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Résumé

Au cours de son cycle de vie complexe, Toxoplasma gondii se différencie en stades
de développement distincts. Ces transitions sont associées a des modifications du
transcriptome du parasite. Les facteurs de transcription (FT) spécifiques de la
famille ApiAP2 jouent un réle dans la régulation de 'expression des genes au cours
de ces transitions développementales. Les FT de la famille des ApiAP2 se
caractérisent par la présence d'un domaine de liaison a I'ADN de l'intégrase
Apetala2/ERF similaires a ceux des plantes. Alors qu'il a été démontré que
certains FT ApiAP2 jouent un role dans le controle de la transition
développementale du tachyzoite au bradyzoite, un grand nombre de ces protéines
n‘ont pas encore été étudiées. Ainsi, pour la premiere partie de cette these, le role
biologique de deux FT ApiAP2, TgAP2X-10 et TgAP2III-1 a été étudié. L'effet de
TgAP2X-10 et TgAP2III-1 sur la différenciation des bradyzoites a été déterminé
en utilisant différents modeles de différenciation in vitro. Nous avons également
étudié l'effet de la perte de TgAP2X-10 et TgAP2III-1 in vivo chez la souris. Les
données accumulées tendent a montrer que ces deux FT pourraient étre des
régulateurs potentiels de la différenciation des bradyzoites. Afin de poursuivre la
caractérisation des FT ApiAP2, un troisieme FT, TgAP2IX-5 a été étudié. L'étude
de cette protéine fait partie de la deuxieme partie de ce projet de these. Nous avons
démontré que TgAP2IX-5 avait un role dans la division asexuée du tachyzoite de
T. gondii. Plus précisément, cette protéine controle la production des cellules filles
lors du cycle cellulaire. La création d'un mutant d’expression conditionnel pour la
protéine TgAP2IX-5 nous a permis de montrer que I'absence de cette protéine
bloque la division du plaste précisément apres son allongement et avant sa
ségrégation. En étudiant le transcriptome de ces mutants par RNA-seq, nous
avons déterminé que la protéine TgAP2IX-5 régule des centaines de genes, dont
la majorité est adressée au complexe de la membrane interne (IMC) et au complexe
apical. TgAP2IX-5 est présent sur de nombreux promoteurs de génes qui sont
nécessaires a la progression du cycle cellulaire et la production des cellules filles.
De plus, TgAP2IX-5 controle aussi le destin cellulaire en activant des répresseurs
bradyzoites connus, promouvant ainsi la division cellulaire du tachyzoite. De
maniere surprenante, nous démontrons que la réexpression de TgAP2IX-5 réinitie
la division du cycle cellulaire, mais le parasite change son mode de division de
I'endodyogénie a I'endopolygénie. Des études complémentaires montrent aussi que
d’autres domaines protéiques jouent un role essentiel dans I'activité biologique de
TgAP2IX-5. Dans une troisieme et derniere partie de cette these, nous démontrons
le role essential de la protéine TgPP1 dans la production de 'IMC ainsi que dans
le cycle suggere que TgPP1 est important pour controler les événements de
phosphorylation dans le cycle cellulaire asexué du tachyzoite.



Abstract

During its complex life cycle, the 7. gondii parasite differentiates into distinct
developmental stages. The transition between these life stages is associated with
changes in the parasite’s transcriptome. In 7oxoplasma, it has been demonstrated
that specific transcription factors of the ApiAP2 family play a role in regulating
gene expression during these developmental transitions. ApiAP2 transcription
factors are characterized by the presence of an AP2 domain. These AP2 TFs
possess an Apetala2/ERF integrase DNA binding domain similar to those of
plants. While certain ApiAP2 TFs have been demonstrated to play a role in
controlling the tachyzoite to bradyzoite developmental transition, several remain
unstudied. Thus, for the first part of this thesis, the role of two constitutively
expressed ApiAP2 TFs, TgAP2X-10 and TgAP2III-1was studied. The effect of
TgAP2X-10 and TgAP2III-1 on bradyzoite differentiation was determined using
two 1n vitro models. We also study the effect of TgAP2X-10 and TgAP2III-1 loss in
vivo in mice and demonstrate that these proteins might be potential regulators of
bradyzoite differentiation. In an attempt to continue with the characterization of
ApiAP2 TFs, a third ApiAP2 TF, TgAP2IX-5 was studied. The study of TgAP2IX-
5 represents the second part of this PhD project. TgAP2IX-5 was demonstrated to
have a role in asexual cell cycle division of the 7’ gondiitachyzoite. The conditional
depletion of TgAP2IX-5 blocks the progression of the cell cycle at a precise time-
point when the plastid is elongated before its segregation. By using RNA-seq, we
determined that TgAP2IX-5 differentially regulates hundreds of genes, a majority
of which are targeted to the Inner Membrane Complex (IMC) and apical complex.
ChIP-seq allowed to identify the promoters of hundreds of genes targeted by
TgAP2IX-5 which are necessary for the progression of the budding cycle. In
addition, TgAP2IX-5 was demonstrated to activate known bradyzoite repressors.
Strikingly, we demonstrate that the re-expression of TgAP2IX-5 re-initiates cell
cycle division, yet the parasite switches its mode of division from endodyogeny to
endopolygeny. Further studies regarding the elucidation of the different regions
of the TgAP2IX-5 protein were carried out and a novel domain was identified and
shown to be essential for the function of TgAP2IX-5. In the third and final part of
this PhD study, we demonstrated the crucial role of the TgPP1 phosphatase in the
cell cycle. The production of the daughter cell IMC and the nuclear cycle is affected
in absence of this protein. Phospho-proteomics analysis revealed that the
depletion of TgPP1 results in the differential phosphorylation of several IMC
proteins. Overall, this study suggests that TgPP1 is important for controlling
phosphorylation events within the tachyzoite’s cell cycle.



Acknowledgments

As a beginning statement of this PhD thesis, I would like to express my most
heartfelt thanks to the people who have helped me throughout this three-year PhD
journey. It is with my sincerest gratitude that I thank the people who have
assisted me in completing this work.

First and foremost, I would like to thank my thesis supervisor, Dr Mathieu Gissot
for giving me this amazing opportunity and for allowing me to pursue this PhD
under his supervision. I would like to thank him for his advice, patience, and
guidance throughout this PhD. I am grateful for the numerous scientific
discussions; I have learned a lot from him and cannot thank him enough. It has
been a privilege to be his PhD student.

Next, I would like to thank all the lab members, Dr Jamal Khalife, Dr Christine
Pierrot, Dr El Moukhtar Aliouat, and Dr Sabrina Marion for their feedback during
the laboratory meetings and for the scientific discussions. I would also like to
thank Emmanuel, Caroline, Veronique, and Tom.

My gratitude towards my lab colleagues, Thomas, Claudianne, Claire, Hala, Amir,
Lola, Cecilia, Anais, Sylia, Benedicte, and Aline for their friendship and support.
We shared memorable moments together in the lab which I will always look back
upon and remember.

My sincere gratitude to the jury members, Prof. Soldati-Favre, Prof. Gubbels, Dr
Treeck, Dr Harding, and Dr Duterque, who have agreed to evaluate and review
this work.

My appreciation to Ms. Elisabeth Werkmeister and Ms. Sophie Desnoulez for help
with the microscopy platform.

I would like to thank the administrative team at the EDBSL, Mr Francois
Delcroix, Ms Marjorie Vanderhove, and Ms Tanya Florida for their help with
administrative aspects of this PhD.

Most importantly, I would like to extend my thanks to my parents, for their
unconditional love and support. They have selflessly encouraged me throughout
this PhD journey. I am forever indebted to them for all that they have offered me
throughout my years of academic education. Their support has allowed me to
persevere when times became challenging and rough. I would not have been able
to reach this milestone without them. “I will forever be indebted to you for an
education of which I am sincerely proud of.”. Special thanks to my grandparents
for their endless encouragement. I could have not made it to this day without their
support. I am forever grateful for their endless prayers. My gratitude to all three
of my brothers, whom I cherish dearly and whose encouragements are greatly
appreciated.



Finally, I would like to thank my extended family; my aunt, uncles, and cousins,
for always checking on me since I was so far away from home. My most heartfelt
gratitude to all my friends across the Atlantic who have supported me throughout

the course of this PhD.



Summary

Cette these de doctorat comprend trois projets différents. Dans la premiéere partie
du doctorat, la caractérisation de deux facteurs de transcription ApiAP2 a été
réalisée. Des parasites mutants ont été générés dans les souches de Type I,
RHAKuS80, et de Type II, Pru AKu80, pour lesquelles les genes AP2X-10 et AP2I1I-
1 ont été supprimés. Les analyses de croissance n’ont démontré aucun défaut de
croissance. [’étude de la différenciation des souches de Type II en bradyzoite, dans
un modele de stress alcalin, a montré qu’il n’y avait pas de différence significative
dans le nombre de kystes identifiés. Cependant, dans un nouveau modele de
différenciation spontanée utilisant des cellules primaires de cerveaux de rat, les
parasites mutants pour le gene AP2X-10 ont montré une augmentation
significative du pourcentage de kystes tissulaires suggérant quAP2X-10 aurait un
role dans la différenciation. En outre, afin d’examiner si les deux souches
mutantes ont un role dans la différenciation des bradyzoites in vivo, nous avons
réalisé deux expériences d’infection de souris par les souches mutantes et
sauvages. Dans les deux expériences, le nombre de Kkystes étaient
significativement plus faibles pour les souches mutantes par rapport au sauvage.
Ces résultats in vivo suggerent que TgAP2X-10 et TgAP2III-1 ont un role dans la
différenciation des bradyzoites in vivo. Une analyse du transcriptome des souches
mutantes en condition normales et de stress alcalin, n’ont pas révélé d’expression
différentielle, reflétant les données de caractérisation des mutants obtenues pour
ces conditions.

Dans une deuxiéme partie, un troisieme facteur de transcription ApiAP2,
TgAP2IX-5, a été caractérisé. Un mutant inductible de cette protéine a été généré
a l'aide du systéme de dégradation inductible par I'auxine (AID). En présence
d’auxine, la déplétion de TgAP2IX-5 est effective apres une heure. Les expériences
testant la croissance et la prolifération du mutant ont montré que cette protéine
est essentielle pour le parasite. En outre, le mutant a un défaut extrémement
marqué de production des cellules filles, induisant la production de parasites
comportant un grand nombre de noyaux. Le suivi de la ségrégation des organelles
lors du cycle cellulaire dans le mutant a montré le role essentiel de ce facteur de
transcription précisément apres I’'allongement du plastide et avant sa ségrégation.
Des expériences d'immuno-précipitation de la chromatine (ChIP-seq) ont permis
d’identifier les promoteurs sur lesquels TgAP2IX-5 se lie. L'intégration de ces
données avec celles de transcriptomique des parasites iIKD TgAP2IX-5 traités avec
de 'auxine pendant 6 heures a permis d’identifier les génes directement sous le
controle de ce facteur de transcription. Ces genes sont exprimés pendant la phase
S/M et sont en majorité adressés au complexe membranaire interne (IMC) et au
complexe apical. Des expériences de réexpression de TgAP2IX-5 apres déplétion
de cette protéine a permis de démontrer que cette protéine jouait un réle central
dans le controle de la production des cellules filles. Nous pu montrer que le
moment de production des cellules filles est 'évenement crucial du cycle cellulaire
permettant le passage d'un mode de division par endodyogenie a ’endopolygénie,
qui est normalement réalisée par les mérozoites chez I'hote félidé définitif. Ce
travail a été suivi d'un ensemble d’expériences complémentaires. Notamment, des
expériences explorant le transcriptome des parasites traités avec de 'auxine
pendant une ou deux heures ont permis I'identification d'un panel plus large de
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génes ciblés directement par TgAP2IX-5. De plus, différents domaines de la
protéine TgAP2IX-5 ont été caractérisés. Les régions étudiées, grace a des
expériences de complémentation du mutant iIKD AP2IX-5, sont le domaine AP2 et
un nouveau domaine non caractérisé nommé « domaine 1». Ces expériences ont
démontré que le domain 1 est essentiel pour la fonction biologique de TgAP2IX-5
alors que le domaine AP2 ne l'est pas.

Dans une troisieme et derniere partie, la phosphatase TgPP1 a été caractérisée.
Les analyses de croissance pour ce mutant ont montré un défaut de croissance
apres le traitement avec de 'auxine. Une étude de I'impact de la déplétion de la
protéine TgPP1 sur la division des organites a démontré un role de cette protéine
sur la division du plastide et I'intégrité structurelle du centrosome. Nous avons
aussl observé un impact majeur sur la formation de I'IMC. Les expériences de
microscopie électronique ont confirmé les conséquences de la déplétion de
TgPPlsur 'IMC tandis que la membrane plasmique demeure intacte. Des
expériences de phosphoprotéomique ont montré un impact majeur de TgPP1 sur
Iétat de phosphorylation de plusieurs protéines IMC, telles que IMC4, IMC5,
IMC18, IMC20 et IMC24. En résumé, TgPP1 joue un role essentiel dans la
formation et le maintien de la structure de 'IMC. Cependant, d’autres études sont
nécessaires afin de mieux comprendre le role de la phosphorylation dans la
structuration de I'IMC.
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Chapter I - Introduction

1 Toxoplasma gondii, member of the Apicomplexa
phylum

Toxoplasma gondii is a protozoan parasite that was first discovered more than
100 years ago by scientists in North Africa and Brazil. It was Charles Nicolle and
Louis Manceaux who first identified the parasite in Tunisia in a hamster-like
rodent, Ctenodactylus gundi, in 1908 (Nicolle & Manceaux, 1908). When first
discovered Nicolle thought the parasite to be a piroplasm and then Leishmania,
but it was soon realized that a new organism was discovered and was named 7.
gondil based on its morphology. Toxoplasma is derived from the Greek word
‘taxon’. “Toxo” refers to “bow” or “arc” whereas “plasma” refers to “form”.
Splendore also discovered the same parasite in a rabbit in Brazil in 1908 and he
thought it to be Leishmania without naming the parasite (Splendore, 1908).
During the next 30 years, 7. gondii was discovered in several other hosts
specifically in birds (J. P. Dubey, 2002). In 1937, viable 7' gondii was first isolated
and proven identical to the human isolate (Sabin and Olitsky, 1937). The
taxonomic classification of 7! gondii according to NCBI (Taxonomy ID: 5811) is
included in the following table:

Domain Fukaryota
Kingdom Alveolata
Phylum Apicomplexa
Class Conoidasida
Sub-class Coccidia
Order Fucoccidiorida
Sub-Order Eimeriorina
Family Sarcocystidae
Genus Toxoplasma
Species Toxoplasma gondii

Table 1- Taxonomic Classification of 7oxoplasma gondii according to NCBI

Several 7. gondii genotypes are present worldwide (Su et al., 2012). However,
previous studies demonstrated that 7. gondir had a clonal population structure
comprised of three main genotypic lineages: Type I, Type II, and Type III (Howe
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& Sibley, 1995). These lineages were mainly characterized based on their
distinguished virulence in mice and their cyst-forming capability (Howe & Sibley,
1995). The three clonal lineages were found in diverse hosts in different regions
mainly located in North America and Europe. The expansion of the three main
clonal lineages is most likely due to their spread through the food chain (Howe &
Sibley, 1995). However, more recent studies have identified that 7. gondiiisolates
consist of six major clades classified into several haplogroups (Su et al., 2012).
Type I strains are extremely virulent in vivo where the inoculation with a single
parasite is deadly (Boothroyd & Grigg, 2002). Type II and Type III strains are
characterized by low virulence when relatively compared to the Type I strain and
exhibit lethality in vivo by the inoculation of 1000 parasites (Saeij et al., 2005).
Type II strains are characterized by the production of a large number of tissue
cysts in vivo ( Hunter et al., 1992), and may become reactivated in the case of
immunocompromised individuals such as those who are diagnosed with AIDS or
are undergoing chemotherapy or organ transplantation. The Type II strain is pre-
dominantly associated with disease and is responsible for around two-thirds of
the globe’s human cases of toxoplasmosis (Howe & Sibley, 1995). In a study
carried out in France, Type II strains were found to be associated with disease in
the French population and constitute over 90% of human and animal isolates
(Robert-Gangneux & Darde, 2012). The correlation of Type II strains with disease
has made strains of type II the focus of study for investigating the implications of
toxoplasmosis as well as potential discovery of treatments.
Atypical strains account for large genetic diversity within South America. A recent
study grouped the atypical strains into 11 distinct haplogroups. Most of the strains
classified under haplogroups 1-3 occur in North America and Europe coinciding
with the previously defined lineages I, II, and III. However, haplogroup strains
4,5, and 8-10 occur mainly in South America whereas haplogroup 6 strains are
spread widely and appear in Europe, South America, and Africa. Strains that were
previously designated as ‘exotic’ were discovered to be common in South America
and are ‘uncommon’ solely in the case when compared to the defined lineages in
North America and Europe (Khan et al., 2007). Furthermore, the recent study
carried out by Su et al. (2012) identified 15 haplogroups defining the six major
clades of 7. gondiiisolates.

The Apicomplexa phylum consists of a large and diverse group of unicellular
protists that have a wide geographic distribution. It is the only taxonomic group
that is uniquely formed of obligate intracellular parasites. Many of its members
are pathogens of humans and domesticated animals. The phylum belongs to the
taxonomic kingdom Alveolata which consists of Dinoflagellates and Ciliates in
addition to Apicomplexans (Gould et al., 2008; Moore et al., 2008; Yoon et al.,
2008). The Apicomplexa taxonomic group consists of four sub-groups: the Coccidia,
the Gregarines, the Cryptosporidia, and the Hematozoa (Figure 1). The current
classification of Apicomplexan members is characterized by its conservation far
from the extents of modern molecular data (Kaya, 2001). Many morphological
features are shared among Apicomplexan parasites that are regarded as a
hallmark of the phylum. These shared traits include the elongated shape, and
several specialized organelles that constitute the apical complex which include:
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rhoptries, micronemes, and the apical polar ring. The apical complex is essential
for the parasite’s survival and invasion of the host cell. Furthermore,
Apicomplexans have other specialized structures such as the apicoplast, which is
an essential chloroplast-like organelle (N. S. Morrissette & Sibley, 2002).
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Leucocytozoon Theileria coccidia
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Figure 1 — Schematic representation of the various Apicomplexa taxonomic sub-
classes (Portman & Slapeta, 2014). Apicomplexa phylum members and their
closest related relatives are represented in the phylogenetic tree. There are four
main sub-groups present in the Apicomplexa phylum and include: Cryptosporidia,
Gregarines, Hematozoa, and Coccidia.

This phylum contains pathogens such as Plasmodium, Cryptosporidium, Babesia,
and Eimeria.

2 Toxoplasma gondii life cycle and transmission

T. gondii can infect any type of nucleated cell whether it be mammalian or avian.
The life cycle of 7' gondiiis divided between an intermediate host and a
definitive host correlating to asexual and sexual replication, respectively.
Transmission of 7. gondii can occur when a warm-blooded intermediate host
ingests either tissue cysts or oocysts from the external environment. Tissue cysts
release bradyzoites which then differentiate into tachyzoites. Sporulated oocysts
release sporozoites which then also differentiate into tachyzoites. Tachyzoites
replicate throughout the intermediate host until they differentiate into the latent
bradyzoite form in different types of tissue such as the brain, skeletal muscle
tissue, the eyes, and even cardiac tissue.
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The sexual cycle occurs exclusively in the intestinal lumen of the definitive host
which includes many members of the Felidae. After the felid ingests tissue cysts
or oocysts, the parasites invade and replicate within the definitive host’s intestinal
epithelial cells (IECs). The parasite undergoes several rounds of asexual division
known as endopolygeny and is characterized by the development of merozoites
within schizonts (J. P. Dubey & Frenkel, 1972). This is then followed by the
formation of microgametocytes and macrogametocytes. These gametocytes fuse to
form a zygote, which then develops into an oocyst. The sporozoite-containing
oocysts are released into the environment and ingested by a secondary host
(intermediate host), where the sporozoites differentiate into the rapidly
replicating tachyzoites causing the ‘acute’ form of toxoplasmosis. The parasite can
be a cause of ‘chronic’ disease, when the rapidly replicating tachyzoites
differentiate into the slowly replicating bradyzoites (Figure 2). These bradyzoites
can re-emerge occasionally but usually are not a factor of serious illness in healthy
individuals (Ajioka et al., 2001). However, cerebral toxoplasmosis is developed in
the case of bradyzoite re-activation and differentiation into tachyzoites in
immune-compromised individuals ( Lee & Lee, 2017; Luft et al., 2010). In these
cases, the uncontrolled proliferation of tachyzoites is the cause of life-threatening
illness, especially when the reactivating cysts are located in the brain of the
infected host (cerebral toxoplasmosis).
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Figure 2 — Schematic representation of the complex life cycle of 7. gondii divided
between the intermediate and the definitive host (Hunter & Sibley, 2012). Sexual
reproduction of the 7' gondii life cycle occurs in the felid definitive host whereas
asexual reproduction occurs in the warm-blooded intermediate host and the
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definitive host. Merogony which involves the division of merozoites within the
feline enterocytes is followed by the formation of female and male gametes. The
two gametes fuse to form an oocyst which i1s excreted with the feline’s feces.
Oocysts released by the definitive host into the environment withstand extreme
conditions and ensure transmission of the parasite when ingested by the
intermediate host. Within the intermediate host, asexual division occurs. The
oocysts release sporozoites which differentiate into tachyzoites and disseminate
throughout the body. The tachyzoites may then differentiate into the latent
bradyzoite form forming tissue cysts that remain dormant in muscle, heart, brain,
and eye tissues. Intermediate hosts including humans can become infected by
Ingesting tissue cysts where bradyzoites that reach the intestinal lumen convert
into tachyzoites and disseminate throughout the body. Vertical transmission can
have detrimental effects on a pregnant women’s fetus.

The sexual life cycle of 7. gondii occurring in the definitive host (Felidae) is
characterized by oocyst shedding in the feces 3 to 10 days after initial ingestion of
bradyzoites, around 18 days after ingesting sporulated oocysts, and around 13
days after the ingestion of tachyzoites (J. P. Dubey, 1998). After the felid (domestic
and wild cats) ingest tissue cysts of an intermediate host, the cyst wall is disrupted
by specific gastric enzymes and bradyzoites are released from the tissue cysts
before they invade enterocytes carrying out multiple rounds of asexual replication
resulting in merozoite-containing schizonts. This is then followed by the sexual
development phase also known as gametogony, where the formation of male and
female gametes, microgametes and macrogametes, respectively is carried out
(Ferguson, 2002). Microgametes are bi-flagellated and fertilize macrogametes by
using their flagella to swim and displace towards the macrogametes (Speer &
Dubey, 2005). After fertilization, a zygote is formed which develops into an oocyst.
Oocysts are liberated from the enterocytes by disruption of the epithelial cells.
This is then followed by excretion of the oocysts in an un-sporulated form in cat
feces. Once the oocysts are released within the external environment, sporogony
1s carried out after a few days. The oocyst undergoes morphological changes and a
meiotic reduction. This produces a sporulated oocyst containing two sporocysts,
within each sporocyst are four haploid sporozoites (Figure 3).

The excretion of oocysts can start as early as 3 days after tissue cyst ingestion and
can continue throughout the following 20 days. The number of shed oocysts in a
cat’s feces can reach up to 100 million oocysts. The released oocysts can infect any
warm-blooded intermediate host, usually through food contamination. However,
oocysts remain less infectious for cats based on a study which examined the
infectivity of oocysts in cats (definitive host) and mice (intermediate host). In the
case when 29 cats were fed 1-10 million oocysts, only one single cat shed oocysts
and all cats were asymptomatic. However, when administering 1-10 million
oocysts to mice, all of the mice died of toxoplasmosis. This study therefore
confirmed that oocyst infectivity to cats is less than that to mice. In addition, non-
pathogenicity of oocysts in cats was determined (Dubey, 2006; Robert-Gangneux
& Darde, 2012).
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The asexual stage of 7' gondiioccurs in the warm-blooded intermediate host. After
the intermediate host ingests oocysts which release sporozoites, the sporozoites
invade and replicate within the intestinal epithelium of the intermediate host and
differentiate into tachyzoites. Similarly, cysts containing bradyzoites that are
developed within muscle and brain tissues can be ingested by another
intermediate host by consuming raw or uncooked meat. In that case, the cyst wall
1s ruptured by digestive tract enzymes allowing for the release of bradyzoites
which infect the epithelial cells of the intermediate host and differentiate into
tachyzoites (Figure 3).

These tachyzoites replicate within cells by undergoing a process termed
‘endodyogeny’ and disseminate via the bloodstream throughout the body. The
tachyzoites then differentiate into a slower replicating form of the parasite known
as ‘bradyzoites’ which give rise to tissue cysts within 7 to 10 days after infection
in vivoin mice (Black & Boothroyd, 2000; Robert-Gangneux & Darde, 2012).
Tissue cysts remain throughout the entire lifespan of the intermediate host, and
reside most prominently in muscle tissues and the brain (Black & Boothroyd,
2000; J. P. Dubey, 1997b; Robert-Gangneux & Darde, 2012). Life-long persistence
of tissue cysts has been proven in mice (J. P. Dubey, 1997a).

The development of tissue cysts defines the chronic phase of toxoplasmosis. Tissue
cysts can then be consumed by either an intermediate or definitive host. In the
case when consumed by the definitive felid host, asexual replication occurs
primarily followed by initiation of the sexual phase (Figure 3, following page).

The modes of transmission of 7" gondii were elucidated when the discovery of its
life cycle came into light and can be classified into horizontal and vertical modes
of transmission.

Congenital transmission (CT) represents the vertical method of 7. gondii
transmission in which transplacental transmission occurs when the mother of the
fetus becomes infected with the 7. gondii parasite during pregnancy for the first
time. The risk of transmission is elevated as the primary infection of the mother
occurs later in pregnancy. The transmission rate in the third trimester is 65%
compared to 25% in the first trimester and 54% in the second trimester (McAuley,
2014).
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Figure 3 — Schematic representation of 7' gondii life cycle’s three main infective
stages (Robert-Gangneux & Darde, 2012). 7. gondii has three main infective
stages of development. Within the felid definitive host, the sexual phase takes
place where the ingestion of tissue cysts is followed by the disruption of the tissue
cyst wall with gastric enzymes leading to the release of bradyzoites which infects
cells of the intestinal epithelium. The parasite undergoes several rounds of
asexual replication and schizonts consisting of merozoites are developed through
schizogony. This is then followed by gamogony which entails the differentiation of
merozoites into microgametes and macrogametes. After the fusion of these two
types of gametes, oocysts are formed and released into the external environment
via the felid’s feces. These oocysts remain within the external environment where
they undergo an environmental phase. Several environmental factors affect the
Oocysts such as temperature, pH, pressure, etc. and result in their sporulation.
The asexual phase takes place in the intermediate host and consists of the
ingestion of the sporulated Oocysts or tissue cysts. Sporozoites released from
oocysts or bradyzoites released from tissue cysts differentiate into tachyzoites and
spread throughout the organism by asexual replication termed endodyogeny. The
tachyzoites can convert into bradyzoites and form tissue cysts in different types of
tissue such as the brain, heart, lungs, the eyes, etc.

There are three mechanisms by which congenital toxoplasmosis can occur: One
method is through transmission to the fetus in the case where the mother is
seronegative and immunocompetent and acquires infection during the first
trimester of pregnancy or three months before conceiving. The second method that
CT can occur by is through reactivation of toxoplasmosis in an immune woman
that suddenly becomes immunocompromised when pregnant. The third method
by which CT can occur is in the case where an immune mother gets infected with
a new 7. gondii strain that is more virulent than the one she was initially infected
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with (Maldonado et al., 2017). CT is known to be a cause of miscarriage and in
some cases can cause severe ocular disease and mental retardation in newborns.

This method of transmission occurs when infected raw or undercooked meat is
ingested by a naive intermediate host. The transmission of the parasite through
ingestion of infected meat was proven by experiments carried out on children in a
Paris sanitorium by comparing acquisition rates of infection in the children before
and after admission to the sanitorium. The annual acquisition rate of 7. gondii
infection increased from 10% to 50% after addition of undercooked meat (beef or
horse) to the diet whereas the acquisition rate increased to 100% when adding
undercooked lamb meat to the diet. This coincides with 7’ gondii prevalence rates
which are higher in sheep compared to other animal types (horse and cattle) (J. P.
Dubey, 2008).

The widespread prevalence of 7. gondii in vegetarians and herbivores can be
explained by ingestion of oocysts that are excreted in cat feces. Shedding of oocysts
within the environment has been a cause of numerous outbreaks of Toxoplasmosis
in humans. Epidemiological studies have demonstrated a complete absence of
Toxoplasma in habitats without cats particularly in isolated islands. Therefore,
affirming the importance of the fecal-oral route for natural 7" gondii transmission
(J. P. Dubey, 2008).

In addition to carnivorism and fecal-oral transmission, horizontal transmission of
T. gondil may rarely occur through blood transfusion and during organ
transplants consisting of tissue cysts (Katzer et al., 2014).

3 Toxoplasmosis, a devastating infectious disease

Toxoplasmosis, the disease associated and caused by the intracellular parasite, 7.
gondii, is a world-wide public health problem of significant importance. In the
United States, an estimation of 8-22% of the population is infected. In other parts
of the world such as Africa, Europe and Central America, infection rates range
from 30-90% (Aguirre et al., 2019). These high rates of infection across the world
have a negative impact on mortality, human health, and overall quality of life.

In the United States alone, more than one million individuals are infected by 7.
gondil every year with an estimate that the parasite is a cause for more than 8%
of hospitalizations and 24% of deaths in the United States due to foodborne
diseases (Scallan et al., 2011).

T. gondii was first identified as a cause of disease in humans in 1939 in an infant
girl who was delivered by Caesarean section in New York. After 3 days, the infant
experienced seizures and chorioretinitis and died at 1 month of age. The 7. gondii
strain responsible for the death of the child was isolated and demonstrated to be
no different to other 7" gondii strains that were isolated from animals in terms of
biology and immunology (Wolf et al., 1939). Following the initial case of 7! gondii
infection, several other cases were reported in infants, and it was concluded that

33



encephalitis and chorioretinitis were recognizable syndromes due to 7. gondii
infection.

In 1951, the first ocular toxoplasmosis clinical description was carried out in detail
and in the 1960s, studies regarding seroconversion in pregnant women were
initiated (Couvreur,1974). In the 1960s, 7. gondii was initially recorded to cause
encephalitis in immune-compromised patients under immunosuppressive drugs
for Hodgkin’s disease (Flament-Durand et al., 1967).

About one third of the world is infected with the latent form of toxoplasmosis. The
prevalence of this infectious disease is different from one region to another based
on eating habits, hygiene conditions, and ethnic factors (Tenter et al., 2000).
However, underdeveloped countries are known to have a higher incidence rate of
infections than developed countries. A high seroprevalence of 80% is present in
Africa and Southern America relative to North America and Southeast Asia where
the seroprevalence rate is around 30%. 80% of infections in immunocompetent
individuals are asymptomatic. However, the remaining ~ 10-20% of cases of 7.
gondii infections in immune-competent hosts are symptomatic (Montoya &
Liesenfeld, 2004). Asymptomatic cervical lymphadenopathy usually manifests. 7'
gondii causes around 3-7 % of lymphadenopathy which is clinically significant
(McCabe et al., 1987). There are particular groups of people who are at high risk
of severe 7. gondii infection, and these include fetuses who are infected via CT,
infants, and immune-compromised individuals. For example, those who receive
corticosteroids and cytotoxic treatments, individuals suffering from hematological

malignancies, those who have received organ transplants and those diagnosed
with HIV/AIDS (Weiss & Dubey, 2009).

Three types of toxoplasmosis can be developed:

This type of clinical manifestation is the most common among immune-deficient
individuals. Cerebral toxoplasmosis is caused by the re-activation of the latent
tissue cyst forms. This occurs when the chronic infection is re-activated through
the conversion of the tissue cysts containing bradyzoites into tachyzoites in the
brain (Lee & Lee, 2017; Luft et al., 2010). In this case, the parasite replicates
through its tachyzoite form causing severe brain tissue lesions.

It has many common symptoms such as headaches, deficiency in coordinating
motor and sensory functions, as well as psychiatric complications. It was a leading
cause of death in patients diagnosed with AIDS until the development of
antiretroviral treatments.

This type of toxoplasmosis affects the eye’s retina and usually occurs when a local
tissue cyst reactivates within the retinal region. The latent tissue cysts re-activate
into tachyzoites in eye tissues. Common symptoms include blurred vision and the
appearance of floating bodies at the posterior region of the eye. Ocular
toxoplasmosis was initially thought to be a consequence of congenital
toxoplasmosis. However, recent advances in the field have demonstrated that this
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specific form of parasitic infection can be acquired post birth as well (Montoya &
Liesenfeld, 2004).

affects immunocompromised individuals in rare cases and can lead to severe
pneumonia which can be deadly in merely a few days (Rabaud et al., 1996). This
is a result of the re-activation of latent tissue cysts containing the bradyzoite form
into tachyzoites. In addition, a fulminant pneumonia can also develop as a result
of acute toxoplasmosis and is considered as a severe disseminated systemic disease
termed ‘Amazonian toxoplasmosis’ (Demar et al., 2012).

The development of the serological test allowed for great advancements in
studying the world-wide prevalence of the toxoplasmosis disease and is
characterized by sensitivity and specificity.

Since the clinical symptoms of infection with the 7. gondii parasite are non-
specific, medical doctors have relied on other methods to diagnose this parasitic
disease. Traditional diagnosis of toxoplasmosis includes bioassays and serological
tests. The gold standard procedure for 7' gondii infection detection is by isolation
of 7. gondiiby using laboratory animals. The specimens used for parasite isolation
include secretions, excretions, lymph nodes, muscle, and brain tissues (Aubert et
al., 2010; J. P. Dubey et al., 2013). INF-y knock-out mice ensure higher success
rates of 7. gondii isolation since these mice are extremely sensitive to infection
with the parasite. However, the bioassay remains an overall costly and time-
consuming detection method and can take up to six weeks (Q. Liu et al., 2015).
Alternatively, a variety of serological tests exist such as the dye test (DT) first
developed by Sabin and Feldman and is considered the gold standard for 7’ gondii
infection detection in human individuals. The modified agglutination test (MAT)
is known to be wutilized in epidemiological studies. The enzyme-linked
immunosorbent assays (ELISA), has the advantage of testing a large sample
number using a single ELISA plate. The immunosorbent agglutination assay
(ISAGA) necessitates great numbers of tachyzoites. There are also two other
assays, indirect fluorescent antibody test (IFAT) and indirect hemagglutination
assays (IHA), in addition to several others. These serological tests have the ability
to detect various antigens. IgM antibodies can be detected in an infected individual
around 1 week after infection, these antibodies are able to remain for several
months or years. Detection of IgA antibodies allow for the determination of acute
infection whereas IgE antibodies can determine current infection but are only
present for a short period. Infection by 7. gondii is confirmed by the presence of
IgG antibodies, however, it does not convey any information regarding the timing
of its occurrence (Q. Liu et al., 2015).

Traditional diagnostic methods are limiting in the case of prenatal toxoplasmosis
diagnosis and immunocompromised patients. Therefore, molecular approaches in
detecting 7. gondii infection are relied upon in addition to the traditional
serological test. The most prominent molecular detection method being PCR which
allows for amplification of DNA from a minimal quantity of initial material.
Increased sensitivity of PCR is achieved by using many multicopy targeting genes
for T. gondii detection. These targeting genes include genes such as the B1 gene
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and ITS-1 (internal transcribed spacer or 18S rDNA sequences). Single copy genes
have also been used to detect 7. gondii and include SAG1, SAG2, and GRA1 (Q.
Liu et al., 2015).

Despite the several gaps that have been filled in toxoplasmosis diagnosis,
epidemiology, and 7. gondii parasite-cell interaction, only a few advances have
been established in the field of toxoplasmosis treatment. Globally, CT still remains
a burden with 1.2 million disability-adjusted life-years (DALY) corresponding to
190,000 cases annually (Torgerson & Mastroiacovo, 2013). Furthermore, HIV-
associated toxoplasmosis remains a burden in countries with low-income where
antiretroviral therapy is not available with an estimate of 87% of the 13 million
HIV-infected people that are Toxoplasma seropositive, and at an elevated risk of
developing cerebral toxoplasmosis, residing in the sub-Saharan African region (Z.-
D. Wang et al., 2017).

Treatment options for toxoplasmosis remain limited and are usually administered
in the case of CT or HIV-infected individuals. The main pathway that is targeted
by anti- Toxoplasma drugs is the folate pathway. There are two main enzymes that
are specifically targeted in this pathway: dihydrofolate reductase (DHFR) enzyme
and dihydropteroate synthetase (DHPS) enzyme. The two major drugs that are
used against the DHFR enzyme are pyrimethamine (PYR) and trimethoprime
(TMP). However, the most prominent drawback of these drugs is that they are not
able to differentiate between the DHFR enzyme of the parasite and that of the
human host cell and need to be taken by patients in association with
sulphonamides that block DHPS and only have an effect against toxoplasmosis
during the acute phase of infection. One of the major side effects of the current
treatments used against toxoplasmosis is myelotoxicity which consists of a lack of
leukocytes, erythrocytes, and blood platelets. This creates a major concern in the
case of immunocompromised patients and is extremely life-threatening.
Furthermore, there are no drugs available that target the latent form of the
disease; the 7. gondii tissue cysts. The search for potent novel drug candidates
that is effective and safe in a wide range of patients and can act against both forms
of Toxoplasma (tachyzoite and bradyzoite) is an ideal future perspective and
remains an important concern in the field of Toxoplasmosis (Konstantinovic et al.,
2019). Aspects of protection against toxoplasmosis are also being studied and
several vaccination trials against toxoplasmosis have been carried out yet
resulting in only partial protection against the infection (Rezaei et al., 2019).
Furthermore, there is a single approved vaccine “TOXOVAX’ that is only valid for
veterinary use and consists of live attenuated parasite of the S48 7. gondii strain
(Buxton, 1993).

4 Ultrastructure of 7Toxoplasma gondii

The tachyzoite remains to be the most substantially studied stage in the life
cycle of 7' gondii. This is due to the ease of obtaining large numbers of
tachyzoites in vitro and in vivo. The tachyzoite is characterized by a crescent
shape and has dimensions of approximately 2 x 7 um. The anterior apical end of
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the parasite which defines the direction of motility is slightly pointed compared
to the posterior basal end.

4.1 Toxoplasma gondii tachyzoite ultrastructure

The tachyzoite is made up of a unique cytoskeleton (composed of subpellicular
microtubules and the conoid), secretory organelles (including the rhoptries,
micronemes and dense granules), organelles of endosymbiotic origin such as the
mitochondrion and the apicoplast. In addition to conventional eukaryotic
organelles (for example the nucleus, endoplasmic reticulum, Golgi, and
ribosomes). All the previously mentioned components of the 7. gondii tachyzoite

are enclosed within a complex structure known as the cortical cytoskeleton (Black
& Boothroyd, 2000) (Figure 4).
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Figure 4 - Ultrastructure of 7. gondii tachyzoite (Black & Boothroyd 2000, dJ. P.
Dubey et al., 1998). (A) Schematic representation of 7. gondii tachyzoite including
the subcellular components within this parasitic form. (B) Transmission electron
micrograph scan of a tachyzoite of VEG 7. gondii strain. Amylopectin granules are
abbreviated as Am. The conoid is represented by Co. The Golgi complex is
represented by Go. Dense granules are represented by Dg. Micronemes are
represented by Mn. The nucleolus is represented by No and the nucleus by Nu. PV
stands for parasitophorous vacuole and Rh stands for rhoptries.
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4.1.1. Toxoplasma gondii cytoskeleton

The cortical Toxoplasma cytoskeleton is composed of the microtubular network
enclosed within a complex and layered structure comprised of the plasma
membrane and the inner membrane complex (IMC) known as the pellicle.

Plasma membrane
The plasma membrane comprises of a lipid bilayer that is enriched with glycosyl-
phosphatidylinositol (GPI) clusters (Nagel & Boothroyd, 1989;Tomavo et al.,
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1989). GPI proteins allow for the anchorage of 7. gondii characteristic surface
proteins and play a role in host cell adhesion and evasion of the host’s immune
response (Lekutis et al., 2001; Mineo & Kasper, 1994; He et al., 2002). Surface
antigen (SAG) proteins are known to coat the surface of the parasite (G. Couvreur
et al., 1988). TgSAG1 (P30) is the most abundant antigen found on the surface of
the tachyzoite within the plasma membrane and belongs to the SRS (SAG1 related
sequence) family (Lekutis et al., 2001; Manger et al., 1998). Recent studies
utilizing single-cell RNA sequencing (scRNA-seq) of asynchronous populations
demonstrated that SRS gene expression is dependent on the cell cycle as well as
the stage of the parasite’s life cycle (Waldman et al., 2020; Xue et al., 2020).
Furthermore, around 50% of the SRS genes of the 7. gondii genome (111 SRS
genes in genome) have a significantly increased expression during the entero-
epithelial stage of the definitive host (cat) in merozoites whereas only about 10%
of SRS genes are expressed in the tachyzoite form (Behnke et al., 2014; Hehl et
al., 2015).

The Inner Membrane complex (IMC) consists of a double membrane system
situated 15nm beneath the plasma membrane. The IMC spans longitudinally
along the length of the parasite and has openings at each end of the parasite, one
at the apical end (conoid level), the other at the posterior end (basal end). An
opening is also present at the micropore level which is situated in the apical half
of the parasite and consists of an invagination of the membrane and most likely
has a role in endocytosis (Nichols et al., 1994). The membranous structures of the
IMC are made up of flattened vesicles termed alveoli which are Golgi-associated
and give rise to membranous sheets enveloping the parasite (Morrissette et al.,
1997). The alveoli are a unique feature of the Alveolata, which is a superphylum
made of ciliates, dinoflagellates, and apicomplexans (Keeling et al., 2005). The
subpellicular network (SPN) consists of an underlying protein mesh which
comprises of 8-10 nm wide filaments. These filaments contain intermediate
filament-like (IF-like) proteins which align along the cytoplasmic edge of the
alveoli and coat the subpellicular microtubules and are termed alveolins (Gould et
al., 2008; Mann, 2001; Porchet & Torpier, 1977).

The IMC consisting of the alveoli and associated cytoskeletal proteins provide
structure to cells, are responsible for daughter parasite scaffold formation as well
as have a role in glideosome-associated motility (Mann, 2001; Gaskins et al., 2004).
The double membranes of the alveoli contain intramembranous particles IMPs)
which interact with the microtubules in order to provide further stabilization to
the cytoskeleton ( Morrissette & Sibley, 2002; Morrissette et al., 1997).

The IMC initiates exactly below the apex of the parasite which is limited by the
plasma membrane only. Below the apical tip, the flattened IMC sacs spiral around
the parasite body in a similar manner to the underlying microtubules and are
organized as three rows of joined rectangular membrane plates which are sutured
together by suture proteins. The suture proteins are responsible for bridging
transverse segments or connecting individual plates by association with both their
longitudinal and lateral boundaries ( A. L. Chen et al., 2015, 2017; Lentini et al.,
2015; Tilley et al., 2014). The flattened IMC sacs are capped with an alveolar plate
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at the apical tip of the parasite (Porchet & Torpier, 1977) which is composed of a
single IMC compartment characterized by a ring shape and consists of an IMC
sub-compartment protein, TgISP1 in addition to nine apical complex proteins
(Beck et al., 2010; A. L. Chen et al., 2015, 2017; Fung et al., 2012). The central
IMC compartment includes TgISP2 and TgISP4 (Beck et al., 2010; Fung et al.,
2012). In addition to this, the central compartment also includes TgISP3.
However, TgISP3 is shared with the basal IMC compartment as well (Beck et al.,
2010). Targeting of TgISP1, TgISP2, and TgISP3 to their associated IMC
compartments requires coordinated myristoylation and palmitoylation (Beck et
al., 2010). Alternatively, targeting of TgISP4 exclusively necessitates
palmitoylation rather than myristoylation (Fung et al., 2012). Parasite mutants
lacking in TgISP2 exhibited severe defects in daughter cell formation (Beck et al.,
2010). However, loss of TgISP4 did not lead to any major replicative or growth
impairments (Fung et al., 2012).

The apical IMC plate is connected to the central and basal plates by a number of
proteins termed IMC suture components’ (ISCs) localized at the lateral and
longitudinal boundaries of the plates (Chen et al., 2015, 2017). To date, TgISC1,
TgISC2, TgISC3, TglSC4, TglSC5, and TgISC6 have been identified. Among these
proteins, TgISC1, TgISC4, and TgISC5 are detergent insoluble and embedded
within the IMC filamentous network (Chen et al., 2015, 2017). By carrying out
BLAST analyses, it was demonstrated that TgISC1, TgISC2, and TgISC4 are
devoid of any known functional domains. However, TgISC3 is similar to choline
transporter-like proteins therefore suggesting a possible role in the formation of
IMC membranes (Chen et al., 2015; Michel et al., 2016). In addition, there is a
specific set of proteins which are exclusively localized at the transverse IMC
sutures and not the longitudinal sutures and are designated ‘“Transverse Suture
Components’ (TSCs) (Chen et al., 2017). There exists a total of six TSCs designated
TgTSC1-6. Mutant parasites where TgTSC1 (also termed as TgCBAP and TgSIP)
1s disrupted are shorter compared to the wild-type parasites and demonstrate
defects in gliding motility, invasion impairment, and decreased infectivity in vivo
(Chen et al., 2017; Gaelle Lentini et al., 2015; Tilley et al., 2014). Three TSC
proteins are insoluble when detergent-extracted : TgTSC2, TgTSC3, and TgTSC4
(Chen et al., 2017).

The IMC sutures are also known to be residence to a total of seven apical annuli
proteins (AAPs) of which 5 consist of coiled-coil regions suggesting functions
associated with structure (Engelberg et al., 2020). These TgAAPs are embedded
within the junctions between the lateral IMC plates located at the apical end of
the parasite and the apical IMC compartment. In addition, super-resolution
microscopy (SR-SIM) demonstrated that the AAP proteins are organized into
concentric rings 200-400 nm in diameter (Engelberg et al., 2020). TgCentrin2
localizes at the intermediate annuli ring and apical annuli methyltransferase
AAMT is present on the annuli exclusively in intracellular parasites (Engelberg
et al., 2020; Hu et al., 2006; Suvorova et al., 2015). Mutant knock-out parasites of
TgAAP4 had a significantly slower proliferation rate compared to that of the
parental strain. Normal proliferation was restored when the knock-out strain was
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complemented with AAP4 gene. Furthermore, in vivo experiments demonstrated
that mice infected with TgAAP4 knock-out strain were able to survive acute
infection for one more additional day compared to the mice infected with wild type
strain (Engelberg et al., 2020). Phylogenetic analysis of AAPs demonstrated that
AAPs are conserved across Coccidia dividing by means of internal budding
suggesting a potential role of AAPs in the internal budding process Furthermore,
AAPs possess a pore-like structure suggesting roles in signaling and material
exchange across the IMC membranes (Engelberg et al., 2020).

To date, there have been 30 proteins dubbed IMC proteins based on their
localization to the IMC compartment. There are several subtypes of IMC proteins
which can either be integral or peripheral membrane proteins, members of the
alveolin cytoskeleton, or proteins localized to the IMC that are not designated as
IMC proteins but have distinguished names such as TgPhIL1, TgILP1, and
TgMSC1b (Morrissette & Gubbels, 2020). Currently, there is no standard
categorization organizing the different IMC proteins. However, it would be of use
to assign specific names reflecting the particular subcategories which include the
alveolins, cytoskeletal proteins embedded within the IMC network, and proteins
anchored to the IMC sacs that are detergent soluble (Morrissette & Gubbels,
2020).

The first 15 IMC proteins are intermediate filament-like alveolin proteins with
the exception of TgIMC2 which consists of an N-terminal transmembrane domain
(Mann, 2001). Recent studies have identified novel IMC proteins which are non-
alveolin and are designated as IMC proteins 16-29 (Butler et al., 2014; Chen et al.,
2015, 2017). These proteins are targeted to the central and basal sub-
compartments of the IMC save for TgIMC28 which is targeted to all 3 sub-
compartments (apical sub-compartment included) (Chen et al., 2017). Among the
non-alveolin IMC proteins, there are those that are suggested to being membrane
cytoskeletal constituents due to their characteristic detergent-insoluble nature.
This subset of IMC proteins comprises of TgIMC16, TgIMC17, TgIMC21, and
TgIMC25. Some IMC proteins are localized to both mature and nascent developing
buds such as TgIMC19, TgIMC21, and TgIMC25. Some are exclusively specific to
mature parasites such as TgIMC17, TgIMC18, and TgIMC20 while others are
specific to the developing daughter buds and consist of TgIMC16 and TgIMC29
(Chen et al., 2015, 2017).

The 14 alveolin IMC proteins provide the parasite with pellicle tensile strength
and are characterized by the presence of conserved repeats “EKIVEVP”, “EVVR”,
or “VPV” sub-repeats within domains rich in valine and proline residues (Gould et
al., 2008; Mann, 2001). These alveolin proteins are localized to the mother and
daughter cytoskeletons. TgIMC1 and TgIMC4 are characterized by equal
distribution between the mother and nascent daughter IMCs whereas TgIMC3,
TegIMC6, and TgIMC10 are heavily localized to the forming daughters. TgIMC3,
TgIMC6, and TgIMC10 disappear once the daughter parasites mature (Anderson-
White et al., 2011). TgIMC7, TgIMC12, and TgIMC14 are solely localized to the
mature parasite’s cortical cytoskeleton specifically during the G1 phase of the cell
cycle, these proteins are not found on the developing daughter cells (Anderson-
White et al., 2011). These three IMC proteins have an important role in controlling
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mature and daughter parasite structural stability. TgIMC11 localizes to the apical
and basal poles of the parasite (Anderson-White et al., 2011). In the middle of the
process entailing daughter parasite formation, TgIMC5, TgIMCS8, TgIMC9, and
TgIMC13 are targeted from the developing daughter buds towards the basal
complex of the daughter parasites. TgIMC15 is involved in the initiation of
daughter parasite budding and is associated with centrosome replication
(Anderson-White et al., 2011). TgIMC14 and TgIMC15 ensure a single round of
nuclear division is carried out since the absence of either of these proteins triggers
the production of multiple buds within the mother parasite per round of division
and therefore TgIMC14 and TgIMC15 can be considered as proteins influencing
the development decision to either divide by endodyogeny or endopolygeny (Dubey
et al., 2017). The assembly of IMCs in daughter parasites follows a sequential
order. After TgIMC15 is recruited to the daughter parasite cytoskeletons, this is
followed by the recruitment of other IMC proteins in the following order: TgIMC1,
TgIMC3, TgIMC4, TgIMC5, TgIMC6, TgIMC8, TgIMC9, TgIMC10, and TgIMC13
(Anderson-White et al., 2011). A recent study demonstrated that TgIMC32 is a
conserved protein across the Apicomplexa phylum which is essential for the
survival of the parasite (Torres et al., 2021). IMC32 localizes at the IMC’s body
portion and is deposited on the nascent daughter buds early during the internal
budding process. Mutant parasites where IMC32 is conditionally depleted exhibit
a collapsed IMC (Torres et al., 2021)..

In addition to its main role in the formation of daughter parasites during
endodyogeny, the IMC also has essential functions in the motility and invasion of
the parasite. These motility characteristics of the IMC are shared across
Apicomplexan members. For the parasites to move forward, a myosin motor
tethered to the outer membrane of the IMC must pull the actin filaments which
are situated between the plasma membrane and the IMC and their associated
adhesins