

T. gondii freezing medium

700 pl LB medium + 300 pl sterile glycerol
=15 % glycerol (v/v)

DMEM high glucose (4.5 g/l) with sodium
pyruvate and stable glutamine containing
10 % heat-inactivated FCS and 100 pg/ml
Penicillin-Streptomycin

LB agar containing 342 mM NaCl (2x)
LB agar without NaCl
LB medium + 20 % (w/v) agar

10 g/l Bacto-Tryptone; 5 g/l yeast extract;
171 mM NacCl (pH 7.0)

20 g/l Bacto Tryptone; 5 g/l yeast extract;
0.5 g/l NaCl; 2.5 mM KCI; 10 mM MgClI2
(pH 7.0)

DMEM high glucose (4.5 g/l) with sodium
pyruvate and stable glutamine containing
2 % heat-inactivated FCS and 100 pg/mi
Penicillin-Streptomycin

90 % (v/v) of HFF growth medium + 10 %
of DMSO
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2.1.6 Buffers and solutions

Name

Composition

10x SLiCE buffer

AEO-IFA blocking buffer
Binding buffer

DB71 destaining solution

Direct Blue 71 (DB71) whole protein staining

ELISA BSA blocking buffer
ELISA milk blocking buffer

Elution buffer

IgG neutralizing buffer
IgG purification binding buffer
IgG purification elution buffer

Inoue transformation buffer

Laemmli buffer

LDH activity assay buffer

Lectin binding buffer

Luminex assay buffer

Lysis buffer

PBS

TAE electrophoresis buffer

Thermolysin resuspension buffer

Western blot / ELISA / Luminex washing buffer

Western blot blocking buffer

30

500 mM Tris-HCL (pH 7.5), 100 mM
MgCL,*6 H,O, 10 mM ATP, 10 mM
DTT

PBS, 3 % (w/v) BSA

50 mM NaH2PO4, 500 mM NacCl, 20 mM
Imidazol (pH 8)

50 % (v/v) absolute ethanol, 15 % (v/v) 1M
NaHCOs, in a. dest.

8 % (v/v) of 0.1 % DB71 stock solution in
40 % ethanol / 10% acetic acid solution

PBS, 0.1 % (v/v) tween-20, 3 % (w/v) BSA

PBS, 0.1 % (v/v) tween-20, 5 % (w/v)
skimmed milk powder

50 mM NaH2PO4, 500 mM NacCl, 500 mM
Imidazol (pH 8)

1 M Tris-HCl in a. dest. (pH 9)
20 mM NaH2POu4in a. dest.
0.1 M citric acid in a. dest (pH 3 to 6).

55 mM MnCl*4H,0; 15 mM CaCl,-2H.0;
250 mM KCI; 10 mM PIPES (pH 6.7)

250 mM Tris, 25 % (v/v) glycerol, 7.5 %
(w/v) SDS, 0.25 mg/ml bromphenol blue,
12.5 % (v/v) B-mercaptoethanol in a. dest.

100 mM NaH,PO,, 100 uM NADH,
2 mM pyruvate (pH 8)

50 mM HEPES, 5 mM MgCl,, 5 mM
CaClz

PBS, 1 % (w/v) BSA

50 mM NaH2PO4, 300 mM NacCl, 10 mM
Imidazol (pH 8)

13.7 mM NacCl; 8.0 mM Na;HPOg4; 2.7 mM
KCI; 1.5 mM KH2PO, (pH 7.4)

40 mM Tris; 20 mM acetic acid; 1 mM
EDTA

50 mM Tris-HCI, 0.5 mM CaCl; (pH 8)
PBS, 0.1 % tween-20

PBS, 0.1 % (v/v) tween-20, 5 % (w/v)
skimmed milk powder
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Name

Composition

Western blot transfer buffer

20 % (v/v) ethanol, 10 % (v/v) Tris-
Glycine. 70 % a. dest.

2.1.7 Antibiotics

Name

Working concentration [pug/ml]

Kanamycin
Tetracyclin

Timentin

50

50

25

2.1.8 Antibodies, lectins & CLRs

Name Origin Dilution
3B11 Furio Spano, Italy IFA: 1:500
3G4 Aurélien Dumétre, France IFA: 1:25
Anti-6His-tag Linaris, Germany WB: 1:2,000

Anti-chicken IgY PE

Anti-chicken IgY PO

Anti-human IgG Fc DyLight-

650

Anti-Lama-DyLight-650

Anti-mouse 1gG PO
Anti-mouse IgM Cy5

Anti-rabbit IgG PO

Anti-TgLEA-850 & -860

CLR-hFc-fusion protein-library

MPA-FITC

Anti-llama secondary antibody

Rockland

Immunochemicals, US

Luminex: 1:333

Dianova, Germany ELISA: 1:5,000
Dianova, Germany IFA: 1:500
Dianova, Germany IFA: 1:500
Dianova GmbH, Germany WB: 1:5,000
Dianova, Germany IFA: 1:500
Dianova, Germany ELISA: 1:5,000
WB: 1:3,000

Preclinics, Germany

ELISA, LX: 1:2,000

Bernd Lepenies (Mayer et IFA: 2.5 ng/pl
al., 2018)
Vector Laboratories, US IFA: 1:100

Invitrogen, US

Microarray: 1:400
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2.1.9 Plasmids

Name (length) Details Resistance marker

pPQE90S_TgLEA-850 Obtained from GenExpressGmbH, Amp
Germany; proprietary plasmid, full
sequence not known, IPTG inducible
expression of codon adapted TgLEA-850
with C-terminal 6His-tag

pPQE90S_ TgLEA-860 Self-cloned, proprietary plasmid from Amp
GenExpress GmbH as backbone, full
sequence not known, IPTG inducible
expression of TgQLEA-860 isolated from
T. gondii RH-strain without signal peptide
in frame with a C-terminal 6His-tag

pPQE90S_TgLEA-870 Obtained from GenExpressGmbH, Amp
Germany; proprietary plasmid, full
sequence not known, IPTG inducible
expression of codon adapted TgLEA-870
with C-terminal 6His-tag

pQE90S_ TgLEA-880 Obtained from GenExpressGmbH, Amp
Germany; proprietary plasmid, full
sequence not known, IPTG inducible
expression of codon adapted TgLEA-880
with C-terminal 6His-tag

pAviTag_TgLEA-LDH1  Self-cloned, backbone from Expresso Kan
(3,343 bp) Biotin Cloning and Expression System,
Lucigen; IPTG inducible expression of
TgLDHL1 isolated from tachyzoites of the
RH strain (see Figure 56: Plasmid map of
pAviTag_TgLDH1

2.1.10 Oligos

Name Sequence (5‘ 2> 3Y)

LDH-1_SL-fwd ~ AAGAAGGAGATATACATATGGCACCCGCACTTGTGCAGAG
LDH-1_SL-rev. GTCGGCGGGGTGGATAAGCTCGCCTGAAGAGCAGCAACCG

LEA_860_SLIC ~ ATTCATTAAAGAGGAGAAATTACATATGGAAACAGCCGGACAAAA
_fwd

LEA_860_SLIC  TTAAGCATTCTGCCGACATGGAAGCTTAATGGTGATGGTGATGGTGCTCC
_rev TCCCGTTTTTTTT
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Nslic-AlpVh-F1  CCAGCCGGCCATGGCCCAGGTGCAGCTGCAGKTGCAGCTCGTGGAGTCN

GGNGG

Nslic-F4-rev CGTAGTCCGGAACGTCGTACGGGTAGCGGCCGCTTGAGGAGACRGTGAC
CTGGGT

pEtite-rev CCTCAAGACCCGTTTAGAGGC

PQEY0S_col_P AATTACGCCCCGCCCTGCCA

CR-rev

pRham-fwd GCTTTTTAGACTGGTCGTAGGGAGA

T7_prom_fwd TAATACGACTCACTATAGGG

2.1.11 Commercial kits

Name Manufacturer

1-Step Ultra TMB-ELISA Substrate Solution  Thermo Fisher Scientific, US

Agilent RNA 6000 Nano Kit Agilent, US

BigDye Terminator v3.1 Cycle Sequencing

Kit Applied Biosystems, US

DNA Clean & Concentrator Zymo Research Europe, Germany

GloMelt Thermal Shift Protein Stability Kit Biotium, US

InstantBlue Coomassie Protein Stain Abcam, US

Pierce 660nm Protein Assay Reagent Thermo Fisher Scientific GmbH, US
PrimeScript RT-PCR Kit Takara Bio Inc., Japan

PureLink HiPure Plasmid Midiprep Kit Life Technologies GmbH, Germany
QIAshredder spin column Qiagen, Germany

Qubit Protein Assay Kit Thermo Fisher Scientific, US
RNeasy Plus Mini Kit Qiagen, Germany

Zyppy Plasmid Miniprep Kit Zymo Research Europe, Germany

2.1.12 Software & databases

Name Source

Affinity Suite Serif, UK
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AxioVision Rel. 4.8 Zeiss, Germany

BLAST blast.ncbi.nlm.nih.gov/Blast.cgi
CFX Maestro Bio-Rad, US

Creative Suite 6 Adobe, US

E. coli genotypes openwetware.org/wiki/Escherichia_coli
Geneious 11.1.5 Biomatters Ltd., New Zealand
Graphpad Prism 8 GraphPad, US

i-control 1.10 Tecan, Austria

ImageJ 1.51g National Institute of Health, US
MobiDB 4.0 mobidb.bio.unipd.it/

ODiNPred st-protein.chem.au.dk/odinpred
Office Professional Microsoft, US

PS Remote Breeze Systems, UK

Pubmed National Center for Biotechnology

Information (NCBI)

ToxoDB toxodb.org/toxo
WinDaq DataQ, US
ZEN 2012 Zeiss, Germany
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2.2 Methods

2.2.1 Oocyst inactivation and treatment
For the first immunization, whole oocysts were divided into two batches. One batch was

inactivated via incubation for 1 min at 60 °C. The other group was inactivated via repeated
freezing in an ethanol-dry ice bath and subsequently thawing at room temperature. This
process was repeated in total three times. Oocysts from both groups were tested in mouse
bioassay for infectivity. No cyst formation was observed four weeks after infection and oocysts
were thus assumed to be inactivated. Mouse bioassays were performed by the group of
Gereon Schares, FLI, Greifswald, Germany. Oocysts from both groups were pooled 1:1 prior

to alpaca immunization.

For the second, intramuscular immunization, oocysts were shredded using a sonicator and
successful shredding was confirmed microscopically. In addition to inactivation, oocysts were
radiated with a dosage of 40,093.7 cGy to remove microbial contamination.

2.2.2 Alpaca Immunization
The first immunization scheme included 7 weekly subcutaneous injections of 10° whole

inactivated oocysts and GERBU adjuvans 1:1 with final extraction of approx. 100 ml blood 3 d

after the last immunization.

For the second immunization, 7 * 108 fractionated, irradiated inactivated oocysts and Freud
adjuvant in a ratio 1:1 were applied intramuscular over 12 weeks in monthly intervals. Again,
approx. 100 ml of final blood were extracted 3 d after the final immunization. In both cases, the

blood was immediately processed to PBMC isolation.

All immunization procedures were conducted by animal facility personnel of the FLI,
Greifswald, Germany, and were ethically approved by the “Landesamt fir Landwirtschaft,
Lebensmittelsicherheit und Fischerei” of the German Federal State of Mecklenburg-Western
Pomerania. Care and maintenance of the animal were in accordance with governmental and

institutional guidelines.

2.2.3 PBMC isolation
PBMCs were isolated using Stemcell SepMate-50 tubes and Lymphoprep according to the

manufacturer’s instructions. In brief, blood was diluted with PBS 1:1 and tubes were prefilled
with 15 ml Lymphoprep. Diluted blood was pipetted above Lymphoprep. Tubes were than
centrifuged at 1,200 g for 10 min and separated plasma containing PBMCs transferred to a
new tube. PBMCs were than washed twice with PBS at 300 g for 8 min and afterwards stored

in RNA later until further use.
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2.2.4 RNA extraction and cDNA reverse transcription
RNA was extracted form cells using the RNeasy Plus kit in combination with QIAshredder and

gDNA elimination columns, all from Qiagen, according to the manufacturer’s instructions. Cells
were counted using Neubauer improved counting chambers and 107 Cells were used per
reaction. RNA was eluted from the column in 30 pl RNase-free water. RNA quality was
assessed using the Agilent 2100 Bionalyzer system and the RNA 6000 Nano Kkit.

cDNA reverse transcription was carried out using Primescript RT-PCR kit from Takara
according to the manufacturer’s instructions. Briefly, 4 ul template RNA were mixed with 1 pl
provided dNTPs, 1 pu provided random 6-mer primers and 4 pl of RNase-free a. dest. And
placed in a thermal cycler at 65 °C for 7 min for RNA denaturation and to facilitate primer
annealing. Subsequently, 4 ul 5x PrimeScript buffer, 20 units of RNase inhibitor, 0.5 pl of
PrimeScript RTase and 5 pl of RNase-free a. dest. were added to the mix. Tubes were again
placed in thermal cycler under the following protocol: 30 °C for 10 min, 42 °C for 1 h, 72 °C for
15 min. Afterwards, cDNA was stored at -80 °C until further use.

225 PCR
PCR was routinely used to isolate genetic sequences for subsequent cloning and to confirm

successful transformation of bacteria. If high sequence accuracy was not required, e.g., for
sequence confirmation, DreamTaq polymerase was used. In these cases, composition of 25 pl
reaction mixtures was as follows: 2.5 ul 10x DreamTaq™ buffer, 0.2 mM of each dNTP,
1.25 units polymerase, approx. 100 ng DNA and 0.2 uM of each fwd and rev oligonucleotide
contained in nuclease-free a. dest. General PCR protocol was as follows: 95 °C for 2 min,
95 °C for 30 s, Tw-5 for 30 s where Ty, is the melting point of the individual oligonucleotide
pairs, 72 °C for 1 min. The last three steps were repeated for a total of 30 cycles, followed by
72 °C for 7 min and subsequent incubation at 4 °C until further processing.

In cases where high sequence accuracy was required, e.g., for cloning of T. gondii sequences
into E. coli, Q5 polymerase was used and the PCR protocol adjusted as follows: 25 pl reaction
mixtures consisted of 5 pl 5x Q5 reaction buffer, 0.2 mM of each dNTP, 0.5 units of Q5
polymerase, approx. 100 ng template DNA 0.2 uM of each fwd and rev primer were contained
in 25 pl a. dest. The PCR protocol was as follows: 98 °C for 30 s, 98 °C for 10, Ti-5 for 20 s,
72 °C for 25 s. The last three steps were repeated for a total of 30 cycles, followed by 72 °C

for 2 min and subsequent incubation at 4 °C until further processing.

Colony PCR to facilitate easy processing of high numbers of possible clones were done mostly
like general DreamTaq PCR. Instead of 100 ng DNA, cellular material of 1 individual colony
was transferred to the DNA mixture using a 200 pl sterile pipette tip and the initial denaturation

step of the protocol was extended to 3 min at 95 °C.
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2.2.6 Agarose gelelectrophoresis
For electrophoretic analysis, PCR products were mixed with 1:10 Midori Green Direct DNA

dye and applied to 0.8 % agarose gel in 1x TAE buffer. The electrophoretic separation was
then carried out after applying a voltage of 100 V in a horizontal gel chamber for 45 min.
Separation of the DNA bands was visualized using a blue light transilluminator, detecting
Midori green mediated fluorescence at approx. 500 nm. Size of observed bands was
determined with the DNA size standard GeneRuler 1 kb Plus DNA Ladder. Desired DNA
fragments were isolated by excision for downstream applications. DNA was purified from the
agarose gel for downstream processing using the Zymoclean Gel DNA Recovery Kit according
to the manufacturer’s instructions. Concentration of DNA was assessed at the Inifinite M200

Tecan plate reader using a NanoQuant quartz plate.

2.2.7 Glycan microarray analysis for epitope mapping
Alpaca sera from different timepoints during the immunization procedure were characterized

on the glycan microarray at the Max Planck Institute of colloids and interfaces, Berlin,
Germany. Microarray slides displaying T. gondii specific GPI structures were blocked with
1 % (w/v) BSA in PBS for 1 h at RT, rinsed with ultrapure water and dried by centrifugation.
64-well incubation chambers were applied to the microarray slides. 25 pL of sera diluted 1:50
in PBS were added to each well for incubation overnight at 4 °C in a humidified chamber.
Following incubation, sera were discarded and the wells rinsed with 0.05 % (v/v) Tween-20 in
PBS. Anti-llama secondary antibodies were added to each well, diluted 1:400 with 1 % (w/v)
BSA, 0.05 % (v/v) Tween-20 in PBS and incubated on the microarray slides for 1 h at RT.
Microarray slides were rinsed repeatedly first with 0.1% (v/v) Tween-20 in PBS, then PBS only,
finally with ultrapure water, and then dried by centrifugation. Microarray slides were scanned
with a GenePix 4300A microarray scanner. Background-subtracted MFI values reflected the

antibody titer present in the sera.

2.2.8 AEO-IFA
Individual wells of six-well glass microscopic slides were coated with 10 ml of 1 % (wt/vol) low-

melt agarose dissolved in a. dest. and air-dried, after which they were stored at 4 °C until use.
Inactivated oocysts in PBS (2.5 * 105/ml) and 1 % low-melt agarose were mixed 1:1 (vol/vol)
prior to being loaded onto the microscopic slide. A total of 3-ml drops of the resulting oocyst-
agarose suspension were rapidly dispensed onto the prepared wells of the slide and distributed
evenly using a pipette tip. For blocking, 20 ml of blocking buffer was dispensed onto each well,
and slides were incubated overnight at room temperature in a humidified chamber with slight
agitation. For acetone permeabilization, slides were placed in a vertical microscopic slide
holder filled with ice-cold acetone and incubated at -20°C for 30 min. The slides were then
removed from the holder, and acetone was evaporated on air at room temperature. Then,
either 7.5 pl of CLR binding buffer and 2.5 pl of CLR, 10 pl of a 1:25 dilution of 3G4 antibody,
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10 pl of a 1:500 dilution of 3B11 antibody, 10 pl of a 1:10 dilution of alpaca serum, or 10 pl of
a 2-mg/ml MPA-FITC solution were added to each well. The slides were incubated in a
humidified chamber at room temperature for 2 h without agitation and then washed three times
with 20 ul PBS per well before 10 pul of secondary antibody in blocking buffer was pipetted onto
each well. Slides were again incubated for 2 h at room temperature in a humidified chamber.
After washing as described above, 1.5 ul Fluoromount or Mowiol was pipetted into each well,
which then was individually covered with a 12-mm round coverslip, and light pressure was
applied and left for 10 min at room temperature for the mounting medium to harden. For color-
blind-friendly visualization, colors of the fluorescent channels were adjusted as follows: blue to

cyan, red to magenta, and green to yellow (Wong, 2011).

2.2.9 Insilico analyses
CIDER analysis was performed using version 1.7[Full] at

http://pappulab.wustl.edu/CIDER/analysis/ in April 2021. Disorder prediction via MobiDB was
performed using version 4.0 at: https://mobidb.bio.unipd.it/ in April 2021. Blastp analysis
against the LEA protein data base was performed at http://forge.info.univ-
angers.fr/~gh/Leadb/index.php?action=2&mode=5&viewseq=3 in April 2021. GRAVY scores
were calculated using the Sequence Manipulation Suite at
https://www.bioinformatics.org/sms2/protein_gravy.html in April 2021. Sequence synteny was
assessed using Release 53 of Toxodb at https://toxodb.org in July 2021 and PFAM
classification of TgLEAs was performed using Motif Scan at https://myhits.sib.swiss/cgi-

bin/motif_scan in July 2021.

2.2.10 Cloning and Transformation
Plasmid DNA was introduced into bacteria by heat shock and bacteria were prepared for heat

shock mediated DNA uptake (made “chemically competent”) according to the method
published by Inoue et al. (Inoue et al., 1990). The OmniIMAX2T1 E. coli strain was used for
transformation of DNA constructs. Briefly, bacteria were transferred to 25 ml liquid LB medium
with appropriate antibiotic and incubated at 37 °C and 250 rpm for 6-8 h at 225 rpm. Three 1 L
flasks filled with 250 ml each of antibiotic supplemented medium were inoculated with 2, 4 or
10 ml of the preculture. The subsequent overnight incubation at 18 °C at 225 rpm was stopped
after one culture reached an ODggo Of 0.5. The respective culture was chilled on ice for 10 min
prior to centrifugation at 4°C for 10 min at 2,500 g. The supernatant was discarded, and the
cells gently resuspended in 40 ml of ice-cold Inoue transformation buffer and afterwards
centrifuged as described above. The buffer was removed, and the pellet was resuspended in
10 ml of ice-cold Inoue transformation buffer, supplemented with 750 yl DMSO. After
incubation on ice for 10 min, the suspension was divided into 100 pl aliquots and snap-frozen
in liquid nitrogen. The chemically competent cells were immediately transferred to -70°C for

storage.
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Plasmids were constructed following the SLICE cloning method published by Zhang et al.
(Zhang et al.,, 2014). The method enables single-step cloning. A prerequisite is the
amplification of the gene of interest with very long oligonucleotides encoding for recombinase
sites in their overhangs, that are present in the cloning site of the recipient plasmid. Incubation
of plasmid, PCR product and recombinase together leads to facile gene insertion in the vector.
SLICE buffer and extract were prepared following the published protocol, aliquoted and stored
at -80 °C until use. In general, SLICE reaction mixture was as follows: 100 ng of vector, 1 pl of
SLICE extract, 1 pl SLICE buffer and an insert:vector ratio of 6:1. Total reaction volume was
adjusted to 10 ul with a. dest. The reaction mixture was incubated at 37 °C for 1 h and

afterwards transformed into chemically competent OmniMAX2T1.

For transformation via heat shock, 1 aliquot of chemically competent OmniMAX2T1 was
thawed on ice and subsequently incubated on ice for 30 min with 5 pl of the SLICE reaction
mixture. Additionally, cells were incubated with a. dest. as a negative control and 5 ng of
pUC19 plasmid DNA as a positive control. After incubation on ice, cells were exposed to 42 °C
in a water bath for 1 min. Immediately afterwards, 500 ul SOC medium was added to the cells
and they were incubated at 37 °C and 200 rpm for 1 h. Positive clones were selected by plating
200 pl of the transformation mixture on solid LB agar plates supplemented with the respective

antibiotic and grown overnight at 37 °C.

Transformation efficiency for newly prepared chemically competent E. coli was determined

following this formula:

colonies X total V (ul)
plated V (ul) x dilution factor X pg DNA

Transformants per ug DNA =

Grown colonies were used to inoculate 5 ml cultures that were grown at 37 °C and 225 rpm

overnight for storage and colony PCR was conducted in parallel to confirm successful cloning.

2.2.11 Cultivation of host cells and T. gondii strains
Adherently growing HFF cells were cultured in HFF growth medium under 5 % COzat 37 °C

and transferred to a new culture when confluency was reached. For this purpose, the medium
contained in the cell culture flasks was aspirated and cells were washed twice with 10 ml of
PBS. Cells were detached by adding 1 ml of trypsin / EDTA solution (1x), followed by 5 min
incubation at 37 °C. Afterwards, cells were resuspended in 10 ml of HFF growth medium and
transferred to a 15 ml centrifuge tube and centrifuged for 4 min at 300 g. After discarding the
supernatant, the pelleted cells were resuspended in an appropriate volume of HFF growth

medium and distributed into new culture flasks.
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T. gondii tachyzoites were cultured on HFF cells in T. gondii growth medium under 5 % CO:2
and at 37 °C. Every other day ~ 0.5 ml of a freshly lysed tachyzoite suspension was transferred

to an uninfected cell culture flask with confluent HFF cells with a Pasteur pipette.

2.2.12 Cloning of TgLEA-860
The coding sequence of TgLEA-860 was isolated from DNA of in vitro grown tachyzoites of

the RH strain of T. gondii, using primers LEA 860 _SLiC_fwd and LEA_860_SLiC _rev. These
primers were designed to remove the signal peptide of 25 aa at the N-terminus from the
isolated sequence as well as allow SLICE cloning of the sequence into the same vector used
for expression of the other TgLEA-proteins (pQE90S). Linearized pQE90S vector and TgLEA-
860 PCR fragment were SLICE cloned into chemically competent Omnimax E. coli cells and
isolated plasmid DNA from positively identified clones was subsequently transformed into
chemically competent E. coli cells of the same strain as for the other TgLEA proteins
(BW25113, JW5312-3).

2.2.13 Culturing of E. coli
The cultivation of the different E. coli strains was mostly carried out at 37 °C and 225 rpm in

liquid LB medium or on LB agar plates with addition of the appropriate antibiotics. For the
permanent storage of the strains, 700 ul of an overnight liquid culture were mixed with 300 ul

of 50 % sterile glycerol, immediately snap-frozen in liquid nitrogen and stored at -80 °C.

2.2.14 Bacterial growth assays
E. coli strains expressing one TgLEA or a non-functional peptide were streaked out from cryo

stocks on LB agar containing the appropriate antibiotics for selection of plasmid containing
bacteria and incubated overnight at 37 °C. Material from one singular colony was used to
inoculate 5 ml liquid LB medium containing appropriate antibiotics, using a sterile pipette tip.
The inoculated culture was grown at 37 °C at 225 rpm until an ODego 0f 0.5, at which point
protein expression was induced by addition of IPTG or simulated by addition of the same
volume of PBS. Cultures were allowed to grow for 3 h after induction. Afterwards, the final
ODsoo Was determined, and the cultures were divided into three 1.5 ml aliquots in 2 ml reaction
tubes and the cells were pelleted by centrifugation at 4,000 rpm for 5 min at 4 °C. The pelleted
cells were washed two times with ice-cold PBS. Washed cells were either stored at -20 °C for
later confirmation of protein expression via western blot or immediately resuspended in PBS.
For resuspension, the number of cells per tube was calculated from the final ODsoo and the
volume of PBS for resuspension was adjusted to a final concentration of 10° cells per ml. Cells
were either exposed to incubation at -20 °C for 1 d or 4 °C for 7 d (cold temperature stress),
incubation at 50 °C for 30 or 60 min, respectively (high temperature stress), or processed
immediately as follows (no stress). 108 cells were transferred to the first column of a 96-well
plate, where ten-fold serial dilutions were performed in PBS using a multi-channel pipette

ranging from 10*to 107. 10 pl drops of 10 to 107 dilutions were transferred in triplicates to
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LB agar plates containing appropriate antibiotics in hyper- and hypoosmotic growth medium,
respectively (osmotic stress), or regular LB agar supplemented with appropriate antibiotics (no
stress). Cells exposed to high and low temperature stress were processed similarly. LB agar
plates were left to dry for 10 min and then incubated overnight at 37 °C or in an exsiccator at
RT for 7 d and then at 37 °C overnight (desiccation stress). Afterwards, cells were counted,
the number of surviving cells after stress determined and normalized to growth without stress.
For easy detectability to facilitate colony counting, 1 % triphenyl tetrazolium chloride was

added to the LB agar, resulting in red strained E. coli colonies.

2.2.15 Recombinant expression and purification of TQLEAS
E. coli expressing the desired protein were streaked out from cryo stocks on LB agar containing

timentin for selection of plasmid containing bacteria and incubated overnight at 37 °C to isolate
singular colonies. A 5 ml liquid LB culture supplemented with timentin was inoculated with
material from one individual colony by sterile pipette tip and again incubated overnight at 37 °C
and 225 rpm. This constituted the pre-culture. For protein expression, 500 ml of liquid LB
medium supplemented with timentin was inoculated with the pre-culture and grown at 37 °C
and 225 rpm until ODego reached 0.5, at which point the expression was induced with 500 uM
IPTG and the culture was grown for 3 h under the same conditions. After incubation, bacterial
cultures were spun down for 20 min at 4,000 rpm and 4 °C. The supernatant was discarded
and the pelleted cells were resuspended in 10 ml ice-cold lysis buffer supplemented with
cOmplete protease inhibitor. The cell lysate was sonicated on ice in a Sonoplus HD70 sonicator
for a total of six bursts a 30 s. In general, after sonication, the cell lysate was incubated for
10 min in a boiling water bath. For comparison, in heat sensitivity experiments, a portion of cell
lysate was not incubated in a boiling water batch and processed immediately. Prior to filtration,
the cell lysate was spun down for 10 min at 10,000 g and 4 °C and the resulting supernatant
was sterile filtered using 10 ml syringes and filters of 0.45 um pore size. Filtered lysate was

stored at -20 °C until further use.

Proteins were purified using HisTrap HP or FF 1 ml columns, prepacked with precharged Ni-
Sepharose for affinity chromatography of histidine-tagged proteins. The columns were loaded
using a peristaltic pump with a flow rate of 1 ml/min and connected to a EM-1 Econo UV
monitor to observe protein concentration in eluted fractions. The signal from the UV monitor
was transferred to an analog-digital converter connected to a computer and visualized in
software. Prior to loading of lysate on the columns, they were washed with 5 ml of a. dest. and
equilibrated with 5 ml of binding buffer. During equilibration, the absorbance measurement of
the UV monitor was calibrated and defined as the baseline. Filtered lysate was run through the
column and the flow-through was caught for later analysis. Columns were washed with at least

15 ml of washing buffer until the observed absorbance reached a steady baseline and washing
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fractions were caught for later analysis. Tagged proteins bound to the column were eluted with
5 ml of elution and collected in 1 ml fractions when absorbance peaks were observed.
Afterwards, columns were washed again with 5 ml of a. dest. and then 5 ml of 20 % ethanol

before storage.

Buffer exchange of purified proteins was performed by washing three times with PBS using
Vivaspin 2, 10,000 MWCO, PES columns according to the manufacturer’s instructions. Protein
concentration was determined using a Qubit Fluorometer and the Qubit Protein Assay Kit
according to the manufacturer’s instructions. Proteins were divided into aliquots and stored at

-20 °C until further use.

2.2.16 SDS-PAGE and western blot
SDS-PAGE gel composition is detailed in Table 3 and Table 4. SDS-PAGE was run at 80 V

until the sample front left reached the end of the stacking gel at which point voltage was
increased to 120 V until the sample front reached the end of the resolving gel. Separated
proteins were transferred from the gel to nitrocellulose membrane using a semidry blotting

chamber and the manufacturer’s pre-set parameters.

Table 3: Resolving gel composition.

12 % 15 %

a. dest. 33 ml 2.3 ml
30 % Acrylamid 4 ml 5 ml

1.5 M Tris-HCL (pH 8.8) 25 ml 25 ml
10 % SDS 100 pyl 100 pl
10 % APS 100 pyl 100 pl
TEMED 10 ul 10 ul

Table 4: Stacking gel composition.

5%
a. dest. 1.7 ml
30 % Acrylamid 415 pl
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5 %
0.5 M Tris-HCl (pH 6.8) 315 pl
10 % SDS 25 ul
10 % APS 25
TEMED 2.5 pl

Total protein stain as loading control was done via DB71 staining according to the protocol of
Hong et al. (Hong et al., 2000) was performed. After the stain was completely washed off, non-
specific binding sites were blocked overnight with blocking buffer. Subsequently, blocked
membranes were incubated with desired primary antibody diluted in blocking buffer for 1 h at
RT. After three washes with washing buffer, the membrane was incubated with horseradish
peroxidase (PO)-conjugated secondary antibody diluted in blocking buffer. The membrane was
afterwards again washed three times with washing buffer. Enhanced chemiluminescent PO
substrate (ECL) was added and the signal detected in a Fusion FX luminescent image

analyzer.

2.2.17 Protease sensitivity assay
Trypsin was dissolved in PBS to a final concentration of 0.2 ng/ul. For the assay, mixes of

TgLEAs or control proteins with TFE concentrations of 10, 20 and 30 % (v/v) were prepared
and the final mix volume was adjusted to 25 ul with PBS. Mixes were left to settle for 5 min,
before 12.5 pl of trypsin (or PBS for the no trypsin control) were added to each mix for a final
protein:thermolysin ratio of 10,000:1. The mixes were incubated at 25 °C for 1 h. After
incubation, 8 pl of each mix were added to 2 pl of 5x Laemmli buffer and boiled for 5 min to
inactivate the protease. Afterwards, the samples were analyzed by SDS-PAGE and

Coomassie stain.

1 mg of thermolysin was dissolved in 1ml of thermolysin resuspension buffer and
subsequently diluted 1:10 in the same buffer for a final concentration of 0.1 pg/ul. For the
assay, Mixes of TgLEAs or control proteins with TFE concentrations of 10, 15, 20, and 25 %
(v/v) were prepared and the final mix volume was adjusted to 23.5 pl with a. dest. Mixes were
left to settle for 5 min, before 1.5 pl of thermolysin (or a. dest. for the no thermolysin control)
were added to each mix for a final protein:thermolysin ratio of 100:1. The mixes were incubated
at 25 °C for 1 h. After incubation, 8 ul of each mix were added to 2 pl of 5x Laemmli buffer and
boiled for 5 min to inactivate the protease. Afterwards, the samples were analyzed by SDS-
PAGE and western blot.
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2.2.18 Thermolysin susceptibility to TFE
Thermolysin was prepared as described above. Master mixes of FAGLA or PBS as control in

thermolysin resuspension buffer and the same TFE concentrations as described above were
prepared and preloaded in 198.5 pl triplicates in a 96-well quartz plate. The mixes were left to
settle for 5 min, before 1.5 pl thermolysin (or a. dest. for the no thermolysin control) was added
to the wells for a final protein:thermolysin ratio of 100:1. Absorbance at 345 nm was observed
for 30 min at 25 °C and read in 1 min intervals using an Infinite M200 plate reader.

2.2.19 Thermal Shift Assay
Thermal shift assays (TSAs) were performed using the GloMelt Thermal Shift Protein Stability

Kit. A working solution was prepared according to the manufacturer’s instructions. Master
mixes containing 9 ul of the GloMelt working solution and TgLEAs at a final concentration of
15 puM or the 1gG control included with the kit at the proposed final concentration of 0.5 pg/ml
were prepared on ice and the volume adjusted to 90 ul with HEPES buffer. Four 20 pl
replicates were transferred to a 96-well gPCR plate, covered with corresponding strips and
stored on ice. The plate was quickly spun down for 1 min at 1,000 rpm, and immediately
transferred to a CFX96 Touch Real-Time PCR reader for analysis. The following melting curve
parameters were applied: preincubation =2 min at 0 °C; range = 0—99 °C; increments =
0.5 °C/min; read interval = 1 min. The data was exported to .txt format and analyzed using
GraphPad Prism software.

2.2.20 Size exclusion chromatography (SEC)
SEC was performed by Frank Seeber and Sandra Klein, RKI, Germany, using an Akta Purifier

FPLC system and Sephadex columns following the manufacturer’s instructions.

2.2.21 Circular dichroism spectroscopy
Circular dichroism (CD) spectroscopy was conducted by the group of Andreas Rummel at the

Medizinische Hochschule Hannover, Germany. Briefly, CD data was collected with a Jasco J-
810 spectropolarimeter in a 1 mm path length cuvette with a concentration of 2 UM respective
protein in PBS pH 7.4. Spectra were recorded at 22 °C from 195 to 250 nm with 100 nm/min,
response of 1 s, standard sensitivity, bandwidth of 1 nm and five accumulations. The spectra
were analyzed, processed, and visualized using Spectra Manager Il software (JASCO
International Co. Ltd., Japan). Secondary structure estimation was conducted using the SSE

module of Spectra Manager Il applying Yang reference.

2.2.22 Cloning of TgLDH1
RNA was isolated from three tachyzoite cultures of the RH strain of T. gondii using the RNeasy

Plus kit. Subsequently, RNA was reverse transcribed to cDNA using the PrimeScript RT-PCR
kit. TQLDH1 sequence was amplified and prepared for SLICE cloning via PCR using Q5
polymerase from cDNA using primers LDH-1_SL-fwd and LDH-1_SL-rev. Afterwards, the PCR
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reaction was analyzed on an agarose gel and desired fragments were excised from the gel
and purified using the Zymoclean Gel DNA Recovery kit. The PCR TgLDH1 fragment was
SLICE cloned into linearized pAviTag vector and subsequently transformed into chemically
competent OmniMAX E. coli. Positive clones were selected on LB agar supplemented with
kanamycin and tested for correct insertion by PCR using DreamTaq polymerase and primers
pRham-fwd and pEtite-rev. The correct sequence was confirmed via sequencing of the plasmid
using the same primers. For recombinant expression of TgLDH1, the plasmid was transformed
into E. coli of the LOBSTR strain.

2.2.23 Recombinant expression and purification of TgLDH1
Recombinant expression of TgLDH1 in E. coli of the LOBSTR strain was mostly similar to

TgLEA purification with minor adjustments. Precultures and expressing cultures were
incubated at 15°C and 200 rpm. Expression was induced with rhamnose at a final
concentration of 0.2 %. Expression was allowed to proceed for 24 h. Cells were harvested and
processed as described above, except that no incubation in a boiling water bath was
performed. Successful TgLDH1purification was confirmed via SDS-PAGE and subsequent
Coomassie staining using InstantBlue Coomassie Protein Stain according to the

manufacturer’s instructions. The stained gel was documented using a Fusion FX visualizer.

2.2.24 LDH aggregation assay
600 pl mixes of pLDH or TgLDH1 (final concentration: 12.5 uM) alone or with TgLEA or control

protein (final concentration 25 pM) were prepared in PBS in 1.5 ml reaction tubes. The
samples were left to settle for 5 min before 100 ul were transferred to a 96-well quartz plate
for analysis in an Infinite M200 plate reader. This constituted aggregation before freeze-
thawing. The samples were then submerged in liquid nitrogen for 30 s and then left to thaw at
room temperature. Once completely thawed, 100 ul were taken off and transferred to the 96-
well quartz plate and the absorbance at 280 nm and 340 nm was detected. This was repeated
for a total of four times. The aggregation index for each sample after each freeze-thaw cycle

was calculated with the following formula:

A340
(A280 - A34-0)

Statistical significance was determined by multiple t test analysis.

2.2.25 LDH activity assay
60 pl master mixes of pLDH or TgLDH1 alone (final concentration: 0.5 pM) or with TgLEAS or

control proteins in ratios of 1:25, 1:50 or 1:100 were prepared in 0.5 ml reaction tubes. The
mixes were left to settle for 5 min, before three 3 pl replicates were transferred to a 96-well
guartz plate for analysis in an Infinite M200 plate reader combined with Te-Inject-reagent

injectors. 297 pl of LDH activity assay buffer were dispensed into each well and absorbance
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at 340 nm was immediately observed for 1 min in 10 s intervals. This constituted activity without
freeze-thawing. The LDH-protein mixes were submerged in liquid nitrogen for 30 s and then
completely thawed at room temperature. Once thawed, 3 ul were transferred to the 96-well
guartz plate in triplicates and analyzed as described above. This was repeated for a total of

four freeze-thaw cycles. Enzyme activity was calculated following the Beer-Lambert law:

Ay

- :A
Evapa X1

CNADH

Where A, is the difference in absorbance per minute, ey,py is the absorptivity of NADH

(

processed per minute. Enzyme activity values determined this way were then normalized using

6.2 x 103

M X cm

), L is the optical path length (approx. 0.8 cm) and A is the concentration of NADH

CNADH

the “normalize” function of GraphPad Prism software, where the largest mean of each
individual dataset was defined as 100 % activity. Statistical significance was determined by
multiple t test analysis.

2.2.26 Rabbit immunization and IgG purification
Rabbits were immunized with recombinantly expressed TgLEA-850 or -860 proteins by

Preclinics, Germany. Extracted serum was confirmed in western blot for reactivity to TgLEA-
850 or -860 proteins. IgG from serum were purified over Protein A columns from GE

Healthcare, following the manufacturer’s instructions.

2.2.27 Chicken sera
Sera from experimentally infected chickens (breed ISA JA 757) were provided by

Dr. Berit Bangoura and Dr. Martin Kothe of the Veterinary Institute at Leipzig University,
Leipzig, Germany and sera from naturally infected chickens were provided by Dr. Gereon
Schares from the Friedrich Loeffler Institut, Greifswald, Germany. Experiments in chickens had
been approved by the responsible authority (Landesdirektion Leipzig, Germany). Care and

maintenance of animals were in accordance with governmental and institutional guidelines.

2.2.28 ELISA
96-well polystyrene plates were coated with 100 ng of TgLEA-850, -870 or -880 or TgSAG 1pio

or 200 ng TgLEA-860 per well by incubation with the required amount of protein diluted in
blocking buffer at RT for 1 h. In experiments that required optimal presentation of possible
epitopes to the interior of the well, wells were precoated with 100 ul of anti-histidine tag
antibody at a concentration of 5 pg/ml by incubation overnight at 4 °C. After binding of the
protein to the well wall, unbound protein was washed of three times with PBS, before blocking
for 1 h at RT with 200 pl blocking buffer. After the blocking buffer was aspirated, wells were
incubated with 100 pl of undiluted hybridoma supernatant against TQLEA-880, chicken or
mouse sera diluted 1:200 in blocking buffer, purified anti TQLEA-850 and -860 rabbit IgG
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diluted 1:2,000 in blocking buffer, or blocking buffer as secondary antibody control for 1 h at
RT. Afterwards, wells were washed three times with 200 pl washing buffer and then incubated
with 100 ul of appropriate PO-conjugated secondary antibody for 1 h at RT. Unbound
secondary antibody was washed off three times with washing buffer before bound antibody
was visualized by using 1-Step Ultra TMB-ELISA Substrate Solution according to the
manufacturer’s instructions. Reaction was stopped by addition of 50 pul 1 M sulfuric acid to
each well. The plates were then analyzed using an Infinite M200 pro plate reader to measure
absorbance at 450 nm. Uncoated wells that were only incubated with PBS were measured as
blank values and used for correction of measured samples as were secondary antibody only
controls. Purified rabbit IgG on uncoated wells were performed as controls to exclude

unspecific antibody binding (data not shown).

2.2.29 Luminex
The chemical coupling of either recombinant streptavidin (16.67 ug/10® MagPlex beads, region

33), TgLEA-850 (16.67 ug/10° MagPlex beads, region 36), TJLEA-860 (66.67 png/10® MagPlex
beads, region 42), TgLEA-870 (16.67 pg/10° MagPlex beads, region 48), TgLEA-880
(16.67 ug/10°® MagPlex beads, region 89), CSA (12 pg/10°® MagPlex beads, region 52) as a
negative control, or chicken IgY (6.67 ug/10® MagPlex beads, region 54) as a positive control
followed the instructions of the xMAP® Cookbook (Angeloni et al., 2016). Prior to coupling,
bead stocks were vortexed for 30 s and sonicated for 30 s in a water-bath. Beads (1.5 x 10°)
were transferred from the stock to individual low-binding reaction tubes for each bead region,
i.e. dye signatures, washed with a. dest., vortexed and sonicated for 10 s and incubated in
80 ul 0.1 M NaH:PO., pH 6.2 per tube. The tubes were again vortexed and sonicated for 10 s
prior to addition of 500 pg Sulfo-NHS and EDC. The beads were then incubated for 20 min on
a horizontal shaker at 300 rpm and vortexed briefly after 10 min. After incubation, the tubes
were again placed in a magnetic separator for 2 min and the supernatant removed. The beads
were washed twice with 250 ul of 0.05 M MES before addition of conjugates, and each tube
was adjusted to 500 pl by adding 0.05 M MES. Tubes were briefly vortexed and then incubated
for 2 h on a horizontal shaker at 300 rpm, with an intermittent brief vortexing step after 1 h. The
tubes were again placed in a magnetic separator for 2 min and the supernatant removed.
500 pl of PBS containing 0.02 % Tween-20, 0.1 % BSA and 0.05 % sodium azide were added
and the beads incubated for 30 min on a horizontal shaker at 300 rpm, before the samples
were placed in a magnetic separator for 2 min to remove the supernatant. The beads were
washed twice with 1 ml PBS containing 0.02 % Tween-20, 0.1 % BSA and 0.05 % sodium
azide without sonication. For storage, the beads were resuspended in 500 pl Stabilguard.
TgSAGLuio (10 ng/1,500 beads) was added to the streptavidin-coated beads as described
previously (Klein et al., 2020).
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For testing of sera by Luminex, the bead mixes were adjusted to 1,000 beads per sample in
assay buffer. 20 ul of each region were added to 100 pl of sera diluted 1:200 or 1:25 in assay
buffer in a 96-well plate. The plate, protected from light, was shaken at room temperature for
1 h. Beads were then washed twice with washing buffer using a magnetic plate washer. 100 pl
of rabbit-F(ab’)2 anti-chicken IgG-PE was added to each sample and the plate shaken at room
temperature for 30 min, protected from light. Beads were again washed twice, resuspended in
125 pl assay buffer and analyzed with a Bio-Plex 200 reader. The readout was set to 50 beads
per region and the reading timeout was set to 90 s. The High RP1 target option was activated
(i.e. increasing the voltage on the photomultiplier tube) for increased sensitivity, allowing
guantification of lower concentrations of analytes and three wells containing only beads and

assay buffer were set as blank samples.

2.2.30 Sequencing
Generated plasmid DNA or PCR products were checked for correctness by sequencing.

Prior to sequencing, DNA was purified using DNA Clean & Concentrator kit according to
manufacturer’s instructions. Samples were sequenced with the BigDye Terminator 3.1 Cycle
Sequencing Kit, which is based on the Sanger method. After a PCR reaction of the desired
DNA with only one oligonucleotide per sample, the sequencing was carried out in the in-
house facility. A 10 ul sequencing reaction contained 1x ABI buffer (5x), 0.5 ul BigDye 3.1,
DNA and 0.5 mM of the oligonucleotide in nuclease free a. dest. The DNA amount varied
according to the template length following the facility’s guidelines, i.e. 10 to 20 ng for 500 to
1000 bp long PCR products or 150 to 300 ng for plasmids. The following PCR program was
used: 96 °C for 120 s; 96 °C for 10 s, Trm - 5 °C for 240 s. The last two steps were repeated
for a total of 25 times, after which they were stored at 4 °C until analyzed. Sequencing results

were evaluated using Geneious software.
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Chapter 3: Results

3.1 Molecules binding to the oocyst wall

3.1.1 Development of a material saving immunofluorescence method to analyze
molecules binding to oocysts

To find molecules that interact with the oocyst surface, in a first step it was necessary to

develop a method to reliably conduct immunofluorescence experiments (IFAs) on whole
oocysts without wasting too much precious material. In order to do so, a previously described
method, based on the embedding of particles in agarose (Vartdal et al., 1986), was adapted
to oocysts. For validation purposes and to save material, fluorescent biotinylated beads were
used as an oocyst surrogate. Table 5 shows a comparison of the conventional tube-based IFA
method and the adapted agarose-based method.

Table 5: Comparison of tube-based and agarose-based IFA methods with regards to important
assay parameters.

Before

incubation  After 2 hours incubation and

[total # of two washing steps Assay

beads] [% of beads lost] volume [ul]
Centrifuge tube 6,750 56.8 % (n = 3; SD = 6.3 %) 100
Agarose- 0 o _ 0
embedded 100 9.7 % (n=6; SD = 8.3 %) 10

Low-melt agarose at a concentration of 0.5 % provided a suitable matrix for successful
embedding of as few as 100 oocysts (Agarose Embedded Oocysts — AEO) on a slide
precoated with 1 % low-melting agarose. Precoating of the slides proved necessary to prevent
the embedded oocysts from washing off the slide. 3 ul drops of a 1:1 oocysts:agarose mixture
was sufficient for even distribution of oocysts in microscope slid well (diameter = 8 mm). For
comparison of IFA techniques, the numbers of fluorescent beads before and after performing
the centrifuge tube-based method versus embedded in agarose on a microscopic slide were
compared. Using the agarose-embedded method, only a 10 % loss of particles was observed,
while the centrifuge tube-based method including washing steps by centrifugation and pipetting
resulted in a loss of more than 55 % of beads (see Table 5). Additionally, the number of beads
needed to acquire robust results was much lower in the slide-based method than that in the
tube-based method. Also, the volumes required for washing steps or antibody incubation steps

could be reduced ten-fold using the AEO-IFA as opposed to the tube-based procedure.
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3.1.2 AEO-IFA allows observation of antibody binding to the oocyst wall
To confirm the suitability of the AEO-IFA to detect antibodies binding to the oocyst wall, a

murine monoclonal IgM (3G4), known to bind to the oocyst wall and sporocysts but not
sporozoites (Dumeétre and Dardé, 2005) was used. The autofluorescence of T. gondii oocysts
marked the oocyst wall as well as the outline of the sporocysts. Immunofluorescence of intact
oocysts confirmed the specific binding of mAb 3G4 to the oocyst wall (Figure 8, top), indicating
unlimited access of molecules through the agarose. No unspecific background signals due to
insufficient removal of unbound large IgM antibodies could be observed (Figure 8, bottom).

Secondary
Brightfield Autofluorescence antibody Merge

control

o}

Figure 8: Oocysts can be labeled with 3G4 antibody known to bind to the oocyst wall using
AEO-IFA. Autofluorescent oocyst and sporocyst walls are apparent in both experimental
setups, whereas detection of bound 3G4 antibody with Cy5-labeled secondary antibody only
localizes on the oocyst wall. Scale bar = 10 um.

3.1.3 Alpacaimmunization for nanobody production

To generate nanobody candidates against the oocyst wall, an immunization scheme for a 15-
month-old alpaca was designed. The alpaca was immunized with inactivated oocysts weekly
over a period of 49 days. However, serological analysis after completion of immunization via
IFA did not detect measurable antibodies against whole oocysts. Thus, the immunization
scheme was revised and conducted again. After the second immunization round, antibodies
binding to the oocyst wall could be observed in the alpaca’s serum via IFA, albeit only at a low
dilution of 1:10.
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Figure 9: Detectable antibodies against the oocyst surface in an immunized alpaca. Incubating
oocysts with serum of the immunized alpaca diluted 1:10 and using an anti-alpaca Cy5 labeled
IgG (magenta) reveals co-localization of alpaca antibodies to the autofluorescent oocyst wall
(cyan) while no such co-localization is observed in serum of the same alpaca before
immunization. Scale bars = 10 pm.

To confirm the IFA findings, alpaca serum from before the start of the immunization and after
completion of the second immunization was analyzed via glycan array in cooperation with
Dr. Jonnel Jaurigue from the Max Planck Institute of colloids and surfaces (see Figure 10). The
glycan array tested the alpaca serum for antibodies against the full side chain and two of its
fragments of a T. gondii specific glycosylphosphatidylinositol (GPI). This experiment confirmed
seroconversion of the alpaca after immunization, as the high signal indicates presence of

antibodies against these T. gondii specific glycan structures.
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Figure 10: Successful immunization of alpaca with inactivated oocysts. Glycan array data
reveals seroconversion of the alpaca as indicated by increased signal when serum is exposed
to T. gondii-specific glycan structures. Prior to immunization the serum resulted in low
fluorescence against all tested glycans (cyan) while after immunization, high fluorescence was
observed for all three tested glycan structures (magenta).

After isolation of PBMCs, the RNA was extracted, and the quality assessed via Bioanalyzer
(see Figure 11A). High RNA integrity number (RIN) values in this analysis warranted good
suitability for subsequent cDNA conversion. However, after cDNA conversion, no VHH
sequences could be successfully isolated via PCR (see Figure 11B). Amplicons of alpaca VHH
sequences would be expected to exhibit sizes of 700 bp and 1,000 bp. Although different
amounts of cDNA template were tested for optimal conditions, no bands were observed. The
control reactions using different amounts of cDNA and primers provided by the kit used for
reverse transcription, resulted in distinct bands at the expected size of 462 bp. A repeated
PCR using previously isolated cDNA of a different alpaca as positive control did also not result
in successful amplification of VHH sequences (data not shown). At this point, the project was

put on hold to focus on other aspects of this thesis.

52



Results

kb m 12 34 5 6 m ncplp2

1.5

T T T T T T
20 23 30 35 40 45 S0 55 [s)

Overall Results for sample 4 : Rudi RNA 4

RNA Area: 378 Result Flagging Color:

RNA Concentration 208 ngpl Resul Flagging Labe RIN: 7.50

TRNA Ratio [28s / 18s] 15 Com. Area 1 28,8

RNA Integrity Number (RIN) 7.5 (B.02.10, 05

Figure 11: Unsuccessful amplification of VHH sequences from cDNA of the immunized alpaca.
(A) Exemplary graph of isolated RNA in bioanalyzer. The alpaca RNA promised suitable for
reverse transcription to cDNA as indicated by RIN values > 7. (B) Gelelectrophoresis shows
that increasing cDNA amount in the PCR assay (1: O pl cDNA; 6: 5 uyl cDNA) had no effect on
successful amplification of VHH sequences. Bands of VHH sequence fragments should appear
at 700 and 1,000 bp. m = marker; nc = no template control; p1 = 1 ul control template; p2 =
2 pl control template.

3.1.4 AEO-IFA enables visualization of molecules binding to inner oocyst structures
The oocysts that were available for experiments had been inactivated either by heat treatment
or repeated freeze-thaw cycles (see chapter 2.2.1) and were thus assumed to be at least
partially permeable to larger molecules. Therefore, the possibility to stain internal oocyst
structures using the AEO-IFA was investigated. Embedded oocysts were incubated with
fluorescein isothiocyanate (FITC)-conjugated MPA (Figure 12). Sporocysts were outlined by
MPA-FITC with clear emphasis on the sutures and the connecting points where the four plates
making up the sporocyst wall meet (Figure 12A, b, arrowheads, j). It appears these structures
have not been documented in previous observations of MPA-labeled oocysts (Bushkin et al.,
2012), underscoring an advantage of the AEO-IFA. To increase the walls’ permeabilization,
oocysts were incubated with ice-cold acetone before binding of MPA-FITC (Figure 12B).
Slightly enhanced suture staining was observed as indicated by requiring only half of the laser
intensity to obtain similar signal to that shown in Figure 12A, indicating increased
permeabilization. The effect of acetone treatment was not always uniform and predictable, as
illustrated by differences in antibody binding after acetone treatment. Incubation of oocysts
with acetone resulted in the loss of the distinct surface staining by the 3G4 antibody. Instead,
an intense, uneven, and spotty signal within the sporocysts (Figure 13A, top) was observed.
Using another antibody, 3B11 (provided by Furio Spano), targeting the outer wall protein 3 of
T. gondii (TgOWP3) which is known to be located in the oocyst wall (Possenti et al., 2010), it
was observed that acetone treatment did not generally inhibit the binding of 3B11 antibody to
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TgOWP3, but, not all walls were consistently stained, and weak reactivity of 3B11 with the
sporocyst sutures could be observed in those oocysts where MPA-FITC staining indicated
successful permeabilization (see Figure 13A, bottom). In addition to staining of oocyst and
sporocyst wall components, successful staining of nuclei in the sporozoites after acetone
permeabilization was tested (see Figure 13B). As described above, inconsistent nuclei staining
was frequently observed, even within one well on the microscopy slide. In some cases, only
nuclei in one sporocyst were stained. The reasons for this heterogeneity within the oocyst

population are currently unknown.

Figure 12: AEO-IFA allows for high-resolution immunofluorescence microscopy images of
oocyst inner structures using MPA-FITC. The images show binding of MPA-FITC (yellow) to
autofluorescent oocysts (cyan) incubated without (A) or with (B) acetone before the IFA
procedure. Arrowheads indicate the increased MPA-FITC staining of sutures formed by the
sporocyst wall plates that is present in all images. A possible rupture in the wall of the oocyst
is indicated by the yellow arrow in Ag. Images a to e represent individual images from a stack
of images along the z-axis (z-stack), f is a projection of the same stack. Image g in (A) is from
a singular plane to emphasize the wall rupture, image g in (B) is projection of the same z-stack.
Image h is a merged image of images f and g, image i shows a focus-stacked brightfield image
and j proposes a scheme of the plates’ orientation with regards to the sutures’ arrangement
(yellow), as deduced from the MPA-FITC staining. Scale bars = 10 pm.

Apart from the oocyst age, the dehydrating effect of acetone, which can cause the collapse of

sporocysts and oocysts, as has been observed previously by EM (Birch-Andersen et al., 1976),
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could be an explanation. Subsequently, aberrant signals might be a result of this loss of

structural integrity.
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Figure 13: AEO-IFA shows acetone treatment of oocysts differently affecting binding of
antibodies targeting the oocyst wall (A) and reveals staining of nuclei within the sporocysts (B).
(A) Loss of signal was observed when trying to bind 3G4 antibody (magenta) to acetone treated
oocysts (cyan) as compared to Figure 8, while the signal of 3B11 antibody targeting OWP3
was less affected. (B) DRAQ5 (magenta) visualizes four nuclei per sporocyst. Note the
possible rupture in the oocyst wall (arrowhead). MPA-FITC staining indicates oocyst
permeabilization. Scale bars = 10 um.

3.1.5 Discovery of new oocyst-binding CLRs.

Prior description of CLEC7A binding to the oocyst wall (Bushkin et al., 2012) warranted the
screening of a murine CLR-hFc fusion protein library comprising several CLRs from the same
cluster (see Table 1 and Figure 4) which was kindly provided by Prof. Bernd Lepenies from the
Tierarztliche Hochschule Hannover, Germany. As a control, a CLR from outside the Dectin-1
cluster, DCAR, was included. The hFc fragment without the extracellular CLR domains was

used as a negative control in all assays.

55



Results

Auto-

fluorescence CLR Merge

CLEC1B

CLEC7A

CLECY9A

CLEC12A

CLEC12B

DCAR

hFc control

Figure 14: Screen of CLRs of the Dectin-1 cluster identifies new CLRs binding to oocysts. The
left column shows autofluorescent oocysts (cyan), the center column shows the signal of
DyLight-650-labeled anti-human IgG antibody (magenta) in case of bound CLRs and the right
column shows merged images of the previous columns. CLEC12B, DCAR, and the hFC control
did not bind to oocysts. Pictured are cut-outs from larger images for better visibility (originals
are presented in Figure 43 in the appendix). Brightness and contrast in merged images were
adjusted equally for better visibility. Scale bar = 10 um.
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Binding of CLEC7A to the oocyst wall could be observed and proved the suitability of the AEO-
IFA to assess CLR binding to oocysts. Binding to the oocyst wall was observed for CLEC1B,
CLEC9A and CLEC12A (see Figure 14). The hFc control ruled out unspecific signal, as no
binding was detected. Corroborating this, DCAR as an unrelated CLR and CLEC12B from

within the Dectin-1 cluster exhibited no binding to oocysts.

3.1.6 The newly discovered CLRs do not bind to sporocysts but to unsporulated
oocysts
For further characterization of the newly identified CLRs, binding variability was examined. All

CLRs were discovered to decorate the wall of sporulated and unsporulated oocysts equally
well (see Figure 15A, C, D). Furthermore, in cases where oocysts were disrupted and singular
sporocysts could be seen in the AEO-IFA, no binding of any of the three CLRs to sporocyst

structures could be observed (see Figure 15B, D, F).

3.1.7 CLEC12A ligand on T. gondii oocysts is not uric acid.
Previously, CLEC12A was shown to bind uric acid crystals (Neumann et al., 2014). Since

oocysts are shed via the fecal route, it was necessary to rule out possible contamination of
oocysts with urine-derived uric acid. Oocysts were treated with uricase prior to incubation
with CLEC12A. This pretreatment did not result in loss of secondary antibody signal and thus
of CLEC12A binding to the oocyst surface (see Figure 16, upper panels). As a control,
fluorescent polystyrene beads (see section 3.1.1) were coated with uric acid crystals and
subsequently treated with uricase prior to incubation with CLEC12A. In these beads, no
binding of CLEC12A could be observed. In comparison, in uric acid coated beads treated
with PBS instead of uricase, CLEC12A decorated the uric acid crystals present on the bead
surface (see Figure 15, lower panels). This indicates the presence of a ligand other than uric

acid crystals on the oocyst surface that remains so far unknown.
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Figure 15: Assessment of binding of newly identified CLRs to sporulated and unsporulated
oocysts and sporocysts. (A, C, E) The CLRs bind both sporulated and unsporulated oocysts
equally well. The decreased autofluorescence (cyan) of unsporulated oocysts (arrowheads, a)
is apparent compared to the stronger autofluorescent sporulated oocysts. The DyLight-650
signal of the secondary antibody (magenta) does not differ between the oocysts (arrows, b).
(B, D, F) The CLRs do not bind to the walls of sporocysts, as confirmed by absence of DyLight-
650 signal in images b and c. For better visibility, oocysts from the same field of view in the
original image have been cropped and placed next to each other to allow image enlargement
(indicated by stippled lines; see Figure 44 in the appendix for original images of (C) and (E)).
Also, brightness of b and c in E has been slightly increased. Scale bars = 10 um.
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Figure 16: Incubation with uricase prior to CLEC12A rules out contamination with uric acid
crystals on oocysts. The two upper rows detail binding of CLEC12A to oocysts (cyan) treated
and not treated with uricase prior to the IFA. Signal of the secondary DyLight650 labeled
antibody (magenta) is not reduced upon uricase treatment. The bottom rows depict fluorescent
beads (yellow) coated with uric acid crystals and incubated with uricase or PBS prior to the
IFA, causing loss of DyLight-650 signal upon uricase treatment. Scale bars = 10 pm.
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3.2 Molecules contributing to stress tolerance inside the oocyst

3.2.1 Optimal protocol for expression of TgLEAs in E. coli
In a first step, optimal induction conditions for expression of recombinant TgLEA proteins in

E. coli were tested. Protein expression was induced with varying amounts of isopropyl -d-1-
thiogalactopyranoside (IPTG) and the bacteria were incubated for 2 hours. Subsequently, the
bacteria, expressing one of the four TgLEA proteins were exposed to desiccating conditions
for 7 days. Afterwards, colonies were counted, showing that induction with 500 mM IPTG
resulted in the most substantial effect as indicated by improved growth after 7 days of
desiccation stress for the bacteria that expressed TgLEA-850. Other TgLEASs did not positively

influence growth under stress.
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Figure 17: 0.5 mM IPTG shown to be the optimal concentration for induction of expression.
The graph depicts the percentage of E. coli colonies that were able to grow after exposure to
stress, in relation to the concentration of IPTG used for induction of TJLEA expression. The
number of colonies formed after stress exposure increased with the increased expression of
TgLEA-850, maxing out at 0.5 mM IPTG. ** = P < 0.005 indicates a colony count significantly
different from that of the vector control. Shown is the result of one representative experiment
of three individually repeated experiments, each consisting of three technical replicates.

3.2.2 TgLEAs do not protect E. coli against osmotic stress

E. coli strains which recombinantly expressed one of the four TgLEA proteins were exposed
to different salt concentrations (0 mM, 171 mM, 342 mM) in the growth medium to induce
osmotic stress on the bacteria. Counting colonies after growth on these media, none of the

bacteria showed better growth as compared to the control strain expressing a non-functional
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peptide (see Figure 18). Strikingly, bacteria transformed with TQLEA-860 seemed to grow
worse under hyper- and hypoosmotic conditions when TgLEA-860 expression was not induced
(Figure 18A). Upon induction, TgLEA-860 seems to confer resistance to hyperosmotic
conditions (Figure 18B), although the high variance in colony counts does not allow an
unequivocal determination of such an effect. Moreover, induction of TgLEA-850 caused
reduced growth under hypoosmotic conditions compared to bacteria where TgLEA-850
expression was not induced. Since bacteria transformed with a plasmid which mediated the
expression of a non-functional peptide of similar length as TgLEA-850 as transformation
control exhibited less growth inhibition by osmotic stress than the majority of TQLEA expressing

bacteria, involvement of TgLEAS in osmotic stress resistance is unlikely.
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Figure 18: TgLEAs do not increase resistance to osmotic stress in E. coli. Bacterial growth
assays showed no clear benefit of induced expression of TgLEAs (B) over not-induced
expression (A) on resistance to osmotic stress. Analyzed was the number of colonies formed
after exposure to hyper- (0 mM NaCl; black), iso- (171 mM NaCl; magenta) and hypotonic
(342 mM NacCl; green) growth media with and without expression of TgLEAS. (A) Bacteria grew
equally well on all media except when expressing TgLEA-860 which reduced the number of
formed colonies under osmotic stress to around 20 %. (B) Colony formation is not significantly
inhibited in absence of TgLEAs as is indicated by high variability in colony numbers. The
Graphs show mean and standard deviation values of three individual experiments.
* = P < 0.05 shown above the bar indicate results significantly different from those for the vector
control.

3.2.3 TgLEAs do not protect E. coli against heat stress
The same E. coli strains were exposed to 0, 30 or 60 minutes of 50 °C, a temperature shown

to be lethal to E. coli (Ezemaduka et al., 2014). Observing colony growth after the stress
induction did not indicate any substantial protection by TgLEASs against heat stress (see Figure
19). Overall, a heat shock for 60 minutes resulted in growth reduction by approx. 75 % or
almost 100 % in case of TgLEA-850 expressing bacteria, with no pronounced effect upon
expression of TgLEAs (Figure 19B). A heat shock for 30 minutes resulted in 50 % growth
reduction in bacteria transformed with the vector control, whereas TgLEASs expression caused
growth reduction by 70 to 80 % in the case of TgQLEAs-850 and -860. Expression of TQLEAs-
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870 and -880 seemed to cause a lower growth reduction although the observed standard
deviations complicate the determination of a distinct effect. In bacteria where protein
expression was not induced (Figure 19A), the number of viable cells after stress was overall
increased, especially in the case of TgLEA-850 transformed bacteria, and more uniform across
all TgLEA transformed strains. Only in the case of TgLEA-880 transformed bacteria no
difference between induced and not-induced was observed. While these findings suggest that
TgLEA expression is somewhat restraining to bacterial growth rather than conferring
resistance to heat induced stress, observation of bacterial growth after inoculation disproves
this, as the measured OD did not vary substantially between individual strains or induction
state, except for bacteria expressing TgLEA-860, where growth was slower than in other

bacteria after induction of protein expression (see Figure 48 in the appendix).
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Figure 19: TgLEAs do not increase resistance to heat induced stress in E. coli. Bacterial
growth assays showed no clear benefit of induced expression of TgLEAs (B) over not-induced
expression (A) on resistance to heat-shock. Analyzed was the number of colonies formed after
a heat shock for 0 (black), 30 (magenta) or 60 (green) minutes with and without expression of
TgLEAs. (A) Bacterial growth was inhibited by 40 to 60 % after 30 minute heat shock and 60
to 80 % after a 60 minute heat shock with no significant difference between the individual
groups. (B) Induction of TgQLEA expression resulted in a lower number of viable cells of bacteria
transformed with TgLEA-850 or -860 while no clear difference was observed in bacteria
expressing TgLEA-870 or -880. The Graphs show mean and standard deviation values of three
individual experiments.

3.2.4 TgLEAs do not protect E. coli against freezing stress
E. coli expressing one of the four TgLEA proteins were exposed to cold induced stress

(24 hours at -20 °C or 7 days at 4 °C) and subsequently plated on growth medium to assess
the TgLEAS’ potential to confer resistance to cold temperature stress (see Figure 20).
However, compared to strains where protein expression was not induced (Figure 20A),
bacteria that expressed TgLEAs exhibited greater sensitivity to stress induced by cold
temperatures (Figure 20B). After 24 hours at -20 °C, bacteria expressing TgLEA-880 were
least affected, still, growth was reduced by approx. 60 %. While incubation for 7 days at 4 °C
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did not seem to impact growth in absence of TgLEAs, in bacteria expressing TgLEAs, growth
after stress was reduced by between 40 and 80 %.
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Figure 20: TgLEAs do not increase resistance to cold induced stress in E. coli. Bacterial
growth assays showed reduced growth after cold temperature stress when expression of
TgLEAs was induced (B) as compared to not-induced expression (A). Analyzed was the
number of colonies formed after no stress (black), incubation at -20 °C for 24 hours (magenta)
or incubation at 4 °C for 7 days (green) with and without expression of TgLEAs. (A) High
standard deviation under no stress and no observable growth after any stress in the TgLEA-
870 strain indicate fundamental problems in this experimental context. Growth was inhibited
by 50 % after 1 day at -20 °C in bacteria transformed with TgLEA-850 but not after 7 days at
4 °C. The remaining TgLEA strains and the control strain showed only slightly reduced growth
after stressing. (B) Induction of protein expression caused reduced colony formation in all
TgLEA strains while the control strain was unaffected. The Graphs show mean and standard
deviation values of three technical replicates. * = P < 0.05, ** = P < 0.01 and *** = P < 0.001
shown above the bar indicate results significantly different from those for the vector control.

In addition, possible beneficial effects of TgLEAS on cold resistance in the cold sensitive E. coli
strain JW5132-3 that lacks a trehalose synthase gene were investigated (see Figure 21). In
contrast to the parental strain, incubation for 24 hours at -20 °C reduced growth of the control
strain by over 90 %, regardless if protein expression was induced (Figure 21B) or not (Figure
21A), confirming the sensitivity of the JW strain to damage upon freezing. Remarkably, growth
was only reduced by 50 % in the TgLEA-860 strain when expression was not induced and
even improved in the TgLEA-850 strain. The TgLEA-870 and -880 strains were similarly
affected as the control strain after 24 hours at -20 °C. As in the parental strain, growth after
7 days at 4 °C was only marginally reduced. Interestingly, when TgLEA expression was
induced, TgLEAs-850 and -860 seemed to impose a detrimental effect on bacterial growth,
regardless of the stress, while expression of TgLEA-870 or -880 prevented growth inhibition
upon freezing stress compared to the same strains without induction of protein expression.
Similarly, growth after 7 days at 4 °C was not inhibited.

63



Results

B vector control H vector control
200 N TgLEA-850 200 N TgLEA-850
N TgLEA-860 N TgLEA-860
B TgLEA-870 H TgLEA-870
Nl TgLEA-880

N TgLEA-880
150

100

50

viable cells after cold stress [%]
viable cells after cold stress [%]

no stress 1d-20°C 7d4°C no stress 1d-20°C 7d4°C

Figure 21: Some TgLEASs increase resistance to cold induced stress to cold sensitive E. coli.
Bacterial growth assays showed reduced growth after cold temperature stress when
expression of TgLEAs was induced (B) as compared to not-induced expression (A). Analyzed
was the number of colonies formed after no stress (black), incubation at -20 °C for 24 hours
(magenta) or incubation at 4 °C for 7 days (green) with and without expression of TgLEAs. (A)
Without induced protein expression, the control strain shows almost no growth after freezing
stress, while the TgLEA-850 strain formed even more colonies than without stress. At the same
time, growth of the TgLEA-860 strain is only reduced by 50 %. Other TgLEAs show no
beneficial effect on growth in this context and stress of 7 days at 4 °C only marginally affected
bacterial growth, even in the control strain. (B) Induction of TQLEA expression caused the
TgLEA-850 and -860 strain to exhibit growth reduction between 70 and 90 %, even after 7 days
at 4 °C. In contrast, expression of TgJLEA-870 or -880 lead to complete growth restoration after
1 day at -20 °C. The control strain showed no growth improvement after freezing stress. The
Graphs show mean and standard deviation values of three individual experiments.

3.2.5 Recombinant expression and purification of TJLEAS

In order to test effects of TQLEAs on viability upon stress in vitro and in vivo, successful
recombinant expression in E. coli needed to be confirmed prior to the bacterial growth assays.
To this purpose, all TQLEAs were his-tagged for purification and easy detectability. After
induction and protein expression, E. coli were harvested and lysed. Subsequently, two different
lysate treatments prior to protein purification were compared, one involving an additional
10 minute incubation at 100 °C step, to assess the TgLEAs resistance to heat-induced
denaturation and subsequent aggregation, as has been observed for IDPs (Receveur-Brechot
et al., 2006). Secondly, if the TgLEAs proved resistant to such aggregation, this additional
incubation step followed by centrifugation would aid in TQLEA purification, as more globular
proteins are removed from the lysate (Kalthoff, 2003).
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Figure 22: Western blot analysis of recombinantly expressed TgLEA-850. Pictured are total
protein staining via DB71 (A) and ECL detection of his-tagged TgLEA-850 (B) of the same
western blot membrane, comparing two protein preparation procedures (boiled vs. not boiled).
(A) The total protein stain reveals that boiling the bacterial lysate prior to loading onto the
column for purification reduces contamination with unwanted globular proteins during
purification as indicated by overall reduction of signal in all fractions. (B) Specific ECL detection
of his-tagged TgLEA-850 shows no difference with regards to concentration of the purified
protein as there is no obvious signal difference in the eluate fractions. M = molecular marker,
1 = lysate prior to loading, 2 = lysate after running over column, 3 = washing fraction, 4 = pool
of eluted fractions.

After purification of the TgLEAs over a Ni-Sepharose column, all fractions and the lysate prior
to loading were analyzed via western blot. This confirmed successful recombinant expression
of all TgLEASs (see Figure 22 for result of TQLEA-850 analysis and Figure 45 to Figure 47 for
results of remaining TgLEAS). For TgLEA-850, a pronounced band appeared after detection
with anti-his antibody representing the predicted molecular weight of approx. 11 kDa. A weaker
band was also observed at 25 kDa. Similar aberrant bands were observed in the other TgLEA
blots as well, especially in the case of TgLEA-860. This mirrors observations in other

publications where similar aberrant bands were observed during recombinant LEA-protein
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expression (Boswell et al., 2014; Warner et al., 2016) and could therefore be resulting from

intrinsic disorder characteristics of the TgLEASs.

3.2.6 Analyzing IDP characteristics of TJLEAS in vitro
As many IDPs are extremely susceptible to protease digestion due to exposed binding sites

for proteolytic enzymes, testing the TgLEAS susceptibility to digestion by proteases provides a
feasible approach to test for IDP characteristics. Incubation with the protease trypsin revealed
that TgLEAs are highly susceptible to proteolytic digestion and are rapidly degraded even at
such low protease concentrations, similar to other IDPs such as casein (see Figure 49 in the
appendix). Still, casein proved an unreliable control IDP as it produced no clear signal
throughout the assay. Therefore, hCD1 was used as control IDP going forward. Furthermore,
the susceptibility to trypsin was remedied by a concentration of approx. 20 % of trifluoroethanol
(TFE) in TgLEAs and hCD1. TFE is a widely used organic solvent in IDP characterization
experiments as it is known to simulate water loss on a molecular level, imitating the effects of
desiccation on protein structure. The fact that TFE makes TgLEAs and an IDP control resistant
to proteolysis hints at the IDP characteristic of the TgLEAs since it indicates structural
reorganization upon changing physiological conditions. Although some publications reported
an improved trypsin activity at TFE concentration of 5% (Proc et al., 2010; Dickhut et al.,
2014), it could not be ruled out that the structural changes mediated by higher TFE
concentrations also affected trypsin reactivity, resulting in reduced proteolysis, as has been
shown elsewhere (Ataei and Hosseinkhani, 2015). Thus, additional proteolysis experiments
with thermolysin, a protease supposedly resistant to the effects of TFE (Receveur-Brechot et
al., 2006), were conducted. As with trypsin, TgLEAs and hCD1 were highly sensitive to
proteolytic digestion under similar conditions, while lysozyme remained unaffected. In addition,
TFE again mediated resistance to protease digestion at a concentration of approx. 20 % (see

Figure 50 in the appendix).

However, subsequent control experiments to assess the direct effects of TFE on thermolysin
revealed that TFE negatively affects the activity of thermolysin. Using FA-glycyl-L-leucine
amide (FAGLA), a substrate whose hydrolysis is catalyzed by thermolysin resulting in a
decrease of absorbance at 345 nm (Feder, 1968), the effect of different TFE concentrations
on enzyme activity was analyzed. Only in absence of TFE could a thermolysin mediated
decrease of Asss be observed. Even a TFE concentration of 10 % was sufficient to completely
inhibit thermolysin activity. (see Figure 23). Taken together, these findings confirm that like
other IDPs, TgLEAs are highly susceptible to proteolytic digestion, strengthening the
assumption that they are IDPs, although the resistance to proteases mediated by TFE cannot
serve as an indicator of structural changes, as TFE also seems to adversely influence protease

activity.
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Figure 23: Spectral analysis reveals thermolysin inhibition even at low TFE concentrations.
The graph depicts absorption of FAGLA at 345 nm over time in presence of thermolysin and
TFE. Only when incubated solely with thermolysin the absorption of FAGLA decreased over
time (green triangles). Any concentration of TFE resulted in stagnating absorbance values
similar to absence of thermolysin albeit lower. Controls with PBS instead of FAGLA showed
very low Asss values for all TFE concentrations.

An indirect approach to easily assess intrinsic disorder of candidate proteins presents SEC.
SEC is applied to separate proteins in solution based on their size, rather than their molecular
weight. This is performed by applying the sample to a stationary phase of porous polymers.
The larger a molecule is, the less time it needs for diffusion through such a matrix, while
exceptionally small molecules, that can fit into many of the pores, need significantly longer to
diffuse through the matrix (Lathe and Ruthven, 1955). More specifically, SEC allows
determination of a proteins hydrodynamic size (or its Stokes Radius) rather than the molecular
weight, a principle still not fully understood (Sun et al., 2004). As IDPs exhibit a more extended
conformation than globular proteins, they are predicted to exhibit an aberrant size in SEC
experiments as opposed to the size derived from sequence data (Receveur-Brechot et al.,
2006). Accordingly, the TgLEAs were analyzed in SEC experiments by Prof. Frank Seeber
(FG16, RKI, Berlin) and appeared in fractions of much larger molecules than their sequence

would lead to assume (see Figure 24), serving as further indication for their IDP characteristics.
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Figure 24: TgLEAs exhibit aberrant size in SEC. The graphs indicate fractionated molecules
of different sizes that were separated from purified TgLEAs -850(A), -860 (B), -870 (C) and -
880 (D) during SEC. The observed signals occurred in fractions of distinctly different sizes than
the approx. molecular weight predicted for the TgLEASs (in brackets), based on their sequence.
Another approach to assess IDP characteristics of TgLEAs was the observation of their
behavior in TSAs. Using a fluorescent dye that binds to hydrophobic sites on an unfolded
protein the thermal stability of a protein can easily be assessed. A globular protein such as an
IgG has a certain melting point at which the protein’s structure denatures and it unfolds,
allowing the dye to bind to more sites resulting in an increase in fluorescence. With an
increasing amount of denatured proteins, the formation of protein aggregates increases as
well, thus blocking binding sites for the dye resulting in a reduction of fluorescence. Opposed
to that, TgLEAs did not exhibit clear peaks in TSAs (see Figure 26). Analyzed were several
different batches of TgLEAs in TSAs. The first observation was the occurrence of differences
in previously boiled and not-boiled protein preparations. With preparations of TgLEA-850 and
-860 that were not boiled prior to loading on the column, there were peaks observable in the
melting curves whereas with preparations of the same proteins that were boiled prior to loading

on the column, those peaks were not observed (see Figure 25).
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Figure 25: Effect of boiling on TgLEA preparation confirmed by TSA. The graph shows melting
curves of recombinant TgLEA-850 and -860 that were prepared differently (boiled vs. unboiled)
prior to purification. Melting curves of boiled preparations (dark violet and light blue) exhibit no
clear peak and behave similar to the no protein control (black), while preparations of unboiled
TgLEAs (green and light violet) exhibit varying melting points in a similar manner to the globular
IgG control (magenta). n = 4 replicates; shaded areas indicate SD.

Similar to TgLEAs-850 and -860, preparations of TQLEAs-870 and -880 that were boiled for
10 minutes prior to loading on the Ni-sepharose column exhibited no peak in the TSA indicating
no clear melting point (see Figure 26). An additional observation was that TQLEA-860 shows
increased initial fluorescence around 0 °C that decreases over time with increasing

temperature, indicating a possible change in conformation with increasing temperatures.
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Figure 26: TgLEAs behave unlike globular proteins in TSA. The graph shows melting curves
of all four recombinant TgLEAs. Despite TgLEA-860’s high initial fluorescence, no TgLEA
exhibits a fluorescent peak indicative of a conformational change, as observed in the IgG
control. n = 4 replicates; shaded areas indicate SD.

The final confirmation of the TgLEAS’ IDP characteristic was looked for via Circular dichroism
spectroscopy in cooperation with the group of Dr. Andreas Rummel from the Medizinische
Hochschule Hannover. This experiment revealed for all four TgLEAs a high content in
disordered regions that raged between 30 to 50 % (see Figure 27). The highest structural
component in all four TQLEAs were beta-sheet formations, that made up between 40 and 60 %
of the proteins’ structure. Random coils were found to be the second most dominant structural
component, while alpha-helices and turns were only found to a small extend in three and two
of the TgLEASs, respectively. These findings suggest that the TgLEAs are less likely to be IDPs
but could rather be hybrid proteins carrying IDPRs (Uversky, 2019).
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Figure 27: CD spectroscopy reveals high content of disordered regions for all four TgLEAs.
The graph depicts the proportion of structures observed in all TQLEAs. The highest structural
proportion for all TQLEAs are beta-sheets (magenta) followed by random coils (violet). Turns
(green) and alpha helices (black) are only present in small amounts and not in all TgLEASs.
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Figure 28: CD spectra of TgLEAs, depicted as molar ellipticity at different wavelengths.
TgLEAs are characterized by highly negative molar ellipticity around the 200 nm wavelength,

that extends to a drawn-out negative band until approx. 220 nm until negligible molar ellipticity
is reached between 230 and 240 nm.
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3.2.7 TgLEAs prevent aggregation of porcine LDH (pLDH) upon stress in vitro
Since the experimental approach to test a protective effect of TQLEAs on the growth of bacteria

and yeast (data not shown) under stressing conditions yielded equivocal results, further tests
were conducted in vitro. In a first experiment, the potential to prevent protein aggregation upon
low temperatures was analyzed. The increase in aggregate formation of porcine LDH (pLDH)
upon repeated freeze-thaw cycles was assessed, with and without TgLEAs, BSA and
trehalose, tested in molar ratios of 1:100, 1:50 and 1:25. This experiment revealed that even
at a molar ratio of 1:25, three of the four TgLEAs drastically reduced the amount of aggregate
formation, while TgLEA-870 contributed to a reduction of aggregate formation to the same

degree trehalose did (see Figure 30).
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Figure 29: Prevention of pLDH aggregation upon freeze-thaw-stress through TgLEAs. The
graph shows the development of aggregate formation of LDH in presence of TgLEAs and
cryoprotectants after repeated freeze-thawing. In presence of TgLEAs or trehalose maximal
observed aggregate formation after four cycles is limited to approx. half of that of LDH alone
and significantly reduced in all other TgLEASs in comparison to LDH alone. * = P < 0.05 and **
=P < 0.01 shown above the bar indicate results significantly different from those for LDH alone.
n = two replicates.

3.2.8 TgLEAs preserve activity of pLDH upon stress in vitro
After discovering that TgLEAs can protect pLDH from low-temperature-induced aggregation,
their potential to preserve the enzymatic activity upon the same stress was investigated.
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Several molar ratios of LDH and the respective TgLEA were tested, including ratios of 1:100
(0.5 uM pLDH and 50 pM TgLEA/control), 1:50 (0.5 uM pLDH and 25 uM TgLEA/control) and
1:25 (0.5 uM pLDH and 12.5 uM TgLEA/control). In general, the TgLEAs showed a protective
effect even after 4 freeze-thaw-cycles at high molar ratio (0.5 puM LDH to 50 uM or 25 uM
TgLEA; see Figure 52 and Figure 53 in the appendix). The lower the molar ratio was, the
weaker the effect of TQLEA-850 on pLDH became. At a molar ratio of 1:25, the effect of TgLEA-
850 on pLDH was not better than that of BSA, a known cryoprotectant, at the same ratio. By
contrast, at the same molar ratio, TgLEA-860 still preserved nearly 100 % of the pLDH activity

after four freeze-thaw-cycles.
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Figure 30: Preservation of pLDH activity upon freeze-thaw-stress by TgLEAs. Depicted is
relative pLDH activity in presence of TgLEAs and control proteins after repeated freeze-
thawing. Alone, pLDH activity is reduced to almost 0 % after four freeze-thaw-cycles. BSA,
hCD1 and TgLEA-850 preserve approx. 25 % of the initial pLDH activity, while the remaining
TgLEAs preserve between 80 and 100 % of pLDH activity after four cycles. * = P < 0.05, ** =
P <0.01 and *** = P < 0.001 shown above the bar indicate results significantly different from

those for LDH alone. n = three replicates.
Moreover, TgLEAs-870 & -880 also still exhibited a preserving effect on LDH activity as both
maintained pLDH activity at between 80 and 100 % even after four freeze-thaw- cycles (see
Figure 30).
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3.2.9 Cloning and recombinant expression of TgLDH1
In addition to demonstrating the protective properties of TQLEAs on pLDH, an assessment of

similar function on TgLDH1 was conducted. Other than pLDH, TgLDH1 is not commercially
available, thus a system for recombinant expression of TgLDH1 in E. coli was designed.
T. gondii possesses two differentially expressed genes, each coding for one LDH isoform,
LDH1 and LDH2, that are exclusive to tachyzoites and bradyzoites, respectively. In case of
sporozoites, transcriptomic analysis revealed high expression levels of LDH1, similar to those
found in tachyzoites, while transcripts of LDH2 showed low abundance, indicating a prevalence
of LDH1 also in oocysts (Fritz et al., 2012). This allowed isolation of the TgLDH1 (acc. Number:
XM_002368064) sequence from cDNA derived from in vitro cultured tachyzoites (see chapter
2.2.22) with primers that were designed to enable cloning into the pAviTag vector, in frame
with a C-terminal 6His-tag for purification by immobilized metal affinity chromatography (see
chapter 2.2.23). The resulting plasmid was named pAviTag-TgLDH1 (see Figure 56 in the
appendix) and allowed selection using the antibiotic Kanamycin as well as induction of
expression by IPTG, yielding > 10 mg/l of bacterial culture. Analysis of bacterial lysate after
expression, the intermediate and final purification fractions via SDS-PAGE and subsequent
Coomassie staining revealed a substantial band at the desired size of TgLDH1 (approx.
35 kDa; see Figure 31), indicating good suitability of the designed system for production of

recombinant TgLDH1 for in vitro experiments.
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Figure 31: Confirmation of purified TgLDH1 via coomassie protein stain. The intense band in
lane 4 indicates successful purification of TQLDH1 (molecular weight: 35.55 kDa). 1 = lysate
prior to loading, 2 = lysate after running over column, 3 = washing fraction, 4 = pool of eluted
fractions. Parts of the image were omitted for improved clarity, hence the fragment between
lanes m and 1.

3.2.10 TgLEASs prevent aggregation of recombinantly expressed TgLDH1 upon stress
Since a molar ratio of 1:25 (0.5 uM LDH with 12.5 yM TgLEA/control) revealed an observable
effect for all TJLEASs, these ratios were also applied for experiments with TJLDH1. Repeating
the same assay as before but using TgLDH1 instead showed similar protective effects of
TgLEAs on aggregate formation of TJLDH1 when exposed to repeated freeze-thawing.
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Figure 32: Prevention of TgLDH1 aggregation upon freeze-thaw-stress through TgLEAs. The
graph shows the increase in aggregate formation of TQLDH1 alone or in presence of TgLEAsS
and control proteins after repeated freeze-thawing. In presence of TgLEAs or hCD1, aggregate
formation is significantly reduced after four cycles as compared to the cumulation of formed
aggregates over four cycles in TQLDH1 alone (black) or in presence of BSA (magenta). * = P
< 0.05 and ** = P < 0.01 shown above the bar indicate results significantly different from those
for LDH alone. n = three replicates.

Without any protectants, aggregation of TgLDH1 steadily increased over 4 freeze-thaw-cycles,
while addition of BSA resulted in a reduction of aggregate formation by approx. 50 %. Presence
of TgLEAs or hCD1 as IDP control resulted in virtually no observable aggregate formation even

after 4 freeze-thaw-cycles.
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Figure 33: TgLEASs preserve activity of TgLDH1 upon freeze thaw stress. Depicted is relative
TgLDH1 activity in presence of TgLEAs and control proteins after repeated freeze-thawing.
Alone, TgLDH1 activity is reduced by approx. 75 % after four freeze-thaw-cycles. TgLEAs-880
(gray) and -870 (blue) limit this loss to 50 %, while BSA, hCD1, TgLEA-860 and -850 limit the
activity loss to between 5 and 20 %. * = P < 0.05, ** = P < 0.01 and *** = P < 0.001 shown
above the bar indicate results significantly different from those for LDH alone. n = three
replicates.

3.2.11 TgLEAs preserve activity of TgJLDH1 upon stress in vitro

Finally, it was also assessed, if recombinantly expressed TgLEAs preserve enzymatic activity
of recombinantly expressed TgLDH1 when exposed to repeated freeze-thaw cycles and at the
same molar ratio of 1:25 as before. Similar to the findings from the aggregation assay, TgLDH1
activity was reduced by 75 % after 4 freeze-thaw-cycles. In contrast, TgJLEAs-870 and -880
mediated a slight stress resistance, as activity was only reduced by 50 to 40 %, respectively.
Interestingly, BSA seemed to be as well suited as other TQLEAs and hCD1 in conferring stress
resistance in this experimental setup, as the reduction of activity was limited to only 10 % at

maximum after 4 freeze-thaw-cycles.
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3.3 Molecules as antigens for identification of oocyst-mediated

infections
3.3.1 Testing plate material and blocking protocols for ELISAs
Because of the TgLEAs assumed IDP characteristics, a more careful approach was necessary

in testing the antigen suitability. In a first step, the optimal type of multi-well plate for ELISA
testing as well as the preferred blocking reagent (BSA vs milk) was determined. ELISA tests
were performed on TgLEA-880, as supernatant from hybridoma cell cultures expressing
antibodies against this TgLEA was available, and biotinylated SAG1 (TgSAG1.i0) as antigens.
Five different plate types were tested. MediSorp plates appeared to be best suited for ELISA
tests using disordered proteins (see Figure 54 and Figure 55 in the appendix). Since both
tested antigens, TQLEA-880 and TgSAG1.i, carry a his-tag, anti-his antibody was used as
coating control to confirm antigen presence. In all tested plate types, this control resulted in
high signal, indicating successful coating for both antigens. Overall, the hybridoma supernatant
against TgLEA-880 resulted in much lower signal than the anti-his antibody with 0.35 being
the highest observed value for hybridoma supernatant compared to 4 for anti-his antibody.
MediSorp plates exhibited slightly higher values for the TgLEA-880 antibody control. MediSorp
plates gave much lower signal for the mice sera control, however, TgSAGly, as antigen
resulted in slightly elevated values. When blocking with milk, MaxiSorp and MediSorp plates
performed similarly well. Both plate types exhibited very low signal for the negative mice sera
controls, higher vlaues for TgJLEA-880 when testing the hybridoma supernatant and very low
background signal for all other controls over all. MediSorp plates however exhibited slightly
higher values for the TgLEA-880 antibody control and MaxiSorp plates had lightly higher
background signal in some uncoated wells. Therefore, all future ELISA tests were performed
on MediSorp plates.

3.3.2 Establishing a Luminex assay to test chickens for T. gondii infections
Although several Luminex based serological tests for T. gondii infections have been published

previously, those tests focus on human infections. Here, the aim was to establish a Luminex
based assay to assess infections in chicken sera. This was done to facilitate the in-depth
characterization of TgLEAs with regards to their potential to serve as antigen in serological
surveys, as the multiplexing capabilities allow inclusion of more controls in the assays without
having to reduce the number of tested samples. The possibility to test chicken sera using the
Luminex technique was analyzed by using a biotinylated version of the known working antigen
SAG1 (Klein et al., 2020), which was provided by Sandra Klein (FG16, RKI, Berlin). TgSAG1uio
was specifically designed to enable optimal presentation of the epitopes. Thus, the mature
TgSAGLyi, protein can be bound to any surface coated with streptavidin in a targeted way,
allowing uninhibited access to the N-terminal epitopes. Sera collected from 90 experimentally

infected chickens were used. They had been collected from 23 noninfected and 67 infected
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chickens that had either been orally inoculated with different numbers of oocysts (17 chickens
with 1 * 10® oocysts; 12 chickens with 1 * 10°oocysts; 10 chickens with 1 * 108 oocysts) or
brains of chronically infected mice (16 chickens), or intravenously with in vitro-cultivated
tachyzoites (12 chickens with 1 * 10° tachyzoites). At the end of the observation periods, the
infection state of the inoculated chickens was assessed. Detailed results of these examinations
have been reported elsewhere (Schares et al., 2018). In addition to using TgSAG 1, as antigen
to test for T. gondii infections, chicken serum albumin and anti-IgY antibody were included as

negative and positive controls, respectively.
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Figure 34: Luminex assay is well suited to detect T. gondii infections in chickens. The graphs
show observed signal when testing sera from differently infected chickens with TgSAG1pio,
Anti-chicken IgY as positive control and chicken serum albumin as negative control. Signals
for all sera were comparable within the respective controls. Sera from tachyzoite infected
chickens (green) exhibited only low signal against TgSAG1ls0, Whereas sera from all other
infected groups were similarly high, albeit with high variability in the cyst infected and low
oocyst dosage groups.

The anti-lgY control determined one sample to be an outlier which was therefore excluded
from further analyses. All remaining sera exhibited high median fluorescence intensity (MFI)

values slightly lower than 10,000. In the chicken serum albumin control, all samples resulted

in very low MFI values. Using TgSAG1, as antigen, all sera from noninfected chickens
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resulted in MFI values comparable to those of the chicken serum albumin control. However,

all sera from infected chickens exhibited MFI values of > 1,300 (see Figure 34).

Signal for sera from chickens infected by tissue cyst exhibited a wide range, reaching from 7
to >11,500 MFI. From all infected chickens, those infected by tachyzoites resulted in the
lowest overall MFI values of around 1,300. Sera from chickens given the lowest number of
oocysts (1 * 10%) gave MFI values similar to those of chickens infected by tissue cysts. Most
importantly, sera from chickens that were infected by higher numbers of oocysts resulted in
higher MFI values. Accordingly, chickens that were infected by 1 * 10° oocysts resulted in the

highest overall MFI values, comparable to the anti-IgY antibody control.

3.3.3 TgLEAs are not suited for ELISA testing against T. gondii infections
From the previous mentioned 89 chicken sera from experimentally infected animals, a robust

panel of 33 sera in total was designed, accounting for several factors such as infection type,

infection dose and strain type (see Table 6). All samples were taken five weeks after infection.

Table 6: Serum panel constructed from 33 sera from experimentally infected chickens.

Uninfected Oocyst infected Tissue cyst infected
dosage strain sample | dosage strain sample |dosage strain sample
not infected - 1.01 | 10%oocysts CZ-Tiger 2.01 1 mouse brain CZ-Tiger 3.01
not infected - 1.02 | 10%oocysts CZ-Tiger 2.02 1 mouse brain CZ-Tiger 3.02
not infected - 1.03 | 10° oocysts CZ-Tiger 2.03 1 mouse brain CZ-Tiger 3.03
not infected - 1.04 10° oocysts CZ-Tiger 2.04 1 mouse brain CZ-Tiger 3.04
not infected - 1.05 |10°oocysts CZ-Tiger 2.05 1 mouse brain CZ-Tiger 3.05
not infected - 1.06 | 10°oocysts CZ-Tiger 2.06 1 mouse brain CZ-Tiger 3.06
not infected - 1.07 103 oocysts ME49 2.07 1 mouse brain ME49 3.07
not infected - 1.08 103 oocysts ME49 2.08 1 mouse brain ME49 3.08
not infected - 1.09 10° oocysts ME49 2.09 1 mouse brain ME49 3.09
not infected - 1.10 10° oocysts ME49 2.10 1 mouse brain ME49 3.10
not infected - 1.11 10° oocysts ME49 2.11 1 mouse brain ME49 3.11

This serum panel was used to assess suitability of TQLEAs in ELISA tests to specifically identify
oocyst-caused infections. To ensure optimal antigenicity of the TgLEAs, a sandwich-ELISA-
approach was established. MediSorp plates were precoated with anti-his-antibody prior to the
ELISA procedure and afterwards the his-tagged TgLEAs were incubated within the precoated
wells to anchor the his-tagged terminus of the protein on the antibody coated well surface. As
a positive control, antibodies against TgLEAs-850 and -860 that were generated in immunized

rabbits were used.

All 11 sera from chickens that were infected with oocysts resulted in equally high signal against
TgSAGLuio, While chickens that were infected with tissue cysts resulted in lower but still

elevated signal that was in addition more variable. All sera from uninfected chickens resulted
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in very low signal, albeit some background activity could be observed (Figure 35). In contrast,
signal from all 33 chicken sera tested against TJLEA-850 was consistently lower than that of
the uninfected chickens against TgSAGlyo, regardless of infection type. Similarly, no
differentiation between infection type could be observed with TgLEA-860 as antigen. Here, the
signal for sera from chickens infected by oocysts was slightly higher than against TgLEA-850,
however the signal was not higher than that of uninfected chickens or chickens infected by

tissue cysts.
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Figure 35: ELISA analysis indicates that TgLEAs are not suited for differentiation of infection
sources. Reactivity of 11 sera each from chickens that were either not infected (mock), infected
with different numbers of oocysts (oocysts) or one brain of mice infected with T. gondii (tissue
cysts) was measured against TgSAG 1y (A), TQLEA-850 (B) or TgLEA-860 (C). As a control
for antigenicity of TgLEAs, sera from rabbits immunized either with TgLEA-850 or -860 (three
technical replicates each) were tested against the respective proteins (D).

Using purified 1gG from rabbits immunized with recombinant TgLEAs as control confirmed that
both TgLEASs result in a measurable signal if antibodies against them are present in the serum.
Both rabbit sera resulted in pronounced signal that was much higher than any serum from
uninfected chickens in the ELISA. However, the signal resulting from TgLEA-860 as antigen
was nearly three times higher than that of TgJLEA-850 although the plates were prepared with

different amounts of protein to account for their differences in size.

81



Results

TgLEA-850 TgLEA-860
10000+ 10000
o ™
= 5000 = 5000
0 T T — o0
mock oocysts tissue cysts mock oocysts tissue cysts
infection type infection type
TgLEA-870 TgLEA-880
100007 10000
o [
= 5000 = 5000
0 2 0 P | =
mock oocysts tissue cysts mock oocysts tissue cysts
infection type infection type

Figure 36: TgLEAs do not identify sera from oocyst infected chickens at a dilution of 1:200.
The graphs depict observed signal of sera from noninfected chickens (“mock”, black), oocyst
infected chickens (magenta) and tissue cyst infected chickens (green). Except for TQLEA-860,
almost no signal was observed for any TgLEA, regardless of infection type. Some signal was
observed with TgLEA-860 as antigen, but the values observed in oocyst infected chickens
were lower than those of noninfected or tissue cyst infected chickens.

3.3.4 TgLEAs do not result in a specific serological response in the Luminex assay

Luminex analysis of the same serum panel of 33 experimentally infected chickens using all
four TgLEAS as antigens did not yield a reliable differentiation between infection routes. Figure
36 shows that no TgLEA lead to a clear MFI signal that allowed determination of an infection.
If at all, sera reacted slightly more to TQLEA-860, however, in this particular case, MFI results
of the 11 oocyst infected sera samples were all lower than the MFI values from sera of tissue
cyst or even non infected chickens. In the case of the three other TgLEAs, MFI values of all
sera samples were equally low. In addition to the four tested antigens, the assay included
biotinylated TgSAG1uic as a known antigen control as well as chicken serum albumin and goat-
anti-chicken IgY as negative and positive controls, respectively. Figure 37 shows the results
of the Luminex analysis for these molecules. TgSAG 1y, as antigen allowed clear discrimination
of infected chicken sera from not infected chicken sera, as MFI values of these sera ranged

from 5,000 to 10,000 as compared to the low hundreds of “mock” samples. CSA as negative
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control resulted in similar MFI values to the TgLEAs and the anti-chicken IgY as positive control
resulted in high MFI values of up to 5,000 for all 33 serum samples.
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Figure 37: Controls confirm Luminex findings of chicken sera diluted 1:200. Graphs of control
antigens confirm presence of T. gondii specific antibodies only in the groups of infected
chickens (TgSAGlui0), No background signal (chicken serum albumin) and presence of chicken
IgY in all 33 sera (anti-chicken IgY).

3.3.5 A lower serum dilution does not result in better differentiation

For better comparison to previous publications, Luminex testing was repeated on the 33
chicken sera at a dilution of 1:25, otherwise, testing conditions remained unchanged. The
results of the previous Luminex testing were confirmed, as no difference in MFI values could
be observed in relation to any specific TJLEA (Figure 38). When using TgLEA-860 as antigen,
all 33 sera resulted in similar values with two outliers, one in the group of tissue cyst infected
chickens and one in the uninfected group. Both were already apparent at a serum dilution of
1:200. The decreased dilution resulted in elevated MFI values when using TgLEA-870 as
antigen, however, all 33 sera resulted in indistinguishable, low values. An exception was
TgLEA-880. Here, for each group of the infected chickens, six samples were distinguishable
from the group of uninfected chickens due to higher MFI values (see chapter 3.3.6). Comparing
both groups of infected chickens however revealed no difference that allowed clear

determination of oocyst infected chickens from tissue cyst infected chickens.
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Figure 38: At a lower serum dilution of 1:25, TgLEAs do not detect infections resulting from
oocyst ingestion in chickens. As above, the graphs depict observed signal of sera from
noninfected chickens (“mock”, black), oocyst infected chickens (magenta) and tissue cyst
infected chickens (green). Again, almost no signal was observed for TgLEA-850 with a few
peaks in the oocyst infected group and one in the tissue cyst infected group. Observed signal
in TQLEA-870 was slightly elevated but similar in all serum groups. As before, higher signal
occurred for TJLEA-860 with the highest values in noninfected and tissue cyst infected groups.
For TgLEA-880, the signal observed in noninfected chickens was distinctively lower than in
oocyst and tissue cyst infected chickens.

The same controls as in the previous assay were used (TgSAG1us, CSA, anti-chicken IgY).
Slightly higher values for the anti-chicken IgY control confirmed the decreased serum dilution

and low MFI values for the CSA control excluded any background activity.

The values for the TgSAG 1y, control appeared to be highly variable. Upon closer inspection it
became apparent that the bead count for TgSAG1ui, conjugated beads was much lower than
in all other assays, in some instance no beads were detected and in others the number of
counted beads was too low to give a representative signal (see Table 8 in the appendix for the
raw data). No further instances of reduced bead count were observed in all other assays.
Therefore, the TgSAG 1y, control cannot be considered for comparisons of values obtained for
TgLEAs. However, since the remaining controls showed no significant background signal and

anti-chicken IgY activity the obtained results can still be considered as valid.
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Figure 39: Controls confirm Luminex findings of chicken sera diluted 1:25. Graphs of control
antigens confirm presence of T. gondii specific antibodies only in the groups of infected
chickens (TgSAGluio), o background signal (chicken serum albumin) and presence of chicken
IgY in all 33 sera (anti-chicken 1gY).

3.3.6 Differences in antibody response of sera of different strains for TJLEA-880

Remarkably, using TgQLEA-880 as antigen seemed to allow differentiation between different
T. gondii strains. While sera from the control group of chickens that were not infected with
T. gondii resulted in overall low observed MFI values, six sera from both groups of chickens
infected either with oocysts or tissue cysts exhibited elevated Fl values. Differentiating both
groups of chickens further with regards to the strain of T. gondii from which the infective stages
were derived, the six sera that were infected with the CZ-Tiger strain of T. gondii resulted in
higher MFI as compared to five sera from chicken that were infected with the ME49 strain (see
Figure 40). As mentioned above, comparisons to values obtained with TgSAG1ui, as antigen

are impeded by the reduced observed count of TgSAG 1, conjugated beads.
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Figure 40: Detailed analysis of immune response to TQLEA-880 as an antigen. Sera from non
infected chickens as controls result in low MFI values indicating no binding of antibodies to
TgLEA-880 (black bars). Sera from chickens infected either with oocysts (magenta) or tissue
cysts (green) of T. gondii vary in antibody response to TQLEA-880. Indicated are the different
T. gondii strains from which the infective stages were derived.
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Chapter 4: Discussion

4.1 Molecules binding to the oocyst wall

4.1.1 Advantages of the AEO-IFA
The reason why T. gondii's sexual reproduction is limited exclusively to felids, remained

unknown for several decades. In 2019 it was discovered that linoleic acid is the factor limiting
sexual reproduction to the felid intestine. Cats lack enzymes to convert linoleic acid to
arachidonic acid, resulting in a much higher linoleic acid concentration in the intestinal
epithelium (Rivers et al., 1975; Sinclair et al., 1979). Further research demonstrated generation
of T. gondii oocysts in intestinal organoids and mice when specific enzymatic activity was
inhibited and linoleic acid was supplemented (Di Genova et al., 2019), although only few,
fragile oocysts were detected. This again emphasizes the dire need for methods allowing the
generation of robust results with reduced numbers of oocysts. Therefore, the agarose-based
IFA technigue presented here was established, building upon previously published methods
using low-melt agarose for cell immobilization (Vartdal et al., 1986; Aufderheide, 2008; Hunt
and Grover, 2010). The chemical and physical inertness of agarose (Zucca et al., 2016)
provides the opportunity to study effects of fixating agents like methanol on oocyst integrity
more closely as conventional methods would allow. The adverse effects of fixatives on oocysts
due to water loss and the subsequent collapse has so far prevented high resolution electron
microscopy imaging (Duszynski and Gardner, 1991). Still, the possibility to use acetone as a
means to permeabilize oocysts embedded in agarose was investigated as other fixatives like
methanol or Triton X-100 seem to be disadvantageous, based on reports of poor antigenicity
retention (Salman et al., 2017) or no apparent effect on oocyst survival and thus
permeabilization (Dubey, 2004), respectively. Nevertheless, acetone treatment of oocysts
must be applied with care and requires proper controls, such as a comparison with no or
alternative fixation methods. It is known to have profound effects on the detection of cellular
structures, in particular membrane-associated antigens (Hoetelmans et al., 2001) as indicated
by the different binding patterns of the 3G4 antibody with or without antibody binding (see
Figure 13). Another advantage of low-melt agarose is its low melting and gelling temperatures,
allowing experiments with viable oocysts, as temperatures below the melting point of regular
agarose were shown to cause inactivate oocysts (Kuticic and Wikerhauser, 1996). Taken
together, the AEO-IFA method was successfully demonstrated to drastically reduce the
numbers of T. gondii oocysts required for robust immunofluorescence experiments and opens
up new opportunities to acquire new insights into the understudied oocyst stage. This is best
illustrated by visualization of the sutures in the sporocyst wall which has never been reported
using light microscopy (see Figure 13). In line with detailed images of these structures obtained

via scanning electron microscopy (Ferguson et al., 1982; Freppel et al., 2019), the plates can
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be oriented either along a straight longitudinal line or in a staggered manner (see Figure 13A]
and Bj).

4.1.2 Implications of unsuccessful VHH isolation
The presence of antibodies to whole T. gondii oocysts after the alpaca immunization is a

promising result as the immunogenic potential of oocysts is widely unknown. While antibodies
against proteins of the oocyst wall have been produced (Possenti et al., 2010), the oocyst is
considered to remain intact in a newly infected host only for a short period (Delgado Betancourt
et al., 2019). Therefore, the development of a detectable antibody titer against whole oocysts
has been doubted (see chapter 1.5). To overcome this issue and possibly increase the immune
response, in both immunization schemes oocysts were applied subcutaneously. In addition,
for the second immunization scheme, oocysts were disrupted to allow access to the inner part
of the oocyst wall. This, in combination with higher doses of oocysts likely contributed to a
detectable antibody response. The high signal for antibodies directed against glycan side
chains of the GPI anchor indicates that antibodies were also generated against structures other
than the oocyst wall, since the majority of GPIl-anchored proteins are present on the
extracellular surface (Kinoshita, 2016). Since the oocyst wall lacks a bilayered lipid membrane,
the presence of GPIl-anchored proteins seems unlikely. However, because the presence of
specific carbohydrate structures in the oocyst wall was demonstrated via binding of several
lectins, there is the possibility that the observed antibody response resulted from such

carbohydrate structures in the wall.

Although isolation of intact RNA sequences should not present a major obstacle, it is still
worthwhile to consider alternative approaches to compensate for problems regarding isolation
of VHH sequences from the immunized alpaca. Especially modern techniques that harness
the advantages of next-generation sequencing represent promising approaches. One
proposed approach uses transcriptomic analysis to facilitate selection of candidate sequences
and reduce the need for high amounts of immunization material (Deschaght et al., 2017). This
technique however still relies on a cDNA library built from RNA as does the concept from
another publication that uses cultured alpaca lymphocytes to forego the need for immunization
of the animal and subsequently builds a phages display library from these immunized
lymphocytes (Comor et al., 2017). To avoid reliance on PBMC and subsequent RNA isolation
altogether, other methods seem more promising and worth further investigation, as they would
allow easy and facile nanobody identification fully in vitro. One such method includes usage of
a yeast display libraries in which certain regions of the nanobody sequence have been
synthetically altered, namely the complementary-defining regions. This results in presentation
of a wide range of nanobodies with slight differences in their affinity to possible ligands on the
yeasts’ surface (McMahon et al.,, 2017). This library comprises at least 1 * 108 unique

nanobodies (McMahon et al., 2018).
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4.1.3 Implications of CLR and lectin binding to the oocyst wall
The visualization of the sporocyst sutures documented for the first time by fluorescence

microscopy warranted further investigation. MPA-FITC preabsorbed with 100 mM of the
specific ligand N-acetyl-galactosamine or N-acetyl-glucosamine as control did not result in an
observable signal reduction of stained sporocyst structures such as walls and sutures. This
lack of binding competition seems contradictory, however, there are studies that support
ineffective lectin competition by carbohydrates (Gauthier et al., 2004) while others propose an
inhibiting effect in other protozoa (De Stefano et al., 1992; Fuller and McDougald, 2002). Under
physiological conditions, MPA forms tetramers and its structure hints at possible lattice
formation, implying interactions of higher complexity with other molecules like amino acids
(Lee et al., 1998; Huang et al., 2010) are possible. This would expand the array of potential
ligands beyond carbohydrates. Therefore, further studies into MPA binding to the
sporocyst wall are necessary and promising, since especially the characterization of
interactions with noncarbohydrate ligands would aid in better understanding of sporocyst

wall composition.

In contrast to MPA, CLRs are receptor molecules with a carbohydrate binding lectin domain,
that depend on calcium for ligand binding. CLRs are involved in many immunity related
processes, especially as PRRs in pathogen detection and their ligand specificity can aid in
detection of new pathogen molecules (Bushkin et al., 2012). However, many CLRs have more
than one specific ligand or not all ligands have been discovered this far. Nevertheless, using a
previously published library comprised of a variety of related CLRs (Mayer et al., 2018)
promised easy identification of new molecules binding to the oocyst wall. The identification of
three CLRs interacting with the oocyst wall opens up several interesting aspects. Like in
CLECTYA, the cytosolic domain of CLEC1B carries a tyrosine-based activation motif,
suggesting a similar physiological function upon ligand binding. Using affinity chromatography
studies, initial findings located CLEC1B primarily on the surface of platelets (Suzuki-Inoue et
al., 2006). Recent findings suggest a more widespread expression, as CLEC1B was also
shown to be expressed in neutrophils where it seems to be involved in phagocytosis and the
expression of tumor necrosis factor alpha (TNF-a) (Kerrigan et al., 2009). However, a possible
ligand on T. gondii oocysts with similarities to the CLEC1B ligands rhodocytin or podoplanin is
so far unknown and not apparent in published proteome data in the ToxoDB. Additionally,
BLAST searches did not yield evidence for a sulfotransferase gene (Ho, 2015), the enzyme
required for sulfated glycan synthesis, making it unlikely that fucoidan is present in the oocyst

wall and acting as a CLEC1B ligand.

The second newly identified CLR, CLEC9A, is expressed on BDCA3* dendritic cells as well as

subsets of monocytes. Ablation of CLEC9A™ dendritic cells resulted in much fewer brain CD8*
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T-cells during Plasmodium falciparum infections, which seemed to confer resistance to
cerebral malaria (Piva et al., 2012). Like CLEC1B, CLEC9A carries an activating cytosolic
domain. F-actin is the only known ligand so far, which, when exposed in dead cells is detected
by CLEC9A (Zhang et al., 2012; Hanc et al., 2015). Thus, the main role of CLEC9A in the
context of necrotic cells is the cross presentation of antigens (Sancho et al., 2009; Zelenay et
al., 2012; Vu Manh et al., 2015), which seemingly can be amplified via myosin Il activity (Schulz
et al., 2018). The oocyst wall of the close relative of T. gondii, Eimeria maxima, was shown to
incorporate F-actin underneath the outer wall layer (Frélich and Wallach, 2015). However,
probing the presence of exposed F-actin in the T. gondii oocyst wall with labeled phalloidin, a
cyclic peptide with high affinity to actin filaments forming the cytoskeleton (Wehland et al.,
1978), no binding was observed, indicating that CLEC9A binding is not due to exposed F-actin
in the oocyst wall (data not shown).

CLEC12A, the third identified CLR, has also been shown to be involved in Plasmodium
infections, binding to the heme degradation product hemozoin, a molecule specific to this
parasite. Binding of hemozoin to CLEC12A results in CD8* T-cell-mediated cross-priming
(Raulf et al., 2019). Possible ligands of CLEC12A on T. gondii oocysts remain unknown.
However, binding due to contaminating uric acid crystals was ruled out. This is an important
finding, since sulfuric acid is routinely used as a stabilizing agent for sporulation and storage
of oocysts (Fritz et al., 2012) and was shown to facilitate uric acid crystal formation (Chrom,
1909; Kanbara et al., 2010). Whether the observed binding of CLEC12A is caused by a specific
ligand or a result of other contaminating agents remains elusive and must be further
investigated. This will be facilitated by further insight into possible CLEC12A ligands gained
through other interaction studies.

Like many CLRs, CLEC12A and CLECT7A are expressed on the surface of several cell types,
myeloid dendritic cells and macrophages, amongst others. CLEC7A preferably binds
particulate over soluble B-glucans and subsequently stimulates immune cell activation
(Goodridge et al., 2011). This leads to inflammasome activation and generation of reactive
oxygen species as well as the induction of the phagocytosis machinery (Brown et al., 2018).
Previously, murine macrophages were demonstrated to phagocytose T. gondii oocysts,
followed by observation of oocyst wall rupture within the macrophages and sporadic release
of sporozoites in addition to stage conversion into tachyzoites (Freppel et al., 2016; Ndao et
al., 2020). Subsequently it was speculated if phagocytized oocysts could contribute to the
parasite’s dissemination in the host if oocysts entered the body not via the fecal-oral-route, for
example when inhaled and phagocytized by alveolar macrophages. Studies confirming
airborne oocyst transmission are scarce, however (Wadhawan et al., 2018; Lass et al., 2019),

although some cases of laboratory-acquired infections are known (Herwaldt, 2001).
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Interestingly, CLEC7A and CLEC12A are expressed on the surface of alveolar macrophages
(Reid et al., 2004; Alvarez et al., 2020). This presents an interesting aspect into alternative

infection routes of T. gondii oocysts that calls for further investigation.

The main entry route of oocysts into the host is the intestinal tract. In the intestinal epithelium,
sporozoites convert to tachyzoites, which invade the surrounding tissue and disseminate
throughout the body (Delgado Betancourt et al., 2019). As described above, antibody
responses against oocyst proteins have been reported (Hill et al., 2011; Santana et al., 2015;
Liu et al., 2019), although an immunological explanation for the presentation of short-lived
oocyst components to immune effector cells is still lacking. In this context, the coexpression of
CLEC12A and the fractalkine receptor CX3CR1 on several dendritic cells and
macrophages/monocytes (Dicken et al., 2013; Lund et al., 2018; Brown et al., 2019; Kolter et
al.,, 2019) might provide an interesting point of approach, since CXCCRL1* intestinal
macrophages have been shown to extrude transepithelial dendrites (TEDSs) into the intestinal
lumen enabling antigen sampling, without compromising the epithelium’s integrity (Man et al.,
2017; Regoli et al., 2017; Kelsall, 2020). Corroborating this, inhibition of TED extrusion in mice
lead to reduced antibody responses and immunity against bacterial infections (Morita et al.,
2019). Taken together, these findings call for further investigation into the uptake of oocyst wall
fragments, mediated by CLEC12A in CX3CR1" macrophages.

In conclusion, the successful development of the material-saving AEO-IFA enabled the
identification of three new molecules binding to T. gondii oocysts as well as more insights into
the binding patterns of MPA, a previously known lectin binding to T. gondii oocysts. Although
the ligands for CLEC1B, CLEC9A, and CLEC12A on this parasite stage remain unknown, they
provide a useful tool in further studies to deepen the understanding of the composition of the
oocyst wall and its resilience to harsh environmental conditions. Furthermore, the variety of
processes these CLRs are involved in, such as phagocytosis, antigen cross-presentation, and
immune cell activation, provoke exciting new hypotheses regarding early immune responses

against the short-lived oocyst stage.

4.2 Molecules contributing to stress tolerance inside the oocyst
4.2.1 TgLEAs are IDPRs rather than IDPs
Although TgLEAs have been known for several years, they are not well categorized due to

their presumed exclusivity to the oocyst stage (Fritz et al., 2012; Possenti et al., 2013). This
means that studies on their biological function are not trivial and almost always would require
cat infections to conduct functional analysis in gene knockout experiments. Thus, existing data
on TgLEAs today is limited to predictions based on sequence. Therefore, to facilitate TgLEA
characterization, in vitro experiments with recombinant TgLEAs and gain-of-function

investigations in bacteria and yeast represent valid options to corroborate in silico findings. As
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described in chapter 1.4, preliminary in silico analyses via MobiDB suggest LEA-like
characteristics, as the observed high disordered content represents a hallmark of LEA proteins
(Wise and Tunnacliffe, 2004; Tunnacliffe and Wise, 2007). Furthermore, the CIDER
classification of context dependent structure in all TgLEAs indicates their involvement in stress
responses, as conformational change upon stress is an often observed mechanism in IDPs
and LEAs (Artur et al., 2019). Experimental confirmation of IDP characteristics of the TgLEAS
was achieved by showing their tolerance to high temperatures. The ability to successfully purify
functional protein after boiling the bacterial lysate for 10 minutes strengthens the assumption
that TgLEAs are IDPs. In fact, boiling lysate prior to purification is recommended as an easy
and feasible method to separate IDPs from unwanted globular proteins during purification
(Kalthoff, 2003). Additionally, the occurrence of aberrant band patterns in the western blots of
LEA-proteins are not uncommon (Boswell et al., 2014; Warner et al., 2016). However, as of
yet, the cause of these aberrant band patterns is unknown. Several aspects could be the
reason for this. LEA-proteins have been shown to form oligomers that are resistant to
dissociation by SDS (Goyal et al., 2003) and could thus result in occurrence of multiple,
seemingly oligomeric bands in western blot. Another factor influencing these band patterns
could be yet unclear characteristics in the translational process of LEA-proteins (Warner et al.,
2016). Lastly, the sensitivity of LEA-proteins to proteolysis resulting from their intrinsic disorder
could also cause such multifold band patterns in western blot.

Most IDPs are known to be very sensitive to proteolytic enzymes due to their unfolded structure
that allows easy access to proteases (Fontana et al., 2004; Fontana et al., 2012). Hence, the
TgLEAS’ observed sensitivity to protease digestion further confirms their IDP characteristics.
Furthermore, it could be shown that addition of even low concentrations of TFE induces
resistance to proteolytic digestion of TQLEAs. TFE is often used in IDP studies since it is well
known to induce formation of secondary structures in proteins (Shiraki et al., 1995). The exact
cause of this effect is unknown, however one interesting proposed mode of action is the
reinforcement of hydrogen bonds between carbonyl and amidic NH groups by removal of water
molecules in proximity (Luo and Baldwin, 1997), thus simulating desiccation effects on a
molecular level. While trypsin and the similarly structured a-chymotrypsin seem to be sensitive
to co-solvents such as TFE (Rezaei-Ghaleh et al., 2008; Ataei and Hosseinkhani, 2015),
thermolysin is a protease that is supposedly resistant to the effects of TFE as indicated by
limited changes in the UV spectra even at concentrations of 50 % (Polverino de Laureto et al.,
1998). However, in the literature there are conflicting findings on this topic with some reporting
interesting effects on thermolysin activity at a 50 % TFE concentration. More specifically, it
seems the broad substrate specificity of thermolysin (Heinrikson, 1977) is lost, as cleavage
was only observed at the amino sides of isoleucine, leucine and phenylalanine and furthermore

seems to only cleave at few select sites (Fontana et al., 1997). Considering that these three
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amino acids occur relatively rarely in each of the four respective TgLEAs (maximum
abundance 5 %, see Table 7 in the appendix), this could yield an explanation for the observed
reduction of proteolytic activity in presence of TFE. Similarly, in control experiments to exclude
effects of TFE on thermolysin activity, even small concentrations of TFE fully inhibited the
thermolysin catalyzed hydrolysis of FAGLA. This observation could either be caused by TFE
directly influencing the enzymatic activity of thermolysin or via induced changes in
conformation of the FAGLA molecule. It is unclear what exactly caused this, and nothing could
be found in the literature regarding the effect of TFE on FAGLA. Still, as an amino side of
leucine is present in the dipeptidic FAGLA molecule (see Figure 51 in the appendix), a
cleavage site for thermolysin in its TFE state would be present. As stated above though, TFE
state thermolysin seems to exhibit a strong preference for select leucine sites in a given
protein, as it was shown to cleave hen egg lysozyme, which contains eight possible leucine
cleavage sites, only at the Lys97-11e98 position (Polverino de Laureto et al., 1995). While this
increase in cleavage site specificity can be attributed to conformational changes in the
substrate, there is sufficient evidence that TFE might have adverse effects on thermolysin
activity, assuming that TFE like other organic co-solvents might contribute to increased rigidity
(Affleck et al., 1992; Hartsough and Merz, 1992; Polverino de Laureto et al., 1998), hampering
the catalytic activity that requires chain mobility to a certain degree (Welch et al., 1982). Given
these data, it is recommended to not consider TFE mediated resistance to thermolysin as a
confirmation of IDP characteristic due to the profound effects of TFE on disordered and well-
structured proteins alike, which has also been observed elsewhere (Povey et al., 2007).
Consequently, TFE has already been disregarded for studying dehydration effects (Boothby
and Pielak, 2017). A better indicator of putative IDP characteristics of the TgLEAs is the
observed high sensitivity to low concentrations of proteases. In a similar manner, the lack of
distinct melting points of all TgLEAs in TSAs underlines the proposed IDP characteristics, as
similar melting curves to those of the TgLEASs have been observed in other potential IDPs in a
similar experimental context (Hamdi et al.,, 2017). The initially observed apparent melting
points in earlier TSAs using not-boiled bacterial lysate are most likely due to contamination
with folded proteins that were subsequently eliminated when the bacterial lysate was boiled
prior to loading onto the column, as has been proposed previously (Kalthoff, 2003).

Unequivocal conformation of IDP characteristics of the TgLEAs was achieved via CD
spectroscopy, a method often used in the characterization of putative disordered proteins
(Uversky, 2002). The CD analysis showed disordered regions ranging from one-third to half of
the whole molecule for all four TgLEAS. Next to mainly disordered regions, all TgLEAs showed
a high proportion of beta sheet formation in their structures. Similarly, other publications
reported a high percentage of beta sheets and unordered region as well as some observed
alpha-helices and turn motifs in their characterization of LEA proteins from
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Arabidopsis thaliana using Fourier-transform infrared (FTIR) and CD spectroscopy (Nakayama
et al., 2007; Dang et al., 2014), highlighting structural similarities between known LEA proteins
and the analyzed TgLEAs. Receveur-Brechot et al. described three pronounced characteristics
observable in CD spectra of disordered proteins: (1) a molar ellipticity close to zero at and
around 185 nm, (2) a largely negative molar ellipticity at 200 nm and (3) negligible molar
ellipticity at 222 nm (Receveur-Brechot et al., 2006). These criteria are illustrated in Figure 41,
using the CD spectrum of domain | from pig calpastatin, a known IDP with high similarity to
hCD1 (Asada et al., 1989). Comparing the TgLEAS’ CD spectra to this spectrum of a known
IDP and applying the criteria defined above, it becomes obvious that all TgLEAs exhibit CD
spectra indicative of disordered regions, with molar ellipticity close to zero at 190 nm and a
highly negative molar ellipticity at 200 nm, especially in the case of TgLEA-860, although the
CD spectra at higher wavelengths are probably also influenced by the observed alpha-helix
and beta-sheet formations, as the molar ellipticity is not as close to zero around the 220 nm
mark (see Figure 28). Comparing the TgLEAS’ spectra to instances where alpha-helix and
particularly beta-sheet formation was artificially induced, confirms this assumption, as the
induction of alpha-helices was demonstrated to be accompanied by a decrease in the negative
band at 222 nm and beta-sheets resulted in a broadening of the maximum negative intensity
and a slight shift towards higher wavelengths (Chemes et al., 2012). Together with the CD
analyses of a known LEA protein from A. thaliana mentioned above, which exhibited similar
curves with an extended negative band at the 220 nm wavelength (Nakayama et al., 2007),
these findings indicate that all four TgLEAs, while exhibiting similarities to LEA proteins, are
not fully IDPs but rather hybrid proteins carrying both IDPRs and structured regions. In such
proteins the structured regions are often linked by long, flexible, unstructured regions. This
could mean that the TgLEAS are involved in signal cascade complexes as has been shown for
other IDPR carrying proteins (Peng et al., 2013; Fonin et al., 2019; Popelka, 2020), as their

increased flexibility could allow for more diverse ligand interactions (Wright and Dyson, 2015).
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Figure 41: CD spectrum of domain | of pig calpastatin under different conditions. Of interest is
the curve at pH 7, indicative of a typical IDP CD spectrum with molar elipticity close to zero at
approx. 190 nm, pronounced negative molar ellipticity at 200 nm and negligible molar ellipticity
at 222 nm. Figure adapted from (Konno et al., 1997).

Still, the implications of the observed hybrid characteristic of structured regions and IDPRs in
the TgLEAs needs further investigation, as the extent of the IDPRs remains unclear. However,
this is a defining feature for hybrid proteins as many short, disordered regions would overall
reduce the unfolded nature of such proteins as compared to small, ordered regions linked by
long flexible domains (Dunker et al., 2013). Corroborating the latter assumption that the
TgLEAs exhibit IDP characteristic due to long IDPRs is their observed resistance to high
temperature-mediated aggregation as well as sequence-based bioinformatical predictions.
Interestingly, the observed disordered content by CD spectroscopy differs from the predicted
disorder content by MobiDB. These discrepancies in prediction and observation are a known
problem and shortcoming of IDP prediction algorithms and mainly based on the fact that most
prediction methods still need to rely on data from already characterized IDPs. Since the
number of well-known and characterized IDPs is very small compared to the actual prevalence
of IDPs and IDPRs in nature, these datasets don’t necessarily give a good representation of
the actual diversity amongst IDPs (He et al., 2009). Still, as interest and research on IDPs
increases, more information becomes readily available, allowing improvement of existing

prediction methods, which in turn will lead to more interest and research on the topic, resulting
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in a kind of positive feedback-loop, allowing increasingly accurate predictions (Necci et al.,
2021). For example, while early version 2 of the IDP database DisProt included 179 IDPs and
290 IDPRs in 2005, the most recent version 8.2 from June 2021 includes data from more than
2,000 IDPs and 4,400 IDPRs (Hatos et al., 2020), indicating the rapidly increasing knowledge
on IDPs.

Accordingly, CD spectroscopy represents only one of a vast array of different experimental
methods used to analyze disorder in proteins which all yield slightly differing insights. Methods
such as nuclear magnetic resonance spectroscopy (NMR), light scattering and small-angle X-
ray scattering, amongst others, would aid in achieving more detailed information on the
disordered characteristic of a protein, but are not always readily available (He et al., 2009;
Necci et al., 2021). Hence, knowledge on the TgLEAS’ disordered regions derived from CD
spectroscopy should be considered as a promising, ground-laying but preliminary indication of
their disordered characteristics. Therefore, further CD experiments to investigate
conformational changes in TgLEAs in different contexts are essential to a more detailed
characterization (Artur et al., 2019). In addition, more extensive analyses, especially NMR
spectroscopy experiments would contribute to a more definite assessment of the TgLEAS’
disorder character, as NMR data can be used to calculate the Chemical shift Z-score for
guantitative protein Order and Disorder assessment (CheZOD (Nielsen and Mulder, 2016))
which in turn would allow for more reliable disorder predictions, as algorithms purely relying on
a given amino acid sequence have been reported to underperform compared to prediction
methods that rely on using CheZOD values amongst others (Nielsen and Mulder, 2019). To
mitigate the issue of cost and labor-intensive NMR experiments, a prediction method that
applies extensive neural networking to better predict disordered and ordered regions in a given
protein based on its amino acid sequence, has been developed recently, called Prediction of
Order and Disorder by evaluation of NMR data (ODiNPred (Dass et al., 2020)). ODiNPred uses
a dataset of over 1,000 protein sequences that includes their CheZOD and NMR data to yield
more accurate disorder predictions. Preliminary analysis of TQLEAs and TgSAG1 and hCD1
controls indeed indicates the presence of scattered disordered regions in the TgLEASs. In
comparison, TgSAG1 mainly seems to contain ordered regions and hCD1 seems to almost
exclusively contain disordered regions. While these data somewhat compensate for as of yet
missing NMR data, at the same time they highlight how additional NMR data would strengthen
the holistic characterization of IDP candidate proteins, especially in order to distinct between
IDPs and IDPRs.
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Figure 42: Predicted disordered regions in TQLEAs and control proteins using ODiNPred. The
machine learning based prediction approach of ODiNPred that also considers Z-scores based
on available NMR spectra reveals a large divergence in disorder content for TQLEAs. TgLEA-
860 is predicted to be even less disordered than TgSAG1, while the other TgLEAS contain
relatively more and longer regions of high disorder more similar to hCD1 with the highest
disorder content of all analyzed proteins.
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4.2.2 TgLEA mediated stress resistance in bacteria is equivocal
Preliminary analysis showed that all TgJLEAs are categorized as class_6 LEA proteins. The

LEA proteins of this class are predicted to have several different functions, such as response
to desiccation, response to hyperosmotic stress and response to temperature stimuli
(Bhattacharya et al., 2019). The assessment of beneficial effects of TQLEAs on E. coli growth
under stress revealed equivocal effects on stress tolerance, as in several cases expression of
TgLEAs resulted in inhibited growth, while in other cases, e.g., upon freezing in a cold sensitive
bacterial strain, TJLEAs-870 and -880 mediated improved growth while the other TgLEAs
caused reduced growth even after relatively harmless stress of 7 days at 4 °C. Furthermore,
while initial growth experiments under desiccating conditions to assess optimal IPTG
concentration for induction indicated a beneficial effect of TQLEA-850, repetition of these
experiments under more controlled desiccation conditions did not confirm a beneficial effect of
any TgLEA on desiccation resistance (data not shown). One reason for this could be that the
TgLEAs target one or more specific proteins that are absent in E. coli, thus resulting in no
observable effect. Accordingly, S. cerevisiae as a eucaryotic model was transformed with
TgLEAs. S. cerevisiae was shown to achieve tolerance to desiccation stress via trehalose
(Tapia and Koshland, 2014), although the relevance of trehalose for stress resistance is still
debated (Ratnakumar and Tunnacliffe, 2006; Tapia et al., 2015). Interestingly, key enzymes
of the trehalose pathway have been discovered in other apicomplexan parasites like C. parvum
, Where trehalose has also been detected in oocysts (Yu et al., 2010). This suggests a similar
protective role of trehalose against stress induced damage to important oocyst molecules.
Moreover, trehalose and LEAs are proposed to act synergistically in conveying stress
resistance (Iturriaga, 2008), as particularly in the case of heat-induced stress, the protective
effect of LEAs only was observed in presence of trehalose (Goyal et al., 2005). However,
preliminary growth experiments with S. cerevisiae revealed similarly equivocal results (data
not shown). An interesting aspect of the TgLEAS’ genetic location is their adjacent arrangement
on the chromosome. The localization of functionally similar genes in close proximity is seldom
observed in T. gondii, suggesting that this particular gene locus warrants further looking into,
especially since a recent publication postulates that nuclear proximity of genes that share a
protein interaction is enforced by evolution (Tarbier et al., 2020). Thus, it seems promising to
test whether a beneficial effect on growth under stress is mediated if all TQLEAs are expressed
simultaneously. Preliminary research looking into this via knockout experiments in
T. gondii has been conducted and is ongoing. The observed growth reduction of bacteria upon
TgLEA expression during the stress experiments certainly provides an intriguing aspect that
warrants further investigation regarding potential antimicrobial effects. In contrast, the bacterial
growth during TgLEA expression when no stress was applied to the bacteria was largely
unaffected, except in the case of TgLEA-860. Still, LEA proteins have previously been shown

to provide varying antimicrobial effects, from increased tolerance to Pseudomonas infections
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in plants (Liu et al., 2013) to bacterial growth inhibition (Campos et al., 2006) and antibacterial
and antifungal effects (Zhai et al., 2011, Drira et al., 2015). In addition, it has become clear
that drought events substantially affect the microbiota surrounding different, sub-surface plant
tissues (Santos-Medellin et al., 2017; Xie et al., 2021) and it has subsequently been
hypothesized that extensive drought events contribute to a rise in opportunistic pathogen
infections, which is mitigated by LEA activity (Battaglia and Covarrubias, 2013). Supportive of
this claim and strongly corroborating the above described observations of TgLEA effects on
the growth of stressed and non-stressed bacteria are observations in A. thaliana,
demonstrating that plants exposed to drought stress exhibited increased pathogen resistance,
as the count of Pseudomonas bacteria residing in stressed plant was lower than that in non-
stressed specimens (Gupta et al., 2016). The reason why T. gondii oocysts would possess
similarly sophisticated machinery to combat settings of mixed biotic and abiotic stressors is

currently unknown and awaits exploration.

4.2.3 TgLEAs protect an abundant oocyst protein from stress induced damage
In vitro characterization of (putative) LEA proteins often includes analysis of their ability to

preserve the enzymatic activity of LDH upon different stressors, as LDH provides an easy
experimental setup with quick read outs and the enzyme is sensitive to damages LEA proteins
are known to protect against, such as high temperatures or freezing (Goyal et al., 2005;
Thalhammer et al., 2014). Furthermore, other class 6 LEA proteins have previously been
shown to prevent aggregation of LDH (Goyal et al., 2005; Popova et al., 2015). Findings of
protection from general aggregate formation upon repeated freezing in pLDH by the TgLEAs
were corroborated by observed preservation of enzymatic activity after repeatedly freezing
pLDH. This is particularly interesting, since fast freezing was shown to be much more
deleterious to LDH activity than slow freezing (Park et al., 2021), underlining the significance
of TgLEAs preserving almost 100 % activity after repeated fast freezing at — 196 °C. The
observed effects occurred at a molar LDH:protectant ratio of 1:25. It is worth noting that ratios
reported in the literature for similar characterizations vary greatly from much higher ratios of
1:500 (Hatanaka et al., 2013) to a similar range (Dang et al., 2014), and even a lower ratio of
1:10 (Goyal et al., 2005), while other studies don’t report a molar ratio at all and only state a
given concentration that was investigated (Sasaki et al., 2013). Moreover, in some cases, plant
LEA proteins even in nanomolar range were sufficient to protect LDH (Honjoh et al., 2000),
while in other cases no beneficial effect surpassing BSA was observable (Boswell et al., 2014).
Given the reasonable assumption that the molecular composition inside T. gondii oocysts and
plant embryos vastly differ as would the implications of a certain stressor on a molecular level,
there is no reason to assume that this seemingly high molar ratio necessary to protect LDH is
indicative of a weaker or stronger protective effect than in other known LEA proteins.

Supporting this is the reported large diversity in different modes of action by which LEA proteins
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are proposed to protect cellular components, attributed to the different classes of LEA proteins
(Hundertmark and Hincha, 2008). These proposed modes of action range from chaperone-like
activity through direct interaction to formation of molecular shields that form electrostatic
barriers, protecting sensitive proteins without direct interaction (Chakrabortee et al., 2010;
Olvera-Carrillo et al., 2011; Chakrabortee et al., 2012; Kovacs and Tompa, 2012). The latter is
also the proposed mode of action for at least some class_6 LEA proteins, as they have been
found to prevent liposomes from fusing upon desiccation by adhering to the phospholipid
membrane, thus shielding the liposomes from each other (Furuki and Sakurai, 2014). But
because LEA proteins have been discovered in many distinctly different organisms and due to
the large structural diversity among LEA proteins, research on them is still fragmented
(Hundertmark and Hincha, 2008). Therefore, it is still unclear how a LEA protein’s
characteristics and its mode of action are related, not least due to their wide variety of stress
protecting abilities and different subcellular localizations (Saucedo et al., 2017).

Finally, the importance of pLDH damage protection by TgLEAs was confirmed by observing
similar effects on recombinant TgLDH1 and as such in a physiologically more relevant context.
TgLDH1 was found to be an important pathogenesis factor for T. gondii that is vital for stage
conversion and cyst formation in infected hosts (Al-Anouti et al., 2004; Abdelbaset et al., 2017;
Xia et al., 2018; Xia et al., 2018). Accordingly, it is important to note that TgLEAs were even
shown to preserve TgLDH1 activity in a system not using its preferred co-factor APAD but
rather NADH, since although TgLDH1 was shown to favor APAD as cofactor, at the same time
it was shown that pyruvate is still the preferred substrate, regarding catalytic efficiency (Dando
et al., 2001; Kavanagh et al., 2004). Further analysis to shed light on the TgLEAs protective
effect on the reversely catalyzed TgLDH1 reaction would be highly interesting and could
potentially reveal new insights also into oocyst physiology.

Interestingly, for both LDH variants, a much lower LDH: TgLEA molar ratio of 1:2 was sufficient
for drastic reduction of aggregate formation as compared to the molar ratio of 1:25 necessary
to preserve enzymatic activity. A factor at play could be that freezing, and thus reduction of
liquid water content, permanently damages the tertiary structure of LDH. Such effects have
been observed before, as well as the protective effect of additives like glycerol to freezing
solutions (Gabellieri and Strambini, 2003). Therefore, it could be argued that low
concentrations TgLEASs are sufficient to prevent aggregation of denatured proteins, but in order
to preserve activity through stabilization of the enzyme’s structure, a higher concentration is

necessary.

Taken together, these findings clearly determine the TgLEAs as proteins that contain IDPRs
and exhibit similarities to other previously characterized LEA proteins. Accordingly, their ability

to potently protect TgLDH1 as an important pathogenesis factor against stress induced
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damage coupled with their exclusivity to the oocyst stage in which they are among the most
abundant proteins (Fritz et al., 2012; Possenti et al., 2013; Wang et al., 2017) identifies them
as promising candidates for further studies on targeted measures against oocyst

contaminations in the environment.

4.3 Molecules as antigens for identification of oocyst-mediated

infections

4.3.1 The need for new test methods against T. gondii
Although since the first description of T. gondii many highly sensitive and specific tests have

been described, there is substantial demand for development of new testing methods against
this parasite. Some of the shortcomings of established tests are the limited potential for high
throughput testing of large numbers of samples or the missing ability to differentiate infection
sources. The latter would be highly beneficial especially in the prevention of disease outbreaks
as identification of specific infection sources would allow immediate action and prevent further
rise in infection numbers thus inhibiting the parasites spread (Dubey, 1996; Opsteegh et al.,
2014).

One way to mitigate this issue somewhat could be the use of suitable sentinels. This means
that certain species that exhibit a specific type of feeding behavior could serve as markers for
infections sources themselves. More specifically, chickens pose a well-suited opportunity to
determine the presence of oocysts in the environment, as they are ground feeders and thus
most likely acquired a T. gondii infection by ingestion of oocysts (Dubey et al., 2020).
Therefore, if a test method allowed routinely high throughput serological supervision of large
numbers of chickens this would allow early discovery of potential oocyst contamination in
certain areas. Using chickens as sentinels on meat producing farms has been proposed as a
method for early identification of infection sources to allow a timely response to prevent
introduction of infective parasites into the food chain (Dubey et al., 2015). This approach
however needs to consider the delayed serological response, as chickens fed oocysts

developed detectable antibody titers only at 12 days after infection (Biancifiori et al., 1986).

The bead based Luminex assay provides a reliable method to regularly assay large numbers
of serum samples and has already been shown to be a good alternative to established test
methods in humans (Klein et al., 2020). As is shown here and more in depth in a recent
publication (Fabian et al., 2020), testing chicken sera with the Luminex technique yielded
promising results. As detailed in the publication, the assay exhibited the highest diagnostic
sensitivity as compared to ELISA, MAT and IFA and showed the same diagnostic specificity
as all other methods during the analysis of sera from experimentally infected chickens.
Moreover, in the analysis of sera from naturally exposed chickens conducted in that

publication, the Luminex assay continued to show promising results with the second highest
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diagnostic sensitivity of all compared methods and the highest diagnostic specificity. The
diagnostic sensitivity was only surpassed by an ELISA that used a less stringent cut-off value
and was thus determined to have lower specificity. Likewise, the high diagnostic specificity of
the Luminex assay was only shared by the MAT, which in turn had the lowest diagnostic
sensitivity of all methods. This underlines the potential the Luminex assay possesses for future

serological monitoring.

In addition to the results indicating similar to superior performance of the Luminex assay in
comparison to established test methods, one key advantage is the multiplexing ability. Having
the opportunity to test one sample from one individual for antibodies against several different
pathogens in parallel would be highly beneficial. An important group of pathogens in chickens
is the genus of close relatives of T. gondii called Eimeria sp. To date, there is no publication
indicating establishment of a Luminex based method to test for Eimeria parasites in chickens.
Therefore, a combined Luminex assay against T. gondii and Eimeria infections would
drastically reduce sampling material from animals and ensure closer surveillance, since due
to reduced need for sample material, more animals could be monitored simultaneously.
Moreover, the multiplexing would allow for reduced cost of labor and handling time. These
advantages become more distinct, the more samples are analyzed in parallel (Graham et al.,
2019).

4.3.2 The need for specific infection markers
For a molecule to be considered a suitable antigen in serological assays, there are certain

criteria that must be met. It must be highly specific, readily available, cause an antibody
response that results in detectable antibody titers and the antibody binding should be highly
affine (Sela, 1998; Reverberi and Reverberi, 2007).

Most established test methods to detect T. gondii infections rely on SAG1 as antigen, a protein
expressed on the surface of tachyzoites. Therefore, all test methods using this protein as
antigen are only suited to confirm that an infection has taken place without being able to
determine whether the tested individual is chronically infected or undergoing acute infection.
This is due to T. gondiis ability to revert back to the tachyzoite stage even in chronic infections.
There are methods however, that allow specific determination of IgM levels to detect acute
infections. Until now, there are no established tests that use a bradyzoite specific antigen to
investigate chronic infections. Still, there are some candidate proteins that are specific to the
bradyzoite stage and could be used as bradyzoite specific infection markers in serological tests
or as vaccine candidates (Gross et al., 2004; Dogkaya et al., 2018; Rezaei et al., 2019; Asghari
et al., 2021). This lack of established tests for detection of chronic infections is probably a

result of the limited need for such specific tests, as in most cases (e.g. pregnant women,
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immunocompromised individuals such as organ donor recipients or HIV patients) a test method

that confirms an infection took place at some point in the past is sufficient.

One case however, where a bradyzoite specific marker would be advantageous, is in the
tracing of sources of infections. Hosts of T. gondii can be infected via all three life stages of
the parasite. Until now it is unclear which infection route predominantly contributes to the
parasites spread (Tenter et al., 2000). Tissue cysts used to be considered as the main route
of infections (Dubey et al., 2000). However, data covering the second half of the 20" century
suggest that prevalence of T. gondii in meat producing pigs steadily declined since the 1960s
to below 1 % in several parts of the EU, including Germany (Van Knapen et al., 1995; Edelhofer
and Aspock, 1996; Tenter et al., 1999). Somewhat contradictory, the most recent serological
data on T.gondii infections in Germany suggests an overall constant incidence in
toxoplasmosis cases (Krings et al., 2021), although reliable data on incidence and
seroprevalence in Germany is scarce (Wilking et al., 2016; Pleyer et al., 2019). Nevertheless,
this reported constant incidence rate in combination with an observed decline of prevalence in
meat products hints at other factors contributing more heavily to T. gondii transmission than
previously thought. In addition, this is helped by an increased number of reports on T. gondii
presence in diverse environmental settings such as coastal regions and even aquatic
environments (Shapiro et al., 2019), substantiating this possible paradigm shift in how T. gondii
infections are thought to be transmitted, as it at least suggests that the main cause of the
parasite’s transmission might not be tissue cysts in contaminated meat products but rather
oocysts contaminating the environment. Thus, the need for development of test methods to
determine the source of T. gondii infections becomes more apparent, as it would help to
answer this question more clearly, eventually contributing to development of suitable counter

measures to prevent the parasite’s spread.

Since bradyzoites as well as sporozoites differ in their respective transcriptome and proteome
from each other and from tachyzoites (Fritz et al., 2012; Fritz et al., 2012) there is reason to
assume that all three of the parasites’ stages should possess a molecule that can serve as a
specific infection marker. For oocysts several have been proposed and used, such as
TgOWP1, CCp5A or TgLEA-850. For bradyzoites, in addition to above mentioned candidates,
a recent publication proposes BCLA/MAG2 as a protein confined to the bradyzoite stage of the
parasite (Dard et al., 2021). However, it remains unclear if this marker would be suitable to
detect infections that were caused by tissue cysts or rather only confirms the presence of latent

parasite stages in the patient.

4.3.3 TgLEAs as specific markers for infections caused by oocysts
As described above, TQLEA-850 has previously been suggested as a marker antibody eliciting

antigen for infections caused by oocysts. Data implies that individuals showed detectable
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TgLEA-850-specific antibody titers up to six months after a known T. gondii infection caused
by oocysts. The fact that proteins rich in disordered, flexible regions like TJLEA-850 could elicit
such distinct immune responses seemed questionable to the scientific community. As such,
the ability of IDPs and IDPRs to trigger an immune response has been doubted (Dunker et al.,
2002) and their disorder has even been proposed as a key feature in intracellular parasites
and viruses to evade immune response (Anders, 1986; Schofield, 1991; Kwong et al., 2002).
In contrast, the important role IDPs and IDPRs play in metabolic and cellular processes through
diverse interactions that are enabled by their molecular flexibility have long since been unveiled
(Wright and Dyson, 2015; Bondos et al., 2021). Only in recent years did the research effort
into possible links between protein disorder and antigenic potential increase and some
publications have since yielded substantial evidence that IDPs might in fact be well suited as
immunogenic molecules and could even be prime candidates for vaccine design. Their flexible
and unorganized structure could contribute to an increased variety of possible interaction
partners or ensure an increased affinity through more efficient antibody interaction (Guy et al.,
2015; MacRaild et al., 2016; Krishnarjuna et al., 2018; MacRaild et al., 2018).

Accordingly, the two IDPR candidate proteins investigated herein, TgLEA-850 and -860,
resulted in detectable antibody titers in the two immunized rabbits in ELISA tests. Similar
successes have been made in previous studies, where antibodies against candidate LEA
proteins were successfully developed for characterization purposes (Olvera-Carrillo et al.,
2010; Boswell et al.,, 2014; Saucedo et al., 2017). These findings highlight the general
suitability of LEA proteins to elicit an antibody response.

Interestingly, the TgLEAs did not enable specific detection of oocyst-borne infections in
chickens when analyzing a larger serum panel from 33 animals. Regardless of the investigated
1:200 or 1:25 sample dilution, the reported signals were much lower than any positive controls.
One factor at play might be the differences in antigen presentation to the organism. The rabbits
were presented recombinant TgLEAs. The chickens were fed a varying numbers of whole
oocysts, ranging from 102 to 10°. For one, the amount of TgLEAs resulting from the fixed
number of oocysts could be significantly lower compared to the amount of recombinant protein
presented to the rabbits, resulting in a reduced immune reaction, although there are
contradictory data on the relationship between antigen dose and antibody response, some
supporting the assumption that higher antigen doses lead to higher antibody responses
(Romstad et al., 2013), others reporting no difference in antibody titers comparing two different

antigen doses (Frey et al., 1999).

Generally, chickens rarely show manifestations of clinical toxoplasmosis. Experimental
infections often times failed to replicate symptoms of clinical toxoplasmosis (Dubey, 2010).

Especially experimental inoculation of chickens with oocysts mostly remained asymptomatic
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(Biancifiori et al., 1986; Dubey et al., 1993; Kaneto et al., 1997). These findings could be
indicative of particular differences between the gastrointestinal tracts of chickens and
mammals that affect the severity of T. gondii infections. Namely, in contrast to mammals,
chickens, like other birds, possess a gizzard, an organ to aid digestion by mechanical
shredding of food through strong muscular contractions and previously ingested small stones
(Gionfriddo and Best, 1999). In the case of coccidian parasites, the gizzard might play a role
in oocyst excystation as indicated by the observation that oocyst shedding in chickens
challenged with Eimeria was lower in animals with a normally developed gizzard than in
animals with an underdeveloped gizzard (Cumming, 1992; Evans et al., 2005). Such
developmental issues within the gizzard can be the result of diets deficient of whole grain
(Amerah and Ravindran, 2014). Subsequently, it is worth noting that there is functional
similarity between the avian gizzard and recommended excystation protocols to extract
sporocysts from coccidian oocysts that recommend to incorporate small glass beads into the
procedure to facilitate excystation by mechanical means (Kurth and Entzeroth, 2008; Sokol et
al., 2020). Interestingly, data from such excystation experiments suggests that prolonged
exposure to mechanical strain negatively influences the number of viable sporocysts retrieved.
This is likely due to sporocysts being more susceptible to further mechanical strain the earlier
they are released from oocysts during such excystation procedures as their cumulative wall
layers only equal two whereas in whole oocysts these layers’ sum equals 4 (Freyre and Falcon,
2004). This could mean that the gizzard disrupts oocysts relatively early in the gastrointestinal
tract, exposing unprotected sporozoites to stomach acid and digestive enzymes, as the
shredded food can be passed back to the regular stomach from the gizzard for further
enzymatic digestion. This could then lead to reduced numbers of sporocyst that eventually can

infect the host, resulting in relatively mild infection courses.

Still, the MFI values observed in the Luminex analysis suggest that even if only lower numbers
of sporozoites or bradyzoites survived gizzard and stomach, there were sufficient parasites to
infect the host. This is indicated by the observed elevated levels of antibodies against the
tachyzoite exclusive antigen TgSAG1. Comparing two different sample dilutions, the lower
dilution allowed a more refined look at the TgLEA-performance. As before, neither of the
TgLEAs resulted in high MFI values for any of the infected chicken samples that allowed clear
classification of infection route. Values for TQLEA-850 rarely were higher than those of the
CSA control and while the values for TQLEA-870 were slightly higher than at 1:200 dilution,
overall, the MFI values from each of the groups were not distinctly different from each other.
In contrast though, TgLEA-880 exhibited distinctly higher MFI values for at least some of the
sera from the two groups of infected chickens, allowing to determine a limited number of
chickens correctly as infected. Closer analysis revealed that those animals which yielded
higher MFI values had been infected by the CZ-Tiger strain of T. gondii while those whose MFI
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values were comparable to that of uninfected animals were infected by the ME49 strain.
However, promising this looks at first glance, a clear contradictions here is as above that
animals who had been infected with a life stage of the parasite that does not appear to express

TgLEA-880 seem to have developed antigens to this protein.

It has been shown that different strains of T. gondii exhibit differences in the expressed
proteins. More specifically, a recent publication showed that TJLEA-870 was more abundant
in oocysts of the PRU strain (type 1) compared to oocysts of the PYS strain (atypical) (Zhou
et al., 2017). While CZ-Tiger and ME49 are both type Il strains, not much is known in regard
to the abundance of TgLEASs in oocysts of these strains. The existence of TQLEASs was reported
based on studies on oocysts of the M4 strain of T. gondii, also a type Il strain. Therefore, it
could be possible that TgJLEAs are more abundant in certain strains and less abundant in
others, further contradicting their suitability as infection markers. However, the differences in
protein abundance were reported between oocysts of different types, hence it is not known

how strains of the same type differ in the expression of proteins.

Another argument that is often brought forward generally against specific infection markers for
the oocyst stage is the fact that oocysts are quite short lived if ingested by a new host.
Sporozoites have been observed to invade enterocytes as early as 30 minutes after ingestion
and have been observed in the lamia propria 2 hours after infection (Delgado Betancourt et
al., 2019). However, newer results suggest reliable detection of sporozoites in intestinal tissue
after 3 to 5 days after ingestion of oocysts by the host (Coombes et al., 2013; Gregg et al.,
2013). In order for the immune system to mount an efficient response against an invading
pathogen, it is assumed that antigens need to be present in the infected organism for an
extended time above a certain threshold to develop detectable levels of antibodies against the
pathogen. General assumption is that since most infectious agents enter the body in smaller
numbers, a detectable immune response is only mounted against pathogens that can multiply
to a level where the antigen dose threshold is exceeded (Marois et al., 2012; Handel et al.,
2018). However, research suggests that hosts infected with T. gondii tachyzoites develop
tissue cysts as early as 3 days after inoculation (Lindsay et al., 1991). Still, infected hosts
regularly develop detectable antibody titers against SAG1, an exclusive tachyzoite protein as
early as two weeks after infection (Dubey, 2016). It is likely that the robust antibody response
to SAGL is based on regular presentation of this protein to the immune system due to repeated
stage conversion of bradyzoites to the tachyzoite stage. It cannot be excluded that the hosts
immune system would be able to develop antibodies against a molecule of the short-lived
oocyst stage. As detailed in chapter 4.1.3 for example, TED presenting macrophages in the
intestinal tract represent a possibility for the hosts immune system to act against this short-

lived parasite life-stage. Another interesting aspect in this regard concerns the possibility of
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antibodies directed against oocysts in feline hosts. Since cats can shed oocysts for up to
two weeks, it would be reasonable to assume that during this process enough antigen would
be present in the body to exceed the antigen dose threshold and result in production of
detectable levels of antibodies specifically targeting epitopes unique to the oocyst, which
mediate immunity to oocyst infections. This is supported by the observation that cats rarely
shed oocysts repeatedly in their life. However, this idea is challenged by observations in cats
considered immune that were challenged with T. gondii tissue cysts. Upon histological
examination of the intestine, asexual stages of the parasite were found even after 5 days post
infection, indicating partially successful T. gondii development (Davis and Dubey, 1995). Still,
immune cats did not shed oocysts again upon challenge. In contrast, reshedding of T. gondii
oocysts in cats was shown to be the result of infections by a different T. gondii strain than the
one causing the previous infection (Zulpo et al., 2018), corroborating the observation of
differential protein expression in different T. gondii strains.

Taking together the observations in this thesis, no TgLEA was able to correctly identify
exclusively infections that were caused by oocysts, neither in ELISA nor in Luminex assays,
indicating they are not suitable as antigens for specific infection markers. However, there is
reason to assume that such antigens could exist and further research into this topic is highly
relevant. Differences in expression patterns of individual strains need to be taken into account,

however.
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Summary

Toxoplasmosis is a disease that affects one third of the world’s population. It is caused by
T. gondii, an obligate intracellular parasite, that spreads via the ingestion of meat contaminated
with tissue cysts from infected animals or via the environmental oocyst stage. While the
infection route via tissue cysts was long thought to be the most relevant, the discovery of the
oocyst as transmissible infectious agent and the subsequently growing number of reports on
environmental resistance, widespread prevalence in various environmental matrices and
contribution to infections is increasingly hinting that a reevaluation of factors contributing to
T. gondii’s transmission might be called for. To prevent further spread of the disease, methods
for robust quantification of environmental oocyst contamination are needed. To facilitate oocyst
enrichment from environmental samples, potential molecules binding to oocyst walls were
investigated. In this thesis, three CLRs were newly identified to bind to the oocyst wall. They
were characterized to bind sporulated and unsporulated oocysts but not sporocysts. Their
discovery bears several implications regarding the oocyst wall composition as well as
immunological processes. Determination of oocyst contaminated areas followed by efficient
inactivation measures could further curb the spread of T. gondii. Therefore, the role of four
oocyst specific proteins, called TgLEAs, regarding the oocyst’s increased environmental
resilience was investigated. The four proteins were bioinformatically analyzed and shown to
have a moderately high content of disordered regions that exhibit context dependent structure.
The in-silico findings were confirmed via CD spectroscopy. In vivo characterization showed no
clear beneficial effect on bacterial growth under stress. Functional in vitro characterization
however further confirmed IDPR characteristics of these proteins as well as their ability to
protect a key enzyme of T. gondii which represents an important pathogenesis factor from
damage induced by freezing and also preserve enzyme activity. Effective countermeasures
against infections caused by oocysts would be complemented by unequivocal determination
of infection sources. Optimally, serological methods would allow differentiation of meat borne
from oocyst mediated infections and enable early identification of infection clusters. As one of
the TgLEASs is proposed to enable this, all TgJLEAs were investigated in this thesis. Since the
TgLEAs were shown to possess regions of high disorder, their potential to elicit antibody
responses was doubted, but immunization procedures in rabbits confirmed antigenicity of the
TgLEAs in principle. Serological analysis of a serum panel from experimentally infected
chickens however led to the eventual conclusion none of the TgLEAs is suited to identify
specific infection sources. Taken together, the presented thesis expands the knowledge on a
vastly understudied but highly relevant life cycle stage of T. gondii in several cellular und

structural aspects and opens up opportunities for promising further research approaches.
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Zusammenfassung

Toxoplasmose ist eine Krankheit, von der ein Drittel der Weltbevélkerung betroffen ist. Sie wird
durch T. gondii, ein obligat intrazellularer Parasit, verursacht, der durch den Verzehr von
Fleisch von infizierten Tieren, das mit Gewebezysten kontaminiert ist oder tber das in der
Umwelt pravalente Oozystenstadium verbreitet. Wahrend der Infektionsweg Uber
Gewebezysten lange Zeit als der wichtigste angesehen wurde, deuten die Entdeckung der
Oozysten als Ubertragbare Infektionserreger und die daraufhin wachsende Zahl von Berichten
Uber deren Umweltresistenz, die weite Verbreitung in verschiedenen Umgebungen und den
Beitrag zu Infektionen zunehmend darauf hin, dass eine Neubewertung der Faktoren, die zur
Ubertragung von T. gondii beitragen, erforderlich ist. Um eine weitere Ausbreitung der
Krankheit zu verhindern, werden Methoden zur zuverlassigen Quantifizierung der
Oozystenkontamination der Umwelt benétigt. Um die Anreicherung von Oozysten aus
Umweltproben zu erleichtern, wurden potenzielle Molekile, die an die Oozystenwénde binden,
untersucht. In dieser Arbeit wurden drei CLRs neu identifiziert, die an die Oozystenwand
binden. Diese CLRs binden sporulierte und nicht sporulierte Oozysten, nicht aber Sporozysten.
Diese Entdeckung hat vielfaltigen Einfluss auf das Wissen Uber die Zusammensetzung der
Oozystenwand und auf immunologische Prozesse. Die Bestimmung von mit Oozysten
kontaminierten Gebieten, gefolgt von wirksamen Inaktivierungsmaflinahmen, kénnte die
Verbreitung von T.gondii weiter einddmmen. Daher wurde die Rolle von vier
oozystenspezifischen Proteinen, den so genannten TgLEAs, in Bezug auf die erhdhte
Widerstandsfahigkeit der Oozysten in der Umwelt untersucht. Die vier Proteine wurden
bioinformatisch analysiert und es zeigte sich, dass sie einen hohen Gehalt an ungeordneten
Regionen aufweisen, die eine kontextabhangige Struktur besitzen. Die in-silico-Ergebnisse
wurden durch CD-Spektroskopie bestatigt. Die in-vivo-Charakterisierung zeigte keine
eindeutige positive Wirkung auf das Wachstum unter Stress von Bakterien, die TgLEA-
Proteine exprimieren. Die funktionelle in vitro-Charakterisierung bestatigte jedoch die IDPR-
Eigenschaften dieser Proteine sowie ihre Fahigkeit, ein Schllisselenzym von T. gondii, das
einen wichtigen Pathogenesefaktor darstellt, vor Schaden durch Einfrieren zu schiitzen und
dariiber hinaus die Enzymaktivitat zu erhalten. Wirksame Gegenmalinahmen gegen durch
Oozysten verursachte Infektionen wirden durch die eindeutige Bestimmung von
Infektionsquellen erganzt. Optimalerweise wirden serologische Methoden die Unterscheidung
zwischen durch Fleisch Ubertragenen und durch Oozysten vermittelten Infektionen
ermoglichen und eine frihzeitige Identifizierung von Infektionsclustern erlauben. Da eines der
TgLEAs dies ermdglichen soll, wurden in dieser Arbeit alle TgLEAs dahingehend untersucht.

Da die TgLEAs nachweislich Regionen mit hoher Unordnung aufweisen, wurde ihr Potenzial

109



Zusammenfassung

zur Auslésung von Antikdrperreaktionen bezweifelt, doch die erfolgreiche Immunisierung von
Kaninchen bestatigten die grundlegende Antigenitat der TgLEAs. Die serologische Analyse
eines Serum-Panels von experimentell infizierten Hihnern fiihrte jedoch zu dem Schluss, dass
keines der TgLEAs geeignet ist, spezifische Infektionsquellen zu identifizieren. Insgesamt hat
die vorliegende Arbeit somit das Wissen Uber ein bisher wenig erforschtes, aber
hochrelevantes Lebenszyklusstadium von T. gondii in mehreren zellularen und strukturellen
Aspekten erweitert und er6ffnet Mdoglichkeiten fir vielversprechende weitere

Forschungsansatze.
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Chapter 5: Appendix

5.1 Figures
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Figure 43: Montage of original images used to obtain cut-outs for Figure 14. Stippled boxes
indicate areas from which detailed oocyst representations were taken. Details as described
there. Scale bar = 20 pm.
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Figure 44: CLRs bind to sporulated and unsporulated oocysts of T. gondii. Montage of original
images used to compose Figure 15. (A) CLEC9A (B) CLEC12A (a) BF (b) oocyst
autofluorescence (c) CLR detected by secondary AB (d) merge; arrowheads = unsporulated
0ocCysts.
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Figure 45: Western blot analysis of recombinantly expressed TgLEA-860. Pictured are total
protein staining via DB71 (A) and ECL staining of his-tagged TgLEA-860 (B) of the same
western blot membrane, comparing two protein preparation procedures (boiled vs. not boiled).
(A) The total protein stain reveals that boiling the bacterial lysate prior to loading onto the
column for purification reduces contamination with unwanted proteins during purification as
indicated by overall reduction of signal in all fractions. (B) Specific ECL staining of his-tagged
TgLEA-860 shows no difference with regards to concentration of the purified protein as there
is no obvious signal difference in the eluate fractions. m = molecular marker, 1 = lysate prior
to loading, 2 = lysate after running over column, 3 = washing fraction, 4 = pool of eluted
fractions.

113



Appendix

kDa m 1 2 3 4 m 1 2 3 4

70—

25—
15—
10—

70—=

2578

15—
10—

boiled not boiled

Figure 46: Western blot analysis of recombinantly expressed TgLEA-870. Pictured are total
protein staining via DB71 (A) and ECL staining of his-tagged TgLEA-870 (B) of the same
western blot membrane, comparing two protein preparation procedures (boiled vs. not boiled).
(A) The total protein stain reveals that boiling the bacterial lysate prior to loading onto the
column for purification reduces contamination with unwanted proteins during purification as
indicated by overall reduction of signal in all fractions. (B) Specific ECL staining of his-tagged
TgLEA-870 shows no difference with regards to concentration of the purified protein as there
is no obvious signal difference in the eluate fractions. M = molecular marker, 1 = lysate prior
to loading, 2 = lysate after running over column, 3 = washing fraction, 4 = pool of eluted
fractions.
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Figure 47: Western blot analysis of recombinantly expressed TgLEA-880. Pictured are total
protein staining via DB71 (A) and ECL staining of his-tagged TgLEA-880 (B) of the same
western blot membrane, comparing two protein preparation procedures (boiled vs. not boiled).
(A) The total protein stain reveals that boiling the bacterial lysate prior to loading onto the
column for purification reduces contamination with unwanted proteins during purification as
indicated by overall reduction of signal in all fractions. (B) Specific ECL staining of his-tagged
TgLEA-880 shows no difference with regards to concentration of the purified protein as there
is no obvious signal difference in the eluate fractions. M = molecular marker, 1 = lysate prior
to loading, 2 = lysate after running over column, 3 = washing fraction, 4 = pool of eluted
fractions.
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Figure 48: Bacterial growth during TgLEA expression. Depicted is the growth of bacteria over
time derived from ODsgo Without (A) or with (B) addition of 0.5 mM IPTG to induce expression
of TgLEAs. *: First ODsoo measurement was performed 1 hour after inoculation but not
necessarily 1 hour before induction, which was performed when ODsoo was between 0.5 and
0.6 for each individual culture. Error bars at 3 hours post induction indicate SD of three
individual experiments.
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Figure 49: TgLEAs are susceptible to trypsin digestion which can be prevented by TFE. Blot
(A) depicts effects of trypsin and TFE on TgLEAs, while blot (B) details the effects under the
same conditions on a globular protein (lysozyme) and an IDP (casein). In absence of trypsin
all proteins were detected (lane 1). TQLEAs were rapidly digested by trypsin while casein
exhibited less distinct bands, indicating proteolytic activity, whereas lysozyme was still
unaffected (lane 2). With increasing TFE concentrations, the amount of digested TgLEAs and
the IDP control decreased (lanes 3 to 5). 1: no trypsin; 2: only trypsin; 3: trypsin + 10 % TFE;
4: trypsin + 20 % TFE; 5: trypsin + 30 % TFE.
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Figure 50: TgLEAs are susceptible to thermolysin digestion which can be prevented by TFE.
Blot (A) depicts effects of thermolysin and TFE on TgLEAs, while blot (B) details the effects
under the same conditions on a globular protein (lysozyme) and an IDP (hCD1). TgLEAs and
the IDP were rapidly digested by thermolysin while lysozyme was still unaffected (lane 1). In
absence of thermolysin all proteins were detected (lane 2). With increasing TFE
concentrations, the amount of digested TgLEAs and the IDP control decreased (lanes 3 to 6).
1: only thermolysin; 2: no thermolysin; 3: thermolysin + 10 % TFE; 4: thermolysin + 15 % TFE;
5: thermolysin + 20 % TFE; 6: thermolysin + 25 % TFE.
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Figure 51: Structure of FAGLA. Image adapted from the manufacturer’s website.
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Figure 52: Preservation of pLDH activity upon freeze-thaw-stress by TgLEAs at molar ratio of
1:100. Depicted is relative pLDH activity in presence of TQLEAs and control proteins after
repeated freeze-thawing. Alone, pLDH activity is reduced to almost 0 % after four freeze-thaw-
cycles. Remarkably, before freezing, pLDH activity was significantly reduced in presence of
BSA and TgLEA-860. Initially, activity increased after the first freezing in all samples, but
dropped to activity levels prior to freezing in the case of BSA. Still, the high concentrations of
TgLEAs or control proteins preserved at least approx. 50 % of initial pLDH activity after four
freeze-thaw-cycles. * = P < 0.05, ** = P < 0.01 and *** = P < 0.001 shown above the bar
indicate results significantly different from those for LDH alone. n = three replicates.
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Figure 53: Preservation of pLDH activity upon freeze-thaw-stress by TgLEAs at molar ratio of
1:50. Depicted is relative pLDH activity in presence of TgLEAs and control proteins after
repeated freeze-thawing. Alone, pLDH activity is reduced to almost 0 % after four freeze-thaw-
cycles. Significant effects on pLDH activity after freeze-thawing is observed for all tested
proteins, although at a molar ratio of 1:50, BSA only preserves 25 % of the initially observed
pLDH activity, while the TgLEAs and the hCD1 control preserve more than 50 % of the initial
pLDH activity even after four freeze-thaw-cycles. * = P < 0.05, ** = P <0.01 and *** = P < 0.001
shown above the bar indicate results significantly different from those for LDH alone. n = three
replicates.
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Figure 54: ELISA results of all tested plate types using BSA as blocking agent. MaxiSorp,
MultiSorp and regular cell culture plates exhibit high unspecific signal in sera from uninfected
mice. PolySorp exhibits no unspecific binding but reduced signal in the anti-his antibody as
compared to MediSorp plates. n = three replicates
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Figure 55: ELISA results of all tested plate types using milk as blocking agent. MaxiSorp plates
performed similarly well to MediSorp plates with slightly lower signal of the hybridoma
supernatant. PolySorp plates exhibited lower signal of the anti-his antibody, while MultiSorp
and regular cell culture plates exhibited in addition high background signal for the secondary
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Figure 56: Plasmid map of pAviTag_TgLDH1. TgLDH1 is cloned in frame with the 6His-tag.
Binding sites of primers pRham-fwd and pEtite-rev are indicated in blue.
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5.2 Tables

Table 7: Abundance of amino acids in TgLEAs. Absolute numbers, select amino acids also in
relative abundance [in brackets].

Amino acid TgLEA-850 TgLEA-860 TgLEA-870 TgLEA-880
Alanine 21 91 29 30
Arginine 3 19

Asparagine 3 17 3

Aspatrtic acid 5 40 15 10
Cysteine 0 0 0 1
Glutamic acid 12 49 8 9
Glutamine 3 21 9 4
Glycine 99 %] 35 [7 %] 11 [6 %] 11 [8 %)
Histidine 4 4 2 1
Isoleucine 3[3 %] 14 [3 %] 4 [2 %] 4[3 %]
Leucine 3 [3 %] 18 [3 %] 8 [5 %] 1[1 %]
Lysine 10 58 19 13
Methionine 2 3 7 6
Phenylalanine 0 [0 %] 3[1 %] 4 [2 %] 0 [0 %]
Proline 1 2 8 0
Serine 10 49 15 15
Threonine 6 35 8 10
Tryptophan 0 24

Tyrosine 2 2

Valine 7 33 14 5
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Table 8: Number of counted beads and MFI values obtained with TgSAG1uic as antigen per
sample from chicken sera diluted 1:25.

infection type sample number beads counted MFI
1.01 4 583,5
1.02 1 1042,0
1.03 25 564,0
1.04 22 832,0
1.05 30 526,0
mock 1.06 23 337,0
1.07 5 420,0
1.08 20 301,5
1.09 39 366,0
1.10 9 70,0
1.11 50 127,5
2.01 11 444,0
2.02 24 375,0
2.03 2 1822,0
2.04 3 1277,0
2.05 1 2960,0
oocyst 2.06 - -
2.07 - -
2.08 3 2012,0
2.09 - -
2.10 22 339,5
2.11 1 824,0
3.01 9 1403,0
3.02 1 669,0
3.03 8 809,0
3.04 2 2444.0
3.05 - -
tissue cyst 3.06 - -
3.07 - -
3.08 - -
3.09 - -
3.10 6 690,5
3.11 7 200,0
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