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Abstract

Toxoplasma gondifT. gondii) is an intracellular protozoan parasite that can infect
virtually any nucleated cell and a wide variety of wablmoded vertebrate hosts, including
humans, causing toxoplasmosWhile many cases are asymptomatic, symptoms may
include fever, lymphashopathy, and myalgia. In the United States, toxoplasmosis is a
notable contributor to foodborne diseassociated mortality. Immunocompromised
individuals are susceptible to severe ocular, pulmonary, and cerebral complications, and
behavioral changes caitcur. The disease results in an annual average of 71 deaths, with

toxoplasmic encephalitis significantly impacting AIDS patients

It is estimated that 380% of the world population is seropositive fargondii making it

one of the most prevalent ifgons among humans.. gondiican be transmitted through
ingestion of oocysts shed felinesfeces or undercooked meat from infected animgls
gondiiundergoes various life stages, such as tachyzoites and bradyzoites, that are capable of
persisting inthe host's tissuesadditionally, secreted virulence factopday a key role in
different stages of infection and are linked Tto gondii virulence. Toxoplasmosis ian
importantpublic health concern, as there is no availdgtdatment against all forms of the
parasiteor vaccine for humans. Treatment with drugs can have side effects and is unable to

eliminateT. gondiicysts from the host.

T. gondiimanipulates the host cell tveate a safe environment for replication. To do this,

the parasite scavenges essential nutrients, alters host metabolism, inhibits apoptosis, and
manipulates host autophagy, immune response, and cell cycle progrdssijamdii has
developedomplex mehanisms to create a ndmsogenic parasitophorous vacuole (PV) that
helps acquire nutrients while preventing contact with host cytoplasmic compamehts
lysosomal contenthat could trigger parasite destruction. The parasite also uses virulence
factors to target various aspects of the host cell's biology, such as gene expression,

transcriptional machinery, and host protein gostslational modifications.

As a key defense mechanism against infections, autophagy, a cellular process that aids in
maintainirg cellular homeostasis, is involved in the capture and elimination of intracellular
parasites. However, intracellular parasites, such gendij Plasmodium sppl'rypanosoma

spp and Leishmania spipave developed several evasion mechanisms to manipulate the host



cell autophagy The PI3KAKT pathway, is activated in response to physiological
circumstances such as growth factor signaling, insulin binding, cell survival signals, nutrient
availability, and even stress conditions. It plays a crucial role in regulating cell survival,
growth, and metabolism in various cell typ&43K/AKT pathway also plays a role in
inhibiting autophagy while promoting cell growth, differentiation, and survhaaibition of

this pathway can lead to a significant increase in autophagy. Interestingbyndiiexploits

the host's PISK/AKT signaling to evade the killing effects of autophagy. This evasion
strategy is particularly activated duritige early stagesf the invasionwhere the parasite
activates AKT. By doing sol. gondiiprevents the accumulation of autophagosome and
lysosome components around its PV, which ultimately reduces parasite replication.
However, the specific targets of AKT responsible Togondils ability to hinder the host's

autophagy machinery are not yet fully understood.

Amongst the different AKT targets, FOXOs (Forkhead Box O subfamily) have been shown
to be a major node regulating autophagy. FOXO transcription faiéis are esential
regulators of cellular homeostasis and autophagy that are controlled by the PISK/AKT
signaling pathwaywhen AKT phosphorylatedSOXO TFs, it causes them to move out of the
nucleus inhibiting their transcriptional activity and, in some cases, promotheir
degradation in the cytoplasm or enabling cytoplasmic functions such as binding with other
proteins or their entry into other organelles like the mitochontirtarestingly, autophagy
dysregulation is linked to various human diseases, with the F&X@phagy axis playing a
crucial role in several of these diseases. Therefliffeyent pathogens manipulate FOXO
proteins. As a result various intracellular paraites use the manipulation of the host
PISK/AKT/FOXO pathway to survive within the host cell.

Using a combination of pharmacological and genetic approaches, herein we investigated
whethelT. gondiihijacks the PISK/AKT pathway to suppress FOX&8gulatedcautophagy

related transcriptional programs, hindering the activation of the host autophagic response
against the parasitd.o corroborate this, we first investigated the molecular mechanisms
responsible for AKIdependent phosphorylation of FOXO3a. Thengde®rmined whether

AKT -dependent repression of FOXOda&ing T. gondiiinfectionaffects autophagyelated
transcriptional programs. Finally, we established whether FOX@alated autophagy
related functions are altered durifiggondiiinfection.
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We found thafl. gondiitriggers a gradual and sustained Al&pendent phosphorylatioh
FOXO3a at residues S253 and T32 in bdthman foreskin fibroblast$iFF) and murine

3T3 fibroblasts.Additionally, live infection is necessary to manipulate and activate the
PISK/AKT signaling pathway, leading to the phosphorylation of FOX@Raresingly, this
phosphorylation process is independent of the plasma membrane receptor EGFR and the
ki nase PKCU.T.gbndiicausesnuakear exelysion of FOXO3a in infected HFF,
which is directly correlated with its phosphorylation. However, thag#r cannot drive
cytoplasmic localization of FOXO3a when AKT is blocked pharmacologically or when an
AKT -insensitive mutant form of FOXO3a is overexpressed. Duringpndiiinfection, the
transcription of a subset of autophagyated target genes of KO3a is reduced in an AKT
dependent mannbecause FOXO3a is inactivatddowever, the parasite's ability to repress
autophagyrelated genes remains unaffected by AKT inhibitioncells whereFoxo3
transcripts are silenced (knockdowA% a result;T. gondiifails to inhibit the recruitment of
acidic organelles and LC3, an autophagy marker, to the PV when FOXO3a is chemically or
genetically retained in the nucleus. In all, we provide evidenceTthgbndii suppresses

FOXO3aregulated transcriptional programs to prevent autopiaggiated killing.

In conclusion, autophagy is a cellular process that can be hijacked by several pathogens for
replication and survival, but the host has developed coundsures to prevent its survival.

The complex interplay between autophagy and microbial adaptations determines the outcome
of hostpathogen encountershe FOXO family of TFs is crucial for regulating autophagy,

and T. gondii manipulates host PI3K/AKT sigingl to promote its survival and replication

while subverting the host's autophagy process, partly by inhibiting the transcriptional activity
of FOXO3a.However, inhibition of the PI3K/AKT pathway or expression of an AKT
resistant form of FOXO3a can promote host cell autophagy and fargeindii making
autophagy an attractive therapeutic strategy against the parasite. Our findings indidate that
gondi hijacks the PI3K/AKT pathway to suppress autophegigted transcriptional
programs under the control of FOXO3a, thereby hindering the activation of the host
autophagic response against the parasite. Further characterization of altered transcriptional
networks under the control of FOXO3a, and potentially other FOXO family members, during
T. gondiiinfection will yield invaluable healtinelated knowledge to develop effective and

safe hostirected strategies for better treatment or prevention of toxopkEsm
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LCMV: Lymphocytic choriomeningitis virus

LKB1: Liver kinase B1

LMP1: Latent membrane protein 1

LMP2A: Latent membrane protein 2A

LPS: Lipopolysaccharide

MAPK: Mitogenactivated protein kinases

MHCI: Major histocompatibility complex class |
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MHC -1I: Major histocompatibility complex class Il
Mi-2/NuRD complex:Nucleosome remodeling and deacetylase complex subwitNURD
MIC: Microneme protein

MIF: Macrophage inhibitory factor

mMiRNA: microRNA

MOI: Multiplicity of infection

MST1: Mammalian Ste2dike Kinase 1

MTOR: Mammalian target of rapamycin

MTORC1: Mechanistic target of rapamycin complex 1
MTORC2: Mammalian target of rapamycin complex 2
MYD88: Myeloid differentiation primary response 88
NAD: Nicotinamide Adenosine Dinucleotide
NDPR52: Nuclear dot protein 52

NES: nuclear export signal

NF-a BNuclear Factor kappa B

NK: Natural killer cells

NLS: nuclear localization signal

NO: Nitric oxide

Nox4: NADPH oxidase 4

NRF2: Nuclear factor erythroid-Belated factor 2

NSF: N-EthylmaleimideSensitive Factor

p38: p38 MitogenActivated Protein Kinase

p53: Tumor protein p53

p62: Sequestosome

PAMPs: Pathogerassociated molecular patterns

PARP-1: Poly (ADP-ribose) polymerasé.
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PARylation: Poly-ADP-Ribosylation

PD-1: Programmed death

PDKZ1: 3-Phosphoinositidelependent protein kinade
PDNF: Parasitederived neurotrophic factor

PE: Phosphatidylethanolamine
PEP4/PRB1:Proteinases A and B

PERK: PKR-like ER kinase

PGRP: Peptidoglycarrecognition protein.

PH: Pleckstrin homology

PI3K: Phosphatidylinositol &inase

PI3KC3: Phosphatidylinositol -Kinase catalytic subunit type 3
PI3KIll: Class Il phosphatidylinositol-RBinase

PIP2: Phosphatidylinositol 4Bisphosphate

PIP3: Phosphatidylinositol 3,4;&isphosphate

PKA: Protein Kinase A

P K C Protein kinase C alpha

P K C fProtein kinase C beta

PKR: Protein kinase R

PP2A: Protein Phosphatase Type 2A

PP2A-B55: Protein phosphatase 2A regulatory subunit B55
PtdIins3K: Phosphatidylinositol XKinase

PTEN: Phosphatase and tensin homolog

PTM: PostTranslational Modification

PV: Parasitophorous Vacuole

PVM: PV membrane

PYR: Pyrimethamine
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Rab7: Rasrelated protein Rada

rhEGF: Recombinant human EGF

RITK: RhoB-interacting serine/threonine kinase

RON: Rhoptry neck protein

ROP: Rhoptry neck protein

ROS: Reactive oxygen species

SGK: Serum and GlucocorticoiBegulated Kinase

siRNA: Small interfering RNAs

SIRT1/2/3: Sirtuin 1/2/3

Sit4: 2A-Related Protein Phosphatase

SNARE: Soluble NSF attachment protein receptor

Snfl: Sucrose NofFermenting 1

SOCs1:Suppressor of cytokine signalingpfaculel

SOD2 Superoxide dismutase 2

SQSTM1: Sequestosome 1

Src: Protconcogene tyrosinprotein kinase Src

STAT-1: Signal Transducer and Activator of Transcription 1
STAT-3: Signal Transducer and Activator of Transcription 3
STAT-6: Signal Transducer and Activator of Transcription 6
T cells: T lymphocytes

TAD: Transactivation domain

TFEB: Transcription factor EB

TFs: Transcription factors

TgESA: T. gondiiexcretory/secretory antigen

TGF-b Transforming growth factdb

TgIST: T. gondii Inhibitorof STAT1 Transcriptional activity
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TGN: TransGolgi Network

Th1l: T-helper cell type 1

Th17: T helper 17

TLR: Toll-like receptor

TMP: Trimethoprim

TNF: Tumor necros factor

TNFR: Tumor necrosis factor receptor

TNF-U Tumor necrosis facteslpha

TOR: Target of Rapamycin

TORCL1: Target of Rapamycin Complex 1

TORC1: Target of rapamycin complex 1.

TRAF6: TNF receptorassociated factor 6

TRAIL: Tumor necrosis facterelated apoptosismducing ligand
Tregs: Regulatory T cells

TSC1/2: Tuberous sclerosis complex 1/2

TSC2: Tuberous sclerosis complex 2

ULK1/ULK2: Unc-51-like kinase 1/2

ULK1: Unc-51 Like Autophagy Activating Kinase 1

ULK2: Unc-51 like autophagy activating kinase 2
VPS/HOPS: Vesicle Protein Sorting/Homotypic Fusion and Protein Sorting
VPS34:Vacuolar protein sorting 34

WIPI1: WD repeat domain phosphoinositideeracting protei 1
WIPI14: WD repeat domain phosphoinositide#eracting protein 4

ZNF306: Zinc finger protein 306
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1. Toxoplasma gondii

1.1 The Etiologic Agent of Toxoplasmosis

Toxoplasma gondi{(T. gondi), the etiologic agent of toxoplasmosis, is an intracellular
protozoan parasite that invades virtually any nucleated cell, and infects a wide variety of
warmblooded vertebrate hosts, including humans, caitse and birdg(Innes, Hamilton et

al. 2019) T. gondii, is a facultatively heteroxenous, polyxenous protozoon that has
developed several potential routes of transmission within and between different host species.
It can be transmitted vertically by tachyzoites that are passed to the foetus via placenta and
horizontally by the ingestionof infectiousoocysts from the environmeas well agissue

cysts or tachyzoites which are contained in meat of many different an{herdger,
Heckeroth et al. 2000)Transmission may also occur via tachyzoites contained in blood
products, tissue transplantsumpasteurizedhilk. Due to its plasticity, diversity of life forms

and ability to adapt to different environments and hdstgondiiis prevalent in most areas

of the world ands considereaf veterinary and medical importandgecause of its great
importance as a causative agentzobnosis,T. gondiihas been studied most intensively
among intracellular protozoan parasites, however, there are stillaspects of its biology,
natural life cycle, and the epidemiology which should be studied in more (Etater,
Heckeroth et al. 2000)intracellular parasitism is a strategy used by many eukaryotic
microorganisms. Some, likBlasmodiumand Leishmania are limited in their ability to
invade specific types of cells and establish a replicative cycle. Others, shgipasosoma
cruziandT. gondii can invade nearly all types of cells. This gives these parasites a greater
chance otransmissiorbased orthe epidemiological dynamics and prevalence among their
hosts(Portes, Barrias et al. 202@nother distinctive characteristic that makesgondiia
successful parasite is its ability to induce lkiagn chronic infections through its interactions
with the host, leading to conversion of the prolific tachyzoite stage to the quiescent bradyzoite
parasite stag€Aliberti 2005) This stageis not usually harmful in immunocompetent
individuals, although in immunodeficient individuals, they reconvert into cytolytic
tachyzoites, resulting in severe toxoplasmosis and distant dissemiZdigrii et al. 2019)

In this sense, a negeneralist cell invasion strategy as well as a wide range of hosts and a
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prolonged permanence within them, plus a large repertoire of mechanisms to avoid its

destruction by the host, makefT. gondiione of the most successful intracellular parasites.

1.2 Life cycle

Felids are the only definitive host and the only host species where the sexual life cycle of the
parasite can occur resulting in the sheddin@.ofondiioocysts infeces(Sukthana 2006,
Dubey, Lago et al. 20)2Young cats usually become infected for the first time when hunting
and eating birds or rodents infected wilh gondii Tissue cysts containing. gondii
bradyzoites are ingested by the cat and the digestive enzymes in the gut break down the cysts
wall rdleasing bradyzoites that invade the epithelial cells in the intestine enabling the parasite
to develop within the host cells. The sexual cycl&.ajondiioccurs in the gut of the cat with

the female macrogastesand the male microgastes being found thnoaghout the small
intestine, most commonly in the ileum. The microgamdeztlize the macrogametes
resulting in zygote formation and an oocyst wall is formed around the pdsitey, Lago

et al. 2012)The epithelial cells containing the oocysts rupture and release the oocysts into
the gut of the cat where they are excreted in the fagébesoocysts have a very tough outer
shell and can survive for long periods of time in the environment, particutargyriperate

and moist regions. However, they are not infectious to a new host until they undergo
sporulation, which occurs within a few days outside the cat in the environment. Each oocyst
is made up of two sporocysts, each containing four sporozoites. pEnsistence in the
environment, despite vulnerability to desiccation and ultraviolet light, poses a risk for the
transmission of . gondiito humans and other animéllu, Villena et al. 2012) Sporulated
oocysts are infectious for new hosts if they are consumed either by grazing animals or through
consumption of contaminated food or wateubey, Lago et al. 2012)n other animal or

human hosts, transmission ®f gondii may occur through consumption of oocysts in
contaminated food or water or through eating raw or undercooked meat from other animals
persistently infected withl. gondii and harboring tissue cysts containing bradytes
Following consumption of oocysts by intermediate hosts, sporozoites excyst and invade the
enterocytes and cells of the ileal epithelium and convert to tachyzoites, the rapidly
multiplying stage of the parasi{®ubey, Lago et al. 2012The tachyzoites can penetrate

most nucleated host cells formind?& and multiply using a process called endodyogeny.

21



The parasite will keep dividing within host cells until the host cell ruptures releasing the
tachyzoites that will go on and invade andtmply within other host cells. A key stage in the

parasite life cycle within the host is the conversion from tachyzoite to bradyzoite (slow

mul tiplying stage) which enables the parasit
within an infected cellvhere there is a modification of tF&/ to form a cyst wal(Ferguson

and Hutchison 1987)'he bradyzoites multiply very slowly thin these tissue cysts and in

most host species are thought to persist for the lifetime of the host where they can be found

in brain, eyes, heart and skeletal mus@asbey, Lago et al. 2012rigure 1.1

(Tachyzoites)

Tissue cysts

(Bradyzoites)

(Tachyzoites)

(Tachyzoites) (Asexual)

( \.‘ Fecal oocysts
s (Sporozoite)
\
(Bradyzoites)

(Gamgtocytes)

¥ (2d)
: @ L \\@ (Sporozoites) “' ) \ Y,
Fecal oocysts
(Sporozoite)
Intermediate - Accidental hosts | Definitive host

*Adapted from Center for disease control and prevention CDC
(Innes EA et al., 2019 Food Waterborne Parasitol).

Figure 1.1T. gondiiLife Cycle Model
T. gondii has a complex life cycle involving sexual and asexual reproduction. Cats shed oocysts containing
sporozoites, which can infect intermediate hosts like rodents or humans. The parasite can form tissue cysts in
the host's musclesd brain, persisting for the host's lifetime. If ingested by a cat, the parasite reproduces
sexually and sheds new oocysts. In additiargondiican be transmitted vertically from an infected mother to

her fetus through the placenta, causing congeixaltiasmosis in the newborn

22



1.3 Morbidity and Mortality

It is estimated that about &% of the world population is seropositive Torgondii,making
toxoplasmosis the most prevalent infection among hur(Mostazeri, Sharif et al. 2017)
Worldwide, over 1 billion people are estimated to be infectedwigondii(Hoffmann, Batz

et al. 2012) The global prevalence rates of this parasitegesrom less than 10% to over

90% depending on social habits, climate conditihygienic standards, and geographical
regions(Molan, Nosaka et al. 2019)he complex life cycle and diverse hostsTofyondi

have resulted in numerous epidemiological studies to determine disease prevalence and
explore prevention and contrstirategies in various clinical states. These include pregnancy,
congenital toxoplasmosis, Alzheimer's disease, cancers, diabetes, foodborne illnesses, mood
disorders, conditions related &mquired immunodeficiency syndromes (All@)nd organ
transplantabn (Dubey 2008) One of the most recent systematic reviews of the
epidemiological status of human toxoplasmosis around the world, showed the overall range
of seroprevalence was determined to bei0&7.7%. African countries had the highest
average seroprevalence rate of 64,.4ollowed by Oceania with 38.5%, South America with
31.2%, Europe with 29.6%, USA/Canada with 17.5%, and Asia with 16.4%. Numerous
environmental and human factors affect the differenceb. igondii seroprevalence rates
observed between the various coigs and continentdolan, Nosaka et al. 201%igure

1.2. Thus, toxoplasmosis constitutes a serious public health concern worldwide (Flegr,
Prandota et al. 2014). FurthermoFegondiiis considered as one of the most important $ood
borne pathogens in Europe and USA, despite this, and the great impact that the disease has
in congenitally infected children who suffer brain damage, eye and auditory disease for life,
there are no drugs dreatments available to cure persist€éngondiiinfection and efforts

should be made to develop a vaccine to prevent human infection and reduce the disease
(Innes, Hamilton et al. 2019)
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Global Prevalence ofToxoplasma gondiilnfection in Humans by Continent: A Graphical Summary
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Figure 1.2 An Overview of Global Prevalence Data foil. gondii
This figure shows the continental and geographical trends in the global preval@ngendiiinfection, based
on a systematic examination of currently available epidemiological Adtgpted from(Molan, Nosaka et al.
2019) https://doi.org/10.106/B9780-323-555128.00106X.
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1.4 Clinical Signs

Toxoplasmosis presents a diverse array of clinical manifestations, categorized into four
groups: acquired in immunocompetent patients, acquired or reactivated in immunodeficient
patients, ocular, and congenital. Diagnosis and treatment can vary for éagbrygawith
serologic tests being the primary diagnostic method due to the difficulty in isolating the
parasite. In immunocompetent individuals, acquired infection is often asymptomatic or may
lead to mild symptoms like cervical lymphadenopathy cfiKe illness. However, emerging

data suggest potential associations betweegondiiinfection and neurologic or psychiatric
conditions, such as schizophrenia and Alzheimer's disease. Immunodeficient patients,
especially those with AIDS, may experience tdagmic encephalitis, often due to
reactivation of latent infection. Ocular toxoplasmosis is a significant cause of chorioretinitis,
and congenital toxoplasmosis can result in various clinical manifestations, with severity
inversely related to the gestatarage at maternal infection. While certain clinical features,
like chorioretinitis, intracranial calcifications, and hydrocephalus, are indicative of
congenital toxoplasmosis, some infected children may develop sequelae later in life,
including visual impirments, developmental delay, epilepsy, or deafness. Toxoplasmosis
exhibits a broad range of symptoms across different organ systems, and its clinical outcome
depends on multiple factors, including the parasite strain, host, immune response, and various
yetunanswered questions about the disease's variability among individuals. Furthermore,
while much research has been conducted using murine models and |labadajued
strains, these findings don't always directly translate to natural infections in fwéan
deeper understanding of the hparasite relationship in toxoplasmosis is crucial, especially
given the potential for new vaccine or drug targets and the importance of investigating other
clinical forms, such as ocular toxoplasmosis and congenitattioans, to uncover the
relevant host and parasite factors influencing infection outcofMisAuley 2014,
Mukhopadhyay, Arran&olis et al. 2020, Dubey 2021)

Clinical manifestations of. gondiiinfection include various neurological symptoms such as
headaches, fevehemiparesis, ataxia, and seizures. Additionally, chrongondiiinfection

has been associated with intriguing behavioral changes in different hosts, particularly in
mice. These behavioral changes range from impaired movements, deficits in spatiaj lear

and memory, increased activity, reduced anxiety, and most notably, a decreased aversion to
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feline odors. This phenomenon, often referred to as "fatal attraction,"” is believed to enhance
the likelihood ofT. gondiitransmission to its definitive felingost. Recent findings indicate
that T. gondii-infected mice lose their innate fear of various animal odors and unknown
objects as well. However, the mechanisms underlying these behavioral changes are complex
and may involve both direct neural tissue damage caused by parasite multiplication and
neuronflammation. Pranflammatory cytokines produced during infection can alter the
levels of neuromodulators such as dopamine, glutamate, and serotonin, impacting behavior.
Furthermore, T. gondii itself may influence neurotransmitter levels, contributing to
hyperactivity and novelty seeking in infected rodents. While murine models provide insights,
it's important to recognize that the human immune response tondii differs, and
epidemiological studies have link&dgondiiinfection to various mental illeses. However,

the relationship betweeh. gondiiand mental illnesses in humans remains complex, with
multiple contributing factors and regional variations in preval¢hizé&khopadhyay, Arranz

Solis et al. 2020)

1.5 Treatments and Alternative Therapiesfor Toxoplasmosis

Despite the development of new experimental drugs for the treatment of toxoplasmosis, none
of them have been approved to prevent congenital infection winilenizing teratogenic
effects(Smith, Goulart et al. 2021Most drugs are active only against the tachyzoite forms

of the parasite, and treatment does not eradicate the infection. Specific treatment is not
indicated for a hdtny person with mild symptoms who is not pregnant, as they usually
resolve within a few weeks. Treatment is usually recommended for severe illness in the
immunocompetent host, infection acquired during pregnancy, clinical manifestations
compatible with t&oplasmosis in immunosuppressed patients, congenital infection, or
persons with active ocular disease or severe ill{fessth, Galart et al. 2021)Treatment

for Toxoplasmosiss restricted by limited options. ArTioxoplasma drugs mainly target the
folate pathway, which plays a crucial role in DNA synthesis via the dihydrofolate reductase
(DHFR) and dihydropteroate synthetase (DHPS) enzymes. Two major drugs, Pyrimethamine
(PYR) and Trimethoprim (TMP), are used to treat acute toxoplasmosis by acting on the
parasite DHFR. However, these drugs cauligitnguishbetween the parasite and the human
host's enzyméonstantinovic, Guegan et al. 2019herefore, current treatment regimens

have side effects due to myelotoxicity, and require discontinuation of therapy, or, more
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frequently, induce lack of complian@@aldonado, Read et al. 201 Rjost of all, no current

drug is able to eliminat&. gondiicysts from the infected host, which remajuiescent,
provided that the immune system is strong enough to hamper their reactivation into
tachyzoites(El-Zawawy, E}Said et al. 2015)In comparison to adverse events, drug
resistance if. gondiiis a relatively insignificant issue. Nonetheless, reports have suggested
the failure of longterm Pyrimethamine (PYR)ased treatment for congenital toxoplasmosis,
which may be attributed to ¢hdevelopment of drugesistantl. gondiistrains(Doliwa, Xia

et al. 2013)

No effective human vaccines have been devel@gaihst Toxoplasmos{gnnes,Hamilton

et al. 2019)Most animals, including humans, establish a good protective immunity following
infection, involving cell mediated immune responses to protect adgaimgindii Despite

the significant numbers of research papers looking at vaccination agagwtdiiover the

|l ast 30 years, there is currentl fengedidry one
use in sheep to protect against abortion due gondiiinfection(Buxton and Innes 1995)

After a first infection withT. gondii it is possible for the host to become protected against
subsequent exposure to the parasite suggesting that vaccination is a feasible approach to help
prevent and control diseas@nnes, Bartley et al. 2011)Although there are drugs available

that can restrict the fastultiplying tachyzoite stage of the parasite, none have been found
to be effective in eliminating parasites within tissue cysts. Nevertheless, most animals and
humans infe@d withT. gondiidevelop a strong immune response, which provides protection
against future disease. Therefore, the combination of vaccination and chemotherapy

treatment is a justifiable strategy for combating toxoplasnibsigs, Hamilton et al. 2019)

1.6 Strains and Virulence Factors
The clinical outcome of toxoplasmosis depends on a complex balance between the host

immune response and parasite virulence factors. Susceptibility to the diseass is thu
determined by both parasite strains and host spéSiaschez and Besteiro 202%yhile a
single species has been described for the gemxgplasmathere are several clonal lineages
that differ in their pathogenicity. In Europe and North America the population strucflire of
gondii is dominated bythree main genetic lineagés Il andlll) (Howe and Sibley 1995,

Khan, Dubey et al. 2011)n other parts of the world, the situation is more contradted
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South America, for example, there is a much greater genetic divexsggesting a greater
occurrence of recombinatighorenzi, Khan et al. 2016%train virulence is typically defined

by the outcome of infection in the mouse modelwimch type | strains are much more
virulent, than type Il and Il strainSibley and Boothroyd 1992)Upon infection byT.

gondii, diseas development also depends on the type of host, its genetic background, and of
course its immune status.

Parasite lineages are separated by asexual reproduction, regardless of geographical or
ecological locality. For exampl@&, cruzi has six major evolutionary lineages. Some of these
lineages may have resulted from ancestral hybridization events. Parasite strains can occur
jointly. There are several clonal lineaged ofjondiithat differ in their pathogenicity. These
lineages diffe in a number of phenotypes, such as growth, migration, and transmigration.
The best described of these is virulence in laboratory mice. The outcdroragfiasmosis

in patients is also variable and the molecular basis for these differences in pattspgenesi
especially in strains other than the clonal lineages, remains largely unexplored. These
lineages are closely relatédostisolates from North America and Europe belong to one of
these three lineagé®linot, Melo et al. 2012)

Toxoplasmais a genus of parasites that possess distinctive secretory organelles that are
specialized in the production of virulence factors. These virulence factors are critical in
determining the progression of tiection andcan vary depending on the straintbé
parasitg Sanchez and Besteiro 202T) gondiihastwo different types of specialized apical
secretory organelles called micronemes and rhoptries, that secrete virulence factors that are
essential foits dissemination and survival. Dense granules are another type of specialized
secretory organelle that ater release important factors for the intracellular establishment

of the parasitéMercier and CesbreBelauw 2015, Dubois and Soldd&avre 219, Sparvoli

and Lebrun 2021)

The invasion process, and subsequent steps of intracellular asexual replication and exit (or
egress) from the host cel |l , hasbeeimestystudieg | v r ef
for tachyzoitegSanchez and Besteiro 202Host cell invasion mechanism involves the
formation of &PV that constitutes a unique replicative niche, providing some protection from
the host cell and access to nutrient soulkstin, Liu et al. 2007)Invasion and subsequent

establishment of the parasite in the PVdige tothe sequential exocytosis of the three
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specializedsecretory organelles: micronemes, rhoptries, and dense gré@atesthers and

Sibley 1997)

Strainspecific differences iit. gondiivirulence can be linked to the fact that many effectors

are highly polymorphic and thus have different outcomes depending on the Staiatéd

T. gondiiROP: Rhoptry neck protein and GRA: Dense granule pratiéactors and their
strainspecific impact on the hosire summarized ormable 11) (Sanchez and Besteiro
2021) Among T. gondii virulence effectorsmicroneme proteinsMICs) secreted by the
microneme play a basic role in the recognition, adhesion, and invasion of parasites into host
cells during the invasion proce@ddeissner, Reiss et al. 2002)

During the initial stage of infectiof,. gondiipatasites secrete MICs from their micronemes.
These proteins help the parasite to attach to the host cell membrane by recognizing specific
receptors on the surface of the host cells. This adhesion process is crucial for the parasite to
invade the host cellsnd establish an infection. Therefore, MICs play an important role in
the early stages df. gondiiinfection. There are currently at least 19 different types of MICs
known, which can be found ifiable 1.2. Some of these MICs, including TgMIeA,
TgMIC6-9, TgMIC12, and SPATR, contain adhesion domains that are similar to the ones
found in eukaryotic cells. These adhesion domains include intikgindomains,
thrombospondin typé repeats (TSR), epidermgiiowth factor (EGRIike domains, chitin
bindinglike (CBL) domains, and Apple domai¥gang and Yin 2015)

The increasing number of effector proteins characterized over the recent years highlights the
very complex nature of the hdgathogen interactions underlyiig gondiivirulence in the

mouse model. The current state of knowledge shows there is a givdrsitechanisms
governing the balance of both prand antiinflammatory modulation by various parasite
proteins. While studies in the murine models have revealed a variety of parasite defense
mechanisms and intricate relationship betw@ergondii and its host, they need to be
extended further to human cells. This may provide new insights into potential therapeutic
strategiegNiedelman, Gold et al. 2012, Sanchez and Besteiro 2021)
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Table 11 SecretedT. gondiiROP and GRA Effectors and Their Strain -specific Impact on theHost

Effector name ToxodB Accession  Localization  Target host Role Type | Type Il Type llI Ref
Number (Type I) protein
ROP effectors

ROP5 TGGT1_308090 PVM Irga6 Inhibition of PVM IRG coating anc Active Less active Active (Z%iqnﬁ KlraC etal.
activation of ROP18 E]z?:nlhsaﬁﬁg\éi)ty ilor e‘f'alf*zg‘l)g)'

ROP16 TGGT1_262730 Nucleus STAT3/6 Activation of STAT3/6 inducing a Active Less active (no  Active (Saeij, Boyle et al.
decrease of W12 expression ant sustained 251?056()57""9;2552':19%
suppressing TH1 response. Redut STAT3/6 etal. 2013)
the PVM coating of GBPs activation)

ROP17 TGGT1_258580 PVM Irga6/lrgh6  Enhances ROP18 activity and bin: Active Not studied Not studied  (Etheridge, Alaganan
IRGs (preferentially Irgh6) for etal. 2014)
disassembly

ROP18 TGGT1_205250 PVM/ER | RGs, /[ Binds IRGs for disassembl Active Active Less active (Saeij, Boyle et al.
(preferentially Irga6). Also target (low Barfgg;szrz'om
host TF ATF6 b, redut eXpression)  zhao, Fergusoﬁ etal.
presentation 2009, Fentress,

Behnke et al. 2010,
KhaminetsHunn et
al. 2010, Yamamoto,
Ma et al. 2011,
Steinfeldt, Konen
Waisman et al. 2015,
Hermanns, Muller et
al. 2016)

ROP38 TGGT1_242110 IVN/PVM Unknown Inhibits MAPK/NFa B p at Potentially Active Active (high  (Peixoto, Chen et al.
2010, Melo, Nguyen

controlling apoptosis in infected cell less active expression) et al. 2013, Fox
and IL-18 secretion. Expression leve (low Rommereim et al.
vary betweerT. gondiistrains expression) 2016, qué 1\/5\;/?”9 etal.
ROP54 TGGT1_210370 PVM GBP2 Inhibits GBP2coating at the PVM Less active? Active Not studied  (Kim, Nadipuram et
(no virulence al. 2016)
phenotype
for the KO)
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Effector name

GRA effectors
GRAG6

GRA7

GRA12
GRAl14

GRA15

GRA16

GRA18

ToxodB Accession
Number (Type I)

TGGT1_275440

TGGT1_203310

TGGT1_288650
TGGT1_239740

TGGT1_275470

TGGT1_208830

TGGT1_288840

Localization

IVN/PVM

PVM

IVN/PVM
PVIPVM/IVN

PVM

Nucleus

Cytoplasm

Target host
protein

CAMLG

Irga6, TRAFG,
ASC

Unknown

Unknown

TRAF2/TRAF6

GBP1

PP2ABS55,
HAUSP

PP2A, GSI

catenin

Role

Activates host TF NFAT4 via
CAMLG, leading to the expression ¢
CCCL2/CXCL2 and
neutrophil/monocyte recruitment. |
type Il parasites, has an epito]
eliciting T-cell response

Accelerates the turnover of Irga6 t
interacting with the ROPS5/ROP1
complex. The GRA7 protein can als
stimulate the immune system thou
TRAF6/ NFa B activation and
inflammasome activation through tt
ASC adaptor
Inhibits IFN-2

Activation of NFa B pat hw
recruitment of macrophages in type
parasites, potentially in other straii
too

In type Il parasites, activation of NF
@ Bpathway via TRAF2/6 interactiol
leading to 11:12 and I1-1B expression.
Also linked to the inhibition of
lysosomes fusion and GBP loading
the PVM

medi ated |

Modulates the expression of host ¢
genes involved irthe control of cel
cycle progression, p53 signalin
steroids and lipids metabolism

Act i vat i-€@aienin oifducinfy
upregulation of IFNB1,CCL24 and
antiinflammatory chemokines CCL2;
and CCL17
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Type |

Active

Active

Active

Active

Truncated
(and thus
inactive)
in some
strains

Less
active?
(no
virulence
phenotype
for the
KO)
Active
(secreted,
but no
functional
study)

Type Il

Less active
but has an
epitope
inducing a
strong FCell
response
NF-2 B
pathway and
macrophage
activation

Active

Active

Active

Active

Active

Type llI

Active

Not studied

Not studied
Not studied

Active, but
less than type
Il parasites

Not studied

Not studied

Ref

(Blanchard,
Gonzalez et al.
2008, Ma,
Sasai et al
2014)

(Alaganan,
Fentress et al.
2014,
Hermanns,
Muller et al.
2016, Yang,
Yuk et al. 2016,
Ihara, Fereig et
al. 2020)

(Fox, Guevara
et al. 2019)
(Rome, Beck et
al. 2008, Ihara,
Fereig et al.
2020)

(Rosowski, Lu
et al. 2011,
Virreira
Winter,
Niedelman et
al. 2011, Yang,
Farrell et al.
2013, Sangare,
Yang et al
2019, lhara,
Fereig et al.
2020)
(Bougdour,
Durandau et al.
2013)

(He, Brenier
Pinchart et al.
2018)



GRA24

GRA25

GRA28
GRAG0

HCE1/TEEGR

TgIST

TgNSM
MAG1

MAF1b

TGGT1_230180

TGGT1_290700

TGGT1_231960
TGGT1_204270

TGGT1_239010

TGGT1_240060

TGGT1_235140

TGGT1_270240

TGGT1_220950

Nucleus

PV

Nucleus
PVM

Nucleus

Nucleus

Nucleus

PVM/Cytoplasm

PVM

p38U/

Unknown

Unknown

Unknown

E2Fs/DP1

NuRD, STAT1/2

NCoR

Unknown

MIB complex

M Activation of p3

TH1/M1 polarization and
cytokines/chemokines secretion

Allow secretion of CXCL1 and CCL:
chemokines by infected macrophage

Induces CCL22 secretion

Inhibits Irga6 and Irgb10 recruitment i
the PVM

Inhibits NFa Binduced cytokines by
interacting withhostTFs and controls
host Cyclin E expression by interactir
with DP1

Blocks signaling through type
interferon by recruiting the NuRL
repressor and binding t
STAT1/STAT2 heterodimers

Inhibits interferonregulated gene
involved in cell death
Inhibits IL-1 b
macrophages

Induces host mitochondria associati
with the PVM and modulates the
cytokine response

secret

Active

Not
studied

Active

Active

Active

Active

Not
studied
Not
studied

Active

Active

Active

Likely active

Active

Active

Active

Active

Active

Inactive

Not studied

Less active

Likely active

Not studied

Not studied

Not studied

Not studied

Not studied

Active

(Braun,
Brenier
Pinchart et al.
2013)

(Shastri,
Marino et al.
2014)

(Rudzki, Ander
et al. 2021)
(Nyonda,
Hammoudi et
al. 2021)
(Braun,
Brenier
Pinchart et al.
2019, Panas,
Naor et al
2019)

(Gay, Braun et
al. 2016, Olias,

Etheridge et al.
2016)

(Rosenberg and
Sibley 2021)

(Tomita,
Mukhopadhyay
et al. 2021)
(Pernas,
Adomake
Ankomah et al.
2014, Blank,
Xia et al. 2021)

Abbreviations for cellular localizations: ER, endoplasmic reticulum; IVN, intravacuolar membrane netwopkr&itophorous vacuole; PVM, PV membrane; Acronyms for host
target proteins: ASC, Apoptosissociated Spedike protein containing a CARD (caspase activation and recruitment domain); ATF, actiVgati@d\MLG, calciummodulating
ligand; CCCL, CC motifchemokine ligand; CXCL, €&X-C motif chemokine ligand, DP1, E2F dimerization partner 1; E2RFEZBP, guanylatdinding protein; GSK3, glycogene
synthase kinase 3; HAUSP, herpesvassociated ubiquitispecific protease; IRG, immunitglated GTPase; MPK, mitogenactivated protein kinase; MIB complex,
mitochondrial intermembrane space bridging complex; NCOR1, nuclear receptor corepressor 1; NuRD, nucteaosdetiag deacetylase; PP2A, protein phosphatase 2A; STAT,
signal transducers, and activatofdéranscription; TRAF; TNF receptor associated fagtBanchez and Besteiro 2021)
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Table 12 SecretedT. gondiiMIC Effectors and Their Impact on theHost

MICs

MIC1

MIC2

MIC3

MIC4

MICS

MIC6

MIC7

MIC8

MIC9

MIC10

MIC11

MIC12

AMA1

M2AP

SUB1

ROM1

SPATR

PLP1

TLN4

Domains/homologies

2 TSRs

1Integrin, 5 TSRs,and 1 TM

1 CBL and 5 EGF

6 Apples

Parvulinlike PPlase motif

3 EGFlike

5 EGFlike and 1 TM

1 CBL, 10 EGHike, and 1 TM

3EGFand 1 T™M

31 EGF,4TSRs,and 1 T™M

Cysteine rich

Beta and coil

Subtilase and GPI

Rhomboid

1 thrombomodulin EGF, 2 TSRs

Major putative functions Ref

Transport/folding Of M|C4 anc (Cerede, Dubremetz et al. 2005, Saouro:
EdwardsJones et al. 2005)

MIC6. Binding to host cells

(Wan, Carruthers et al. 1997, Jewett anc

Transport M2AP and adhesion

Sibley 2@4)
Ad heSion (GarciaReguet, Lebrun et al. 2000, Brech
Carruthers et al. 2001, Cerede, Dubreme
et al. 2005)
Adhesion (Brecht, Carruthers et al. 2001, Reiss,

Viebig et al. 2001)

(Brydges, Sherman et al. 2000)

Suppressing TgSUBL1 activity

Escorter (Reiss, Viebig et al. 2001)
unkown (Meissner, Reisst al. 2002)
Escorter (Meissner Reiss et al. 2002)
un kown (Meissner, Reiss et al. 2002)
unkown (Hoff, Cook et al. 2001)
unkown (Harper, Zhou et al. 2004)
unkown (Opitz, Di Cristina et al. 2002)

Inhibiting secretion of the rhoptrie (U=, e Gl AU

(Rabenau, Sohrabi et al. 2001, Huynh,

Transport/folding of MIC2

Rabenau et al. 2003)

Proteolysis (Miller, Binder et al. 2001)

Proteolysis (Brossier, Jewett et &2005, Dowse and
Soldati 2005)

(Huynh, Boulanger et al. 2014)

Trafficking of the protein

CytO'ySiS and parasite egress (Kafsack, Pena et al. 2009, Roiko and

Carruthers 2013)

unkown (Laliberte and Carruthers 2011)

Known types of MICs containing different adhesion domains similar to the adhesion mole@ulkariotic cells (integrifike domain,
thrombospondin typé repeat (TSR), epidermgtowth factor (EGFR)ike domain, chitin bindingike (CBL) domain, and the Apple
domain)(Wang and Yin 2015)
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1.7 Parasite Replication: Strategiesand M echanisms

To efficiently replicate,T. gondiimust first manipulate and modify their host cells to create

a secure environment. gondii specifically modifies three primary cellular processes
through infection: metabolism, membrane and cytoskeletal architecture ifomreatid cell
death(Blader and Koshy 2014)To survive within the intracellular environmerfit. gondii

must withstand various pressures while also scavenging essential nutrients from the host cell.
These nutrients, such as carlsmurces (glucose and glutamine) for energy, specific amino
acids, lipids, and other vital compounds, are necessary to meet the parasite's nutritional
requirementgDenton, Roberts et al. 1996)he host plasma membrane is a critical interface
betweenT. gondiiand its host cell, both during and after invasion, and a key target for the
parasite's regulation of the host cell. A primary role of the plasma membrane is to trigger
intracellular signahg pathways in response to extracellular cues. The interactions between
MICs and parasite surface antigens with the host plasma membrane suggest that the parasite
may regulate host cell signaling by binding to host plasma membrane receptors. This
hypothess is supported by the discovery that the addition of parssdeeted factors,
predominantly composed of MICs, to uninfected host cells, results in changes in gene
expression(Stutz, Kessler et al. 2012)Furthermore,T. gondii establishes its PV while
evading the endolysosomal pathway, as this pathmay lead to autophagynediated
degradation of the PV and the paragtenes, Yeh et al. 1972, Sibley, Weidnealet1 985,

Ling, Shaw et al. 2006)

The inhibition of tyrosin&inase and the identified target, EGF receptor, have been shown to
preventT. gondiifrom avoiding the phagolysosome. In a study(Bjniz-Feliciano, Van

Grol et al. 2013)treatment of cells with tyrosine kinase inhibitors resulted in attenuated
parasite growth. Moreoveiransfection withbsmall interfering RNAs (SiRNA) targeting the

EGF receptor resulted in PVs undergoing autophagic destrudtien ESFR and AKT
signaling is critical in regulating various physiological processes in uninfected cells. This
pathway is primarily involved in cell growth, survival, and proliferation and it is triggered in
response to extracellular signals. Its functions miniected cells are cell growth and
proliferation, upon EGF binding to EGFR, a signaling cascade is initiated, leading to the
activation of AKT. Activated AKT promotes cell growth and proliferation by regulating the

activity of various downstream effectomsvolved in the cell cycle; cell survival, the
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EGF/AKT pathway plays a crucial role in promoting cell survival by inhibiting apoptosis.
Activated AKT can phosphorylate and inactivate-ppmptotic factors, thereby preventing

cell deathmetabolism, AKTregulates cellular metabolism by promoting glucose uptake and
glycolysis, which provide energy and substrates for cell growth and survival; angiogenesis,
in some contexts, EGF/AKT signaling is involved in angiogenesis, the formation of new
blood vesselsThis process is important for tissue growth and repair; cell motility and
migration, AKT can influence cell motility and migration, which is crucial in processes like
wound healing and tissue regeneratiemd gneexpressionthe EGF/AKT pathway can also
modulate gene expression by activating transcription factors, which influence the expression
of genes related to cell growth and survival.

In uninfected cells, this pathway is tightly regulated and is activated in response to specific
physiological signalstypically when the cell needs to grow, divide, or respond to growth
factors in its environment. It's an essential part of normal cellular functions and contributes
to tissue development, maintenance, and repair. However, dysregulation or abnormal
activaion of this pathway can also be associated with various diseases, including cancer,
where uncontrolled cell growth and survival are characteristic feaftresidisperger,
Burnett et al. 2011)

In infected cellSAKT kinase activation of phosphatidylinosiBlkinase(PI3K) appears to

be the critical dowstream target of the EGF receptor signalifigese data suggest that
EGF/AKT signaling either prevents the invading parasite from entering the endolysosomal
pathway or prevents lysosomal recruitment to the PV. These data also suggest that the
receptor isnot activated by parasites with knockout mutations in the MIC1 and MIC3
micronemal proteins, indicating a potential role for these proteiits activation(Muniz-
Feliciano, Van Grol et al. 2013\nother way forT. gondiito establish a secure replicative
niche is to ensure that its host cell remains alive long enough for the parasite to replicate and
then egress and invade the next host églbptosis is a form of programmeell death that
hasbeen implicated as an innate defense mechanism to eliminate intracellular pathogens
There are two major pathwayslucing apoptosighe intrinsic and the extrinsid@. gondii

has been reported to renders the host cells resistant to stimuli that activate either the intrinsic
pathway or the extrinsic pathwdiash, Purner et al. 1998pPne important aspect of T.

gondii's establishment of a replicative niche is the regulation of host nuclear cell functions,
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modulating host cell gene expression. This is achieved in great part by the activation or
inactivation of hosTFssuch as STAT3/6, Na B, a fil(Gaei CdHer et al. 2007)

To conclude,T. gondiimodifies host cell processes, scavenges nutrients, avoids ly@osom
degradation, and inhibits host cell death to establish a replicative niche. The parasite regulates
host cell signaling through plasma membrane interactions and the activation or inactivation
of hostTFs Additionally, targeting the EGF receptor signgipathway has been shown to

be important in preventing. gondiifrom avoiding lysosomal degradation.

1.8 The ParasitophorousVacuole

To establish a safe replicative nichle, gondiiforms a nonfusogeni®V that facilitates
nutrient acquisition while preventing contact with host cytoplasmic components that could
trigger parasite destruction (Coppens, Dunn et al. 2006, Coppens and Romand218).
PV is a unique replicativeompartmentfor T. gondij derived from the host plasma
membraneThe PVis rendered nonfusogenic with the host endolysosomal sy$tesrPV

is essential for the survival and replication of the parasite because it separates the parasite
from the host cell's endolysosomal system, clvhis crucial for immune defense and
degradation of foreign material. To render the PV nonfusogenic with the host endolysosomal
system,T. gondiideploys various strategies: molecular alteratidngondiisecretes specific
proteins into the PV space. Serof these proteins interact with host cell proteins or modify
the PV membrane to inhibit fusion with host endosomes and lysosomes. For example,
gondii secretes ROP proteins that play a role in preventing fusion. Maintenance of low pH,
the PV maintaing lower pH than the host endolysosomal system. This acidic environment
inhibits the activity of enzymes typically found in lysosomes, making it difficult for host cells
to degrade the parasite. PV membrane (PVM) composition, the PVM itself has a distinct
composition, which is different from that of the host endolysosomal compartments. This
composition prevents the recognition and fusion of the PV with host organelles. Evasion of
host defense mechanismis, gondiican also manipulate host immune responses/tid
detection by the host's immune system and its antimicrobial deféMesesdue, Hakansson

et al. 1999)

By employing these strategi€E, gondiican create and maintaa safe replicative niche
within the PV, shielding itself from the host cell's endolysosomal system and thus promoting

its intracellular survival and replication.
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Rhoptry and dense granule proteins secreteld ggndiimodify the forming vacuole, enable
nutrient uptake, and set up mechanisms of host subvef@longh and Frickel 2017)
Interestingly,T. gondiican also generate selective nutrient exchange through the fleWVM
example,uptake of hostlerived nutrientsT. gondiican actively transport specific hest
derived nutrients across the PVM. The parasite can acquire amino acids, such as arginine and
tryptophan, from the host cell. These amino acids are essential for the paregadslism

and growthSecreting effector protein$: gondiisecretes effector proteins into the PV space,
some of which may interact with the PVM. These effectors can manipulate the permeability
of the PVM and promote the uptake of nutrients while iestg the release of harmful
substances. For example, the protein GRA17 was identified as playing a role in nutrient
acquisition. Modulating the PVM compositioh: gondiican modify the lipid composition

of the PVM, making it more permissive for the stie exchange of nutrients. This lipid
remodeling can influence the transport of molecules across the membrane. Avoiding immune
recognition:T. gondiican also employ strategies to evade the host's immune system, as an
immune response can negatively affaatrient exchange. The parasite can minimize the
activation of host immune pathways, such as the interfgapmma response, which can lead

to a more permissive environment for nutrient uptakeofting host transporter$: gondii

may exploit host celtransporters to facilitate the acquisition of specific nutrients. By co
opting host transporters, the parasite can actively transport nutrients across ti{ghyM

Li et al. 2019, Kloehn, Hammoudi et al. 2021)

FurthermoreT. gondiirecruitshost cell mitochondria and endoplasmic reticulum (ER) to its
PVM soon after invasion. This ability to modify the PV and recruit host cell organelles
highlights the intricate relationship betwekrgondiiand its host celll. gondiirecruits host

cell mitochondria and ER for several specific purposes related to its intracellular survival and
replication, for example, nutrient Acquisitioh: gondiirequires various nutrients to sustain

its growth and replication. By positioning itselose to the host cell's mitochondria and ER,

the parasite can access critical metabolites and nutrients generated by these organelles. The
host cell's mitochondria are involved in ATP production, and the ER plays a role in lipid
synthesis and calciumatge, all of which can be beneficial for the parasite's metabolic
needs. Calcium Regulation: The ER is a key organelle for calcium storage and signaling.

gondii can manipulate calcium signaling within the host cell to its advantage. By being in
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proximity to the ER, the parasite can potentially influence calcium release, which may aid in
various intracellular processes, including egress and host cell invasion. Protection from host
defenses: By positioning itself close to host mitochondria andTEgondi can potentially

shield itself from host immune defenses. It has been suggested that the close association with
host mitochondria can help protect the parasite from host cell apoptosis (programmed cell
death), which is an immune response mechanism. Miatawupport: The recruitment of host
mitochondria may providé&. gondiiwith additional metabolic support, including access to
ATP and other metabolites generated by the host cell's epesgucing machinerySinai,
Webster et al. 1997, Walker, Hjort et al. 2008, Wang, Weiss et al. 2009, Pernas, Bean et al.
2018)

Although the PVM shields the parasite from acidification caused by endocytic \fasiole,

this nonfusogenic state also deprivés gondiiof access to the host's abundant source of
nutrients from the endocytic and exocytic systems. However, the parasite compensates for
this by acquiring small molecules that cross the PVM through pdhes allowsT. gondii

to establish a bidirectional molecular exchange with host cells, a process that is remarkably
independent of energy.

Overall, T. gondiihas evolved multiple mechanisms to ensure its survival and proliferation,
even in the face of eation from the hogtSchwab, Beckers et al. 1994, Sinai, Webster et al.
1997, Walker, Hjort et al. 2008, Wang, Weiss et 2009, Pernas, Bean et al. 2018)
Moreover,during cell invasion]. gondiicreates a subdalar compartment that serves as an
interface between the parasite and the host cytoplasm. This compartment not only supports
parasite replication and infection but also serves as a platform for the modulation of several
host cell functions. Recent studiesve shown thak. gondiimanipulates host cell signaling
pathways through the deployment of parasite kinases and phosphdtasse molecules
infiltrate the host nucleus and control several cellular pathways, enabling the parasite to
establish an antapoptotic environment that favors its surviveb conclude;T. gondiihas
evolved sophisticated mechanisms to exploit hosfuedtions for its own benefit, allowing

it to successfully infect and proliferate within host céllaliberte and Carruthers 2008)

38



2. Protective Immunity AgainstT. gondii. Insights into Innate
Immune Responses, PRRs, PAMPs, and Adaptive Immunity

The detection of protozoan parasites by the mammalian immune system is a complex process
due to the absence of classical microbial and viral molecules commonly sensed by innate
immune receptors in these pathogens. Instead, the innate immune system Vet tevol
recognizeTl. gondiiby identifying a unique set of molecules specific to protozoan parasites.
Additionally, T. gondii presence is indirectly detected through the recognition of tissue
damage events associated with parasitic infe¢@movinsky 2014)

Profilin is a protein associated wih gondiithat plays a key role in activating the innate
immune system. The recognition Bf gondiiand its profilin protein involves a cooperative
interplay between endosomal ke receptor 11 (TLR11) and TLR1 Several models

have been proposed to elucidate this process. In one model, TLR11 directly intera€ts with
gondii profilin in endolysosomes, leading to MYD88 recruitment and downstream immune
signaling cascades, with TLR12 contributing to this intésactAn alternative model
suggests that both TLRIOLR12 heterodimers and TLR12 homodimers are responsible for
dendritic cell(DC) responsiveness td. gondii profilin. Lastly, a third model posits that

TLR7 and TLR9 could compensate for the absence ofIll Reducing the dependence on

the TLR11TLR12 heterodimer. Importantly, these mechanisms are specific to mice, as
humans lack functional TLR11, and the presence of TLR12 in the human genome remains
unknown. While the precise mode of action of the TLR@§jpaling receptor complex is still

not entirely clear, its role in cytokine production in the absence of MYD88 recruitment is a
subject of ongoing investigatiqoblansky, Jankovic et al. 2013, Yarovinsky 2014)

The innate immune response acts as the inigé#nse againdt. gondiiinfection, aiming to

detect and restrict its invasion and dissemination. Macropha@ssand natural kille(NK)

cells contribute to limiting parasite multiplication during the early stages of acute infection.
Notably, IL-12-producingDCs not only stimulate the innate immune response but also shape
adaptive immunity, crucial for longerm control of the infection. @4 T cells, capable of
producing | FNo, hel p contr ol the early stag
protection and maintaining chronic infection. Several studies emphasize the importance of
CD8 T cells in controllingl. gondiiinfection, withthei r abi |l ity to produce

late stages. However, achieving complete parasite eradication remains a challenge, as a
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robust CD8 T cell response may not guarantee sterile immunity. In susceptible mouse
models, vigorous CD8 T cell effector immuynits observed, but memory responses are
compromisedYarovinsky 2014)

Engagement of TLRs and nucleotidimding oligomerization domailike receptors (NLRS)

by microbiatassociated molecular patterns (MAMPS) initiates downstream signaling
pathways. These ffavays involve processes like phosphorylation, ubiquitination, and
proteinprotein interactions, ultimately leading to the activation of host cell transcription

factors. These factors, in turn, upregulate genes related to inflammation and antimicrobial
defenses. The key signaling pathways in TLR and Nhdced immune responses are

nucl ear f ascB)o,r nadBivatédNpFatein kinases (MAPKS), and interferon
regulatory factors (IRFs). They are central in the production of various cytokines, including
interleukin (IL}12,IL-1 6, t umor necrosis factor U (TNFU),
type Il. Activation of these pathways results in the recruitment of immune cells to the
infection site through chemokine secretion, and these recruited celkk®datT. gondi

through the upregulation of effector molecules. It's worth noting that the innate immune
response tol. gondii differs among host species, both in terms of detection and the
subsequent el i mi nati on -inducedtantparasgi@ activiiest e t hr
(Yarovinsky 2014, Mukhopadhyay, Arrai®olis et al. 2020)

Critical to the host's defense agaimisigondiiis the production of IL12 bpCs (DCs) and
macrophages, as it primes various immune cells like NK cells, CD4 T cells, and CD8 T cells

to secrete -dENDvewWwhl L&22DCs cr uvo,italdnedarmot | FNDO
ensure the host's survival, as Myd@&ficient mice that received recombinant IL12 post

infection did not survive the disease. Inflammaseuvated preinflammatory cytokines

I L18 and I L1b, secreted bgnmanoeylt ENoOapdodac:i
together with IL12, contribute to host resistance agdingondii The specific lack of Myd88

in DCs or macrophage lineages in mice does not lead to rapid mortality, indicating the

involvement of other factors and cytokimkee gul at i ng |1 L12 and | FN2 se
recruited to the infection site secrete | L1
TNFU, i nducing | FNo2 secr et iT.ogondibnya My286t r op hi |

dependent manner. The recruitment ofmiome cells to the infection site via chemokine

secretion is a crucial step in controlling the parasite, with different chemokine receptors
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facilitating the recruitment of various immune cell types. The cooperative interaction
between DCs and NK cellsfuglr  pr omot es [ L12 and | FN2 produ
of CD8U DCs and NK c e [l.lgendiinfection & svidentie mieen s e ag.
lacking certain receptors and transcription factors, which succumb rapidly to the disease
(Yarovinsky 2014, Mukhopadhyay, Arrai®olis et al. 2020)

| FNo, ei ther al one or I n conjunction with TN
antiparasitic activity within hematopoietic and nbematopoietic cells upof. gondii

infection. However, human wi t hreceptdr Ndeficiency don't exhibit increased
susceptibility, possibly due to the induction of hpst ot ect i ve aut ophagy ©b
CD40-CD40L interactions in infected macrophages and-mematopoietic cells. This

autophagic process leads togmite elimination. Neutrophils, abundant at the infection site,

form neutrophil extracellular traps (NETs) composed of nuclear DNA fibers, histones, and
antimicrobial peptides, which immobilize and kill trapped parasites. ThisbS€d defense

mechanismg conserved across various species. After initial sensing and immune activation,

the CD8 T cell response is triggered when they encounter Mpi€skented epitopes by
antigenpresenting cells (APCs). Effective CD8 T cell activation relies on the eliminattion

intracellular parasites within the APCs, followed by the presentation of immunodominant
epitopes derived from specific gondiiproteins. In vitro studies highlight the importance of

NLRP3 for the CD8 T celinediated immune response. Depletion of CD8ells renders

mice more susceptible to the chronic phase of infection, with CD4 and CD8 T cells
restraining parasite growth through wvarious
CD40L interactioamediated autophagy, and perfenrediated lysis of infeted cells

(Yarovinsky 2014, Mukhopadhyay, Arrai®olis et al. 2020)

The host defense againkt gondiiinfection is multifaceted, involving both Thl and Th2

i mMmmune responses. CD4+ cells produgwonhi gh | e
interaction with tachyzoites, contributing to resistance against the parasite. Timedelted

i mmunity is essential, particularly due to
cytokines, I ncluding Il FNo, | L dse resistanoedto T NF U,
toxoplasmosis. The absence of any of these-iglammatory mediators increases
susceptibility to the infection. Additionally, various cytokines such as IL2, IL6, IL7, IL15,

IL18, and IL23 are linked to the development of a robust immemicgresponse. Recent
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findings reveal TLR11-independent activation of inflammasomes, promoting CD4£ellF

d er i v emedidtdd Mast resistance To gondii GRA24driven protective immunity,
mediated through p38 MAPK activation and IL12 productiomdependent of the MyD88
pathway. In contrast, the cytokines associated with the Th2 response, notably IL4 and IL10,
enhance susceptibility 6. gondiiinfection in the early stages. However, their regulatory
functions have also been unveiled, as evidebgedecreased susceptibility in ‘idhockout

mice and increased resistance in IL10 knockout mice when expo3edjomdiiinfection.

These complex interactions highlight the importance of balancing Thl and Th2 responses in
host defense again$t gondii(Yarovinsky 2014, Mukhopadhyay, Arrai®olis et al. 2020,

Sana, Rashid et al. 2022)

3. Hijacking Host Signaling and Its Immune Responses
T.gondii's strategy for intracellular survival

Recent research on the interaction between the hosI.aguhdij has revealed significant
changes to various host signaling pathways during infection. These changes can be attributed
to a range of parasite effectors, such as the ROP kinases and pseudokinases that are secreted
during the invasion process. These effect@mve been found to block host immune pathways

and aid in the parasite's survival within the host. Additionally, the secretion of GRA proteins
by the parasite has been found to significantly impact host gene expression. This is achieved
through various mchanisms, such as the activation of Ad& modification of chromatin,

and induction of small noncoding RNAldakimi and Bougdour 2015, Hakimi, Olias et al.
2017)

The secretion and release of the different virulence factors of the parasite is adyglaied

and synchronized process throughout the infection. ti@P proteingan be secreted into

cells by a noninvadingarasite, and hence, the delivery of effectors may alter host cell
function even in the absence of invas{#woshy, Dietrich et al. 2012AlIso, several GRA
proteins anchor in the PVM and extend at least partly into the host cytosol, where they
interact with host proteinshereforemore than one population of GRA proteins that occupy

the lumen or PVM are releas@d a single dosearly in invasion, while those that traffic
outside the PV are released more slowly over {imhercier and CesbreBelauw 2015)
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When T. gondii infects a host, it releases its virulence factors in a specific sequence.
However, research has uncovered that this process is not simply a matter of the parasite
lacking the necessary machinery. Rather, the parasite actively reprograms the hosheell's ge
expression by manipulating its transcriptional machinery. This is accomplished using a
collection of molecular hijackers, which give it the ability to take control of the host cell's
gene expression in a sequential and orderly manner during infékadmmi, Olias et al.

2017) With this repertoireT. gondii specifically can target gene expression at both the
transcriptional and pogtanscriptional level§Zeiner, Norman et al. 2010, Cannella, Brenier
Pinchart et al. 2014)Likewise, T. gondiican maniplate host proteins by controlling their
amount and posdtanslational modifications, enabling the parasite to activate or inactivate
them as necessary. Additionally, the parasite selectively reprograms host mRNA translation,

contributing to its survivalLeroux, Lorent et al. 2018)

3.1 Metabolic Manipulation

T. gondiiis auxotrophic for several key metabolitesich must bescavenge from the host

cell, as a resulf]. gondiidepends on its host for the salvage of energy sources, building
blocks,vitamins,and cofactors to survive and replicédoehn, Hammoudi et al. 2021)

Studies have reported th@t gondiican alter metabolite abundance in various metabolic
pathways, such as the tricarboxylic acid cycle, the pentose phosphate pathway, glycolysis,
amino acid synthesis, and nucleotide metabolism, resulting in changes to the host's energetic
and biosynthetic gthways during infectio(Olson, Martorelli Di Genova et al. 2020ome

of these changes W& been attributed to the transcriptional regulation of the parasite
Likewise, changes in metabolic pathways such as pentose phosphgtepvokedyy the
transcriptional regulation of both the parasite and the (@isbn, Martorelli Di Genova et

al. 2020). Additionally, host metabolites directly impact the parasite life cycle development
by triggering or blocking differentiatiofKloehn, Hammoudi teal. 2021) However further
research is required to understand the mechanisms that facilitate the comprehensive
restructuring of host metabolism for optimal growth of the parasite.

T. gondiitachyzoites can rapidly and continuously indudéyc, a key regulator of host cell
transcription. This tightly controlledF is involved in essential cellular processes, such as
metabolismUpregulation of eMyc may be a mechanism used by the parasite to manipulate

the hosb snetabolic pathways, ensuringathit has access to sufficient nutriefEsanco,
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Shastri et al. 2014Yhe hypothetical effector involved iAMyc upregulation could act either
directly or indirectly via manipulation of many pathways thagondiiis known to impact,

such as STAI3, NFa B, Pl 3 ki nas e (Fraaco, ShastrAd® al. R01#)a s e s
previous study showed that infection with gondii tachyzoites specifically upregulates
microRNAs that be&ing to transcriptional loci miR7D92 and miR106D25 (Zeiner,
Norman et al. 2010)Therefoe, studies have shown thatMyc is regulated by miR7D92

and miR106D25. This suggests th@t gondiimay induce the transcriptional regulation of
these microRNASs to upregulateéMyc to facilitate its intracellular survivgFranco,Shastri

et al. 2014, Valinezhad Orang, Safaralizadeh et al. 2014)

3.2 Apoptosis Manipulation

Programmed cell death or apoptosis, is a common mechanism used by the host to combat a
wide range of pathogens, from viruses, bacteria and intracellular protozoan parasites, mainly
by decreasing the replication rate of pathogand activating the innate and adaptive immune
system(Labbe and Saleh 2008 that senseguring infection, the host cell undergoes
apoptosisaas a means of limiting the replication and spread of the intracellular parasite. This
response involves both innate and adapitiveune mechanisms that work to restrict parasite
replication and limit its spread within the host. Additionally, apoptosis has regulatory
functions that help modulate host immune responses to infection. By inducing an apoptotic
response in infected celtbe host is able to reduce the replication and spread of the pathogen,
ultimately contributing to its own survivélaliberte and Carruthers 2008)

T. gondiihas evolved strategies to evade elimination by the host's apoptotic response. This
helps the parasite to avoid rapilkarance by macrophages, which are activated by signals
emitted by apoptotic cells. The parasite must also ensure the integrity of the host cell to obtain
nutrients, as apoptotic cells undergo selfabolism to release their macromolecules for
neighboriry cells and phagocytes. By evading apoptoBisgondiican maintain a stable

niche within the host, allowing it to scavenge nutrients without activating the immune
response. These tactics illustrate the sophisticated and multifaceted approach thasitee par
takes to survive within the host c@ash, Purner et al. 1998)

Consequently,T. gondii acts on common downstream apoptotic effectors or inhibits
apoptotic elements of various pathways simultaneo(lstyiberte and Carruthers 2008)

There are two basic apoptotic signaling pathways: the extrinsic and the intrinsic pathways
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whichconvergeon@ o mmon fiexecuti ono p, kn@wnas cagpasésv en by
Consequentlyit has been reported thitgondiiis capable of regulating apoptobiscausing
negative regulation of the activity of caspaséBe parasite can inhibitthe release of
cytochrome ¢ from mitochondria to the host cell cytagaller, Schaumburg et al. 20Q6)

affect the balance of pr@nd antiapoptotic BCL2 family membergCarmen, Hardi et al.

2006) or directly interferewith caspase processiagd functionVutova, Wirth et al. 2007)

It can also blockipstream signaling pathwatfgoughpositive or negative regulath of TFs

that can activate or inactivate apoptotic procefgedestina, Payne et al. 2003)

T. gondiihas been shown to manipulate varidls that are involved in the regulation of
apoptosis pathways, including NFB  a n (8iwapgb Quan et al.(0, Besteiro 2015)
However, the exact mechanisms by which the parasite achieves this manipulation are not yet
clear.

Further studies are needed to fully understand the intricate interplay bé&twgendiiand

the host cell signaling pathways involved in both immune response and apoptosis regulation.

3.3 Circumventing the Host's IFN-2

To establish a successful infectidn,gondiimust manipulate the host's signaling pathways,
particularly the activation of thenterferono (| F N2 ) i mmune response,
parasite cl e a-iindammatory cytokiré dhatplays acritipal role in initiating

and maintaiing both innate and acquired immunity agaihsgondii It is considered the

main cytokine induced by T dKtelsandis@ialdor and C
protective immunity against both the acute and chronic phas@s gbondii infection.
Therefore, Il FNo is a key f @ gdndiiandiscrucialéos t r i ct i
preventing the development of diseéSanaRashid et al. 2022After inductionof acquired

immunity, host immune cells robustly produce the proinflammatorydFN whi ch act i v
a set of IFNo-inducible proteins, including GTPasg&asai and Yamamoto 2019)

IFN-2 inducible Guanosine TriphosphataseST(Pasepare essential for celutonomous

immunity and are specialized for effective clearance and growth inhibitidn gdndiiby

accumulating ilPVM (Sasai and Yamamoto 20185N-o-stimulated cells express hundreds

of IFN-2 -stimulated genes, including GTPa&amily members, which are strongly involved

in the immuneesponse again3t gondii(Sana, Rashid et al. 2022)
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Thepar asi t e c aignalingiblg cuhailirtg thé fendtmn of thd= STAT-1 and by
augmenting the | evels of | FNo signaling sup
cytokine signaling molecul& (SOCs1)Zimmermann, Murray et al. 2006)

In both mice and humans, the innate immune system respordsgtundii infection by
producing high levels of 12 and IFNo t hr ough t he ad@agaand pr ot e
Yamamoto2019) The initial recognition of the parasite involves host receptors such as
TLR2, TLR4, and TLR11, which detect specific parasite molecules. Hownedeletion

of individual TLRs has only modest effects on susceptibility to infecsaggesting that
multiple TLRs synergisticallyare involved in recognizing. gondii Furthermore, triple
deficiency mice, which lack proper TLR3/7/9 trafficking andRIL1 signaling, are highly
susceptible td. gondiiinfection, highlighting the importance of these receptothiéhost
defense(Hunter and Sibley 2012) Interestingly, while TLR11 plays a dominant role in
sensingT. gondii it is represented only by a pseudogene in hurmaasing unanswered
guestions about how innate and adaptive immune responses occur in the absenceiof TLR11
humans

FurthermoreMyD88 is essential for host resistance againsgondij its activation being
necessary for induction g@iro-inflammatory cytokines and the establishment of strong Thl
responseg¢Pifer and Yarovinsky 2011)n addition,MyD88 functions in various immune
cells, including neutrophils, macrophagB€’s, and T cells, influencing H12 production

and T cell activation. TLR signaling DCsis critical for resricting T. gondiiexpansion and
promoting IFNO  pr oducti on by NK <cell s, which subs
monocytes to eliminate the parasites.

Consequently, theinnate recognition, particularly through TLR activation DCs,
contributes to host resistance agaimstgondii (Pifer and Yarovinsky 2011, Sasai and
Yamamoto 2019)

Mouse models have been instrumental in understanding the cellular and molecular
mechanisms of innate and adaptive immune responsesgondii (Pifer and Yarovinsky
2011) However, there are significant differences between mice and humans in their
responses to the parasite. Additionally, mice have a more robust effector system involving
multiple immunerelated GTPaseg$RGs), whereas humans have a limited effector system.
Mice have a more robust effector system agdingondiibecause they have multiple IRGs.
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Humans have only one fuitngth IRG gene, which contains a tesgecific promoterMice

have 23 IRG geneatheir genome and L2 initiatesIFNo dependent i nducti on
IRGs. However, this effector system is largely +fionctional in humans and is limited to
expression of only one protejRifer and Yarovinsky 2011)

TLR11 recognized. gondiithroughreleased microbial profilin, allowing innate sensing of

the parasite in nemfected cells(Pifer and Yarovinsky 2011)This recognition strategy
enables mouse innate immune cells, particulBx@g, to initiate immune responsegile
avoiding theimmunosuppressive effects obsenaaturringin infected macrophages and

DCs The ceevolution of T. gondiivirulence factors and host defenses in mice has led to
spatially separated detection and effector functions to combat the p&fésitg and Jiang

2023) In contrast, humans, being accidental hosts, may not gaases elaborate defenses.
Humans are accidental hosts Torgondiibecause they lack the elements that allow mice to
detect and control the parasite. Humans lack of TLR 11 and TLR121 and a complete set of
IRGs. Additionally, humans are deazhd hosts foil. gondiibecause they are rarely eaten

by felines(Pifer and Yarovinsky 2011, Wang and Jiang 2023)

TLR11 deficiency in humans may be compensated by other recognition systems that directly
sense the parasite or rely ather stimuli, including commensal bactefiBifer and
Yarovinsky 2011) Genetic association studies have identified candidate genes, such as
TLRY, purinergic receptor P2X7, and N@iRe receptor NALP1, which may be involved in
human responses toT. gondii NALP1, Ilocated within the rat genome
susceptibility/resistance region, shows potential as an intracellular sensor for the parasite.
The purinergic receptor P2X7 has also been associated with congenital and ocular
toxoplasmosis, and it may regulate the killing of the sitgaand enhance lysosomal fusion

with thePV (Pifer and Yarovinsky 2011)

InsummaryT.gondimani pul ates the host

S i mmune respo
I FNo2 a Amdlucibl&=®Ir'®ases are critical for protective immunity against the parasite.

These GTPases acunulate in the PVM to effectively clear and inhibit the growthTof

gondii. However, the parasite has developed strategies to evade the host's immune system,
such as i nhi bi Theimguné rEsdanse Joigondiienfectiom gvolves the
production of I:12and IFNo, wi t h TLR signaling through My

However, while mice have robust defense mechanisms, including TLR11 recognition,
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humans have differences in their immune respdnseonclusion investigating the immune
response td. gondiiin both mice and humans reveals intriguing differences and highlights
the need for further exploration to fully understand paghogen interactions and develop

effective strategies against this common pgén.

3.4 Manipulating the Hostos Cel |

T. gondiimodulates various functional aspects of its host cell, including the cell cycle. It was
first observed that the parast@ninfluence the host cellular cell cycle, leading to a reduction

in host cell division(Velasquez, Conejeros et al. 201Mammalian cells infected with.

gondii are characterized by a deep reprogramming of gene expression and the-parasite
dependent reprogramming of gene expression correlates witihnddulation of transcripts

that regulate cell proliferatiosuch asTF Egr-1 which has been shown to activate the
expression of growth factors participating in the amplification of a mitogenic stimulus
(Molestina, EdGuendy et al. 2008)While there isn't a significant amount of evidence
detailing the advantages of modulating the cell cycle during parasitic infections stich as
gondii, changes in host cell transcriptienparticularly those thaimpact the cell cycle
machinery- can lead to the modulation of the intracellular environment and ultimately affect
parasite developmefiMolestina, EiGuendy et al. 2008Y. gondiihas developed strategies

to both induce a growth signal and prevent cell cycle progression in the infected cell. The
perturbations in the host cell cycle machinery may influence how the pamdeites &0 its

own replication scheme during intracellular residefuadasquez, Conejeros et al. 20119)
addition, T. gondii affects the cell ycle of not only the cells it directly invades, but
neighboring cells as well. Thus, the parasite induces neighboring cells to grtiases
allowing more rapid invasion by extracellular gondiiand providing a possible selective
advantage for the paits(Lavine and Arrizabalaga 20Q9)

To conclude[T. gondiialters host cell function, including the cell cycle, to promote its own
growth. Changes in host transcription can affect parasite development, and the perturbations
in the host cell cycle machinery may impact the parasite's replication, potentially ig&ing

selective advantage.

48



35Mani pul ating the Hostds Transcri

T. gondiilike other pathogens, has evolved strategies to promote its survival by dramatically
modifying the transcriptional profile and protein content of host cells, either by the activation

of the host's immune response or by the initiation of the mechanisnbysled parasite to

circumvent immunity or defenses. Notablygondiiinfection result in changes in expression

of specific genes, such as those encoding (Bfisnon de Monerri and Kim 2014For

instance, GR proteins, preferentially target cedpecific TFs, such as N& B , i nterfero
regulatory factor (IRF), and JAK/STAT, which act as coordinating hubs in host defenses. By
differentially phosphorylating these TFs, GRA proteins can modulate their intritisit es

and expression levels, leading to further changes in host gene expression altering the host's
Immune response against the para@ttakimi, Olias et al. 2017)T. gondiiemploys these

effectors, such as TgIST and GRA24, that translocate directly to the host nucleus to modify
transcriptional activitynegatively or positively regulating the host's immune response.

TgIST translocate to ghnucleus and recruits the #INuURD complex to STAT-Hependent

promoters. This leads to chromatin alteration and signal blockage of the IFN redpattae

Oliasetal. 2019) whi l e GRA24 forms a complex with p3
the expression of proinflamatory genes and for stimulation of a Thl response, modulating

the early immune response to infecti@raun, BreniePinchart et al. 2013)Others, like

GRA16, control p53 levels by binding to PRB&5 and HAUSP while translocating to the

host nucleus where it positively modulates genes involved ircgele progression and the

p53 tumor suppressor pathwé@graun, BreniePinchart et al. 2013)In type Il strains,

GRAI15 localizes to the PVM, activates the-ll B pat hway by activatin
subsequently IKK, leading to the phosphy | at i on and degradation o
the activation of the immune response of the host against the parasite. GRAL5 interaction
with TRAF6 determines parasite (SangaejYangdi f f er
et al. 2019)Lastly, GRAG, which partially interacts with the host cell cytosol while residing

in the PV, interacts with CAMLG to activate calcineurin and stimulate EhBIFAT4 (Ma,

Sasai et al. 2014)These diverse mechanismaé manipulation demonstrate the complex
strategied. gondiiemploys to evade and manipulate host responses to infection.

Although some virulence factors have been identified for certain host TFs, such as TgIST for
STAT1 and GRA24 f o unknovngiakimi, Oliasheeal. 3017)HeshT&s n
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such as hypoxinducible factor (HIF), cAMP response elemémding protein (CEB),

and activating transcription factor 2 (ATF2) play crucial roles in promoting the optimal
growth of T. gondii under hypoxic conditions and the proliferation, survival, and
differentiation of host cell§Spear, Chan et al. 2006, Wen, Sakamoto et al. 2010, Braun,
BrenierPinchart et al. 2013, Watson, Ronai et al. 20@ntifying the virulence factors that
regulate these TFs could provide valuable insights into the mechani$ngooidiiinfection

and lead to the development of novel therapeutic strategies.

T. gondiican manipulate multiple cellular processes in the host cell by altering the function
of single TFs, through the alteration of chromatin accessibility and remodéglamy,
Butcher et al. 2009, Fab, Tsytsykova et al. 2010This strategy is advantageous for the
parasite, as the regulation of a single TF can lead to the regulation of multiple processes with
very few induction or inhibition steps. For example, inhibition of host cell apoptosis can be
a concomitant consequencé the regulation of TFs related to the immune response
stimulated by | FNo. Under B goadinthnipulgtesthdstefFsme ¢ h a n i

can provide valuable insights into the pathogenesis gbndiiinfection, Figure 1.3.
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Figure 1.3T. gondii Manipulation of Host Transcription Factors

T. gondii actively reprograms host gene expression by subverting host transcriptional machinery and
manipulating TFsresponsible for regulating various biological processes. During infecliongondii
upregulates some TFs, such aglyc, and downregulates others, such as EGR promote the alteration of
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metabolic processes related to host growth and cell cycle psigne Additionally,T. gondiisecretes effectors

from dense granules, such as GRA16 and TgIST, which inhibit host TFs P53 and STAT1, respectively, altering

the host cell cycle, decreasing apoptosis, and globally blocking the]ARRSTAT response througthe

recruitment of the MR/NURD repressor complex. In type Il straifis,gondiiactivatesthe N B pat hway
through the activation of TRAFG6, |l eading to the phoc
upregulation of NFe Bt r a n s ¢ r 3§ spah asdBeRawhichtinkibitg apoptosigzdapted from(Hakimi,

Olias et al. 2017)

4. Autophagy

4.1 Definition and Function in Steady State Conditions

Autophagy, which means "sedfting," is an evolutionarily conserved catabolic process that
facilitates the degradation of cytoplasmic materials, including organelles and proteins, by
delivering them to the lysosome. There are four main types of autopsgphagosome
mediated macroautophagy, microautophagy, chapermukated autophagy, and non
canonical autophagy. Macroautophagy, commonly referred to as autophagy, involves the
fusion of double membraneautophagosomes with lysosomes to break down cargo.
Microautophagy is less understood but appears to entail the direct uptake of materials by
lysosomes, resembling pinocytosis. Chapenmegliated autophagy is a biochemical process
that transports specific proteins into lysosomes, relying on a signaturenseqand
chaperone interactiondon-canonical autophagy is an alternative pathway of autophagy that
can operate without the involvement of certain key autophelgyed proteins, offering
potential therapeutic possibilities. It represents a deviation thenrtraditional autophagic
process, which relies on a hierarchy of autophaigted (ATG) proteins for autophagosome
formation, the central organelle in macroautophagy, a lysosomal degradation pathway
essential for cell survival, pathogen elimination,d avarious physiological functions
(Codogno, Mehrpour et al. 2011, Das, Shravage et al. 2012)

Autophagy involves the formatioof membranes and fusion events, beginning with the
initiation of an isolation membrane or phagophore from a source known as the phagophore
assembly site. The source of the autophagosome membrane can be the smooth endoplasmic
reticulum, although other memdne sources like mitochondria and the plasma membrane
can contribute under different conditions. The isolation membrane engulfs the cargo, forming

the doublemembrane autophagosome, which subsequently fuses with lysosomes to create
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autolysosomes for cargiegradation by lysosomal hydrolases. The process is cyclical, as
lysosomes must reform to allow subsequent rounds of autog@adpgno, Mehrpour et al.

2011, Das, Shravage et al. 2012)

Mammalian autophagy serves as a fundamental biological process with multifaceted roles,
contributing to cytoplawsic quality control, cellular metabolism, and innate and adaptive
immunity. These three crucial missiondgefense, metabolic regulation, and quality control

are interlinked in the context of immunity. Dysregulation of autophagy often leads to
inflammatay disorders in both animal models and human diseases. The term "autophagy"
encompasses a spectrum of lysosomal processes that maintain intracellular homeostasis,
involving the turnover of proteins, membranes, organelles, and the generation of metabolic
precursors, especially during periods of nutrient sca(Eigretic 2021)

Autophagyis a multistep process, encompasses induction, cargo recognition and selection,
vesicle formation, autophagosomacuole fusion, and cargo breakdown. At each of these
steps ATG proteins play crucial roles. In yeast and Drosophif@OR negatively regulates

Atgl kinase, an essential autophagy initiator, under nutrieimtconditions. UpormTOR
inhibition, Atgl's kinase activity is activated, promoting autophagosome formation. In
mammals, ULK1 and ULK2, along with FIP200, serve as homologs of yeast Atgtghd A
involved in autophagy initiation. Selective autophagy relies on the recognition of specific
cargos by receptor proteins, such as p62. Cargo recognition triggers the assembly of
autophagosomes, which are doutsiembrane vesicles formed at the phagoplassembly

site through the coordination of various Atg proteins. Nucleation and membrane assembly
require the class Il phosphatidylinositckihase (Ptdins3K) complex, AtglLlAtg5-Atg16,

and Atg8 PE conjugation systems. After vesicle formation, autopbames fuse with
lysosomes or vacuoles, followed by the degradation of inner vesicle content by lysosomal
hydrolases. This degradation process releases small molecules like amino acids back into the

cytosol, aiding in nutrient recycling during starvatiamditions(He and Klionsky 2009)

4.2 Mechanisms ofl nduction and Regulation

Autophagy is a tightly regulated cellular process critical for maintaining homeostasis. Its
intricacy is reflected in the eukaryotes' elaborate control mechanisms, where both insufficient
and excessive autophagy can be detrimental. Several signaling ystbwaestrate this

regulation. The TORC1 pathway, primarily through its nutrsarising function, plays a
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central role in autophagy control. In nutrigith conditions, active TORCL1 inhibits
autophagy, while nutrient deprivation leads to its inactivatadlowing autophagy to surge.
Additionally, TORCL1 exerts influence by regulating the Atgfig13i Atg17 kinase complex.

The Ras/cAMRdependent PKA pathway also negatively regulates autophagy, especially in
nutrientr i ch envi ronment s . aseFsignating and the GEN4 genérdf 2 U
control pathway respond to amino acid starvation and impact autophagy. In addition to these,
several other signaling pathways like Snfl and Pho85 influence autophagy, although their
precise mechanisms are still under tigation. These intricate regulatory networks are
critical for understanding the role of autophagy in various physiological contexts and diseases
(Yang and Klionsky 2009)

Autophagosome formation increases during nutrient deprivation. Two key signaling
pathways, TOR and R&AMP-PKA, control this process in response to nutrient levels.
TORC1 inhibits autophagy under nutrigigth conditions, but its inhibition by rapamycin
stimulaes autophagy. Amino acids are essential regulators, activating mTOR either directly
or through class Ill Ptdins3K. This complex interplay between pathways and amino acids
modulates autophagy to adapt to varying nutrient availability. In yeast, TORC1 also
suppresses autophagy by phosphorylating Tap42, which activates the negative regulator
PP2A, potentially impacting Atg proteins and autophagy regulétierand Klionsky 2009)

The Ras/PKA signaling pathway, along with the TOR and Sch9 pathways, contributes to the
regulation of autophagy in response to nutrient conditions. In nutignenvironments,

active Rasl and Ras2 stimulate cAMP production, which in turn releases iRKiAlsry

effect on autophagy. This inhibitory action may involve PKA phosphorylating Atgl, causing

it to remain cytosolic. In contrast, under starvation conditions, Atgl is dephosphorylated and
localized to thephagophoreassemblysite, promoting autophgy initiation. The interplay
between these pathways provides a complex network for autophagy modulation, allowing
cells to adapt to varying nutrient availability. Autophagy can also be regulated at the
transcriptional level by Msn2/4 and Rim15, particylavhen both PKA and Sch9 pathways

are simultaneously inactivated. This intricate regulation ensures cells respond appropriately

to nutrient fluctuationgHe and Klionsky 2009)
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4.2.1Insulin and Growth Factor Pathways

When it comes to autophagy regulation, growth factors and nutrients converge on the TOR
pathway, but their signaling mechanisms differ. In higher eukaryotes, hormones like insulin
and insulinlike growth factors regulate mTOR through class | Ptdins3K.limdiunding

leads to receptor autophosphorylation and recruitment of downstream proteins, including
class | Ptdins3K subunits. This results in the generation of PIP3, which acthiies
Activated AKT then phosphorylates TSC2, leading to mTORC1 activaifibe absence of
hormones inactivates mTOR, relieving its inhibitory effect on autopfidgyand Klionsky

2009, Manning and Toker 2017)

Ras signaling also plays a role in autophagy regulation by growth factors. In certain contexts,
activated Ras inhibits autophagy through class | PtdIns3K, while in others, it positively
regulates autophagy through tRasRaf1-ERK1/2 pathway. The balance between these
pathways, influenced by amino acids and-spkcific factors, determines the role of Ras in
autophagy regulation in response to growth factors and amino acid avail@béitand
Klionsky 2009)

4.2.2Energy Sensing

In times of intracellular metabolic stress, the activation of autophagy plays a crucial role in
ensuring cell viability. I n mammaltAMB-n cel | s
activated protein kinase), activated by the decreased ATP/AMP ratio through kik&se.

Active AMPK phosphorylates and activates the TSC1/2 complex, inhibiting mTOR via

Rheb. This leads to autophagy induction, promoting ATP production by recycling nutrients.
Additionally, the LKBEAMPK pathway activates p27kipl, causing cell cycleest,

preventing apoptotic cell death, and promoting autophagy to cope with bioenergetic stress

during growth factor withdrawal and nutrient deprivat{bte and Klionsky 209, Manning

and Toker 2017)

4.2.3Stress Response

Autophagyis induced in response to various forms of stress. In cases of endoplasmic
reticulum (ER) stress, triggered by factors like protein misfolding, autophagy is vital for
maintaining cell viability. Hypoxic conditions, characterized by low oxygen levels, also

prompt autophagy in mammalian cells, with pathways like-HiRvolved in mitophagy, the
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selective removal of mitochondria. However, the exact pathways may vary according to cell
type. In the context of ROBduced autophagy, the protease Atg4 and hydrpgeoxide
activated poly(ADP-ribose) polymerasé (PARR1) have been identified as contributing
factors. DNA damage resulting from oxidative stress could also be implicated in-PARP
activation and the induction of autophgéle and Klionsky 2009, Manning and Toker 2Q17)

4.3Regqulation by AKT

Autophagy occurs at low basal levels in virtually all cells to perform homeostatic functions
such as protein and organelle turnover. It is rapidly upregulated when cells need to generate
intracellular nutrients and energy, for example, during starvation, growth factor withdrawal,
or high bioenergetic demands. Autophagy is also upregulated when cells are preparing to
undergo structural remodeling such as during developmental transiticlesebminate
damaging cytoplasmic components, for example, during oxidative stress, infection, or protein

aggregate accumulatighevine and Kroemer 2008)

AKT is a welkknown survival kinase that plays a significant role in regulating autophagy.
Research shows that inhibitors of the PI3K/AKT pathway or AKT knoekdcan lead to a
marked increase in autophafiyegtyarev, De Maziere et al. 2008he class | PISK/AKT
signaling molecules play a crucial role in the activation of mT€dRsidered the major
inhibitory signal that suppressest@phagy in the presence of growth factors and abundant
nutrients mTOR inhibitsautophagy in response to insudlike and other growth factor

signals(Lum, Bauer et al. 2005, Levine and Kroemer 2008)

AKT can also inhibit autophagy through mT@®Rlependent mechanisms. This process
depends on theegulationof downstream substrates, whose functions have not been fully
described. An example are FOXO TFs which participate in diverse cellular and
physiologcal processes, including cell proliferation, apoptosis, ROS response, longevity,
regulation of the cell cycle, metabolism, and autoph{®prtins, Lithgow ¢ al. 2016)

Early genetic and biochemical studies have identified AKT as a primary regulator of FOXO

function in various organisms. AKT mediates this regulation through phosphorylation on
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three predictedites, T32, S253, and S315, both in vitro and in vivo, resulting in the nuclear
exclusion of thes&Fs(Tzivion, Dobson et al. 2011)

FOXO proteins play a crucial role in inducing autophagy, not only through the transactivation
of autophagy genes but also through direct interaction with autophagy proteins and by
epigenetic regulation via histone modifications antRNA, which regulate autophagy
activity (Cheng 2019)As a consequerg the nuclear exclusion of the§€s, induced by

their phosphorylation by AKT, can contribute to the inhibition of the transactivation of its

autophagy genebigure 14.
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Figure 1.4 Regulation of Autophagy by AKTand FOXO

Regulatory pathways by which AKT and FOXO control autophagy and other cellular processes at the level of
transcriptional regulation. AKT is activated by PI3K through phosphorylation of808irand Sed73. The
binding ofphosphatidylinositeB,4,5trisphosphate [Ptdins(3,4,5)P3] to AKT's pleckstrin homology domain is
necessary for this activation and also directly actigatepstream kinase. AKT is a central player in signal
transduction pathways activated by various stirand is involved in controlling diverse cellular functions,
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including proliferation, survival, metabolism, and autophagy. AKT phosphorylates FBX@eading to their
cytoplasmic retention and degradation, thereby inhibiting their transcriptiond@tyadf#®@XO proteins regulate
autophagy by transactivating genes involved in autophagy formation and ffsemtophagosomewith
lysosomes and by directly interacting with autophagy proteins. Additionally, E@adDlatecell cycle arrest,
oxidative stressesponse, and DNA damage repair. Other proteins such as RITK, PTEN, TSC2;38d&sA

well as mMTORC1 and mTORC2 complexes, also play important roles in the regulation of AKT and FOXO
activity and downstream signaling. These proteins act in concénetg fune AKT-FOXO signaling to achieve
proper cellular responses to various stimthe information provided in theigure is based on the souce
(Lum, Bauer et al. 2005, Levine and Kroemer 2008, Tzivion, Dobson et al. 2011, Martins, Lithgow et al. 2016,
Cherg 2019)

4.4 Protective Role AgainstIntracellular Pathogens

Autophagy serves as a vital calltonomous defense mechanism against intracellular
pathogens, such as bacteria and viruses. Autophagy's role in innate and adaptive immunity

has been increasingly recognized. In Drosophile, pleptidoglycasrecognition protein

(PGRP) family, particularly PGREE, plays a critical role in detecting intracellular bacteria

and initiating autophagy. In mammals, TLRs on the cell surface and endosomes trigger
autophagy in response to pathogkamived ligands. For example, TLR7 responds to viral
singlestranded RNA, TLR2 is activated by zymosan, and TLR4 is stimulated by LPS from
Gramnegative bacteria. Adaptor proteins like MyD88 and TRIF mediate the signaling
cascade leading to autophagy. Additiongl, dur i ng viral infections,
signaling pathway, involving el F2U and PKR,
viruses have evolved strategies to counter autophagy, like the herpes simplex virus type 1
protein ICP34.5, which tmbits autophagy by sequestering Beclin 1. Moreover, viral
infections, including hepatitis C virus, induce ER stress, triggering autophagy through the
unfolded protein response pathways (IRE1, ATF6, and PERK). Autophagy's multifaceted

role in antimicrobiatlefense underscores its significance in maintaining cellular health in the

face of intracellular pathogerisle and Klionsky 2009, Manning and Toker 2017, Deretic

2021)

4.5 Autophagy as aHost DefenseAgainst T. gondi

As noted earlier, previous studies have established autophagy as a crucial defense mechanism
againsfT. gondij but recent advancements have uncovered novel insights into the regulatory

pathways involved in autophagy and the ways in whichgondii attemps to evade
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autophagic responsé¢Beretic, Saitoh et al. 2013, Ghartywansah, AdeNti et al. 2020).
Originally described as a recycling route to obtain nutrients in conditions of starvation,
autophagy is as well a fundamental cell biological pathwaytaieenmunity. Through the

control of inflammation via regulatory interactions with innate immunity signaling, by
removing endogenous inflammasome agonists tlardigheffects on secretion of immune
mediators, autophagy contributes to antigen presentation, T cell homeostasis, and affects T

cell repertories and polarization including Th17 inflammatideretic, Saitoh et al. 201.3)

Macroautophagy is initiated by the regulator s&threonine protein kinases ULK1 and
ULK2 (Wang and Li 202Q)as well as the lipid kinase activity of PI3KIIl, whicbrins a
complex with BECLIN1 and ATG14(Mizushima 2020) These factorgitegrate upstream
signals to induce the downstream ATG conjugation cascade, which includes the association
of mammalian paralogues of ATG8: LC3A, LC3B, LC3C, GABARAPL1, and
GABARAPL2 (Mizushima 2020)Lipidated mammalian paralogues of ATG8 then function
together with other factors to assemble, elongate, and lead to theeclismascent

autophagic organelles.

The lipid kinase VPS34 produces PI3P, which is recognized by WARP14, and these
factors cooperate with ATG2 and ATG9 to form the phagophidre attachment of a tail
anchored SNARE, syntaxinl7, to the autophagosome membrane enables fusion with
lysosomes during the final maturation of autophagosomes into autolysoftaoesfen et

al. 2021)Figure 1.5. This process is highly regulated and coordinated, with transcriptional
adjustments being necessary for sustained autophagy. Transepipsidine regulators, such

asTF TFEB, FOXO3a, NRFZMizushima, Yoshimori et al. 2011, Mizushima 202&nd
transcriptiornegativeregulators such as ZNF30@i Malta, Cinque et al. 2019oordinate

autophagy with lysosomal, proteasomal, lipolytic, and oxidative stress response systems.

While autophagy induced by starvation and that induced by the presence of parasites share
some similarities, there are also some notable differences. For example, in the case of
intracellular parasitic infections, clearance can start with the recognitiopathogen
associated molecular patterns (PAMPSs) via -likél receptors, marking the first line of
defense. Pathogens may also be ubiquitinated before being recognized by autophagy

receptors and labeled with LC3 protein.
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Initiation: Autophagy is initiated by ULKI1 and
ULK2, which are serine/threonine protein kinases,
along with the lipid kinase activity of PI3KIIl. This
complex includes BECLIN1 and ATG14L.

Upstream Signal Integration: ULKI/ULK2 and
PI3KIll complex integrate upstream signals to trigger
the downstream ATG conjugation cascade.

ATG Conjugation Cascade: The ATG conjugation
cascade involves the association of mammalian
paralogues of ATGS, including LC3A, LC3B, LC3C,
GABARAPLI, and GABARAPL?2.

Formation of Autophagic Organelles: Lipidated
mammalian paralogues of ATGS, along with other
factors, contribute to the assembly, elongation, and
closure of nascent autophagic organelles.

Phagophore Formation: The lipid kinase VPS34
produces PI3P, which is recognized by WIPI1-WIPI4.
These factors, together with ATG2 and ATGY,
participate in the formation of the phagophore.

Autophagosome-Lysosome Fusion:
The autophagosome membrane attaches a tail-anchored
SNARE protein, syntaxinl7. This enables fusion with
lysosomes, leading to the maturation of
autophagosomes into autolysosomes.

Antimicrobial elimination of intracellular pathogens
Anti-inflammatory (Removes sources of PAMPS, DAMPs)
Immune cell differentiation, polarization

Immunometabolism via nutrient, energy an organelle

homeostasis

Figure 1.5 Autophagy: Insights into Initiation, Conjugation Cascade, and Organelle Maturation

Schematic Representation of Autophagy Pathway: The autophagy process involves the initiation, followed by

the ATG conjugation cascaded formation of the phagophore. The final maturation involves fusion with
lysosomesThe information provided in thigure is based on the sourcé&/ang and Li 202Q)(Mizushima

2020) and(Yao, Ren et al. 2021)
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Interestingly, LC3associated phagocytosis can occur without the involvement of the ULK
initiation complex, with LC3 proteinrecruited directly into the vacuole membran
Ultimately, the activation of the ULK complex, composed of ATG13, FIP200, and ATG101,
is crucial for initiating the host's autophagic response and clearing the inf@@hartey
Kwansah, AdeNti et al. 2020)

The subversion of phagolysosomal degradation is a common strategy usstiobglic
pathogensind somgparasites have developed the ability to impair the autophagic machinery
of phagocyteshrough this strategfFrank, Marcu et al. 2015)eishmaniafor instance, can
utilize macrophagautophagyto evade detection and digesti@uring early infectiod and

via activation of thé\KT pathway Leishmaniactively inhibits the induction of autophagy.
However, by 24 hl.eishmaniaswitched from being an inhibitor to an overall inducer of
autophagy in host macrophagesinterestingly induction of autophagy in infected
macrophages has been linked to increagenlvth and parasite load dfeishmania
amazonensigPinheiro, Nunes et al. 2009%imilarly, T. gondii has developed several
strategies to preserve its integrity, as welltlaagt of the PV through the inhibition of
autophagy induced by membrane receptors such as CD40 armd RWan Grol, Muniz
Feliciano et al. 2013)The ligation of CD40 triggers autophagy activation by activating
ULK1, which depends on the calcium sensor Ce
sensor AMPK. Besides activating ULK1, AMPK inhibits mTORCZ1, which is an inhibitor of
autophagy.

Moreove, CD40 stimulates autophagy by triggering the activation chptophagy proteins

PKR and el F2U, upregulating autophagy protei |
regulator Bcl2, after Bci2 phosphorylation induced by TNF receptor (TNERK

signaling. CD40 induces recruitment of LC3 around PVM, followed by Rbedpéndent

fusion with lysosomes and the killing of the parasite. This process requires ULK1, BECLIN1,

PISKC3, ATG5, ATG7, and lysosomal enzyn{&sibauste 2021Figure 1.6.
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CD40induced autophagy leads to the killing Taf gondiithrough the recruitment of LC3 around the PVM,

which is followed by Rabdependent fusion with lysosomes and lysosomal degradation of the parasite. CD40

ligation activates ULK1 and upregulates qadophagy proteiasuch as Beclin 1, while inhibiting mTORC1,

an inhibitor of autophagy, and releasing Beclin 1 from its negative regulat@: Bbis process depends on the
calcium sensor CaMKKb, which activatedtypehhanddlner gy/ nu:
strains ofT. gondiiby IFN-o i nvol ves the recruitment of GKS | RGs to F
to the deposition of ubiquitin, p62, and TRAF6. However, type | straifis@éndiiprevent IRGs from loading

onto PVM by inadvating IRGs with ROP5/ROP18/GRA7. Both Ch#tluced autophagy and IFNinduced

killing of T. gondiirequire ULK1, Beclin 1, PI3KC3, ATG5, ATG7, and lysosomal enzymes, as well as ATG3,
ATG12-ATG5-ATG16L, and lysosomal degradatiofhe information providedh thefigure is based on the
source(Subauste 2021)
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Additionally,IFN-0 has been reported to indugoadiki | | i nc
in mouse cells, triggering recruitment of GKS, a member of the subfamily of immunity
related GTPases (IRG), a process that requires ATG3, ATG7, and ARGESI ATG16L
(Sturge and Yarovinsky 2014, Chandrasekaran, Kochanowsky et al. 2G&and ATG8
orthologs are recruited to PVM, and IRGs promote deposition of ubiquitin, p62, and the E3
ubiquitin ligase TRAF§Traver, Henry et al. 2011 the same way, p62 and TRAFG6 further
promote sustained targeting of the PVM with ubiquitin, which leads to delivery of guanylate
binding proteins (GBPs) to the PV{Besteiro 2019)The result is the disruption of PVM

and clearance of the paradi&ubauste 2021)t should be noted that this process does not
occur in cells infected with type | strainstafgondiibecause ROP5/ROP18/GRAActivate

IRGs preventing their loading onto PV{#theridge, Alaganan et al. 201 &jgure 1.6.

5. Forkhead Box O (FOXO) Transcription Factors

5.1 Family

FOXO proteins are a subclass of the Forkhead familjFsipossessing eonserved DNA
binding domain bakbedrt ROXOFbnkhemdns, the F
of more than 100 members, which are classified from FOXA to FOXR based on their
sequesicmibksarity. Notabl vy, members of cl ass
signaling pathwayCalnan and Brunet 2008)n mammés, the FOXO family comprises

FOXO1, FOX03a, FOX04, and FOXO6. FOXO1 and FOXO3a are expressed in almost all
tissues, FOXO4 is highly expressed in muscle, kidney, and colorectal tissue, and FOXO6 is

primarily expressed in the brain and lifean der Vos and Coffer 2011)

5.2 Structure and Domains

FOXO proteingossesour functional domains, including a forkhead DNA binding domain
(DBD) that binds to two different DNAesponse elements: the DA binding element and
the insulinresponsive element. The core sequence is recognized by all foridrady f
members. FOXO alsbavea nuclear export signal (NES), a nuclear localization signal
(NLS), and a transactivation domain (TA@bsil and Obsilova 2008rigure 1.7A.
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Figure 1.7 Posttranslational Regulation of the FOXOi Autophagy Axis

This figure illustrates the structure of th©XO proteinsand postranslational regulation of thedXO-autophagy axisA show the domain structure oOXO
proteins, highlighting thé&KT phosphorylation sites and the effect tAd&T phosphorylation has on@XO proteinsB highlights additional postranslational
modifications that regulate autophagy, including phosphorylation, acetylation, methylation, and PARylation. These nrdifiqadict ©XO turnover, nuclear
localization,and transactivation activity, thereby controlling autophagy gene expressimlation (Ac); phosphorylation (P); Methylation (Me), and the addition

of poly (ADP-ribose) chains (PARylationThe information provided in the figure is based on the soyf@esil and Obsilova 2008, Wang, Yu et al. 2016, Calissi,
Lam et al. 2021)
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5.3 Functions asTranscription Factors

FOXO proteins play a significant role in regulating cellular homeostasis by coordinating
responses to environmental changesluding growth factor deprivation, metabolic stress,
and oxidative stress. They are involved in numerous cellular processes, such as glucose and
lipid metabolism, apoptosis, autophagy, cell cycle inhibition, stress resistance, DNA repair,
angiogenesis, nflammation, immune response, pluripotency, and differentiation
(Eijkelenboom and Burgering 2013, Calissi, Lam et al. 2@gures 1.3 and 14. Knockout

mice studies have shown that FOXOL1 is fundamental for embryonic angiogenesis, FOXO3
is important for fertility in female mice, whereas FOXO4 knockout does not exhibit an overt
phenotype. In addition, FOXO6 regulates memory consolidation angtsyrfanction
(Hosaka, Biggs et al. 2004, Salih, Rashid et al. 204BHough FOX0O3 and FOXOghare
similarities in structure and function, they have different tiskemgendent expression
patterns, with FOXO1 highly expressed in adipose tissues and FOXO3 in brain tissue in
mammals. Furthermore, the promoter of FOXO1 contains a consensus Fordease
element (FHRE) that is not present in FOX@@rry, Skarie et al. 2008)

The postiranslational modificationgPTMs) that regulate the subcellular distribution,
stability, and transcriptional activity of FOXO proteins include phosphorylation, acetylation,
ubiquitylation, and methylatioWang, Yu et al. 2016, Calissi, Lam et al. 2)Aigure

1.7B. Phosphorylation is the main PTitdgulatingthe activity of FOXO proteins. It is carried
out by several kinases, which can be classified into two categories: H@Xvating
kinases (such as AKT, SGK, ERK, p38, DYRK, IKK, CDK1/2, CK1) and F@ativating
kinases (including AMPK, JNK, and MST{Brunet, Park et al. 2001, Woods, Rena et al.
2001, Rena, Woods et al. 2002, Hu, Lee et al. 2004, Huang, Rega@GfGlYang, Zong

et al. 2008, Ho, McGuire et al. 2012, Brown and Webb 2018)

FOXO proteins are also acetylated by histone acetyltransferases (HATs) such asdCBP
p300 in response to oxidative stress, and deacetylated by histone deacetylases (HDACS)
including members of the sirtuin family of proteins (SIRT1, SIRT2, and SIRW8}ta,
Divecha et al. 2004, van der Horst, Tertoolen et al. 20@d)yeover, FOXO proteins are
substrates for ubiquitylation, by ubiquitin ligases, leadingéa degradatiorfHuang, Regan

et al. 2005) In addition to these modifications, other important PTMs regulate FOXO
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proteins, such as glycosylationcapoly-ADP-ribosylation (PARylation]Kuo, Zilberfarb et
al. 2008, Lu, Zhang et al. 2016)

AKT -mediated phosphorylation of FOXO1 and FOXO3a has been extensively described,
with three highly conserved residues targeted by AKT (S253, T32, S315, andZB®, S
S319 respectivelyjBrunet, Bonni et al. 1999Phosphorylation of these residuiesthe
cytosol leads to the binding of the 4343 chaperone protein, which masks the NLS and
prevents FOXO3a from entering the nucléBeunet, Bonni et al. 1999 onversely, when

AKT -dependent phosphorylation occurs in the nucleus, it exposes FOXO NES, promoting
its translocation to the cytos{Biggs, Meisenhelder et al. 1999, Calissi, Lam et al. 2021)
Figures 1.3, 14 and1.7.

5.4 Others Functions in Regulation

Recent investigations have unveiled an intriguing dimensiérOx{O proteins, particularly
FOXO1 and FOXO3abeyond their nuclear transcriptional functions. These proteins exhibit
significant activities in thecytoplasm, which are distinct from their traditional roles as
transcription factors. Notably, cytosolic®OlKO1 has been identified as a key player in
inhibiting tumor growth through its ability to induce autophagy, and programmed cell death.
This newfound gtoplasmic role adds a fresh perspective to our comprehension of how
FOXO proteins participate in diverse cellular responses. It sheds light on their contributions
to cellular processes influenced by factors like growth signals, nutrient availability, and
oxidative stress. Specifically, in the cytopladrf@XO1 targets several autophagsiated
genes to sustain autophagic processes in various scenarios, such as muscle atrophy and
cellular stresgMedema and Jaattela 2010, Zhao, Wang et al. Z01dy, Yang et al. 2010)

FOXO1plays a unique role in the cell's cytoplasmic domain, distinct from its conventional
transcriptional function. When confronted with stressors like serum starvation and oxidative
stress, cytoplasmiEOXO1undergoes acetylation following its disassociatiamt SIRT2

This acetylatedOXO1, in turn, forms a critical partnership with Atg7, a key player in the
autophagic procesgZhao, Yang et al. 2010)Together, they trigger autophagy for the
degradation of impaired proteins and organelles. Significantly, this newly unveiled function
of cytoplasmicFOXO1 isn't just limited to autophagyt hasrelevanceto lipophagy, a

specialized form of autophagy that targets lipid droplets for degradatdtieri Barbato,
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Tatulli et al. 2013) This process intertwines with the regulation of lipid metabolism,
shedding light on howOXOZ1s multifaceted functions contribute to cellular responses.
Furthermore, this autophagic role 60XO1 in the cytoplasm is independent of its
transcriptional activities. The mechanism hinges on the acetf@@1's interaction with

Atg7, a critical regudtor involved in the formation of autophagosomes and the progression
of lipophagy. The implications of these findings extend beyond cellular responses to stress;
they also have implications in the context of tumor suppression and open up new avenues of
research in understanding the intricate connections betwé&p%O1, lipophagy, and lipid
metabolism(Medema and Jaattela 2010, Zhao, Wang et al. 2010, Zhao, Yang et al. 2010)

Within mammals, FOXO3a orchestrates a coordinated transcriptional program that governs
cdl cycle control, cell death, cell metabolism, redox balance, DNA repair, and autophagy
(Celestini, Tezil et al. 2018)hese genes, which share a common regulatory motif, ensure
expressia specificity through phosphorylatiaiependent subcellular localization. While
some kinases, like AKT and IKKI3, trigger FOXO3a exclusion from the nucleus and its
subsequent degradation in the cytoplasm, others, such as p38 and AMPK, facilitate nuclear
localization and transcriptional activation. This "molecular FOXO code" plays a crucial role

in finely regulating FOXO's diverse functiof€alnan and Brunet 2008, Wang, Yu et al.
2016)

Recent discoveries also wilva role for FOXO3A in the mitochondria. In response to
glucose restriction, FOXO3A, in collaboration with AMPK, accumulates in the
mitochondria, where it forms a transcriptional complex with SIRT3 and mitochondrial RNA
polymerase (MtRNAPOL). This complectivates mitochondrial gene expression, leading

to an increase in oxygen consumption. This phenomenon is an essential recovery mechanism
to sustain cellular metabolism during nutrient shortage and metabolic(§&edsstini, Tezil

et al. 2018, Fasano, Disdglet al. 2019)

In cancer cells, FOXO3A's mitochondrial role is particularly intriguing. When these cells
experience metabolic and genotoxic stress due to chemotherapeutic agents, FOXO3A is
recruited to the mitochondrial surface, depending on the activation of the MEKABRK
AMPK pathways. Once inside the mitochondria, FOXO3A can induce a transcriptional

program that promotes cancer cell survival. Moreover, mitochondrial FOXO3A seems to be
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a crucial factor in apoptosis induction under metformin treatment in cancefMtedisiual

role of FOXO3A, both within and outside the nucleus, showcases its adaptability as a central
player in maintaining cellular homeostasis under varying conditions of cellular stress. Given
its significance in ageelated diseases, cancer, and offahological conditions, FOXO3A
holds promise as a potential therapeutic target, although its intricacies require further
exploratiorfMei, Zhang et al. 2009, Cao, Jiang et al. 2013, Stefanetti, Voisin et al. 2018,
Fasano, Disciglio et al. 2019, Kodani and Nakae 2020, Cheng.2022)

In summary, recent research has unveiled diverse roles for FOXO1 and FOXO3a beyond
their traditional transcription functions. They now exhibit cytoplasmic and mitochondrial
activities, demonstrating remarkable adaptability under various ceéitriessses. FOXO1
participates in autophagy and lipid metabolism independently of its nuclear role, while the
"molecular FOXO code" governs their precise functions. FOXO3a orchestrates multiple
cellular processes and contributes to cellular recovery in tteemondria Understanding

how FOXO proteins function outside the nucleus could shed light on their roles in host
parasite interactions, with the possibility of developing new strategies to modulate these

interactions for therapeutic purposes.

6. The FOXOi Autophagy Axis

FOXO proteins have a central role in proteostasis and cellular stress responses, and emerging
evidence has identified them as key transcriptional regulators of autophagy in both healthy
and diseased states. These proteins transactivate tetesontrol the formation of
autophagosomes and their fusion with lysoso(@ésu, Liao et al. 2012, Zhu, Tong et al.
2015, Lee, Nam et al. 2018, Fasano, Disciglio et al. 2019, Guo, L&24l) Regulation of
autophagosommediated autophagy via the PI3K/AKT pathway occurs through repression
of FOXO family membergZhou, Liao et al. 2012, Lee, Nam et al. 2018, Audesse, Dhakal
et al. 2019)Interestingly, recent studies have shown that FOXO1 and FOXO3 specifically
promote autophagfduhasz, Puskas et al. 2007, Zhao, Yang et al. 20idhlighting the
complex regulatory mechanisms involved in autophagy regulation. The transactivation
activity of FOXO proteins is tightly controlled by several domains, includicgreserved

NLS and NES domains, a DBD, and d@e&fminal transactivation doma{€heng and White

2011, Martins, Lithgow et al. 2016, Cheng 20Hyure 1.7A.
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In response to oxidative stress, altered nutrient status, or growth factor signaling, FOXO
proteins undergo PTMs in the NLS and NES domains, and translocate from the cytoplasm to
the nucleus, or vice versa, to regulate the expression of genes across imstudingthose

related to autophagffigure 1.3; 14 and 17A (Daitoku, Sakamaki et al. 2011, Klotz,
SancheRamos et al. 2015, Webb, Kundaje et al. 20H)XO poteins can regulate
autophagy independently dfieir interactions with DNAFor example, FOXO1 can be
excluded from the nucleus, atalbind to ATG7, an Edlike enzyme,in the cytoplasnto
upregulateautophagyZhao, Yang et al. 2010, Wang, Xia et @18)

Acetylation of FOXO1 and AKdnduced phosphorylationgy an important role in FOXO1
translocation into the cytoplasm aitd interaction with ATG7 for autophagy induction
Figure 1.7B (Hariharan, Maejima et al. 2010, Zhao, Yang et al. 2010, Zhou, Liao et al. 2012)
Questions remain regarding how autophagy is sustained or enhanced regardless of loss of
FOXO transactivation of autophagy genes, and how FOXO proteins are stabilized versus
AKT-mediated phosphoryian that promotes their proteasomal degradation. Despite the
description of the regulation of autophagy independent of transcriptional activity, increasing
evidence has linked FOXOs to macroautophagy thrahein bindingto promoter regions

and activation of autophagy gene@~ullgrabe, Klionsky et al. 2014, Cheng 201%he
transactivation of FOXO proteins increases the expression of genes encoding autophagy
proteins involved in multiple stages of the autophagic pro@egs, indiction, nucleation,
elongation, and fusiqrFigure 1.5), and PTM modifications can promote or prevent the
transactivation activity by mediating their nuclear translocation or exclusion; consequently,
inhibitory PTMs induce nuclear exclusion (e.@kt-induced phosphorylation) whereas
activating PTMs promote the nuclear accumulation (e.g., ANtRRKiced phosphorylation)
(Cheng 2019)Figure 1.7. To conclude, the FOXO family members that are important
downstream targets of AKT could be responsibleTtayondirdriven repression of the host
autophagy machinemprough the regulation of the PISK/AKT/FOXO axis.

6.1 The Interplay of FOXO and Autophagy in Pathologies

Dysregulated autophagy has been implicated in several human diseases, including obesity,
diabetes, cardiovascular disease, neurodegenerative diseabeance(Cheng 2019)In a

related way the FOXQGautophagy axis maintains tigsuhomeostasis in several organs,
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including the liver, brain, kidney, cartilage, and intervertebral @@ien, Lv et al. 2016, Li,
Zviti et al. 2017, Matsuzaki, Alvare@arcia et al. 2018, Schaffner, Minakaki et al. 2018)
For instane, studies have shown that ablation of the hepatic F@XOphagy axign mice
through the inhibition of FOXO3a with FOXO3RNA, dysregulates lipid metabolism,
whereas restoration of autophagy protects against alauihated hepatotoxicityChen, Lv

et al. 2016) Additionally, the FOXQautophagy axis enhances nanal integrity and
downregulates ageéependentaxonal degeneratio(Hwang, Oh et al. 2018)However,
increased activity of the FOX@utophagy axis can be pathogenic, leading to cardiac and
skeletal muscle atroph{{ao, Jiang et al. 2013, O'Neill, Bhardwaj et al. 208¢restingly,
autophagy regulates the turnover of FOXO proteins, thereby modulating the regulation of
many of its tanscriptional targets related to cellular processes such as ap@pitasialter,
Towers et al. 2018)Moreover, ablation of autophagy upregulates FOXO proteins and
downstream proapoptotic factors, thereby potentiating anticancer éReetgalter, Towers

et al. 2018) These findings highlight the multifaceted role of FOX®s in autophagy

regulation and its implications in several human diseases.
6.2 FOXO Transcription Factors andViral Infections

FOXO TFs have been shown to play both protective and pathogenic roles during viral,
bacterial, and parasitic infections. FOXO1 has been found to promote human
cytomegalovirus (HCMV) replication by binding directly to the promoters of the major
immediateearly gens. Indeed FOXO1 expression is strongly induced by HCMV infection

in cells of fibroblast origin, and suppression of FOXOL1 significantly inhibits HCMV growth
and replication. On the other hand, overexpression of FOptOGrhotes an overexpression

of viral ealy/late transcriptdrom the major immediate early locus (MIB)ale, Collins
McMillen et al. 2020, Sleman 2022nterestingly, during HCMV infection of lytidy
permissive cells, AKT accumulates in an inactive gtabenoting the nuclear localization of
FOXO3a The expression of constitutively active AKT in these cefigses substantial viral
replication defectsvith corresponding reductions in viral geegpression and viral DNA
synthesis However, when ©X0O3a nuclear localization is decoupled from its negative
regulation by AKT, the viral replication defects observed in the presence of constitutively

active AKT are reversed. This strongly implies that H€ Mactivates AKT to promote the
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nuclear localization of FOXOFs, which then transactivate cellular and/or viral genes during

infection(Zhang, Domma et al. 2022)

Chronic hepatitis C virus (HCV) infection has been associated with dysregulation of various
host cellular pathway$&.orexampledespiteno significant changes in the mRNA and protein
levels of FOXO1, the phosphorylation of FOXO1 at Ser319 is reduced inikii€tted cells,
leading to increased nuclear accumulation of FOXO1 and sustained transcriptional activity.
The decreased phosphorytatiof FOXOZlconcurrent tAKT inactivation, induced by HCV
infection. Interestingly, HCV promotes hepatic gluconeogenesis through an AKT/FOXO1
dependent pathway, whidtvolves in regulating glucose metabolism during HCV infection
(Deng, Shoji et al. 2011)

In the case oinfluenza,A viruses (IAVs) infection, maintaining normal levels of FOXO1
can reduc¢he preapoptotic effects of the virus. Studies have shown that manipulating anti
inflammatory and antapoptotic responses via FOXOs in response to IAVs infection could
be a potential target for the treatment of 1AVs infect{gvu, Zhang et al. 2019)FOXO
proteins can have therapeutic potential for COAD® treatment by activating an anti
inflammatory approach and restoring redox and inflammatory homeostasis, repairing
damaged tissue, and activating lymphocyte effector and memoryCle#sma, Nandi et al.
2021) However, oncoviruses, such as Epstamr virus (EBV),can deregulate FOXO
proteins through various mechanisms, including alterations in posttranslational
modifications, cellular localization, and virencoded miRNAS, leading to downstream
effects on proliferation, metastasis, chemotherapy resistance, anthasappression in

virus-induced cancers.

In EBV, inactivation of FOXO1 expression is mediated by two latent proteins, LMP1 and
LMP2A, through the induction of the PI3K signaling pathway in B cells. This deregulation
is associated witdownregulation and upregulation of the FOXO1 downstream target genes
expression, Beb, and cyclin D2, respectively, which may contribute to the distinctive
apoptotic resistance of immortalized B cells in malignancies caused by(E&Yezani,
Nikravesh et al. 2(H).
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In general, viral infection triggethe activation of th&F IRF3, which is essenti&b produce

type | interferons (IFNs) andisplay innateantiviral immune response

FOXO1 has been identified as a negative regulatasirus-induced IFNb i nd:iitsc t i on
overexpressiomhibits virusinduced IFNb i nducti on and cel l ul ar

its ablationhas the opposite effect.

Furthermore, FOXOL interacts with IRF3 in a viral infectd@pendent manner, promoting
K48-linked polyubiquitination and degradation ofAB in the cytosol. Therefore, FOXO1
negatively regulates cellular antiviral response by promoting IRF3 ubiquitination and
degradatior(Lei, Zhang et al. 2013PDuring chronic murine lymphocytic choriomeningitis
virus infection, the activation of AKT/mTOR pathway is impaired in antiviral cytotoxic T
lymphocytes, resulting in enhanced activity of FOXOL1. As a result, FOGXllcytotoxic

T lymphocytes fail to persist and control chronic viral infection. Hence, FOXOZLessary

to sustain cytotoxic T lymphocyte responses and control chronic viral inf¢Staron, Gray

et al. 2014)FOXO01 also regulates survival of cytotoxic T céisough sustained expression
of the inhibitory PB1 receptor and the consequent survival of antiviral CD8+ T Cells during
chronicinfection, demonstratinghat FOXO TF contribute to control the intensity of the
responsegStaron, Gray et al. 2014owever, it is unclear whether viruses are really using

this TF to immunosuppress their host.

In airway epithelial cells FOXO3 seems to play an important regulatory role in the control of
viral infections Studies have shown that FOXO3a knockout mice infected with rhinovirus
exhibit enhanced lung inflammation, elevated levels ofipilammatory cytokines, and viral
persistence. This is attributed to the attenuated IFN response to rhinoviai®imferhich

is associated with a conformational change in mitochondrial antiviral signaling proteins.
Therefore, FOXO3a is necessary for optimal viral clearance and preventing excessive lung
inflammation following rhinovirus infection(GimenesJunior, Owuar et al. 2019)
Additionally, FOXO3a has been linked to the inhibition of T-ce#diated adaptive immune
responses during HIV infection, with the phosphorylated FOXO3a playing a role in
controlling viremia and slowing disease progression. Interestingly, the FOXO3a

transciptional pathway is related to the survival of memory CD4+ T cells in HIV elite
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controller subjects, contributing to their immune protec{\an Grevenynghe, Procopio et

al. 2008) In LCMV infections, FOXO3 deficiency leads to a markedrease in the
expansion of effector CD8 T cells by reducing cellular apoptosis. Therefore, FOXO3 is a
critical regulator of CD8 T cethemory and therapeutic modulation of FOXO3 may enhance
vaccineinduced protective immunity against intracellular pggms(Sullivan, Kim et al.
2012)

Activation of AKT plays a dynamic role during the HiVlife cycle in macrophages. In the
early stages of HIM infection, AKT activation leads to the inactivation of FOXO3a,
resulting in resistance to cell death and promoting viral replication and aationwithin

the cell. As viral replication increases, the PI3K/AKT pathway is downregulated, lifting the
restriction on FOXO3a, and allowing it to play a role in cell death through other factors such
as TRAIL or Fas. These PI3K/AKT/FOXO3rediated mechasins also make HRL
infected macrophages important viral reservoirs during HIV laté@ay Huang et al. 2008,

Cui, Huang et al. 2009, Zhang, Tang e8l11, Pasquereau and Herbein 2022)

Similarly, in the case of Hepatitis B virus (HBV) infection, FOXO4 protein is significantly
downregulated, while FOXO1 and FOXO3a are largely unaffie€®X0O4 has been shown

to have an inhibitory effect on HBV transcription and replication both in vitro and in vivo by
suppressing hepatocyte nuclear fagtod ( HNF 4 U) expression via ac
pathway. HBV is capable of downregulating FOXO4resggion, indicating that it may have

developed strategies to escape from FOXetiated antiviral effects. Activation of

FOXO4 presents a novel therapeutic target against HBV infefdtiphi et al. 2019)
6.3FOXO0 Transcription Factors andBacterial I nfections

Although there is insufficient evidence on the regulation of host FOXO proteins by different
pathogens, regardinghmuneevasionor the activation of the innate or adaptive immune
responss itis common for thesgFsto be activated during infection to ot an appropriate
immune response that is dependent on the cell type and tissue. For instance,
lipopolysaccharide (LPS) present in the cell wall of Graggative bacterjas known to
stimulate FOXQ expression, nuclear localization, and FOX@ediated gene transcription.
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In this sense, LR$iduced inflammatory cytokine expression is mediated in part through
FOXOTFs(Su, Coudriet et al. 2009, Wang, Zhou et al. 2014)

FOXOs play an essential role in the innate immune response to microbial infections. For
instance, neutrophils are critical in clearing bacterial infections, and FOXO1 deletion
negatively affects several critical aspects of neutrophil function, includioiglization,
recruitment, and clearance of bactefidong, Song et al. 2017)Furthermore, FOXO1
activation is also required for the activation@€s where it regulates target genes such as
ICAM-1, CCR7, and i nt e ghagocytodibynfigBation,lh@méngd to lgngph t o
nodes, stimulation of CD4+ T cells and resting B cells, and antibody prodCiidmera
Ortega, Feinberg et al. 2017)

Interestingly,in vitro studies have shown that FOXO1 alsgulates neutrophil chemotaxis

and bacterial killing during?orphyromonas gingivalisnfection. FOXO1 activation by
bacterial challenge is needed to mobilize neutrophils to transit from the bone marrow to
peripheral tissues in response to infection and for bacterial cleaf@oog, Song et al.
2017)

Immunofluorescence has shown that FOXO1 accumulates in the nu€lBugiogivalis

infectedgingival epithelial cellsinducing the transcription of genes involved in protection

t

h e

against oxidative stress (Cat, Sod2,- Prdx3)

apoptosis (Beb) (Wang, Sztukowska et al. 2015)

UropathogenicEscherichia coli(E. coli) is another example of bacteria inducing innate
immune responses throudghe host cell FOX@ and FOXO3aproteins. Infection with
uropathogeni. coliresults in abrogation of activation of the host AKT signaling pathway,
leading to activation of FOXOFs. FOXO proteins of uropathogertc coliinfected testes
are localized in the nucleus and show incred3&é -binding activity, which results in the

activation of FOXOTFs(Zhang, Wang et al. 201@nterestingly, the protein and messenger

RNA expression levels of the FOXO target gene superoxide dismutase 2 and catalase were

not regulated b¥. coliinfection. Furthermore, the protein/mRNA expression levels of other
known FOXO target genes such dbNK4B, p27Kipl, Cyclin D1, and the DNA repair

gene Gadd45U in Sert olEicolidnettibn§Zhange Wang et al.t c hangq
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2016) Nevertheless, upathogenid. coliinfection decreases the mRNA expression of the
FOXO target gene BIM, epigenetically blocking caspase 3 activédibang, Wang et al.
2016)

In the case ofMycobacterium tuberculosigFOXO3a induces macrophage polarization
towards an M1 phenotype, which is pndlammatory and enhances the adaptive immune
response by modulating 110 secretion irmycobacteriainfected macrophages. Knocking
down FOXO3a resulted indecreasedL-10 production and MIlpolarization whereas
activation ofFOXO3has an opposite effecthis suggests that FOXO3 plays an important
role in regulating the immune responsétatuberculosisnfection(Bouzeyen, Haoues et al.
2019) On the other handitrobacter rodentiumnduces FOXO3a translocation from the
nucleus to the cytosol, leading to iesgdladation in intestinal epithelial cells. In infected colon
cells, FOX0O3a is expressed along the crypts and located mainly in the cytosol, suggesting its
inactivation. Additionally, the PI3K pathway inactivates FOXO3a, leading to the
upregulationof Ikl8by s uppr essi n(@noeks Webbriettalo2008) | s BU

In conclusionFOXO proteins, especially FOXO3alays an important role in controlling
infections caused by intracellular pathogens such gphimurium a bacterium that causes
various diseases including gastroenteritis, typhoid, sepsis, inflammatory bowel disease and
colon cancefJoseph, Ametepe et al. 201Buring the chronic stage of infection, FOXO3a
helps limit the persistence of oxidative stress and promote a proinflammatory state. FOXO3a
has been shown to regulate extracellular sigegllated kinase (ERK) signalling in
macrophages, leading to the maimtece of a proinflammatory state without affecting cell
proliferation or death. In this model of infection, FOXO3a promotes the termination of ERK
signalling to induce inflammatory immune responses that are necessary to control infection
with virulent intraellular pathogengJoseph, Ametepe et al. 2016)hile the exact
mechanisms of FOX@nediated regulation of immune responses are still being elucidated,
these findings highlight the importance of FOXBsin host defense against pathogens.
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6.4FOXO Transcription Factors andlntracellular Protozoa
Parasite I nfections

Recent studies have investigated #utivationof the host PIBK/AKT/FOXO pathway in
Leishmaniaspp. (Gupta, Das et al. 2022but the surface molecule on the host cell that
triggers the PI3K/AKT pathway when interacting with the parasite remains unkrhown.
donovanihas been shown to utilize the SIRT1/FOXO1 axis to overactivate the proghm
deathl (PD1) signaling pathwayn macrophagg contributing to parasite survival within

the host cell. The infectiemediated PEL pathway induction during late phases of infection
(48-72h), both in vitro andh vivo, leads to downregulation of pioflammatory cytokines,
ROS, and NO, allowing for parasite surviyRby, Gupta eal. 2017) Interestingly, AKT is
deactivated during the late phases of infection, leading to increased nuclear retention of
FOXO1. However, SIRT-Hependent deacetylationediated inactivation of FOXO1 is
responsible for the inhibition of apoptosis ideictedin macrophagespreventing nuclear
FOXO1 from inducing apoptosis. PDsignaling, which is upregulated during the late phase
of L. donovaninfection, leads to the inactivation of AKT, followed by nuclear sequestration
of FOXOL1. Concurrently, SIRT&xpression is induced during the late phase of infection,
deacetylating nuclear FOXO1 and inactivating it to prevent apofii®sys Saha et al. 2019)

In contrastan independergtudy conducted oh. donovaniinfected RAW264.7 and bone
marrowderived macrophages (BMDMSs) revealed thadonovaniriggered AKT activation
during the early stages of infection-Z@h) to regulate the GSK b f£abenin/FOXO1 axis,
inhibiting both host cell apoptosis and the immune response, which are essential for its intra
macrophage survivaly reducing macrophage@posis, the prinflammatory response and
therefore increasing parasite survivehe activation of AKT signaling helpdd donovani

shift the cytokine balance from a pirdflammatory to an aniinflammatory response and
inhibited host cell apoptosis. Folving AKT phosphoactivation during infection, GSKfs
phosphorylated at the Ser9 residue, resulting in inhibition of Ser33/37 phosphorylation
medi ated degatemitm.onP lod-sgehimat §et532tled  its naclear b
localization, andphosphorylation of FOXO1 at Ser256 caused its cytosolic translocation,

leading to parasite survivélbupta, Srivastav et al. 2016, Saha, Basu et al. 2018)
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Trypanosomacruzi t he causative agent of Chagasdé di s

cytosol of host cells andpicates to spread infection. These processes require théelong
survival of infected cells. It has been reported that pardsii@ed neurotrophic factor
(PDNF), a transsialidase located on the surfacelofcruzi is both a substrate and activator

of AKT in the cytosol of host cells. After contact with the host cell surface, PDNF increases
the expression of the gene that encodes AKT while suppressing the transcription of genes
that encode prapoptotic factors, such as members of the FOXO family. As a result, PDNF
elicits a sustained functional response that protects host cells from apoptosis induced by
oxidative stress and proinflammatory cytokines like tumor necrosis fattor a n d

transforminggrowth factor b (Chuenkova and PereiraPerrin 2009)

Although FOXO3a is not regulated during infection by parasites suelaasodiunspp, t

plays a role in controlling the immune response during infection. For instance, the FOXO3a
gene variant rs12212067 has been associated with differential severity of infectious diseases
like malaria, where FOXO3a is associated with increased inflammaésgonses to
Plasmodium falciparumThis suggests a role for the FOX@8pendent pathway in malaria

(Lee, Espeli et al. 2013, Nguetse, Kremsner et al. 2015)

In 2013, Wei Zhou and colleagues conducted a study that demonstrated. fgmmdii
infection or excretory/secretory protein (ESP) treatment of the human retinal pigment
epithelium cell lineARPE-19 results in the activation of the PI3K/AKT signaling pathway,
which leads to the reduction of intracellular ROS levels and enhanced proliferaffon of
gondiiin host cell§{Zhou, Quan et al. 2013ppecifically, the study revealed thiatgondii
infection or ESRreatment significantly reduced the expression of NADPH oxidase 4 (Nox4),
the main source of ROS in ARPIB cells. Importantly, this study was the first to suggest the
possible involvement of FOXO proteins in the regulation of ROS and proliferation during
infection withT. gondii The researchers found thlatgondiiinfection possibly induces the
phosphorylation of FOXO and its relocation from the nucleus to the cytosol, which correlated
with intracellular ROS levejsalthough the researchers proposed BH@KO proteins could
potentially be downregulated durifig gondiiinfection, they did not provide any supporting

evidence for this hypothesi$hese findings suggest that FOXI®s may be involved in
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regulating Nox4 transcription and the PI3K/AKT pathway dufingondiiinfection(Zhou,
Quan et al. 2013)

In 2019, Karanovi@nd colleagues reported the first cases of disseminated and congenital
toxoplasmosis in a mother and child who share a pathogenic mutation in PIK3R1 and
discussed the mechanisms underlying susceptibility to s&veandiiinfection in activated

P | 3 Knadrormey(APDS) as well as in other forms of primary immunodefici@laganovic,
Michelow et al. 2019, Choi, Gao et al. 202 eir findings suggest that the loss of regulation

of FOXO proteins may be a key factor in controllihggondiireplication in these patients.
Although there is no direct experimental evidence, Karanovic et al. proposed that active AKT
phosphorylates anthactivates theTF FOXO1, thus preventing p22phox transcription.
FOXO1 transcription activity controls the expression of p22phox, and the activation of the
NOX4/p22phox complex allows the generation of ROS, activation of MAPK-a NE-

signaling, and produah of the preinflammatory macrophage inhibitory factor (MIF).

In patients with APDS, increased PI3K signaling induces AKT phosphorylation, which
mediates phosphorylation of FOXO1, impairing p22phox gene expression, and resulting in
reduced production oROS, defective activation of MAPK and NFB , and 1 mpair
production ofpro-inflammatory macrophage inhibitory factor (MIiR)response td@. gondii

infection, ultimately promoting its replicatidiKaranovic, Michelow et al. 2019)

I n 2021, Gao FF. and coll aborators reported
(FAF1) expressionn T. gondiiinfected ARPEL9 cells, an effecteversed by PI3K/AKT

inhibitors. In this samestudy,overexpressionf FOXO1led to increase®&AF1 expression,

whereas its deletion had the opposite efféctgonditinduced FAF1 downregulation was

concurrent teenhancedRF3 transcriptional activity, nuclear import, and the transcription of
interferonstimulated genes (ISGs). These results indicateTthgbndiican downregulate

host FAF1 in a PIBK/AKT/FOXO4ependent manner, which is essential for IRF3 nuclear
translo@tion and the transcriptional activation of ISGs. However, the regulatibngaindii

over FOXO1 or how the overexpression of ISGs promotes the proliferation of the parasite is

not completely understoo@hou, Quan et al. 201%&ao, Quan et al. 2021Df note, he

expression of ISGs plays an important role in the host defense agagwmtdiiinfection.
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ISGs are activated by interferons, which are produced by host cells in response to infection
(Steinfeldt, KoneAVaisman et al. 2010owever, recent studies have suggestedsihiaie

ISGs may also promote the proliferatiorifofyondii For example, the ISG GBP1 (guanyiate
binding protein 1) has been shown to facilitate the formation off thgpondii PV, which
provides a protected environment for its replicat@ther ISGs, suchs IRG1 (Immunity
Related GTPase family M protein 1) and IDO1 (Indoleaminediy8ygenase 1), have been
shown to promote the survival and proliferationTofgondii by regulating the host cell
metabolism and nutrient availabili¢$teinfeldt, KoneAVaisman et al. 2010)

As was previously mentioneih a study published by Lee et al. in 2022, it was reported that
BMDMs are protected againsT. gondii through the activation of the SIRT1
FOXO1/FOXO3aautophagy axis via the AMPK and PI3K/AKT signaling pathways. The
authors found that SIRT1 contributes to autophagy activatiomesndation ofthe FOXO
autophagy axigLee, Kim et al. 2022)In SIRTZXdeficient BMDMs, T. gonditinduced
FOXO1 phosphorylation, acetylation, and cytosolic translocation were enhanced
additionally, Myeloid-specific SIRT1deficient mice exhibited an increased cyst burden in
brain tissue compared to witgipe mice following infection with the avirulent ME43ah.
Consistently, the intracellular survival ©f gondiiwas markedly increased SIR-GEficient
BMDMs. In addition, the pharmacological inhibition of PI3BK/AKT signaling reduced the
cytosolic translocation of FOXO1 in BMDMs infected with gondii ultimately inducing
antiparasitic autophagyThis is the first report that clearly describes getslational
modifications of a FOXO protein that trigger its export to the cytoplasm durirggpndii
infection. The study also shows tflatgondiiRH infection of BMDMs results inFOXO3a
export from thenucleus. The authors suggest that SIRT1 promotes FOXO3a deacetylation
and its CaMKK2/AMPKkdependent phosphorylation, leading to nuclear accumulation and

transactivation.

7. Mechanisms Used byl. gondiito Circumvent Autophagy-
Dependent Elimination

Autophagy is a highly conserved homeostatic proakswing cells to degrade and recycle

damaged cytosolic componentghich isupregulated in response to stressors such as nutrient
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deprivation or infection(Deretic, Saitoh et al. 20L3Autophagy constitutes a central
mechanism of host defense against intracellular pathogens, incllidiggndii (Deretic,

Saitoh et al. 2013, Gharté§wansah, AdeNti et al. 2020) There are four main types of
autophagy: autophagosomenediated macroautophagymicroautophagy, chaperone
mediated autophagy, and noanonical autophagiperetic, Saitoh et al. 2013)
Macroautophagy, involves the formation of a-8dhtaining autophagosome, which fuses
with the lysosome, resulting in the degradatiotheftargetif the parasite can not counteract

its activation this type of autophagy caffectively inhibitT. gondiiinfection(Cheng, Zhang

et al. 2022).

In addition, the PV can also be targeted via autophagesuiependent processes
orchestrated by autophagy proteim$FN-o-activated cell§Ma, Sasai et al. 2014Jhe host

cell autophagicesponse again$t gondiiis mainly triggered by CD4@nd IFNo-dependent
signals that induce the expression and activation of autoplesaed proteins (e.g., ULK1,
Beclinl, LC3, etc.), a process that culminates with the destruction of the pamasite b
lysosomal enzymed.ing, Shaw et al. 2006, Van Grol, Murkzliciano et al. 2013)

Interestingly, some studies have reported that infectioif.byondiihas a dual behavior
where the parasite induces host cell autophagy in both HeLa cells and primary fibroblasts via
a mechanism that is dependent on host Atg5, but independent of host mTOR suppression.
Additionally, autophagydependent parasite growth isri@ated with the consumption of

host cell mass that is dependent on parasite growth progression. These findings suggest a role
for autophagy as a pathway through which the parasites may effectively compete with the
host cell for limiting anabolic resourc@Nang, Weiss et al. 2009)

Studies have showas well,that T. gondiiutilizes host lipophagythe autophagy of lipid
droplets, to acquire the cellular fatty acids necessary for its prolife(&emnas, Bean et al.
2018) These findings suggest that gondiimust regulate autophagy in a dual manner to
survive. On one hand, it must evade the recruitmieatitmphagy effectors to the PV, but on

the other hand, it must enhance host autophagy to obtain a source of nutrients that will
facilitate its growth and proliferation. This implies th&at gondii has developed a
sophisticated mechanism for manipulatingsh autophagy to ensure its survival and

proliferation.
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As mentioned before, several defense mechanisms are employed by the hosT tgoledir
infection, including CD4@mediated autophagy and IFNinduced clearance through
autophagy proteins, which effectively eliminate the parasites within host cells.

One of the best described mechanisms involves activating the host cell signaling cascade of
the EGFR via PI3K, which prevents the targeting of autophagy effectors Ry/thi@ough
PI3K-mediated AT phosphorylation. This activation can then stimulate mTORC1, a
negative regulator of autophagy, leading to the inhibition of autophagy. These evasion
mechanisms demonstrafegondils ability to manipulate host cell signaling pathways to its
advantage during infectiofiPortillo, Okenka et al. 2010, Munkeliciano, Van Grol et al.

2013, Coppens 2017, Wu, Gad et al. 2020)

From what has been mentioned earlier, it is evident that the-RKIKEGFR signaling
pathway plays a critical role in promoting the survivalTofgondii During the parasite's
intracell ul ar phase, -Src p signaliogn gemglires PEGERJ/ PKCDH
autophosphiylation, which triggers AKT phosphorylation, and enables the parasite to evade
host autophag{l.opez @rcino, Gonzalez Ferrer et al. 2019)

In the regulation ofTFs related to autophagy during. gondiiinfection, IFNO and it s
downstream molecule STAT1 are required for protectianioe (Gavrilescu, Butcher et al.

2004) STAT1 sigraling can be blocked Bl. gondiithrough the action of an effector called
Inhibitor of STAT Transcription (TglST), which blocks responses to-#FN. gondiican

also prevent the dissociation of STAT1 from DN#hich limits its ability to transcribe othe
STAT1-dependent gene&Gavrilescu, Butcher et al. 2004)in the context of infection,
STAT1 plays a pivotal role in the regulation of interferesponsive genes (iRGS),
guanylatebinding proteins (GBPs), and autophaglated genes (ASGépelleck, Fentress

et al. 2013)Upon infection, STAT1 becomes activated and translocates to the nucleus, where
it promotes the transcription of IRGs, enhancing the host's immune response. This leads to
the upregulation of GBPs, which arssential for the host's defense against intracellular
pathogens likd. gondii(Selleck, Fetress et al. 2013Additionally, STAT1 contributes to

the regulation of ASGs, which are crucial for autophagy, a process that can help eliminate
the pathogefBesteiro 2019, Ahmadpour, Babaie et al. 20BR)wever, it is noteworthy that

T. gondiican negatively regulate the transcription of STAT1 transcriptional targets through
the NURD complex and the virulence fact@iST. This negative regulation can potentially
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impact the autophagic process and serve as a protective mechanism for the pboasiig

it to evade elimination by the host's immune resp@Hs@ng, Liu et al. 2022Jigure 1.3,

T. gondils downregulation of STAT1 results in the downregulation of INOS and MHG

well as othetRGs and GBP&Hakimi, Olias et al. 2017)Autophagy proteins such as Atg7,
Atg5, Atgl6, and Atgl2 play a crucial role in recruitii®RGs and GBPs to th€. gondit
containing PV(Choi, Park et al. 2014and LC3's early delivery to parasHmntaining
vacuoles also aids in parasite clearance, indicatthgect involvement otg proteins' direct
involvement in recruiting the IRG/GBP effectors to the PV membiéigere 1.3

IFN-o pl ays a cruci al role in promoting the de
NDP52, and optineurin), and LC3 around the PVM of human epithelial cells. This process is
dependent on STAT1 and ISG15 upregulation, resulting in the formatiommofitdayer
membrane structure around the PVM that entraps the parasite and inhibits its growth. In
human endothelial cells infected with a type Il strainTofgondii IFN-o0 i nduces t he
deposition of ubiquitin, p62, and NDP52, followed by the recruitnoériRab7, lysosome
fusion, and parasite killinSubauste 2021 However, the inhibition of STAT1 transcription

and IFNo-dependent gene expressiby the recruitment of the MI/NURD complex can
trigger the inhibition of autophagy mechanisms that protect aggigsindii as reported by
(Olias, Etherideet al. 2016)

Recent studies have demonstrated that SirtbitSIRT1), a nicotinamide adenosine
dinucleotide (NAD)dependent protein deacetylase, plays a critical role in autophagy
activation via the AMPactivated protein kinase (AMPK) and PI3K/AKT signaling
pathways, leading to enhanced parasite clearance dOriggndiiinfection. Resveratrel
mediated activation of SIRT1 promotes autophagy, resulting in a significantly increased anti
T. gondiieffect(Lee, Kim et al. 2022)Moreover, SIRT1 has been reported to regulate the
FOXO family, which play a key role in various cellular processesydiing the autophagy

axis (Di Malta, Cinque et al. 2019)interestingly, T. gonditinduced phosphorylation,
acetylation, ad cytosolic translocation of FOXOL1 in SIR-@&ficient BMDMs resulted in a
negative regulation of their autophagglated transcriptional activitf.ee, Kim et al. 2022)
However, it remains unclear whetiT. gondiican directly downregulate the transcriptional
activity of FOXO1 or other members of the FOXO family proteins to block autophagic

parasite clearance.
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7.1EGFR-PI3K-AKT Signaling and Its Role in thelnhibition of
Autophagy by T. gondii

AKT plays a critical role in numerous cellular processes, including oncogenesis, metabolism,
apoptosis, cell growth, proliferation, and cell survii@&theid and Woodgett 2001%iven

its central roles, AKT is an attractive target Torgondiito manipulate during infectios
previously mentioned, accumulating evidence suggestd thggindiiactivateshost AKT to

evade autophagyediated killing (Muniz-Feliciano, Van Grol et al. 2013, Lopez Corcino,
Gonzalez Ferrer et al. 2019, Cheng, Zhang et al. 2022)

In the canonicalmembrane localizedPI3K/AKT pathway, AKT is activated through
phosphorylatiopat either T308 or/and S473 by PDK1 and mTORC2 after being recruited to
the plasma membrane by PIP3 via respective PH domains. The availability of PIP3 at the
plasma membrane is tightly regulatdyy the opposing processes of PI3K, which
phosphorylates PIP2 to PIP3, and PTEN, which dephosphorylates PIP3 and abrogates AKT
recruitment(Stokoe, Stephens et al. 1997, Scheid and Woodgett.Zaglye 1.5.

An active form of AKT can alsbe foundin the nucleusbutthe mechanisms, and functions
of nuclear AKT activation are still not well understo@lang andBrattain 2006, Martelli,
Tabellini et al. 2012)

The mTOR pathway is a downstream target of PI3K and AKT that plays an essential role in
promoting cell growth, differentiation, and survival, while simultaneously downregulating
apoptotic signals. The activatiohtbhe PI3K/AKT/mTOR pathway can lead to the inhibition

of autophagy by activating mTOR. Conversely, induction of autophagy, which occurs
through mTOR inhibition, may compromise the parasite's survival by promoting sustained

autophagymediated killing(HerasSandoval, PereRojas et al. 2014)

During T. gondii infection, PISBK/AKT pathway is essential for parasite invasion and
proliferation(Mammari, Halabi et al. 201%lacrophage invasion bl. gondiiactivates the
PI3K/AKT pathway in different ways. Firstly, via teilke receptors TLR2 and TLR4, where
the lectins MIC1 and MIC4 interact with-lked glycans on TLR2 and TLR4, respectively,
activating NFe B @ndudinga preinflammatoryresponse antl-12, 1L-23, TNRU , and
IL-6 secretioQuan, Chu eal. 2015) MIC1 and MIC4 also trigger the secretion of the anti
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inflammatory cytokine IE10, presumably through the internalization of TLR4 from the cell
surface Secretion of Il-:10 is advantageous for the parasite's survival by strategically
regulating the host's immune respefQuan, Chu et al. 2015, Riedzevedo, Mendonca
Natividade et al. 2021)his leads to the &wation of PIBK/AKT and subsequently, the
activation of IRF3-dependent gene transcription, which results in the expressionrdf IL
(Quan, Chu et al. 2015, Riedizevedo, Mendoncalatividade et al. 2021)

Overall, the activation of the PI3K/AKT pathway iequired to manipulate different
processes an prevent killing ofT. gondii(Tarassishin, Suh et al. 2011, Aziz, Kang et al.
2020, RicciAzevedo, Mendoncalatividade et al. 2021)

In mouse macrophages, gondiiinfection renders cells resistant to multiple jaqmoptotic
signals, and this resistance is attributed to the activation of the PI3K/AKT patKimagnd
Denkers 2006)Interestingly, this activation occurs independently of the-IMiadl receptor
adaptor protein MyD88 but depends ofpfateinmediated signaling. The PI3K inhibitors
wortmannin and LY294002 block parasiteluced AKT phgphorylation, indicating the
importance of the PIBK/AKT pathway in this phenomenon.

T. gondiiinfection induces the phosphorylation of AKT and-Bekssociated death promoter
(Bad), which promotes PI3K/AK-@ependent Bad phosphorylation. This leads to the
inhibition of Bck2-associated X protein (Bax) translocation to the nucléosnregulating

apoptosis both in vitro and in viyammari, Halabi et al. 2019)

Infection of the human retinal pigment epithelium cell line ARBEbyT. gondiior exposure

to T. gondii TQESA activates the AKT pathway. PI3K inhibitors have also proven effective

in reducingT. gondiiproliferation within host cells (Quan, Cha et al. 2013, Zhou, Quan et al.
2013) This effect is achieved Bly. gondiior TJESA through the activation of the PI3K/AKT
signaling pathway, leading to a significant reduction in the expression of NADPH oxidase 4
(Nox4) and, consequently, a decrease in intracellular levels of reactive oxygen species (ROS)
within the host cell§Zhou, Quan et al. 201.3)

DCsare among the first innate immune cells that encodntgondiiafter it crosses the host
intestinal epithelium, and the parasite uses them as a carrier to infiltrate the host central

nervous system (CNS) undetected.
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In DCs, T. gondiior TQESA can redwehydrogen peroxide (H202)duced ROS and host
endogenous ROS via the activation of PISK/AKT, thus creating a favorable environment for
parasitegrowth(Choi, Gao et al. 2020Moreover, within the PI3BK/AKT signaling pathway,
FOXOTFs play a crucial role in regulating reactive oxygen species (ROS) by controlling the
expression of antioxidant enzymes and genes involved in ROS detoxificktisilico
analysis has revealed the preseoicevo potential FOXOTIF-specific binding sequences in

the murine NOX4 promoter site, suggesting thagondiimay reduce host ROS production

via PIBK/AKT/FOXO signaling activation to create a favorable environment for its growth
(Choi, Gao et al. 2020)

The activation of EGFR/PI3K/AKT signaling pathway is crucial in preventing the
accumulation of autophagosome and lysosome components around the PV and reducing
parasite replicatioMuniz-Feliciano, Van Grol et al. 2013, Lopez Corcino, Gonzalez Ferrer
et al. 2019) This activation occurs early during host cell invasion and continues throughout
the intracellular stage of thgarasite. The adhesins MIC3 and MIC6, which possess EGF
like domains, induce phosphorylation of tyrosine residues in tte¥r@inal end of EGFR,
leading to autophosphorylation (Y1068, Y1148) and activation of AR&gtyarev, De
Maziere et al. 2008)Furtthermore, the formation of the moving junction during parasite
penetration results in FAK phosphorylation (Y397), followed by Src phosphorylation
(Y416), which transactivates EGFR (Y845) and triggers early STAT3 signaling, preventing
PKR activation (T451&nd subsequent autophagic targeting of théNPwhiz-Feliciano, Van

Grol et al. 2013, Portillo, MuniEeliciano et al. 2017)

T.gondiial so acti vat eiSrc signaing Path@ay/ whiKiCdustains EGFR
autophosphorylation and maimta the inhibition of autophagic targeting during the parasite's
intracellular stage, potentially mediated by AKNMasek, Fiore et al. 2006, Lopez Corcino,
Gonzalez Ferrer et al. 201@igure 1.8. Interestingly, the genetic ablation of ULK1, Beclinl,

or ATG7, key components of the autophagy machinery, impairs parasite elimination when
EGFR, PI3K, or AKT activity is pharmacologically blockeddicating the involvement of
autophagyrelated proteins i. gondiiinfection (Muniz-Feliciano, Van Grol et al. 2013,

Lopez Corcino, Gonzalez Ferrer et al. 2019)
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In nonhematopoietic cells like endothelial cells, retinal pigment epithelial cells, and
microglia, T. gondii activates the EGFR/PI3K/AKT pathway through MIC proteins

containing EGF domain®Muniz-Feliciano, Van Grol et al. 2013, Lopez Corcino, Gonzalez

Ferrer et al. 2019)This rapid activation is independent of GPCR and Bighaling and

helps maintain the nefusogenic nature of the PV.

Inhibition of EGFR/PI3K/AKT signaling results in the accumulation of autophagy proteins
LC3 and LAMP1 around the parasite, vaculyigosome fusion, and autophamediated
killing of T. gondi via ATG7, ULK1, and BeclinXMuniz-Feliciano, Van Grol et al. 2013,

Lopez Corcino, Gonzalez Ferrer et al. 2019)

Additionally, an alternative signaling pathway involving FAK activation during invasion
prevents the targeting of the parasite by autophagy prdtansllo, MunizFeliciano et al.
2017) FAK is activated at the host cglarasite junction site associated with RONA4.
Interestingly, FAK/Sremediated EGFR transactivation is not essential for AKT activation
induced byT. gondij indicating an alternative pathway for autophagy inhibition that is
independent of AKTPortillo, MunizFeliciano et al. 2017)

Although the effects of EGFR/PISK/AKT/mMTOR activation on autophagy dftegyondii
infection have been well documented, it remains unclear which downstream targets of AKT
are responsible for the parasite's ipito repress the host autophagy machinery. Further
research is needed to identify these targets and gain a deeper understanding of the

mechanisms behin@. gondiiinfection.
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Figure 1.8 Current Understanding of EGFR/PI3K/AKT Signaling During T. gondii Infection

T. gondiihas evolved to manipulate host cell signaling pathways to prevent autophagic targeting. Parasite
adhesins MIC3 and MIC6 trigger EGFR autophosphorylation, wanitirates AT, an inhibitor of autophagy.

During invasion, FAK is activated at the moving junction, leading tedependent transactivation of EGFR

and STATS3 signaling that blocks activation of fmatophagy proteinsuch aPKR. T. gondiimaintains this

bl ockade by activating PKCU/PKCbhb kinases, WwWHKIch sust ai
activation. RON4 expression during invasion leads to uniqgue EGFR transactivation and STAT3 signaling that
prevents PKR acti vat i o8rcsighaling inantaies EGER aatgpeosphoryRitio, Bnd P K C b
a complex of GRA7 and ROP proteins permdiyanactivates IRGs and GBPs to ensure the parasite's survival.
Blocking any of these signaling molecules leads to autophagic targeting and parasitedglicegion. The

information provided in théigure is based on the souscgMasek, Fiore et al. 2006, Degtyarev, De Maziere et

al. 2008, Muniz-eliciano, Van Grol et &013, Portillo, MuniFeliciano et al. 2017, Lopez Corcino, Gonzalez

Ferrer et al. 2019)
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T. gondii is a protozoan parasite that dafect a wide range of warnblooded vertebrate
hosts including humans, cats, and mi@dontazeri, Sharif et al. 2017Although generally
asymptomatic, toxoplasmosis can cause serious health problems, especially in
immunocompromised individuals and during pregnai®ynith, Goulart et al. 2021)
Currently, there are no effective human vaesirio prevent toxoplasmosis, and current
treatments rely on anpiarasitic drugs, which may not be effective against -desgtant
strains(lnnes, Hamilton et al. 201970 establish a safe replicative niciie gondiiforms a
protective PV that prevents contactthvhost cytoplasmic components that could trigger
parasite destructiorl.. gondiialso targets host cell signaling pathways aid to evade
antimicrobial responseeretic, Saitoh et al. 2013, Hakimi, Olias et al. 2017, Ghartey
Kwansah, AdelNti et al. 2020)

Autophagy, a central mechanism of host defense against intracellular pathogens,Tinhibits
gondii infection by the formation of a P¢ontaining autophagosome and its fusion with
lysosome (Coppens, Dunn et al. 2006, Coppens and Romano 28@&kever,T. gondiican
prevent this process by activating the host serine/threonine kinasgAt¢t, Liao et al.

2012, Lee, Nam et al. 2018, Audesse, Dhakal et al. 2019, Choi, Gao et al. ZDXOQ)3a,

a crucial TF in aubphagy regulation, is regulated by the PIBKT pathway (Muniz-
Feliciano, Van Grol et al. 2013, Lopez Corcino, Gonzalez Ferrer et al. .28K9)
phosphorylates FOXO3a at three highly conserved residues, which results in the binding of
chaperone protein 133, maskingits nuclear localization signal and preventing FOXO3a
from entering the nucleu€onversely, when AK-Tependent phosphorylation occurs in the
nucleus, it exposes FOXO3 nuclear export signal, promoting its translocation to the cytosolic
compartmen(Brunet, Bonni et al. 1999FOXO3aplays an essential role in the maintenance

of cellular and tissue homeostasis and modulation of stress resgomsesLiao et al. 2012,

Zhu, Tong et al. 2015, Lee, Nam et al. 2018, Fasano, Disciglio et al. 2019, Guo, Li et al.
2022) It is involved in the regulation of autophagy, controlling the formation of
autophagosmes and their fusion with lysosomes.

Dysregulated FOXO3a activity has been linked to inhibition of T-roelliated adaptive
immune responses during viral and bacterial infecti@moeks, Weber et al. 2008, van
Grevenynghe, Procopio et al. 2008, Sullivan, Kim et al. 2012, Bouzeyen, Haoues et al. 2019,

GimenesJunior, Owuar et al. 2019nterestingly, a recent report suggestsreaseduclear
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FOXO3a levels in murind. gondirinfectedmacrophage¢lLee, Kim etal. 2022) but the
role and reglation of FOXO3a durind . gondiiinfection are yet to be investigated
Thus, the working hypothesis of this research isthgondiihijacks the PIBKAKT pathway
to suppress FOXO3agulated autophagrelated transcriptional programisindering the
activation of the host autophagic response against the parasite.

U To test this hypothesis, thgeneral objectivewas b determine whether AKT
dependent repression of the transcriptional activity of FOXO3a affects autephagy
related transcriptional prograntsat contribute to promoftg. gondiiinfection.

o0 Thefirst objectivewas b determine whether the activation of AKT leads to
the phosphorylation and nuclear exclusion of FOXO3a dufingondii
infection.

o0 The second objective was b investigate the moleculamechanisms
responsible for the activation of Akdependent phosphorylation and nuclear
exclusion of FOXO3a during. gondiiinfection.

o The third objectivavas b establish whether FOXO3agulated autophagy
related transcriptional programs and functions altered duringl. gondii

infection.
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3.2 Abstract

The intracellular parasitdoxoplasma gondiinduces host AKT activation to prevent
autophagymediated clearance; however, the molecular underpinnings are not fully
understood. Autophagy can be negatively regulated throughgedsitive phosphorylation

and nuclear export of th&d'F Forkhead box O3a (FOXO3a). Using a combination of
pharmacological and genetic approaches, herein we investigated whegjwerdiihinders

host autophagy through Akdependent inactivation of FOXO3a. We found that infection
by type | and Il strains off. gondii promotes gradual and sustained AH&pendent
phosphorylation of FOXO3a at residues S253 and T32 in human foreskin fibroblasts (HFF)
and murine 3T3 fibroblasts. Mechanistically, Af§€nsitive phosphorylation of FOXO3a by

T. gondii required live infection and the activity of PI3K but was independent of the plasma
membr ane receptor EGFR and the kinas-e PKCU.
sensitive residues was paralleled by its nuclear exclusiom. igonditinfected HFF.
Importantly, the parasite was unable to drive cytoplasmic localization of FOXO3a upon
pharmacological blockade of AKT or overexpression of an AkSensitive mutant form of
FOXO3a. Transcription of a subset of bona fide autophalgged targets of FOXO3a was
reduced during. gondiiinfection in an AKFdependent fashion. However, parasiiected
repression of autophagglated genes was AkKiesistant in cells deficient in FOXO3a.
Consistent with thisT. gondiifailed to inhibit the recruitment of acidic amgelles and LC3,

an autophagy marker, to tiR/ upon chemically or geneticallyinduced nuclear retention

of FOXO3a. In all, we provide evidence that gondii suppresses FOXO3dagulated

transcriptional programs to prevent autophawgdiated killing.
3.3 Importance

The parasité oxoplasma gondis the etiological agent of toxoplasmosis, an opportunistic

infection commonly transmitted by ingestion of contaminated food or water. To date, no
effective vaccines in humans have been developed and no promising drugs are available to

treat chronic infelton or prevent congenital infectiofi. gondiitargets numerous host cell

processes to establislicworablereplicative niche. Of notd;. gondiiactivates the host AKT

signaling pathway to prevent autophaggdiated killing. Herein we report th&t gordii

inhibits FOXO3a, &'F that regulates expression of autophaghated genes, through AKT
dependent phosphoryl ation. The parasiteds ab
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machinery to th&V is impeded upon pharmacological inhibition of AKTawerexpression

of an AKT-insensitive form of FOXO3a. Thus, our study provides greater granularity in the
role of FOXO3a during infection and reinforces the potential of targeting autophagy as a
therapeutic strategy againstgondii

3.4 Introduction

Toxoplasma gondi{T. gondi), the etiologic agent of toxoplasmosis, is an intracellular
protozoan parasite that invades virtually any nucleated cell, and infects a wide variety of
warmblooded vertebrate hosts, including humans, cats, and (inices, Hamilton et al.
2019) It is estimated tht about 3660% of the world population is seropositive Torgondii
(Montazeri, Sharif et al. 201.7)he infection can be acute, chronic, or latétegr, Randota

et al. 2014) however, symptoms, or lack thereof, at the time of infection do not predict
disease manifestatn later in life(Innes, Hamilton et al. 2019 oxoplasmosis is generally
asymptomatic, but reactivation of encysted parasites can lead tohréBgening
consequences in immuwuompromised individuals, and cause abortions or birth defects if
contractedin primo-infected womerduring pregnancySmith, Goulart et al. 2021No
effective human vaccines have been develdpetks, Hamilton et al. 2019and despite the
development of new experimental drugs, none of them have been approved to prevent
congenital infection whileninimizing teratogenic effectéSmith, Goulart et al. 2021Thus,
toxoplasmosis constitutes a serious public health concern worldmrlielgr, Prandota et al.
2014)

To establish a safe replicative nichig, gondii forms a nonfusogeni®V that
facilitates nutrient acquisition while preventing contact with host cytoplasmic components
that could trigger parasite destructi@oppens, Dunn et al. 2006, Coppens and Romano
2018) In addition, T. gondii targets host cell signaling pathways aiBs to evade
antimicrobial responsdsiakimi and Bougdour 2015, Hakimi, Olias et al. 201Autophagy
is a highly conserved homeostatic process that allows cells to degrade and recycle damaged
cytosolic components; however, it can also be upregulated in response to stressors such as
nutrient deprivation oinfection (Deretic, Saitoh et al. 2013)lence, autophagy constitutes
a central mechanism of host defense against intracellular pathogens, indudjogdii
(Deretic, Saitoh et al. 2013, Ghartéywansah, AdeNti et al. 2020) There are four main
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types of autophagy: autophagosemediated macroautophagy, microautapha
chaperonenediated autophagy, and noanonical autophag{Deretic, Saitoh et al. 2013)
Macroautophagy (hereinafter referred to as autophagy) infAibgendiiinfection through

the formation of a PMontaining autophagosome and its fusigth the lysosomégCheng,
Zhang etal. 2022) In addition, the PV can also be targeted via autophagesaependent
processes orchestrated by autophagy proteins irpl&dlivated cell§Ma, Sasai et al. 2014)

The host cell autophagresponse again3t gondiiis mainly triggered by CD40and IFN
o-dependent signals that induce the expression and activation of autoplzgg proteins

(e.g., ULK1, Beclinl, LC3, etc.), a process that culminates with the destruction of the
parasite i lysosomal enzymefd.ing, Shaw et al. 2006, Van Grol, Murkgliciano et al.
2013) Accumulating evidence indicates that activation of the host serine/threonine kinase
AKT constitutes one of the strategies developed bgondiito avoid autophagynediated

killing (Muniz-Feliciano, Van Grol et al. 2013, Lopez Corcino, Gonzalez Ferrer X9, 2
Cheng, Zhang et al. 2022 this regard, it was reported that early and prolonged activation
of EGF receptor (EGFRjependent AKT phosphorylation Bly. gondiiwas required to
prevent accumulation of autophagosome and lysosome components around the PV (i.e., LC3
and LAMP-1, respetively) and reduce parasite replicatidauniz-Feliciano, Van Grol et al.
2013, Lopez Corcino, Gonzalez Ferrer et al. 200¥) note, genetic ablation of ULK1,
Beclin-1 or ATG7 hampered parasite elimination upon pharmacological blockade of EGFR,
PI3K, or AKT activity (Muniz-Feliciano, Van @ol et al. 2013, Lopez Corcino, Gonzalez
Ferrer et al. 2019)hinting at regulation of autophagglated proteins during. gondii
infection. However, the downstream targets of AKT that are responsible donditdriven
repression of the host autophagy machinery are yet to be identified.

Regulation of autophagosomeediated autophagy via the PIXKT pathway is
accomplished in part through the repression ofthEorkheadox O3a (FOXO3a; formerly
Forkhead In Rhabdomyosarcothike 1, FKHRL1)(Zhou, Liao et al. 2012, Lee, Nam et al.
2018, Audesse, Dhakal et al. 2018)0X03a is a core regulator of cellular and tissue
homeostasis (e.g., cell cycle, proteostasis, proliferatitsm cell maintenance, longevity,
fertility, etc.), but it also functions as a critical modulator of stress responses (e.g., nutritional,
energetic, oxidative, and genotoxic stress, €doyris, Willcox et al. 2015, Arts, Joosten et

al. 2018, Fasano, Disciglio et al. 2019, Calissi, Lam et al. 202&)subcellular distribution,
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stability, and transcriptional activity of FOXO3a are mainly regulated through post
translational modifications; namely, phosphorylation, acetylation, ubiquitylation, and
methylation (Wang, Yu et al. 2016, Calissi, Lam et al. 202KT phosphorylates FOXO3a

at three highly conserved residues (i.e., S253, T32, and $3db)et, Bonni et al. 1999)
Phosphorylation of cytoplasmic FOX8@ at AKT-sensitive residues induces binding of the
chaperone protein 133, which prevents FOXO3a from entering the nucleus by masking
the nuclear localization signal (NLErunet, Bonni et al. 1999 Conversely, when AKT
dependent phosphorylation occurs in the nucleus, it exposes FOXO3 nuclear export signal
(NES) thereby promoting its translocation to the cytosolic compartn{Biggs,
Meisenhelder et al. 1999, Calissi, Lam et al. 2021)

In line with its central role in proteostasis and cellular stress responses, FOX0O3a has emerged
as a key transcriptional regulator of autophagy in healthy and diseased states by
transactivating genes that control the formation of autophagosantetheir fusion with
lysosomeqZhou, Liao et al. 2012, Zhu, Tong et al. 2015, Lee, Nam et al. 2018, Fasano,
Disciglio et al. 2019, Guo, Li et al. 2022)

Positive and negtive deregulation oFOXO3a activity has been detected in multiple
pathologies including various types of cancers, neurodegenerative diseases, and muscle
dystrophy (Liu, Ao et al. 2018, Cheng 2019Moreover, FOXO3a activity has been
associated with either host protective or pathogenic roles during viral and bacterial infections
(e.g., LCMV, HIV, rhinovirus,Mycobacterium tuberculosi€itrobacter rodentiumetc.)
(Snoeks, Weber et al. 2008, van Grevenynghe, Procopio et al. 2008, Sullivan, Kim et al.
2012, Bouzeyen, Haoues et a01®, Gimeneslunior, Owuar et al. 2019For instance,
FOXO3a promotes type | IFN antiviral innate immune responses while limiting tissue
damage during rhinovirus infectio(GimenesJunior, Owuar et al. 2019)Similarly,
FOXO3a confers protection agairidt tuberculosisby inducing macrophage polarization
towardsan M1 (i.e., preinflammatory) phenotypéBouzeyen, Haoues et al. 2019) stark
contrast, FOXO3a activity is linked to thehibition of T cellmediated adaptive immune
responses during HIV and LCMV infectiorfgan Grevenynghe, Procopio et al. 2008,
Sullivan, Kim et al. 2012)interestingly, it was recently reported that nuclear FOXO3a levels
decrease iT. gonditinfected murine macrophages 18h post infectiorfiLee, Kim et al.

2022) However, the role and the regulation of FOXO3a dufingondiiinfection have yet
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to be investigated. Here, we report thagondiihijacks the PIBKAKT pathway to suppress
autophagyrelated transcriptional programs under the control of FOXO3a, thereby hindering

the activation of the host autophagic response aghi@giarasite.
3.5 Results

3.5.1 Toxoplasma gondiinduces AKT-sensitive phosphorylation of host FOXO3a

The subcellular localization and transcriptional activity of FOXO3a are tightly controlled
through postranslational modifications, including Akdepement phosphorylation
(Brunet, Bonni et al. 1999, Wang, Yu et al. 2016, Ggllsam et al. 2021). gondiiinfection

leads tothe activation of AKT signalingMuniz-Feliciano, Van Grol et al. 2013, Lopez
Corcino, Gonzalez Ferrer et al. 2019, Cheng, Zhang et al. ;20223e, we postulated that

T. gondiimodulates FOXO3a phosphorylation in an A@pendent fashion. To address
this, we monitored changes in the phosphorylation status of AKT and FOXO3a in human
foreskin fibroblasts (HFF) infected with tgp or type IIT. gondiistrains (i.e., RH and ME49,
respectively) Fig. 3.1A). Both strains were included to evaluate any stspiecific
differences in the modulation of host signaling pathw@$skhopadhyay, Arran&olis et

al. 2020) Increased phosphorylation of AKT at residues S473 and T308 was detected more
rapidly in HFF infected with RH than ME49 (8 and 12 h po&tction (h p.i.), respectively)

but was maintained up to 32 h p.i. in cultures infected with eithenstaicordingly, a
pronounced and sustained phosphorylation of FOXO3a at#d{iEitive residues S253 and
T32 was observed in RHind ME49infected HFF Fig. 3.1A). Importantly, the kinetics of
FOXO3a phosphorylation matched closely those observed for AKBsRe extracts (i.e.,
devoid of any host cell [ ATg onlyodo]) were
observed changes in signaling were due to ereastivity of the antibodies against parasite
proteins. AKT and FOXO3a phosphorylatipatterns appeared to be dependent on the
parasite load since increasing MOI (multiplicity of infection) ratios led to higher
phosphorylation levels as observed by western blotting analygps38.1). Similar results

were obtained in mouse fibroblastIckhe 3T3 upon infection with type | and type Tl

gondii strains Fig. S3.2). To confirm thafl'. gonditinducible phosphorylation of FOXO3a
was mediated by AKT, HFF cultures were treated with-RRO6, a patAKT inhibitor

(Hirai, Sootome et al. 20109r vehicle and infected with RH gondiior left uninfected. As

expected, AKT phosphorylation at S473 and T308 was abrogated in presence220@IK
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regardless of the infection statisg. 3.1B) without affecting host cell viabilityHig. S3.3).

Of note pharmacological inhibition of AKT prevented FOXO3a phosphorylation at S253
and T32 inT. gonditinfected cells Fig. 3.1B). In line with previous reportéMuniz-
Feliciaro, Van Grol et al. 2013, Lopez Corcino, Gonzalez Ferrer et al. 201%ondii
infection rates remained unaffected by chemical blockade of AKT actikity. S3.4)
whereas parasite replication was sigmafitly reduced Kig. 3.1C). In all, this set of
experiments indicates thdt gondii hijacks host cell signaling to drive Akdependent
phosphorylation of th& F FOXO3a which appears to favor parasite replication.
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Figure 3.1T. gondiiinduces phosphorylation of host FOXO3A and promotes its own replication
within HFF in an AKT -dependent fashion

(A) HFF cultures were inoculated with either RH or MEB9gondiitachyzoites or left uninfected for the

indicated times then processed for western blot analfBe€)HFF cul t ures wer e pretreate
2206 or an equivalent volume of vehicle (i.e., DMSO) for 1 h then inoculated with Béhdiiparasites. Céd

were cultured up to 32 h following infection in the presence or absence «2208. (A, B) Phosphorylation
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and expression | evels of indicated

pr ot e-adtiswerge r e

used as a loading control, and anilzody raised againsE. gondiiprofilin-like protein was used to assess

infection of HFF cul

tures. Tot al
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extracts

for any crosgeactivity of the antibodies again®t gondii proteins Data are representative of at least three
biological replicates(C) Cultures were fixed poshfection then processed for epifluorescence microscopy
analyses. The number of parasites per PV in at least 50 infected cells in different fields of vienunereated.

Data collected from 2 independent experiment were compiled. **p < 0.01.
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Figure S3.1 The multiplicity of infection (MOI) influences phosphorylation levels of AKT and

FOXO3a in T. gondirinfected cells

HFF cultures were inoculated with RH gondiitachyzoites at the indicated MOI or left uninfected. Samples

were collected 24 h after infection. Phosphorylation and expression levels of indicated proteins were monitored

by western blotting. Total amount§ c-abtin were used as a loading control, and an antibody raised abainst
gondiiprofilin-like protein was used to assess infection of HFF cultures
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Figure S3.2 Infection of 3T3 byT. gondiiinduces phosphorylation of host AKT and FOXO3a

3T3 cultures were inoculated with either RH or ME49 T. gondii tachyzoites or left uninfected for the indicated
times. Phosphorylation and expression levels of indicated proteins were monitored by wedtega blot

AG1478 LY294002

50

Viability (% of DMSO)
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8 Concentration {uM) 0 160 Concentration (uM) 0 16 Concentration (uM) 1]
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Viability (% of DMSO)

8 Concentration {(uM) 0 160 Concentration (nM) 0

Figure S3.3 Selected inhibitors do not display acute toxicity in HFF cells

HFF cultures were treated with increasing @fotd) concentrations of different inhibitors (AG1478,
LY294002, MK-2206, G66976, and rapamycin) or an equivalent volume of vehicle (i.e., DMSO), as indicated,
for 32 h. Cell viability was measured by colorimetbased resazurin assays. The concentration used in
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subsequent experiments is identified by a red dashed box for each inhibitor. OD values were normalized to
DMSO-treated samples. Results are presented as mean (SD); all samples were performed irtriptibates.

No statistically significant differences in cell viability were observed between the various inhibitors and their
respective controls.
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Figure S3.4 MK-2206 treatment of HFF does not affect infection rates by. gondii

(A, ByHFF cultureswerepre r e at e d w2208 or 2n equiMaleltikolume of vehicle (i.e., DMSO) for

1 h then inoculated with CellTracker Red (CMPIstained RHT. gondiiparasites. Cells were collected by
trypsinization 0.5 and 2 h pestfection, then processed for flow cytometry analyses to monitor infection rates.
(A) Shown here, gating strategy utilized to measure infection rates. First, cells were identified gcwordin
FSCGA and SSCA scatter profiles. Then, singlets were gated based orASC FSCH and SSEA vs. SSC

H. Dead cells were gated out, and only live cells were considered according to low staining with Dje
750/777. Infected cells were identifiddised on positive signal for CellTracker Ré8) Infection rates for
cultures reported for DMSleft panels) and MK2206treated (right panels) cells at the indicated timepoints.
Data and data analyses are representative of two biological replicates.

3.5.2 Toxoplasma gondiipromotes nuclear export of host FOX0O3a in an AKF
dependent fashion
Given that AKTFdependent phosphorylation leads to either cytosolic retention or nuclear

export of FOXO34Biggs, Meisenhelder et al. 1999, Brunet, Bonni et al. 1999, Calissi, Lam
et al. 2021)we next set out to assess the subcellular localization of FOXO3a over the course
of the infection by confocal microscopy. In uninfected HFF, FOXO3a was detected mostly
in the nucleus thraghout the entire time coursgig. 3.2A and 3.2B) presumably due to the

lack of phosphorylation of FOXO3a at AK3ensitive residues as observed by western
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blotting (Fig. 3.1A). Conversely, FOXO3a was gradually exported from the host nucleus
upon RH infechn (Fig. 3.2A and 3.2B) in an MOl}dependent fashionF{g. S3.5).
Significant differences in the subcellular localization of FOXO3a were detected 24 h p.i. and
beyond, as evidenced by the decrdaselocalization coefficient of FOXO3a with the
nuclear staiing (Fig. 3.2B). Similarly, nuclear exclusion of FOXO3a was observed in HFF
cultures upon ME49 infectior{g. S3.6). Consistent with our western blot data on the effect

of AKT inhibition on FOXO3a phosphorylatiofrig. 3.1B), HFF treatment with MK2206
preventedT. gonditinducible nuclear export of FOXO3&i@. 3.2C and 3.2D). Taken
together, these data indicate that infectionTbygondiileads to AKTFsensitive FOXO3a

nuclear export.
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Figure 32 T. gondiiinfection leads to AKT-dependent FOXO3a export from the host nucleus
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RH

(A, B) HFF cultures were inoculated with RH gondiitachyzoites or left uninfected and fixed at the indicated
times and processed for confocal immunofluorescence microsc@pi) HFF cultures were pretreated with

2 & M-2R0RB or an equivalent volume of vehicle (i.e., DMSO) for 1 h then inoculated witf.Rjdndii
parasites. Cells were cultured up to 32 h following infection in the presence of absence2@0BIKA, C)
Samples were stained with DAPI (shown in blue), used as a nuclear marker, and for total FOXO3a (shown in
white). Images are representatiof at least two independent experiments. Original magnification (left panels),

4 timesenlarged insets (right panels). PVs are outlined with dashed lines to indicate the presence of parasites
within infected cells.B, D) Co-localization of FOXO3a and DAl was quantified using Pearson R coefficient.

Data are compilated from two independent experiments (n = 2) in which at least 25 cells were analyzed in
different fields of view. Each data point represents the Pearson R coefficient of a single cell. 6004,

and ns, not significant.
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Figure S3.5 The multiplicity of infection (MOI) influences nuclear export of FOXO3a inT. gondik
infected cells

HFF cultures were inoculated with RH gondiitachyzoites at the indicated MOI or left uninfected. Cultures
were fixed 32 h after infection and processed for confocal immunofluorescence microscopy. PVs are outlined
with dashed lines to indicate the presence of parasites within infected cells. ®agprasentative of two
biological replicates.
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Figure S3.6. Infection with type Il T. gondii strain ME49 leads to FOXO3a nuclear export from the
host nucleus

HFF cultures were inoculated with ME49 gondiitachyzoites or left uninfected and fixed at the indicated
times and processed for confocal immunofluorescence microscopy. Samples were stained with DAPI (shown
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in blue) and for total FOX0O3a (shown in whit®riginal magnification (left panels), 4 timeslarged insets
(right panels). PVs are outlined with dashed lines to indicate the presence of parasites within infected cells.
Images are representative of two biological replicates.

3.5.3 Toxoplasma gondii-driven phosphorylation and nuclear export of FOXO3a
requires live infection and EGFRindependent PI3K-AKT signaling

We next sought to determine whether live infection was required to induce phosphorylation
of AKT and FOXO3a. Unlike infection with live parasites, treatment of HFF cultures with
soluble RH or ME49'. gondiiantigens (STAQ) or heddlled (HK) parasites féed to induce
phosphorylation of AKT and FOXO3&i@. 3.3A). Of note, STAg did not lead to AKT and
FOXO3a phosphorylation regardless of the STAg concentrations tEae&8.7.

It was previously reported that phosphorylation of AKT upogondiiinfection was in part
regulated through the early activation of EGfMRIniz-Feliciano, Van Grol et al. 2013Jo

test the involvement of EGFR on the phosphorylation of AKT and FOXO3a, wesated

or not HFF cells with AG148, an EGFR intiitor (Daub, Weiss et al. 199&hen inoculated
cultures or not with RH'. gondiitachyzoites, and collected samples at early timepoints (i.e.,
15, 30, and 60min postinoculation). Infection did not induce noticeable levels of AKT and
FOXO3a phosphorylation at these timepoirfgy( 3.3B). In parallel, HFF cultures were
stimulated with recombinant human EGF (rhEGF) for 10 min as a positive control for EGFR
activaton. Treatment with rhEGF strongly induced the phosphorylation of EGFR (Y1068)
as well as AKT and FOXO3a. Moreover, fireatment with AG148 abrogated rhEGF
induced phosphorylation of EGFR, AKT, and FOXO3a, confirming the efficacy of the
inhibitor at the tested concentration. These data indicate tfat gondiidriven
phosphorylation of FOXO3a requires live infection and is independent of early EGFR and
AKT activation.

Despite the absence of early EGFR activation duFingpndiiinfection, we assessed itde

in the gradual and sustained phosphorylation of AKT and FOXO3a observed at later
timepoints p.i. To do so, we first infected or not HFF cultures with either RH or ME49
gondiitachyzoites. Then, 4 h after inoculation, cultures were treated@ 78 or vehicle

and further incubated for an additional 20 h. This approach helped avoid any effects of the
compound on parasiteds ability to invade ho:
activity did not affect thsphoryadon @fsAKT and s abi |

FOXO03a Fig. 3.3C). Confocal immunofluorescence microscopy analyses confirmed that
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infection byT. gondiistill led to the nuclear export of FOXO3a despite concomitant treatment
with AG1478 Fig. 3.3D). Consideringthese resultswe sought for alternative molecular
mechanisms responsible fér gonditinduced phosphorylation of FOXO3a. It has been
previously shown thafl. gondii can phosphorylate AKT through the activation of its
upstream regulator phosphatidylinositekiBase (P3K) (Wang, Weiss et al. 2009, Muniz
Feliciano, Van Grol et al. 2013, Zhou, Quan et al. 2013, Quan, Chu et al. Zéd&ment

with LY294002, a potent inhibitor of PI3KVIahos, Matter et al. 1994 and MK-2206
completely inhibited AKT and FOXO3a phosphorylatiéiig( 3.3C). In addition to EGFR

and PI3K, PKAJ and mTOR have been shown to upregulate AKT activit{ .igondit
infected cells(\Wang, Weiss et al. 2010, Lopez Corcino, Gonzalez Ferrer et al..ZDd9)
evaluate the potential contribution of these regulators, we treated HFF cultures with either
G66976 or rapamycin, a PKzand an mTOR complex 1 (mTORC1) inhibitor, respectively
(Martiny-Baron, Kazanietz et al. 1993, Leroux, Lorent et al. 20IBgse inhibitors failed to
prevent infectioAinduced phosphorylation of AKT and FOXO3J&d. 3.3C). Of note,none

of these inhibitory compounds displayed overt toxicity on HFF cells at the tested
concentrationsHig. S3.3). Taken together, these results suggest that the RK3Ksignaling

axis is required to induce the phosphorylation of FOXO3a duringondiiinfection but
independently of EGFR, PKT or mTORC1 activity.
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Figure 3.3T. gondii-driven phosphorylation and nuclear export of FOXO3a requires live infection
and EGFR-independent PI3K-AKT signaling

(A) HFF cultures were inoculated with live or hédted (HK) RH or ME49T. gondiitachyzoites, treated with
50ug/mL STAg concentttgon, or left uninfected and untreated for 24 h. Phosphorylation and expression levels
of indicated proteins were monitored by western blot{iByHFF cultureswereprfer eat ed wi t h 1 e M AC
or an equivalent volume of vehicle (i.e., DMSO) for 1 h. Aheultures were inoculated with RH gondii
tachyzoites or left uninfected. Samples were collected at the indicated times following inoculation and
processed for western blotting analyses. As a positive control for the induced phosphorylation of BH&FR, ce
were treated with 100 ng/mL recombinant human EGF for 10 (@)nHFF cultures were inoculated with RH

or ME49T. gondiitachyzoites or left uninfected for 4 h. Then, cultures were treated with the indicated inhibitors
(1 pM AG1478, 20uM LY294002, 2uM MK -2206, 1uM G66976, and 20 nMapamycin), or an equivalent
volume of DMSO (i.e., vehicle) for 20 h. Phosphorylation and expression levels of indicated proteins were
monitored by western blottingD) HFF cultures were inoculated with RH. gondii tachyzoites or left
uninfected for 4 hThen, cultures were treated withul AG1478 or an equivalent volume of DMSO (i.e.,
vehicle) for 20 h. Samples were processed for confocal immunofluorescence microscopy. Fixed cells were
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stained with DAPI (shown in blue), used as a nuclear marker, anotéb FOXO3a (shown in white). Images
are representative of two independent experiments. Original magnification (left panels)-drtiangsd insets

(right panels). PVs are outlined with dashed lines to indicate the presence of parasites withith defécte
Data are representative of at least two biological replicates.
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Figure S3.7 SolubleT. gondiiantigens (STAQ fail to induce FOXO3a phosphorylation and
phenocopy infection with live parasites

HFF cultures were inoculated with RH gondiitachyzoites, treated at the indicated STAg concentration, or
left uninfected and untreated for the indicated times. Phoslattioryand expression levels of indicated proteins
were monitored by western blotting.

3.5.4 Toxoplasma gondiiinhibits the expression of autophagyelated genes through
AKT -dependent inactivation of FOXO3a

Previous reports support the notion tiat gondii prevents autophagyediated killing
through AKT-dependent signalin@Muniz-Feliciano, Van Grol et al. 2013, Lopez Corcino,
Gonzalez Ferrer et al. 2019, Cheng, Zhang et al. 202®yever, the AKT downstream
effector(s) are yet to be identified. FOXO3a is an impoff&of autophagyrelated genes
(Zhou, Liao et al. 2012, Lee, Nam et al. 2018, Audesse, Dhakal et al.th@i %) under the
control of AKT (Brunet, Bonni et al. 1999, Calissi, Lam et al. 20Hgnce, we postulated
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that AKT blocks FOXO3alependent autophagglated transcriptional programs durifg
gondii infection. To test this, we induced transcription of autophatpted genes in HFF
cultures by serum starvation, a weéiscribed approach temduce FOXO3alependent
autophagy(Moruno, Perezlimenez et al. 2012)n addition, cells were treated with MK
2206 to prevent AKIdependent phosphorylation andciear export of FOXO3a. Serum
starvation led to an increase of all autophagjgted transcripts monitored by RJPCR in
uninfected HFF cells compared to control cells not deprived of sdfign33.8A). Of note,
infection byT. gondiisignificantly inhibted starvatioAanduced transcription of autophagy
related genes (i.e., ULK1, BECN1, PINK1, GABARAPL2, SQSTM1, and NBR1), as
compared to uninfected sertsnt ar ved HFF cul t bHig. 84A ar{dFig. e . ,
S3.8A, top panel). Conversely, transcriptiof several other autophagglated genes was
not inhibited byT. gondiiin serumstarved HFF cells (i.e., ATG5, ATG7, ATG12, ATG16L,
BNIP3L, and GABARAP) Fig. S3.8A, bottom panel). Inhibition of AKT by MK2206
treatment enhanced the expressiodiok1l, BECN1, PINK1, GABARAPL2, SQSTM1, and
NBRL1 in infected cellsKig. 3.4A andFig. S3.8A, top panel), highlighting the requirement
of intact AKT signaling for selective transcriptional repression of autophelgied genes

by T. gondii

To resolveT. gondii-driven repression of autophagglated genes through AKdependent
inactivation of FOX0O3a, we generated a FOXO3a knockdown (KD) HFF cell line by shRNA
targeting. In parallel, control HFF cultures were transduced to express-iargeting
scrambled $cr.) shRNA. The efficiency of the KD of FOXO3 and subsequent inhibition of
FOXO3a protein expression were confirmed by-PICR andWestern blot analyses,
respectively [Fig. 3.4B). Infection of either Scr. or FOXO3a KD HFF By gondiimarkedly
inhibited ranscription of ULK1, BECN1, PINK1, GABARAPL2, SQSTM1, and NBR1 as
compared to uninfected sertsnt ar ved Scr . HFF cul turFig.s (i
3.4C andFig. S3.8B). In line with RFqPCR experiments carried out in wildtype (WT) HFF
(Fig. 34A and Fig. S3.8A, top panel), treatment with MB206 enhanced transcription of
autophagyrelated genes if. gonditinfected Scr. HFFKig. 3.4C andFig. S3.8B). In stark
contrast, pharmacological blockade of AKT did not reverse the inhibitory eff@ctgahdii
onthe expression of ULK1, BECN1, PINK1, GABARAPL2, and NBR1 mRNAs in FOXO3a
KD HFF (Fig. 3.4C). Interestingly,T. gonditdriven repression of SQSTML1 transcription
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appeared to be AK@ependent but FOXOdadependent since AKT inhibition led to an
increase in SQSTM1 mRNA levels in both infected Scr. and FOXO3a KD HFF cuFiges (

S3.8B). This set of experiments provides evidefcgondiidownregulates the expression of

selected autophagglated genes through AKdependent inactivation

transcriptional programs.
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Figure 3.4 AKT-FOXO3a-sensitive transcription of autophagyrelated host genes induced upon
serum starvation is impeded followingT. gondiiinfection

cul tures

we r eMKp2R086 brrareeguivaleht valumee bf vebicles(id., DMSO) for 1
h, then inoculated with RH. gondiiparasites or left uninfected. To induce autophagy, cultures were deprived

of serum throughout the course of the infection (24B))Knock-down levels of BXO3 mRNA and FOXO3a
protein in lentivirustransduced HFF was monitored by qPCR WAfastern blotting, respectively, and compared
to cells transduced with scramble (Scr.) shRN@) Scr. or FOXO3 shRNAransduced HFF cultures were
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Figure S3.8 Infection byT. gondiiinhibits serum starvation-induced expression of a subset of
autophagy-related genes through AKT-FOXO3a-dependent mechanisms

(A) HFF cultureswerepre r e at e d wi2208 or @n eguMalektKolume of vehicle (i.e., BOI). Then,

cells were inoculated with RH. gondiitachyzoites or left uninfected for 24 h. Cultures were deprived of FBS
(i.e., serursstarved) for the entire length of the experiment to induce autophagy or not, as indidag. (
Samples weregrocessed for qPCR analyses. Relative mRNA amounts of a subset of autmgatagly
transcripts (normalized to ACTB) were compared to uninfected control cultures. Relative expression fold
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change of the indicated genes was calculated against (A3tanredDMSO-treated uninfected control or (B)

as a percentage of sertgtarved DMSGtreated uninfected Scr. HFF cultures. Each sample was analyzed in
technical triplicates, the averages (SD) of which are plotted. Data are representative of at least twol biologica
replicates.

3.5.5 Toxoplasma gondiidrives AKT -sensitive nuclear export of FOXO3a to prevent
targeting of the parasitophorous vacuole by the host autophagic response

T. gondiicanblock the recruitment of host phagolysosomes and autophagy effectors to the
PV to avoid eliminatiorfMuniz-Feliciano, Van Grol et al. 2013, Portillo, Murkzliciano et

al. 2017, Lopez Corcino, Gonzalez Ferrer et al. 2019, Cheng, Zhang et al. 2822)
previously reported, this is mediated in part through the sustained activbfi&T (Muniz-
Feliciano, Van Grol et al. 2013, Lopez Corcino, Gonzalez Ferrer et al.. 2@l&ynfirm this

in our systemwe infected serurdeprived HFF cultures treated or not with MNIR06 to
inhibit AKT. We then stained cells with LysoTracker Red DR® which selectively stains
acidic organelles, to monitor the presence and recruitment of lysosomal/autophagolysosomal
structures. Consistent with data showrFig. 3.2C, FOXO3a was excluded from the host
nucleus in infected cells but remained nuclear upon-22B6 treatmentHig. 3.5A and

3.5C). Pharmacological blockade of AKT also led to a pronounced increase in thegstainin
intensity and recruitment of acidic structures around the PV as compared to-Dé&és<al
infected cellsig. 3.5A and 3.5B). In parallel, we assessed the expression and localization
of LC3, a welldescribed autophagy effector protéDeretic, Saitoh et al. 201,3)n these
cells. While staining was relatively weak and diffused in the entire cytoplasm of infected
DMSO-treated HFF cultures, punctate staining pattéansLC3 were readily observed
surrounding the PV in MR206treated cellsKig. 3.5B and 3.5D). In line with previous
reports(Muniz-Feliciano, Van Grol et al. 2013, Lop€nrcino, Gonzalez Ferrer et al. 2019)
these data indicate that intact AKT activityTingonditinfected cells is required to prevent
autophagolysosomal targeting of the PV.

To complement our pharmacologl approach, HFF cultures were transduced to express
either a Nterminus Myetagged WT or an AKTesistant form of FOXO3a (i.e., Triple
Mutant; TM), in which AKT-sensitive residues S253, T32, and S315 are mutated to alanine
(i.e., S253A, T32A, S315ABrunet, Bonni et al. 1999, Zhu, Tong et al. 2015, Lee, Nam et
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al. 2018) To ensure that the exogenous My©X0O3a WT form behad similarly to the
endogenous protein vesvis AKT-sensitive subcellular localization, we transduced HFF
cells to express the MyEOXO3a WT form or with the Empty vector. Then, cells were
cultured in nutrientich medium (i.e., 10% FBS) to promote nulexport of FOXO3a
under norrestrictive growth conditions and treated with R06 or DMSO. Using an anti
Myc-tagspecific antibody, Myd-OX0O3a WT was readily observed in the cytoplasm of
DMSO-treated cells but was predominantly nuclear upon AKT inlaibifrig. S3.9A). No
signal was detected in Empigctor transduceHFF cultures highlighting the specificity of
the immunostainingHig. S3.9A). Staining cells using an affiOX03a antibody revealed a
similar subcellular distribution in DMSO versus M¥006treatmentFig. S3.9B). Moreover,
this latter approach confirmed higher expression of FOXO3a in-fM@XO3a WT
transduced cells as compared to Empty vetrarsduced control HFF.

Next, we compared recruitment of acidic organelles and taCte PV in HFFcells
expressing either MyEOX03a WT or MyeFOXO3a TM variants. My&OX0O3a WT was
readily exported from the nucleus upbrgondiiinfection while recruitment of Lysotracker
positive structures and LC3 was minimdfig. 3.6A and 3.6C, top panels). These
observations were in line with those made in WT HFF cultufegs 8.5A and3.5C, top
panels). In stark contrast, mutation of the Ak@nsitive residues precluded nuclear export
of the MycFOX0O3aTM form despite infection byl. gondii(Fig. 3.6A and3.6C, bottom
panels). Recruitment of autophagolysosomal structures and LC3 were Inarkeahced in
infected cells expressing the TM form of FOXOB#&( 3.6A and3.6C, bottom panels, and
3.6B and3.6D). These results were reminiscent of those obtained with the use @20&

in WT HFF cells Fig. 3.5A and 3.5C, bottom panels). Altogethethese data provide
evidence that AKIdependent nuclear export of FOXO3a is necessary to prevent recruitment
of autophagyrelated effectors to the PV, a likely strategy by whiclgondiipromotes its

intracellular survival.
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Figure 3.5. AKT inhibition leads to recruitment of autophagolysosomal markers at the
parasitophorous vacuole

(A,B) HFF cul tures we r-206toraa aquiealknt wolumethof vehicle (\e., BMSO) for 1

h. Cells werehen inoculated with RH. gondiiparasites or left uninfected for 24 h. Cultures were serum
starved for the entire length of the experiment. Samples were processed for confocal immunofluorescence
microscopy. Shown here, cells were stained with DAPI, fox®@a, and 4, B) LysoTrackeE Red DND99

(2 h prior to fixation) or C, D) LC3. Original magnification (left panels), 4 timeslarged insets (right panels).

Data are representative of two biological replicatds @) PVs are outlined with dashdides to indicate the
presence of parasites within infected cells. RecruitmentBdflsosomal/autophagolysosomal structures

(Lysotrackerstained) and ) LC3 to the PV were quantified. Data are presented as mean (SD) are
representative of three biologliaaplicates. **** p < 0.0001.
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Figure 3.6. Recruitment of autophagyrelated effectors to the parasitophorous vacuole is in part
dependent on FOXO3a activity

(A, B) HFF were transduced to express eithéeNninal Myctagged FOXO3a WT or TM forms. Cell cultures

were inoculated with RH. gondiiparasites or left uninfected for 24 h. Cultures were deprived of FBS (i.e.,
starved) for the entire length of the experiment. Samples were processed for confocal immunofluorescence
microscopy. Cells were stained with DAPI, for Miggged FOXO3a, and\( B) LysoTrackeE Red DND99

(2 h prior to fixation) or C, D) LC3. Original magnification (left panels), 4 timeslarged insets (right panels).

Data are representative of two biological replicatds.@) PVs are outlined with dashed lines to indicate the
presence of parasites within infected cells. RecruitmentB)flysosomal/autophagolysosomal structures
(Lysotrackerstained) and ) LC3 to the PV were quantified. Data are presented as mean (SD) are
representative of three biological replicates. *** p.@@1.

3.6 Discussion

Autophagy is a highly regulated catabolic process that targets cytosolic material for
autophagolysosomal degradati@orona Velazquez and Jackson 201i8)as also evolved

into an important host defense mechanism against viruses as wétheslinlar bacteria and
protozoan parasites such Rsgondii(Deretic, Saitoh et al. 2013, Ghartywansah, Adu

Nti et al. 2020) In this regard, it was previously described that G2l IFNo-mediated
activation of autophagic response againgiondiileads to parasite eliminatighing, Shaw

et al. 2006, Van Grol, MuniEeliciano et al. 2013However,T. gondiihas developed several
subversion strategies to counteract autophagic targ@#lngiz-Feliciano, Van Grol et al.

2013, Portillo, MunizFeliciano et al. 2017, Lopez Corcino, Gonzalez Ferrer et al. 2019,
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Nemati, Pazoki et al. 2021, Subauste 2021, ChengygZzéial. 2022)including activation
of host AKT signaling(Muniz-Feliciano, Van Grol et al. 2013, Lopez Corcino, Gonzalez
Ferrer et al. 2019)Despite this body of evidence, AKT downstream targets implicated in
parasitedriven dysregulation of autophagy remained elusive. Herein, using cell imaging in
combination with pharmacological and genetic rapphes, we demonstrate that AKT
dependent curbing of the autophagic responde ggndiidepends in part on the inactivation
of transcriptional programs controlled by FOXO3a.

Reduced nuclear FOXO3a levels were detected in murine macrophages infétted wi
T. gondii(Lee, Kim et al. 2022)In line with these observations, we provide evidenceTthat
gondii actively forces FOXO3a out of the nucleus via AKT to hamper transcriptional
programs involved in host defense responses in HFF. Similarly, the bac@rnagientium
was shown to iduce translocation of nuclear FOXO3a into the cytosol of infected human
HT-29 and mouse CM®B3 epithelial cells lines, and colonic epithelium of infected mice
(Snoeks, Weber et al. 200&ven though no experimental evidence was provided on the
alteration of transcriptional programs downstream of FOXO3a, the observed phenotype was
associated with exacerbated anlammatory cytokine production and disease pathogenesis
duringC. rodentiuminfection(Snoeks, Weber et al. 2008)e observed a dramatic increase
in AKT-sensitive phosphorylation and nuclear exclusion of FOXO3&a mondi-infected
HFF. In stark contrast, HCV was shown to induce FOXO3a phosphorylation at S574, a novel
JNK-sensitive residue that promoted FOXO3a nuclear translocation in human hepatoma
derived HuH7 cell line (Tikhanovich, Kuravi et al. 2014)These data hint at increased
FOXO3amediated transcriptional activity; however, whether FOXO3a exerts-ainalwr
a host protective role during HCV infection was not tested. These reports along with our data
warrant further investigation on the biological consequences of patioyen modulation
of the phosphorylation and subcellular redistribution of FOXO3, éwents that appear to
be contexidependent.
FOXO3a subcellular localization and transcriptional activity do not seem to be modulated in
response to other infectious agents suchlasiberculosisrhinovirus, and HIV; however,
forward and reverse genetiapproaches have provided evidence that FOX@$sendent
transcriptional programs play a crucial role in the outcome of these infedtrans

Grevenynghe, Procopio et al. 2008, Bouzeyen, Haoues et al. 2019, Gilneres Owuar
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et al. 2019)For instance, KD of FOXO3a led to nrprotective responses in M. tuberculesis
infected macrophages whereas overexpression of a constitutively active form of FOXO3a
(i.,e., FOXO3a TM) had the opposite effe(Bouzeyen, Haoues et al. 201%)kewise,
conditional KO of FOXO3a in epithelial airway cellepented type | and IIl IFN production

and efficient antiviral immune responses in mice infected with rhino¢@usenesJunior,

Owuar et al. 2019)The same phenotype was reported in a stable FOXO3a KO human airway
epithelial cell line(GimenesJunior, Owuar et al. 2019)nterestingly, werexpression of
FOXO1, another member of the FOXO family ©Fs restored the expression of Fas
associated factor 1 (FAF1), prevented IRF3 nuclear translocation, and abrogated interferon
stimulated gene (ISG) expression in human epithelial cells infedthdT. gondii (Gao,

Quan et al. 2021 »uggesting a role for FOXOL1 in the regulation of Jediated responses
during toxoplasmsis. In addition, AKTsensitive phosphorylation at T24 and Pi3K
dependent nuclear exclusion of FOXO1 were recently reported. igonditinfected
macrophagefl_ee, Kim et al. 2022)However, it remains to be established whetheondii

alters FOXO1 transcriptional programs in the host cell. Future work is required to shed light
on the regulation and the biological consequences of FOXO1 nuclear exclusionTuring
gondiiinfection.

Our data indicate that AKT and AK3ensitive phosphonyimn of FOXO3a inT. gondit

infected HFF requires intact PI3K activity. These observations are in line with previous
reports showing that either chemical blockade or genetic ablation of PI3K, using LY294002
or pl110U si RNA, respectrylatanlby T. gondii énvbeth t AKT
hematopoietic and nelmematopoietic human cells (i.e., monocytic FHRells, primary

brain microvascular endothelial cells (HBMEC), and human retinal pigment epithelial cells
ARPE-19) (Muniz-Feliciano, Van Grol et al. 2013, Zhou, Quan et al. 2013, Quan, Giu et
2015) Activation of AKT at early stages of infection in HBME@s shown to be triggered

via EGFR autophosphorylation @y gondiimicroneme (MIC) proteins MIC3 and MICS6,
both adhesins h ar b oMuninkelicidhd; Wanl Grt et ald 2008 i n s
Conversely, we did not detect early activatedrEGFRAKT signaling and AKFmediated
phosphorylation of FOXO3a iM. gonditi nf ect ed HF F. Pridiconged
dependent phosphorylation of EGFR has been implicated in sustained activation of AKT in

T. gonditinfected human retinal pigment epitheliaklls ARPE19 (Lopez Corcino,
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Gonzalez Ferrer et al. 2013 stark contrast, HFF treatment with PKC and EGFR inhibitors
(AG1478 and G06976, respectively) did not prevent prolonged phosphorytdtidtT and
FOXO3a uporT. gondiiinfection. These reports, along with our data, suggesttrgandii
infection drives the activation of PIBKKT signaling through diverse mechanisms which
appear to be in part timand host cell typelependent. Comparaé in cellulo analyses and

in vivo studies will shed light on the molecular underpinnings of the ARK-FOX0O3a

axis duringT. gondiiinfection in different cell types and tissues.

Pharmacological approaches employed in the present study also revetledetiieon
induced phosphorylation of AKT and FOXO3a in HFF do not require mTOR activity. These
data are reminiscent of those obtained in {SEBulated macrophages showing that unlike
PI3K, mTOR is dispensable for Akdependent phosphorylation of FOXO@ae, Nam et

al. 201§. Furthermore, AKT activation appeared to require ibedoy live parasites in HFF

since treatment with STAg or HK parasites failed to trigger Ad€Rsitive phosphorylation

of FOXO3a. This latter observation does not exclude the possibility that secreted virulence
factors or other soluble factors are linkedAKT and FOXO3a phosphorylation but rather
that certain events are required for these factors to mediate their effects within the host cell
(e.g., formation and presence of the PV membrane, specific route of entry of these molecules,
etc.). Interestingly both type | and IIT. gondii strains tested (i.e., RH and ME49,
respectively) were able to modulate FOXO3a phosphorylation and nuclear translocation in
an AKT-dependent fashion, suggesting that this is a core process favoring parasite
persistence that és not depend on stragpecific virulence factors. Taken together, our
results indicate that phosphorylation and subsequent inactivation of FOXORagbydii
requires live infection and occurs in a P12KT -dependent fashion independently of EGFR,
PKCU, and mTOR activity in HFF. Further investigation will enable the identification of
potential host and/or parasite factors involved in sustained AKT activation and subsequent
nuclear exclusion of FOXO3a.

Our results are in agreement with two independenlietsushowing that inhibition of AKT
signaling dramatically reduceB. gondii replication but does not hinder infection rates
(Muniz-Feliciano, Van Grol et al. 2013, Choi, Gacakt2020) hinting at a crucial role for

AKT activity to evade host cell defense mechanisms triggered after parasite internalization.

Accordingly, intact PIBKAKT signaling was identified as an essential mechanism utilized
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by T. gondiito hamper oxidative stress responfekoi, Gao et al. 202Gnd autophagy
mediated parasite clearan¢®luniz-Feliciano, Van Grol et al. 2013)Confirming and
extending the latter report, we provide evidence that FOXO3a representgnatréam
effector of AKT targeted b¥. gondiito prevent accumulation of the autophagy protein LC3
and recruitment of acidic organelles around the PV. This is achieved in part through
transcriptional repression of a subset of autoptratpted genes presmisly identified as

bona fide FOXO3a targets using a combination of chromatin immunoprecipitation {ChliP)
Seq and RNASeq analyse§Audesse, Dhakal et al. 201%arasitedirected silencing of
FOXO3aregulated autophagy transcripts identified in our screening may impede several
steps of the host autophagic responsejuding initiation and nucleation and cargo
recruitment (i.e., BECN1 and ULK1), and trafficking (e.g., NBR1 and GABARAPER). (

3.7) (Audesse, Dhakal et al. 2019, Cheng 2019)line with this notion, knockdown of
BECNL1 in T. gonditinfected cells was shown to abrogate Obdduced autophagic
targeting of the P\{Van Grol, MunizFeliciano et al. 2013)nd prevent parasite killing upon
chemical blockade of AKT signalinMuniz-Feliciano, Van Grol et al. 2013%imilarly,
knockdown of ULK1 restored parasite replication despite pharmacological downregulation
of sustained AKT phosphorylation duriiiggondiiinfection using an EGFR tyrosine kinase
inhibitor (Lopez Corcino, Gonzalez Ferrer et al. 201R)rther supporting our hypothesis
that downregulation of FOXO3a transcriptional programs contributes to the multifaceted
strategy utilized byl. gondiito stave off autophagic targeting, recruitment of LC3 and acidic
organelle structures to the Rvas markedly increased in cells expressing a mutated- AKT
resistant form of FOXO3a. These observations are consistent with previous studies showing
that overexpression of FOXO3a TM increases the number of LC3 puncta and promotes
autophagic activity in mioglia and HEK293T cellé&Zhou, Liao et al. 2012,ee, Nam et al.

2018) It is noteworthy thafl. gondii manipulates autophagy throughe positive and
negative regulation of the autophagy effectors ATG5, ATG12, and ATG7 to hinder cargo
recruitment and elongation steps around the PV thereby promoting parasite replication
(Nemati, Pazoki et al. 2022mportantly, our datandicate that not all bona fide autophagy
related FOXO3aegulated genes are modulated followifiggondiiinfection while other
genes, such as SQSTM1, seemed to be -AlKfgendent but FOXOJadependent.

Therefore,T. gonditdriven transcriptional reprogmaning of host autophagy genes cannot
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be solely attributed to FOXO3a dysregulation and further investigation is required to identify
additional players.

In sum, we report a novel mechanism employed bgondiito inhibit autophagic targeting
through represion of FOXO3a transcriptional activitfig. 3.7). In recent years, promoting

host cell autophagy has become an increasingly attractive therapeutic strategy Tagainst
gondii (Cheng, Zhang et al. 2022nterestingly, in addition to autophagy, other cellular
processes that are transcriptionally regulated by FOXO3a (e.g., apoptosis, cell cycle,
oxidative sress, etc.jvan Grevenynghe, Cubas et al. 2012, Calissi, Lam et al. 202 4)so
targeted byT. gondii(Zhu, Li et al. 2019)Moreover, FOXO3a has emerged as promising
druggable target for various pathological conditions (e.g., cancer, diabetes, cardiovascular
diseasg, chronic neurological diseases, ef€alissi, Lam et al. 2021Hence, it is tempting

to speculate that restoritiganscriptional programs regulated by FOXO3a, including but not
limited to autophagyelated genes, could represent a new therapeutic approach to treat
toxoplasmosis. Further characterization of altered transcriptional networks under the control
of FOX0O3a and potentially other FOXO family members, durihggondiiinfection will

yield invaluable healthelated knowledge to develop effective and safe -tiwetted
strategies for better treatment or prevention of toxoplasmosis and potentially otherusfectio

diseases.
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(A) Upon establishment and replication within the FVgondiitachyzoites (shown in pink forming a rosette)
activate the host cell PI3KKT signaling pathway independently of EGFR, PECand mTOR.
Phosphorylation of AKT (S473 and T308) leads to its activatand in turn to the phosphorylation of FOXO3a

at AKT-sensitive residues (S253 and T32). Phosphorylation of FOXO3a at these residues leads to its nuclear
exclusion and its inactivation. As such, transcription of a subset of FOX&8andent autophagelated genes

(i .e., ULK1, BECN1l, NBR1, PINK1, and GABARAPL2) 1is dc
the downward red arrows). Proteins encoded by this subset of transcripts are reported to participate in distinct
steps of the autophagic responsght panel). Consequently, autophagic targeting of the PV is prevented,
favoring parasite survival and replicatiof8) Pharmacological inhibition of the PIBKKT pathway (i.e.,
treatment with LY294092 or MK206) precludes AKTependent phosphorylatioméh nuclear export of
FOXO3a thus promoting transcription of autophaglated genes (as indicated by upward black arrows) despite
infection by T. gondii Exogenous expression of an AK&sistant form of FOXO3a harboring phosphosite
mutations (S253A, T32Aand S315A) phenocopies chemical activation of FOXiti8en autophagic targeting

of T. gondii

3.7 Materials and Methods
3.7.1 Reagents

Culture media and supplements were purchased from Wisent and Gibco; AG1478, G66976,
and MK-2206 were obtained from Cayman Chemical; LY294002 was purchased from
Camdea; rapamycin was obtained from LC Laboratories; and recombinant human EGF was
a gift from Dr. Stéphane Lefrancois (INRSCentre AFSB, Laval, QC, Canada).

3.7.2 Parasite Maintenance and Harvest

T. gondiitachyzoite cultures (RH and ME49 strains) were maintained by serial passages in
Vero cells grown in DMEM culture medium supplemented with 5%-hesttivated FBS, 2

mM L-glutamate, 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL
streptomycin, andhcubated at 37°C, 5% CO2, as previously descr{hedoux, Lorent et

al. 2018) For experimental infections, freshly egressed tachyzoites were harvested from
Vero cultures, pelleted by centrifugation (1,300 x g, 7 min, 4°C), resuspéndssicold

PBS (pH 7.27.4), and passed through a syringe fitted with a 27 G needle. Large cellular
debris and intact host cells were pelleted by-&p&ed centrifugation (200 x g, 3 min, 4°C),
and the supernatant containing parasites was filtered wBhpuatpolycarbonate filter
(Millipore). Tachyzoites were then washed twice in PBS and finally resuspended in the
appropriate culture medium, according to the experiment.
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3.7.3 SolubleT. gondiiantigens (STAg) and heakilled (HK) parasites

STAg were prepared from freshly egressed tachyzoites, as previously degtepedx,
Dasanayke et al. 2015)Briefly, parasites were resuspended indo&l PBS, subjected to

three Bmin cycles of freezing/thawing gy liquid nitrogen and a 37°C water bath, then
sonicated on ice for 5 min (1 sec on/off pulses, 30% duty cycle) using a Sonic Dismembrator
FB505 (ThermoFisher). Lysates were cleared by centrifugation (21,000 x g, 15 min, 4°C),
and soluble material contang STAg was used for downstream experiments. {Kdiatl

(HK) parasites were prepared by incubating freshly egressed tachyzoites at 56°C for 10 min.
After incubation, parasites were pelleted by centrifugation (1,300 x g, 7 min, RT) and

resuspended in treppropriate culture medium, according to the experiment.

3.7.4 Infection of HFF and 3T3 fibroblasts

HFF and 3T3 cultures were plated one day before infection in DMEM culture medium
supplemented with 10% hemiactivated FBS, 2 mM {glutamate, 1 mM sodium pyruvate,

100 U/mL penicillin, and 100 pg/mL streptomycin at 37°C, 5% CO2. Cultures were-serum
starval for 1 h and treated with inhibitors, when applicable. HFF cultures were then
inoculated with live or HK parasites, treated with STAg, or left uninfected in fresh medium
with 1% FBS unless otherwise indicated. Any remaining extracellular parasites ngee ri
away with warm PBS (pH 7-2.4) 1 h following inoculation, fresh medium was added with
inhibitors, when applicable, and cells were incubated until the end of the experiment. When
needed, cultures were deprived of FBS (i.e., sestarved) for the ene length of the
experiment to induce autophagy.

3.7.5 Measurement of Infection Rates by Flow Cytometry

Parasite infection rates were determined by flow cytometry, as des(rdredix, Chaparro
et al. 2020) In brief, HFF cultures were piteeated with Mk2206 or an equivalent volume
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of DMSO, then inoculated witd. gondiit achy zoi tes previously
CellTracker Red (CMPTX) (Invitrogen). Cultures were harvested at the indicated times by
trypsinization, stained for 30 min at RT with the viability dye LoreDye 750/777
(Biotium), washed twice with FACS BufféPBS pH 7.27.4, 0.1% BSA), then fixed with
1% PFA in PBS (15 min, on ice). Samples were analyzed by flow cytometry using a BD

Fortessa, and downstream analyses were performed with FlowJo.

3.7.6 Measurement of Parasite Replication

Parasite replication was evaluated by epifluorescence microscopy. Briefly, infected HFF
cultures were fixed at the indicated times with PBS with 3.7% PFA (15 min, RT). Cells were
permeabilized with PBS with 0.2% Triton-200 (5 min, RT), stained with DARB min,

RT), then mounted onto slides. The number of parasites in at least 50 vacuoles in different
fields for each time point and treatment was counted by microscopy ushX ail-

immersion objective.

3.7.7 Viability Assays

Viability of HFF cultures vas determined by the resazurin assay as desdi@ieaparro,
Leroux et al. 2020)Briefly, cells were treated with increasing concentrations of AG1478
(0.062518 e M), LY2PDUDD® 2 NHRO6Z08IRS 16 e M), G°6976
T8 €M), r aip sy, iorran gguvalenolume of DMSO (vehicle) for 24 h at
37°C, 5% CO2. Medium was removed and replaced with fresh culture medium supplemented
with 0.025% resazurin. Cultures were incubated for 4 h in presence of the inhibitors or
DMSO at 37°C, 5% CO2. Optical density was mead using a Multiskan GO (Thermo

Fisher) at 600 and 570 nm. Absorbance at 600 nm was subtracted from readings at 570 nm.

Experiments were performed in biological replicates (n =2); each sample was analyzed in a
technical triplicate, the average of whicasplotted against increasing concentrations of the

respective inhibitor.

3.7.8 Western Blot Analysis
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Following infection and other treatments, cultures were lysed directly withvgnaed
Laemmli loading buffer diluted in RIPA lysis buffer (25 mM TrH 7.6), 150 mM NacCl,

1% TritonX 100, 0.5% sodium deoxycholate, 0.1% SDS) supplemented witiplete
EDTA-free protease inhibitor and PhosSTOP phosphatase inhibitor tablets {Sldynch).
Lysates were immediately heated at 95°C for 5 min, then store8D&E or processed
immediately for SDSPAGE. Resolved proteins were transferred onto PVDF membranes.
Membranes were blocked for 1 h at RT in TBS 0.1% Tw&@(IBST), 5% skim milk, then
probed with the following primary antibodies: aptiospheEGFR (Y1®8) (clone D7A5,
#3777), antEGFR (clone D38B1, #4267), aqthospheAKT (S473) (clone D9E, #4060),
antiphospheAKT (T308) (clone C31ESE, #2965), aafKT (clone C67E7, #4691), anti
phospheFOX0O3a (S253) (clone D18H8, #13129), gotiospheFOX0O3a (T32)
(polyclonal, #9464), anr OX O3 a (cl one 7 5-Bcln, (clo#e283H20DIO0, and
#3700) were obtained from Cell Signaling Technologies:Bngondiiprofilin-like protein
(polyclonal, #AF3860) was purchased from R&D Systems. Membranes were then probed
with either goat antrabbit, goat antmouse (SigmaAldrich), or rabbit antgoat (R&D
Systems) IgG horseradish peroxidase (HR#ed antibodies. Sigequently, proteins were
visualized using the Clarity ECL Western blotting substrate-f@ad) and exposing the

membranes to autoradiography film.
3.7.9 Immunofluorescence and Confocal Microscopy

HFF were seeded onto glass coverslips kw24 plates oernight. When applicable, cells
were preloaded with the lysomotropic agent LysoTradekeéRed DND99 (Invitrogen)
diluted in DMEM (0.5uM, final concentration) for 2 h at 37°C. At each timepoint, cells were
rinsed with PBS three times and then fixed with?8 Faraformaldehyde (PFA) in PBS for

15 min at RT. Cell were permeabilized with 0.2% Tritor100 (in PBS) for 5 min at RT.
Samples were kept in blocking solution (5% skim milk, 1% BSA, 5% normal goat serum in
PBS) for 30 min at RT and incubated for 2 HRat with the following primary antibodies
diluted in PBS with 1% BSA: antOX0O3a (clone 75D8, #2497) and aktyc-Tag (clone
71D10, #2278) were obtained from Cell Signaling Technologies:L&8i (clone 4E12,
#M152-3) was purchased from MBL Internation8amples were then incubated with the

following fluorochromeconjugated secondary antibodies for 1 h at RT: goatrabhit IgG
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(H+L) Alexa Fluor 647 (#A32733), donkey amébbit IgG (H+L) Alexa Fluor 647 (#A
31573), and donkey antiouse IgG (H+L) Alexa-luor 488 (#A21202) were purchased
from Invitrogen. Nuclei were stained with 300 nM 4di@midinc2-phenylindole dilactate
(DAPI) (Invitrogen) for 5 min at RT. Coverslips were mounted onto slides with Fluoromount
G (Southern Biotech). Samples were vigzead with the 40X objective of an LSM780 Zeiss
confocal microscope, image acquisition was carried out using ZEN software, and image
processing was performed with Icy Software from the Institut PagteurChaumont,
Dallongeville et al. 2012)

3.7.10 Quantitative RT-PCR

RNA was extracted with Qiazgl Qi a g e n) according to the manu
Purified RNA (500 ng) was reverse transcribed using LunaScript® RT SuperMix Kit (New

England Biolabs). Quantitative PCR was performed with Luna® qPCR Master Mix (New

England Biolabs). Relative qudintation was calculated using the comparative Ct method

( oo Taylor, Wakem et al. 2010and relative expression was normalized to human

ACTB. Experiments were performed in independent biological replicates (n=3); each sample

was analyzed in a technical triplicate, the average of which was plotted against the respective
conditions used. PRriers were designed using NCBI  PriaeirAST
(http://www.ncbi.nlm.nih.gov/tools/primdrlast/) Table 3.1).

Table 3.1 List of Primers

Target Sense Sequence (56" 30)
ACTB Forward TGACCCAGATCATGTTTGAGACC
Reverse IAGGGATAGCACAGCCTGGAT
FOXO3 Forward CGTGCCCTACTTCAAGGATAA
Reverse ATTCTGGACCCGCATGAATC
ATG5 Forward CACAAGCAACTCTGGATGGGATTG
Reverse GCAGCCACAGGACGAAACAG
ATG7 Forward TCGAAAGCCATGATGTCGTCTT
Reverse CCAAAGCAGCATTGATGACCA
GABARAP Forward CTCCCTTATTCAGGACCGGC
Reverse TGCCAACTCCACCATTAC

130



ATG12 Forward TGCTAAAGGCTGTGGGAGAC
Reverse ACTGTTCTGAGGCCACAAGTT
ATG16L1 Forward GCATGACGTACCAAACAGGC
Reverse ACTCCCCACGTTTCTTGTGT
BECN1 Forward CCACAGAAAGTGCCAACAGC
Reverse GACGTTGAGCTGAGTGTCCA
BNIP3L Forward GGACTCGGCTTGTTGTGTTG
Reverse TCGACTAGGTGGGACGAC
GABARAPL2 Forward IAGTCCCACAGTCCAGCCTAA
Reverse CGCAAAAGTGTTCTCTCCGC
NBR1 Forward IATTCACCCCACAGGGATAGC
Reverse AACCTGTGGTTCCATGCTGT
SQSTM1 Forward TGTGTAGCGTCTGCGAGGGAAA
Reverse AGTGTCCGTGGTTCACCTTCCCG
PINK1 Forward CCTGGAGTGTGAAACGCTCT
Reverse CTCCCACCCTCACCATTCAC
ULK1 Forward GGACACCATCAGGCTCTTCC
Reverse GAAGCCGAAGTCAGCGATCT
WIPI1 Forward TGCACATCCCTAGCAACTGG
Reverse CTCCACGATGTAGACGTCGC

3.7.11 Lentivirus Production and HFF Transduction

Lentiviruses were produced in HEK293T cells using L-&ai& HIV Expression Packaging

Kit, as per manufacturer s guidelines (Gene
measured using LeaRa& HIV gRT-PCR Titration Kit (GeneCopoeia, #LTOG4dccording

to the manufacturerds protocol. HFF cell s w
preparations for 3 days i n cul ture medi um
(hexadimethrine bromide). Transduced cultures were either used immediately for
downstream experiments or selected for 6 day
cell lines. Plasmids, shRNA clones, and open reading frame (ORF) expression clones were

purchased from GeneCopoeiable 3.2).
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Table 3.2 List of sShRNA and ORF Clones

ShRNA clones

Target

Catalog # Genecopoeia

Description

Scramble (Scr.)

CSHCTRO01LVRUG6MP

ShRNA scrambled control clone for gsVRU6MP

FOXO3

CS-HSHO005759LVRUGMP-02

ShRNA clone set of 3 constructs against 3 variants for hiFaaf03]
(ENST00000540898.1, NM_001455.4, and NM_201559.3
lentiviral psiLVRUGMP vector with U6 promoter, mCher
puromycin

\Vector and ORF clones

Label

Catalog # Genecopoeia

Description

Empty Vector

EX-NEG-Lv107

Empty control vector for pReceiw107 vector

Myc-FOXO3a WT

EX-Z1129Lv107

ORF expression clone for humB@XO3(NM_201559.2) in lentivir
pReceiveiv107 vector with CMV promoter, N\Myc tag, puromyci

Myc-FOXO3a TM

CSZ11291Lv107-01

Custom ORF expression clone for human FOXO3 (NM_2015
with T32A, S253A & S315A mutations in lentiviral pReceitarl07]
\vecta with CMV promoter, NMyc tag, puromycin

3.7.12 Statistical Analysis

Where applicable, data are presented as the mean (standard deviation) (SD) of the mean.

Statistical significance was determined by using-wag ANOVA followed by a Tukey

posthoc testoratwd ai | e d

i nde p eTest bliowed BytalBdnéemaniaest T

hoc test; calculations were performed by using Prism 7 software package (GraphPad).

Differences were considered significant when *p < 0.05, ** p < 0.01, *** p < 0.80d,

wk 1) < 0,0001.
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Discussion

134



4.1 Autophagy as a DoubleEdged Sword in Pathogen Infection: Exploitation and
Evasion Mechanisms

Several pathogens ufieeir hostautophagy, a cellular process that breaks down unwanted
components for nutrients, to replicate and survive. One such pathibggondii, can use
autophagy to acquire nutrients but it's not entirely clear how-t@uipetes the host for these
resourcegDeretic, Saitoh et al. 2013, Ghartkywansah Adu-Nti et al. 2020) Autophagy is

a crucial pathway through which parasites effectively compete with the host for nutrients, but
the host has also developed countermeasures to prevent pathogen J@hevdéy
Kwansah, AdeNti et al. 2020) Research into the complex interplay between autophagy and
pathogen evasion mechanisms may lead to new therapeutic strategies against infectious
diseases, including toxoplasmofisng, Shaw et al. 2006)

T. gondiihas developed strategies to counteract autophagic targeting, such as activating host
AKT signaling, which curbs the autophagic respdiMeniz-Feliciano, Van Grol et al. 2013,

Van Grol, MunizFeliciano et al. 2013, Portillo, MizzFeliciano et al. 2017, Lopez Corcino,
Gonzalez Ferrer et al. 2019, Nemati, Pazoki et al. 2021, Subauste 2021, Cheng, Zhang et al.
2022) In this research work, we show that the inactivation of transcriptional programs
controlled by FOXO3a is partly responsible for Aii€pendent curbing of theiphagic
response by. gondii

Understanding the interaction between pathogens and host cells requires distinguishing
between two forms of autophagy: starvatinduced autophaggr macroautophagynd

other autophagic pathwagsich as xenophagin the context of xenophagy, pathogens first
undergo ubiquitination before autophagy receptors recognize them. They are then labeled
with the LC3 protein. In LC&ssociated phagocytosis (LAP), LC3 is dikgetdded to the
vacuole membrane and operates independently of the ULK initiation corf(plettey
Kwansah, AdeNti et al. 2020)

Activation of the ULK complex, consisting of ATG13, FIP200, and ATG101, iesidhe
host autophagic response. Additionally, the recognition PAMPs by conserved pattern
recognition receptors (PRRs), including TLRs, serves as the first line of defense against
pathogens. Recent studies have shown that these crucial irnefai®el recejors play a role

in regulating autophagyJiang, Tan et al. 2019)This knowledge is essential for
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comprehending how parasites manipulate autophagy pathways for their f@&hefitey
Kwansah, AdeNti et al. 2020)

Neverthelesssome pathogens have mechanisms to block autograbyr use it for their

own benefit, creating a complex interplay between autophagy and microbial adaptations that
determine the outcome of hgsathogen encountertn this context, thedeployment of
autophagic machinery by eukaryotic pathogens may alsoilwatetrto their pathogenesis
(Deretic anl Levine 2009)

Some bacteria have mechanisms to evade autophagy, while others use it to their advantage
For example Francisella tularensigeplicates within host cells by using autophagosomes,
andwhereas othdracteria induce autophagy to generatghisomeghybrid organellsthat
areformed through the fusion of autophagosomes with late endosomes or lysasoithes
provide nutrients for their growi{steele, Brunton et al. 2013, Yu, Chen et al. 2038yeral
pathogens depend on intracellular nutrients to survive and replicate and can utilize host
autophagy to access the intracellular pool of nutrients by degrading macromaechles

amino acids, lipids, and puringacludingT. gondii Dengue virusF. tularensis Anaplasma
phagocytophilumBurkholderia pseudomalleCoxiella burnetij andL. amozonensisThese
pathogensnduce autophagy and harvest the resulting nutrients while avoiding degradation.
Interestingly,limited availability d nutrients, caused by inhibited autophagy in host cells
may impair replication of certain intracellular pathogéhsang, Weiss et al. 2009, Heaton

and Randall 2010, Steele, Brunton et al. 2013, Riebisch, Muhlen et al. 2021)

T. gondii induces autophagy in a calcittiependent and mTOR-independent manner,
inhibiting h o s t auat@phabybédscreasés gondiireplication(Wang, Weiss et al. 2009)

On the other handusion ofT. gonditcontainingPVs with autophagosomes leads to parasite
destructionNWang, Weiss et al. 2009, Munrkliciano, Van Grol et al. 2013)

In this study, we confirm that fusion @f. gonditcontainingPVs with autophagosomes
results in the destruction of the parasitesibition of FOXO3a transcriptional activity and

the activation of AKT were found to decrease the destructioh gondiiwithin the PV
because of diminished autophagionsideringhesefindings, along with the results tie
reported literatureit appears thal. gondii may rely on early autophagy activation for
nutrient acquisition. However, during the later stages of infection, the parasite seems to

inhibit autophagy as a strategyeawadets destruction.
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Similarly, Chikungunya virusB. pseudomalleiandL. amazonensialso exhibit enhanced
replication when autophagy is induced and impaired intracellular replication when autophagy
is inhibited. Other intracellular pathogens, inclgdétyphimurium use autophagy to evade
host defenses, but several other intracellular pathogens includingondii harvest
autophagyderived productdor their replication (Gutierrez, Vazquez et al. 2005, Wang,
Weiss et al. 2009, Heaton and Randall 2010, Krejbidtot, Gay et al. 201 yrino, Araujo

et al. 2012, Muni#eliciano, Van Grol et al. 2013, Steele, Brunton et al. 2013, Newton,
Kohler et al. 2014)

T. gondiitriggers autophagy in host cells and consumes host cell mass to effectively compete
with the host for nutrient8@Vang, Weiss et al. 2009nterestingly, the parasite requires host
cell lipophagy to acquire essential fastyids and promote its growtaindhost mitochondria
fuse together during infection to restritt gondiis uptake of fatty acids (FAs), thereby
limiting the parasite's growtfiPernas, Bean et al. 2018)jpophagy is crucial foll. gondiis
siphoning of FAs and growth, amal host cells lacking mitochondrial fusion or deficient in
lipophagy or triglyceride depots reducedyondiigrowthis found Mitochondrial fusion can

act as a cellular defense mechanism against intracellular parasiitesting their access to
host nutrients obtained through lipophd&ernas, Bean et al. 2018)

Concerning lipophagyAKT -dependent phosphorylation BOXO1 or its deacetylatiorby
SIRT1,results in itdranslocatiorfrom the nucleus to the cytoplasand itsinteractionwith
ATGT7 to triggerlipophagy(Zhao, Wang et al. 2010, Zhao, Yang et al. 2010, Lettieri Barbato,
Tatulli et al. 2013) This highlights the extranuclear role of FOXO proteins in inducing
lipophagy and possiblgenerating FAs and carbon sources needed. fgondils growth and
replication.

In conclusion, lipophagy may provide the necessary energy. fgondiito replicate within
host cells interestingly, his work coupled with the research conducted(bge, Kim et al.
2022) has shown that the paras@an inducehe translocationof FOXO proteinssuch as
FOXO03a and FOXO1from the nucleus to the cytoplasm, inhibiting ttlearanceof the
parasite througkkenophagy, angossibly,promoting the availability of resources thréug
lipophagy preliminary data depicting the translocati@amd regulationof FOXO1 is
illustrated inFigure 4.1 However, the complex interplay between autophagyTargbndii

adaptations that determine the outcome of-pagtogen encounters underscores rieed
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for more research in this argarticularly the role of FOXOL1 in regulating lipophagy and its

subsequent cytoplasmic functions.
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Figure 4.1T. gondiiinduces phosphorylation of host FOXO1 and leads to AK®ependent FOXO1
export from the host nucleus

(A) HFF cultures were inoculated with either RHgondiitachyzoites or left uninfected for the indicated times

then processed for western blot analys@sosphorylation and expression levels of indicated proteins were
monitored by west er n -aotin waretused & a loadiog cankrol, anth anuantibosly raised b
againstT. gondiiprofilin-like protein was used to assess infection of HFFucedt Total protein extracts from

138



extracell ul &gontl yohy zveirtee u s(efd -teactivity ofrthe antibodies againBtany cr o s

gondii proteins(B) HFF cultures were inoculated with RH gondiitachyzoites or left uninfected and fixat

the indicated times and processed for confocal immunofluorescence microscopy. HFF cultures were pretreated
wi t h 2 -220B8lor Bhkequivalent volume of vehicle (i.e., DMSO) for 1 h then inoculated with Béhdii
parasites. Cells were cultured up ®I8following infection in the presence absence of MK2206. Samples

were stained with DAPI (shown in blue), used as a nuclear marker, and for total FOXO1 (shown in white).
Original magnification (left panels), 4 timeslarged insets (right panels). iaary antibodies: Antphosphe
FOXO03/1a (T32/T24) (polyclonal, #9464) and aR@®XO1 (clone C29H4, #2880) were obtained from Cell
Signaling Technologies. These results should be interpreted as preliminary data and are representative of a
single biological eplicate.

4.2 The Intricate Role of FOXO Proteins in Host-pathogenl nteraction: Complexities in
Regulation andAltered Functions

FOXO TFsare a group of proteins that play crucial roles in several cellular processes such
as metabolic adaptation, autophagy, oxidative stress response, and cell growth. In humans,
FOXO geneshave originated from successive gene duplications hade intrinsicaly
disordered regions that interact with different proté®shmittNey 2020) Ther activity is
regulated phosphorylation, acetylation, ubiquitination, methylation, and cysteine oxidation,
which influence their cellular localization, DNA bindiegpacity transactivationas well as
interaction withother proteingWang, Yu et al. 2016)FOXOs have broad expression and
reguate the expression of their own paralogtso, thephenotype of knockout mice for a
single FOXO member may be milder than expected due to compensation from remaining
family members. The regulation and function of FOXOs are complexnaot/e multiple
signaling pathway$SchmittNey 2020)

In our research, we focused on investigating the negative regulation of FOXO3a
transcriptional activity duringl. gondiiinfection. We found that FOXO3a plays a crucial

role in activating autophagy ama eliminating the parasite in lattage infection in human
fibroblasts. However, we acknowledge the possibility that other FOXO psotsiich as
FOXO1, may have a greater impact on autophagy or parasite survival. There could be a
compensatory mechanism at play, where other FOXO members compensate for the negative
regulation exerted by. gondii Surprisingly, our preliminary dateigure 4.1, along with
literature reportél ee, Kim et al. 2022)uggest that both FOXO3a and FOXO1 areletgd

in a similar manner durin@. gondiiinfection. It is also likely that FOXO4 and FOXO6

follow the same regulation pattern. However, further studies involving knockout and

139

C



knockdown of thes@Fs, both individually and in combination, are necessargeiermine

if T. gondiican extend its regulation to the entire FOXO family or if there is a compensatory
or redundantresponse between these protetasitrolling autophagyAdditionally, each

FOXO proteinmay playa distinct role in infected cellg~or instance, theinhibition or
activation of FOX0O3a may impact mitochondrial metabolism, while thkibition or
activationof FOXO1 may influence lipid metabolism and the provision of energy resources
for parasite growth.

However,and despite the majority of FRO's sequence being comprised of intrinsically
disordered regions, these regions contain conserved sites that mediate essential regulatory
processes, includinBTMs and proteirprotein interactiongWang, Marshall et al. 2015)

While our research has primarily focused on phosphorylation as the primary PTM utilized
by T. gondiito negatively regulate@®XO3a transactivation, we acknowledge the possibility

of other PTMs, such as acetylation and methylation, occurring simultaneously with
phosphorylation during infection. It is intriguing to consider whether the combination of
various PTMs during infectiomight trigger distinct functions of FOXO proteins. For
instance, in our study, we observed that FOXO3a undergoes phosphorylation, yet it does not
appear to be degraded; instead, it accumulates in the cytoplasm. This leads us to speculate
that after infecttn, FOXO3a is phosphorylated, sequestered in the cytoplasm, and not
ubiquitinated for proteasomal degradation. Additionally, it is plausible that FOXO3a
undergoes acetylation, potentially promoting its cytoplasmic functions, including migration
to the mitewhondria. Similarly, in the case of FOXO1, it is likely that acetylation is involved

in lipophagy. Further research is needed to explore the specific interplay between different
PTMs and the functional consequences for FOXO proteins during infection.

Additionally, FOXO TFs are implicatedin responses caused loxidative stress, DNA
damage/repair, and tuman angiogenesis. The activity of these processes is modulated
through PTMs, such as phosphorylation, acetylation, ubiquitination, methylation, and
glycog/lation, which influence subcellular localization, transcriptional activity, and
downstream target genes of FOXO proteins. Recent research suggests that different stimuli
activate different FOXO PTMs, and that some PTMs may exert opposing effects taimainta
FOXO protein activity at a specific level. Moreover, several enzymes that modify FOXO

proteins are downstream target genes of FOM& forming a positive feedback loop.
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Additionally, certain PTMs affect each other, influencing the activity of FOXOeprst
directly and indirectly. This complex regulatory mechanism has implications for the
relationship between disease and FOXO PTWang, Yu et al. 2016)

Furthermore, FOXOTFs play a vital role in regulating cellular quality control, cellular
metabolism, and resistance to strégyspromotirg the expression of genes involved in
autophagy and the ubiquitproteasome system, which are essential for maintaining
proteostasis, an important processaging and ageelated metabolic and neurodegenerative
disease¢Du and Zheng 2021)n mammaliameurons, FOXO Fsregulate autophagy and
mitophagy, which may have implications for neurodegenerative diseases. FOXO3 promotes
mitophagy by activating the PINK1 gene, whitducingapoptosis in dopaminergic neurons
under conditions of oxidative stresshel paradoxical roles of FOXDFs in dopaminergic
neuron survival and death depend on the level of FOXO activation or the context in which
FOXO is activateqWebb and Brunet 2014)

Dysregulation of FOXO activity caused by conditions such as obesity and insulin resistance
can lead to various metdim disorders, including type 2 diabetes. Understanding the
complex mechanism of tissispecific metabolic regulation by FOXO and the ftoaing
mechanism by the FOX®inding protein may help prevent and treat metabolic disorders
(Kodani and Nakae 2020n our cag, and as a promising avenue for future research, it is
crucial to further explore the interaction of FOX®swith binding proteins, including 14

3-3, ATG7, and various members of tBetuin protein family. Investigating these protein
interactions holdsignificant relevance and can provide valuable insights into the regulatory
mechanisms and functional implications associated with FOR€andthe manipulation of

the host cell durind@. gondiiinfection.

Mitochondria are vital organelles for various o@r processes, and their dysfunction is
implicated in several diseases. The maintenance of mitochondrial homeostasis is critical for
metabolic health and tissue function. FOXOs can regulate mitochondrial processes such as
biogenesis, fusion, and fissioms well as autophagy, but their effects may vary in different
cells and tissues. Moreover, the complex interplktyveermitochondrial processes may also
influence the outcome of FOXO modulati@heng, Zhang et al. 2022, Cheng 2022)

For instance,the FOXO3 isoform2, an Merminal truncatedversion of the fulkFlength

FOXO3 is involved in osteoclastogenesis and rheumatoid arthritis, but its biological function
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has beeminclear(Xu, Vitone et al. 2019)n this study it is suggested tHDXO3 isoform2

expression patterns and functions mayaltered in response to different environmental

settings and that future studies are needed to uncover its regulation and potential therapeutic
implications(Xu, Vitone et al. 2019)it is crucial to investigate wheth&:r gondiiinfection

can influence the regulation of FOXO3 isoforms and determine whether such alterations have

any impact on the establishment of infection or the pathogenesis of toxoplasmaosis.

Interestingly, depending on the subcellular context, activated FOX@Baes specific sets

of genes, including cell cycle inhibitors, papoptotic genes, ROS scavengers, autophagy
effectors, and gluconeogenic enzymes, and can also induce the transcription of OXPHOS
genes in mitochondrigrasano, Disciglio et al. 2019)

FOXO3a is an adaptable player in the dynamic homeostasis of normal and stressauticells,

its crosstalk between nuclear and mitochondrial functions is crucial for maintaining cellular
homeostasig¢Fasano, Disciglio et al. 2019)he possibility ofT. gondiimanipulating the

subcellular localization of FOXO3a, translocating it from the nucleus to the cytoplasm, and
subsequently directing it to the mitochondria to enhatscenitochondrial function presents

an intriguing research question for future investigations. Examining the interplay bdtween
gondiiand FOXO3a, patrticularly its impact on mitochondrial dynamics, holds promise for
expanding our understanding of the icdite hostiparasite interactions and may unveil novel

avenues for therapeutic interventions.

The complex regulation of FOXO proteins, which is dependent on various factors such as
PTMs, epigenetics, and interaction with accessory proteins, among others, suggests that their

role in the hospathogen interaction must be equally intricate. A stud¢8mpeks, Weber et

al. 2008)explored the effects of bacterial infection on FOXO3a in intestinal epithelial cells

and its contribution to intestinal inflammation. The study found that bacterial
lipopolysaccharide and infection wi@itrobacter rodentiuninduce transication of nuclear

FOXO3a into the cytosol, where it degrades in humas2Biiand mouse CMB3 cells. LPS

was found to inhibit FOXO3a vidPI3K pathway, leading to the upregulation of
proinflammatory interleukik’l8 by suppressing i Ghoddntutmas vy | 8 BU.
shown to induce translocation of nuclear FOXO3a into the cytosol of colonic epithelium of
infected mice. While no experimental evidence was provided on the alteration of

transcriptional programs downstream of FOXO3a, the observed phenedgpassociated
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with exacerbated primflammatory cytokine production and disease pathogenesis dDring
rodentiuminfection(Snoeks, Weber et al. 2008) agreement with thesevestigations, our

work showed that. gondiialso actively force FOXO3a out of the nucleusRI8K/AKT to

hamper transcriptional programs involved in host defense responses in human foreskin
fibroblasts.

The regulation of FOXO proteins, specifically XO3a, duringT. gondii infection is a
complex process influenced by various factors. These factors include the diversity of PTMs
that FOXO proteins undergo, the effects of different isoforms, specific stimuli, cell type
variations, interactions with othgroteins, and the balance between transcriptional and
cytoplasmic activitiesWe have observed that the regulation of FOXO3a in mouse and
human macrophages (BMDMs and THP1, respectively) differs slightly from that seen in
HFFs. In fibroblasts, both FOXO3ad FOXO1 remain preserved outside the cell nucleus,
with FOXO3aexerting a negative regulation @s transcriptional activity. However, our
preliminary data indicate that in macrophages, FOXO3a tends to be downregulated with a
progressive decrease in dbtprotein throughout the infection. This suggests that the
cytoplasmic functions of FOXO3a may not be required by the parasite in this ¢céigexe

4.2 These findings highlight the ndmomogeneous and nawnserved nature of FOXO
protein regulation ding T. gondiiinfection, varying depending on the specific cell type
being infected. It is evident that more studies are necessary to confirm the role of FOXO
proteins in other cell types and gain a comprehensive understanding of their involvement in
T. gondii infection. Moreover, an intriguing observation arises when examining the
regulation of FOXO3a during. gondiiinfection. There appears to be a lack of variation in

the regulation between typeand typell strain parasites. Furthermore, this regulatory
mechanismseems to be conserved across mouse and human cells, encompassing both

fibroblasts and macrophages from both species.
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Figure 4.2 Impact of T. gondiiinfection on FOXO3a protein levels in BMDM and THP1 cells

BMDM cells or THR1 cells were inoculated with either RH or ME#9gondiitachyzoites or left uninfected

for the indicated times then processed for western blot analpkesphorylation and exmsion levels of
indicated proteins were moni t o-acéndverbysedwsadoadingcontioll ot t i ng
and an antibody raised agaifistgondiiprofilin-like protein was used to assess infection of BMDM cells and

THP-1cells. Totapr ot ei n extracts from extracellular t-achyzoite
reactivity of the antibodies againbt gondiiproteins. These results should be interpreted as preliminary data

and are representative of a single biologieglicate Leroux, LPL unpublished data
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As previously mentioned, FOXO proteins play a crucial rofeamtaininghost homeostasis.

One notable example ithe involvement ofFOXO3ain the regulation ofthe hepatic
antioxidant responsesystem. Infection with hepatitis C virus (HCV) and alcohol
consumption have been shown to disrupt this system, leading to chronic liver injury. A study
by (Tikhanovich, Kuravi et al. 2014xamined the effects of HCV infection and alcohol on
the regulation of FOX03, and found that, in cositta our findings in th&. gondiiinfection
model, HC\induced FOXO3 phosphorylation at a novdun Nterminal kinase (JNK) site
promoted nuclear translocation and transcription. Conversely, alcohol suppressed-arginine
methylation of FOXO3, leading tauclear export and degradation of the JNK
phosphorylated forniTikhanovich, Kuravi et al. 2014)

Although we show thatT. gondii infection induce AKTsensitive phosphorylation and
nuclear exclusion of FOXO3a in human foreskin fibroblakisbiological consequences of
pathogerdriven modulation of FOXO3 are not fully understood and require further
investigation.

To further our understanding of the impact of FOXO prateieregulation, particularly
FOXO3a, on the pathogenesis of toxoplasmosis, there is a need for future resediesh

One crucial aspect involves establishingvivo infection models to determine T. gondii

and its various infective forms can disrupt FOXO protein regulation in a similar manner to
what has been observed in specific cell lines sucHREisand THP-1. Additionally, it is
essential to explore more complexperimental models that encompass a broader range of
cell and tissue diversity, such as organoids.

Examining the effects of FOXO protein manipulation duringgondiiinfection through
comprehensive omics approaches like transcriptomics or prote@ratsoinecessary. This
analysis would determine if the alteration of FOXO proteins impacts various cellular
functions beyond autophagy, ultimately leading to detrimental effects on the host and
contributing to the pathogenesis of toxoplasmdsis. worth noting that deregulation of a
single TF can trigger alterations in a broader set of transcriptional targets. Therefore,
experimental investigations are crucial to elucidate the specific clinical manifestations
associated with toxoplasmosis, such as coitgjetoxoplasmosis, embryonic development,

cerebral toxoplasmosis, and the disruption of host neuronal functions.
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The subcellular localization and transcriptional activity of FOXO3a do not appear to be
affected by various infectious agents, but studiemgugorward and reverse genetics
approaches have shown that FOX@igpendent transcriptional programs play a critical role
in the outcome of infections witM. tuberculosis Rhinovirus(RV), and HIV. FOX0O3a
negatively regulatethe expression of H10 inM. tuberculosisinfected macrophages, which
can suppress the host immune response and contribute to Tuberculosis pathogenesis and
persistence. Knocking down FOXO3 expression increasd® fhroduction in BCGnfected
macrophages, while activation of FOXOZXreased the expression of M1 markers and
decreased the expression of4Land IL-10 (van Grevenynghe, Procopio et al. 2008,
Bouzeyen, Haoues et al. 2019, Gimedesior, Owuar et al. 2019)

Airway epithelial cells fay a critical role in antiviral responses to RV, and recent research
has shown that FOXO3a is involved in regulating-tglle-specific antiviral responses in
airway epithelial cells, and itablationresults in reduced interferon responses to RV and
defective doublestranded RNA receptor signaling. In mice infected with RV, FOX0O3a
depletion leads to viral persistence, enhanced lung inflammation, and elevated pro
inflammatory cytokine levels. Treatment with MitoTEMPO, a mitochondnpecific
antioxidant,restores antivirainterferonresponses and reduces qmflammatory cytokine
responses to RV in FOX0O3a knockout cells, suggesting that FOXO3a contributes to optimal
viral clearance and limits excessive lung inflammation following RV infecti®menes
Junior, Owuar et al. 2@).

In a recent study bylLee, Kim et al. 2022)it was reportedthat T. gondii infection in
macrophages resulted in AKSensitive phosphorylation at T24 and Pi8&pendent nuclear
exclusion of FOXO1The authors also found that SIRT1 contributes to autophagy activation
via the AMRK and PI3K/AKT signaling pathways, promoting afiti gondii responses.
SIRT1- deficient BMDMs exhibited increased intracellular survivalTofgondiicompared

to wild-type cells, whereas activation of SIRT1 resulted in the induction of autophagy and
incresed antT. gondii effect. Additionally,the study describethat SIRT1 regulates the
FOXO-autophagy axis in several human diseases, and gfomdirinduced phosphorylation,
acetylation, and cytosolic translocation of FOXO1 were enhanced in Sl&&ficient
BMDMs, nevertheless, future work is required to shed light on the regulation and biological

consequences of FOXO1 nuclear exclusion dufingpndi infection(Lee, Kim et al. 2022)
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The study revealed a previously unappreciated role for SIRT1 gondiiinfection and its
regulation of the FOX&autophagy axis, highlighting its potential as a therapeutic target
Based on the results obtained in oesearch worlkand the studiesegarding the regulation

of FOXO proteins during . gondiiinfection (Lee, Kim et al. 2022)we propose that the
elimination or downregulation of FOXO3a during infection may enhance the parasite's
replication within the host cell. To test this hypothesis, we empltheldiD HFFs targeting
FOXO3a and compared the replication rate of the parasite between these knockdown cells
andcontrol HFF transduced to express a-temgeting scrambled (Scr) shRN8urprisingly,
contrary to our expectations, the preliminary data indictitat the absence of FOXO3a
during infection does not contribute to an increase in the replication rate. In fact, it appears
to have anegativeimpact on replication compared to tBer HFFinfected cellsFigure 4.3

These findings lead us to confirm thatgondiiseems to derive benefits from maintaining
FOXO3a outside the nucleus, while avoiding degradation in the cytoplasm, possibly

contributing to its cytoplasmic functions.
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Figure 4.3 FOXO3a knockdown (KD) leads to a reduced replication rate of. gondii

Scr or FOX03 shRNAransduced HFF cultures were inoculated with Ridondiiparasites or left uninfected.
Cultures were deprived of serum throughout the course of the infection (24 h). Cultures were fixed and
processed for microscopy analyses. The number of parasites per PV in at least 50 infected cells in different

fields of view were enumerated. Data collected from two independent experiment were comgiledt
significant.
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In summary, FOXO'Fs have a multifaceted role in infectious diseases andgaibbgen
interactions. In the case ®f gondii research suggests that fherasite can manipulate the
host immune response by modulating the activity of FOXXQ Our study confirmed that

T. gondiipromotes the phosphorylation of FOXO3a, which inhibits its transcriptional activity
and promotes the parasite's survival in the beB. Conversely, the activation of FOXO3a
might lead to the clearance @t gondiiinfection. Furthermore, studies have demonstrated
thatT. gondiiinfection can induce theegulationof FOXO1, which may have implications
for metabolic adaptation andfi@mmation. These findings highlight the importance of
understanding the complex regulatory mechanisms of FOR€N infectious diseases and

hostpathogen interactions.

4.3 Beyond EGFR: Revealing a Novel Pathway for AKT Activation DuringT. gondii
Infection

T. gondiiis an obligate intracellular parasite that subverts host cell signaling pathways to
promote its own survival and replication. Our data indicate that Ad€pendent
phosphorylation of FOXO3a if. gonditinfected HFE requires intact PR activity. These
observations are in line with previous reports showing that either chemical blockade or
genetic ablation of Pl 3K, using LY294002
phosphorylation byf. gondiiin both hematopoietic and ndrematopatic human cells (i.e.,
monocytic THP1 cells, primary brain microvascular endothelial cells (HBMEC), and human
retinal pigment epithelial cells ARPE (Muniz-Feliciano, Van Grol et al. 2013, Van Grol,
Muniz-Feliciano et al. 2013, Zhou, Quan et al. 2013, Quan, Chu et al.. Z0gondiiresides

in a vacuole that excludes lysosomal degradation and autophedjgted killing. However,
autophagy can reoute thePV to the lysosomes and cause parasite killing. To prevent
autophagyT. gondiiactivates EGFR in endothelial cells, retinal pigment epithelial cells, and
microglia. The blockade of EGFR AKT causes targeting of the parasite by LC3, vacuole
lysosomal fusion, lgyosomal degradation, and killing of the parasite that are dependent on the
autophagy proteins ATG7 and BECLINL.

T. gondii micronemeproteins containing EGF domains promote EGFR activation, and
recombinant EGIMICs cause EGFRRAKT activation. On the other hand@, gondiidown
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regulates host Nox4 expression via activation of theaKIAKT signaling pathway and
thereby prevents innate imme defens€Zhou, Quan et al. 201.3)his highlightsT. gondiis

ability to manipulate host signaling pathways, which is crucial for its survival and
proliferation within the host. Understanding these mechanisms of subverting host immunity
is essential to develop new strategies to control infection. The R3Ksignaling pathway

is not only important foil. gondiito evade clearance by autophagy, but also for the control
of the immune response against the parasite. By modulating the host immune reBponse,
gondii can establish a chronic infection and evdue tost's defense mechanisgikiniz-
Feliciano, Van Grokt al. 2013, Van Grol, Munifeliciano et al. 2013, Zhou, Quan et al.
2013, Quan, Chu et al. 2015)

Recent studies have been dedicated to investigating the early stages of the invasion process
upon initial contact witil. gondiishowng that the activation of AKT at the early stages of

T. gondiiinfection in HBMEC is triggered through EGFR autophosphorylatiof.lyondii
proteins MI C3 and MI C6 , which ar Mungz-dhesins
Feliciano, Van Grol et al. 2013). gonditinduced activation of EGFR preventst@phagy
proteinmediated killing of the parasite, @sgondiiresides in an intracellular compartment
that excludes transmembrane molecules required for enddgsos®me recruitment.
However, T. gondiimay deploy a strategy to prevent autophagic targdth maintain the
non-fusogenic nature of the vacugMuniz-Feliciano, Van Grol et al. 2013I)n cells treated

with autophagy stimulators (CD154, rapamycin), EGFR signaling inhibited LC3
accumulation around the parasite, whereas blbekd EGFR or its downstream molecule,
AKT, caused killing of the parasitd-urthermore disassembly of &roteincoupled
receptors or inhibition of metalloproteinase® ot prevent EGFRAKT activation.
Additionally, parasites defective in EG®ICs causedimpaired EGFRAKT activation
(Muniz-Feliciano, Van Grol et al. 20L3However,in our research workhe activation of
EGFRAKT signaling and AKFmediated phosphorylation of FOXO3a was not detected in
T. gonditinfected HFB. These findings suggest that gondiiemploys different strategies

to promote parasite survival in differerddt cell types, with EGFR activation being a crucial
mechanism for maintaining the nfunsogenic nature of theV in certain host cells.

It is noteworthy that the activation of the EGFR signaling pathway diitiggndiiinfection

appears to be primaripnd closely associated with the early stages of infection. Interestingly,
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our model demonstrates that this pathway becomes dispensable for the parasite in later stages
of infection once it has successfully established a secure replicative niche withistlell.

It is intriguing to observe that despite the need to evade autophagy activation during the lysis
process near the time of parasite exit, the parasite employs alternative routes and potentially
utilizes virulence factors other than MIC proteindhnEGFlike domains. This suggests a
complex mechanism employed by the parasite to persist and evade host defenses throughout
the infection cycle.

T. gondiiavoids being eliminated by autophagy by inducing prolonged host EGFR signaling.

In a study condued by (Lopez Corcino, Gonzalez Ferrer et al. 2Qlifwas found that
prol onged -®Brd&depdridénK ghbsphorylation of EGFR leads to sustained
activation of AKT inT. gonditinfected human ARPR9 cells. While the parasite triggers
EGFR signaling during invasion of host cells to avoid initial autophagic targeting, it may also
use a strategy end invasion to maintain blockade of autophagic targeting. Inhibition of
EGFR using gefitinib (EGFR tyrosine kinase inhibitor) in previously infected cells resulted

in parasite entrapment by LC3 and LAMPand pathogen killing dependent on the
autophagy pteins ULK1 and BECLIN1 as well as lysosomal enzymes. Moreover, the
administration of gefitinib to mice with ocular and cerebral toxoplasmosis led to disease
control that was dependent on BECLINL1. In contrast, our study showetiehting HFF

with PKC and EGFR inhibitors AG1478 and G066976, respectively) did not prevent
prolonged phosphorylation of AKT and FOXO3a uplargondiiinfection. These findings
indicate thafl. gondiiinfection drives the activation of PISBKKT signaling through diverse
mechanims which appear to be timand host cell typelependent. Comparatiwe cellulo
analyses anth vivo studies will help to elucidate the molecular underpinnings of the PI3K
AKT-FOXO3a axis during. gondiiinfection in different cell types and tissughen, Hu

et al. 2019, Lopez Corcino, Gonzalez Ferrer et al. 2019)

During the penetration of mammalian cells, the formation of the moving junction, which is
accompanied by the expression of rhoptry neck protein RONdages FAK, leading to Src
signaling. Src transactivates EGFR triggering early STAT3 signaling that prevents activation
of PKR, thereby inhibiting autophagic targeting of the pargBitetillo, MunizFeliciano et

al. 2017) FAK/Srd(Y845)EGFR/STAT3 signaling axis within mammalian cells has been

found to prevent activation of PKR and el F2U
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enable the parasite to survive by avoiding autophagic targéthgun, Michelin et al. 2005,
Portillo, MunizFeliciano et al. 2017, Subauste 2Q18khough our study did not directly
establish the link between MIC3, MIC9 and RON4 virulence factors and FOXO3a
phosphorylation olocalization, our observations suggest thaséhiactors might not play a

role in the transcriptional regulation of FOXO3a durihggondiiinfection. The effect of

these factors wawotlate in the infection process, and we observed that EGFR activation was
not necessary for the phosphorylation of Rnd FOXO3a. Based on these findings, we
speculate that other factors that are expressed later in the infection process and are
independent of th@. gondii strain might be responsible for the regulation of FOXO3a
phosphorylation antbcalization. Therefe, further studies are required to investigate the
role of such factors in the transcriptional regulation of FOXO3a ddrirgpndiiinfection
(Tables 1 and 2 present the virulence factors, highlighted in red, which may potentially be
involved in the actiation of FOXO3a through AKT phosphorylation durifig gondii
infection).

In the present study, pharmacological approaches were used to investigate the involvement
of mTOR in infectiorinduced phosphorylation of AKT and FOXO3a in HFFhe results
showed hat mTOR activity was not required for the phosphorylation of AKT and FOXO3a,
which is consistent with the findings in LB8mulated macrophages where mTOR was
found to be dispensable for AKdependent phosphorylation of FOXO@aee, Nam et al.
2018) TLR4 activation has been shown to suppress autophagy through inhibition of FOXO3
and impair phagocytic capacity of microglizee, Nam et al. 2018Microglia are phagocytic
immune cells that reside in the central nervous system and have been shown to share many
characteristics with macrophages. In the studfLbg, Nam et al. 2018}t was demonstrated

that LPSinduced TLR4 activation suppressed autoph&gydnd expression of ATG genes

in microglia, in contrast to the stimulation of autophagy in macrophages. Interestingly,
inhibition of PI3K, but not mTOR, restored autophagy flux with concomitant
dephosphorylation and nuclear translocation of FOXIDs finding implies that FOXO3
might serve as a promising downstream candidate in the TLR4/PI3K pathway to regulate
autophagy inhibition. It is particularly intriguing because previous research has firmly
established'. gondils ability to activate TLR4 signalg during its invasion procegRicci-
Azevedo, Mendoncalatividade et al. 2021)
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Although T. gondii is known to activate TLR4 during early stages of infect{Ricci-
Azevedo, Mendoncalatividade et al. 2021)t cannot be concluded that this receptor is
involved in the regulation of FOXOZad autophagthroughPI3K/AKT in HFFs, since this
processs late and occurs mainly after the establishmemiaision and replication within

the host cell. Howevefl,. gondiihas been shown to modulate host cell responses to favor its
success in the early stage of infections by secreting MIC1 and NR@ti-Azevedo,
MendoncaNatividade et al. 2021)which trigger preinflammatory host cell responses by
interacting with Nlinked glycans on TLR2 and TLR4#&ctivating NF-s Band producing
cytokines such as H12, TNFU and IL-6. Interestingly, MIC1 and MIC4 also induce the
production of the aninflammatory cytokine 1E10 through mechanisms that are not yet fully
understood surprisingly, FOXO3a is a negate regulator of IL10 expressigiBouzeyen,
Haoues et al. 2019)'he ability of these MICs to induce macrophages to produd® IL
depends on TLR4 internalization from the cell surface and macrophages subjected to
blockade of endocytosis failed to producelll in response to MIC1 or MIC4 exposure, and
MIC1- or MIC4-stimulated macrophages gained transient tolerance toRR8i-Azevedo,
MendoncaNatividade et al. 2021Yhis intriguing observation raises the possibility that the
secretion of MIC1 and MIC4, leading to TLR4 activation and subsequent phosphorylation of
FOXO3a, plays a role in expelling FOXO3a from the nucleus and facilitating the production
of IL10. This mechanism could provide a partial explanationTiogondils ability to
manipulate the TLR4/FOXO3a/IL10 pathway, ultimately triggering aniaflammatory
response. Nevertheless, further investigation is required to fully elucidate this research
guestion in future studies.

In addition, our study showed that AKT activation require infection by live parasites in HFFs,
indicating that certain events are required for the virulence factors to mediate their effects
within the host cell (e.g., formatiand presence of the PV membrane, specific route of entry
of these molecules, etc.). The results also showed that both type | Bndalhdiistrains

tested were able to modulate FOXO3a phosphorylation and nuclear translocation in-an AKT
dependent fashiorsuggesting that this is a core process favoring parasite persistence that
does not depend on straspecific virulence factors.

Although our findings demonstrate that the phosphorylation of FOXO3d%233) and the

total accumulation of FOXO3a proteireadependent on the MQhe exclusion of FOX0O3a
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from the nucleus appears to be independenit gfondiitypes | or Il. However, there is a
possibility that this phenomenon is partially attenuated (resulting in decreased
phosphorylation and accumulationf®X0O3a) inT. gondiiME49. This attenuation could

be attributed to the production of a virulence factor that is expressed to a lesser extent or is
less active in type Il strains, rather than solely dud .tgondii ME49 having a lower
replication rate comared toT. gondiiRH (Radke, Striepen et.a2001, Khan and Grigg

2017) For instance, GRA15 exhibits higher activity in type | strains but is lesg actiype

Il strains(Rosowski, Lu et al. 2011, Virreira Winter, Niedelman et al. 2011, Yang, Farrell et
al. 2013, Sangare, Yang &t 2019, lhara, Fereig et al. 2020) contrast, other virulence
factors, such as GRA16, have limited inforinatavailable regarding their activity variation
between strains. Future research is needed to elucidate the specific virulence factor
responsible for regulating FOXO3a duriiiggondiiinfection.

Taken together, our results indicate that phosphorylaimh subsequent inactivation of
FOXO3a byT. gondiirequires live infection and occurs in a PKT -dependent fashion
independently of EGFR, PKCU, and mTOR acti vi
the identification of potential host and/or parasite factors involved in sustained AKT
activation ad subsequent nuclear exclusion of FOXO3a. Interestingly, the virulence factor
GRAL6 is a dense granule protein exported lyondiithat targets the host cell nucleus and
alters gene expressiqBougdour, Durandau et al. 2013)he protein binds to two host
enzymes, HAUSP and PP2A phosphatase, to regulate the p53 tumor suppressor pathway and
the cell cycle. GRAL6 alters p53 levels in a HAU&Dendent manner and induceslear
translocation of the PP2A holoenzyme. Inhibition of HAUSP activity by small molecules or
knockout of the enzyme induces p53 stabilization. The upregulation of p53 stability is
believed to contribute to the formation of nuclear complexes thatetrigtge nuclear
phosphoactivation of AKT and FOXO3a in response to stress st{@uén, Choi et al.

2022) While the kinetics and yield of GRAL16 secretion suggest continuous secretion
throughout the intracellular life of the parasite, the mechanism of delivery from the vacuolar
space to the host cell cytopfagemains unclear. GRA16 represents an emerging subfamily

of exported dense granule proteins that modulate host function and are crucial for

pathogenesis. Given the limited understanding of the link between GRA16 and
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PISK/AKT/FOXO3a, further studies are e¢essary to validate this hypothesis and elucidate

the underlying mechanisms.

44 T. gondii Inhibits Autophagy-Related Gene Expression through AKTDependent
Inactivation of FOXO Transcription Factors: A Proposed Model and Future
Perspectives

T. gondii can survive by residing within BV in infected cells, which shields it from
lysosomal degradation. However, it remains vulnerable to autophadiated killing. Our
results support two independent studies showing that inhibition of AKT signaling
dramatically reduced§. gondii replication lut does not hinder infection ratéMuniz-
Feliciano, Van Grol et al. 2013, Choi, Gao et al. 20Z0)s suggests a crucial role for AKT
activity in evading host cell defense mechanisms triggered after parasite internalization.
EGFR activation has been identified as a crucial strategy employedjoyndiito ensure its
survival within a norfusogenicPV, particularly in the early stages of infectidowever,

our findings revealed a noteworthy discrepancy. In our study, &teF3T3 cellgnfected

with T. gondiiRH and ME49 strains did not exhibit phosphorylation of b&##R and AKT
during the early stages of infection (15 minutes to 4 hours). This outcome contradicts
previous reports in the literature that emphasize the significance of H@BRted AKT
activation in various cell lines. It becomes evident from thesetsethalt the regulation of

the PISK/AKT/FOXO3a pathway is contingent upon the specific cell type and the timing of
infection. This mechanism is regulated independently from the late stages, which was the
focus of our studyln other cell linesand n the edy stages,T. gondii MIC proteins
containing EGF domains promote EGFR activation, and parasites defective iMESF
cause impaired EGFRKT activation (Muniz-Feliciano, Van Grol et al. 201.3)n DCs T.

gondii has been shown to induce AKT phosphorylation, and inhibition of PI3K, reduces
gondii proliferation. Additionally, T. gondii has been found to activate the PI3K/AKT
pathway and control NOX4 expression to reduce ROS levels, suggesting that manipulating
the host PI3K/AKT signaling pathway and NOX4 expression is crucial for the parasite's
survival and proliferatiorfZhou, Quan et al. 2013pespite this, our model suggests that

fibroblasts infected witfi. gondiido not appear to utilize the classical pattern of EGFR/AKT
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activation and consequently, the regjidn of FOXO3a does not occur early in the infection
process.

Interestingly, the involvement of the PIBK/AKT pathway in Nox4 transcriptiaother cell
linesimplies that FOXOTFs may also play a role in regulating Nox4 transcription. FOXO
TFs have beerinked to redox signaling and the regulation of proliferation and apoptosis.
TheselFscan be inhibited and translocated out of the nucleus upon phosphorylation by AKT
in the PI3K signaling pathway. Our data showed fhatgondii infection induces the
phoghorylation of FOXO3a and its relocation out of the nucleus into the cytosol, which
correlates with decreased autophagic flux during infection. This finding is consistent with the
results of(Zhou, Quan et al. 2013yvho also described a correlation betwdergondit
induced ROS reduction, PISK/AKT pathway activation, and FOXO phosphorylation and
translocation. In that sense, FOXO3a esents a downstream effector of AKT targeted by

T. gondiito prevent the accumulation of the autophagy protein LC3 and recruitment of acidic
organelles around the PV. Moreover, FOXO3a directly regulates an autophagy network to
functionally regulate protetssis in adult neural stem cells, contributing to the cell's response
to oxidative stresfAudesse, Dhakal et al. 2019)

Taken together, these studies suggestdbtvation of PISK/AKT/FOXO signaling is an
essential mechanism utilized bly. gondii to hamper oxidative stress responses and
autophagymediated parasitdearanc€Muniz-Feliciano, Van Grol et al. 2013, Choi, Gao et

al. 2020) Hence,T. gondii can manipulate the PI3K/AKT/FOXO signaling pathway to
regulate autophagy and oxidative stress responses, and it may also be manipulating other
biological processes in the host cells through the regulation of FOXOs, includingsipopt
metabolism, cell cycle, and immune response, to the benefit of the parasite. Further research
should be directed towards understanding fogondils manipulation of thesgFs affects

the host cell.

Our screening identified FOXO3agulated autophggranscripts that, when silenced by the
parasite, may impede several steps of the host autophagic response, including initiation,
nucleation, cargo recruitment (such as BECN1 and ULK1), and trafficking (e.g., NBR1 and
GABARAPL2), Figure 3.7 (Audesse, Dhakal et al. 2019, Cheng 2018jerestingly,
FOXO3a promotes autophagy meural stem celldy regulating a direct network of

auophagy genes critical for maintaining cellular quality control, preventing aggregate
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accumulation, and reducing neurodegeneration in mam@atiesse, Dhakal et al. 2019)
Alteration of FOXO3a during infection may not only enable parasite survival but also
partially account for the pathogenesis observed during alimm@nifestations, including
cerebral toxoplasmosis. In line with this, dysregulation of FOXO3a autophagy targets can
result in neurodegeneration during ag{Agidesse, Dhakal et al. 201%loreover, FOXO3

also regulates mitophagy, a selective form of autophagy in which mitochondria are recruited
into the autophagy plaway, by targeting genes involvedclusivelyin mitophagy such as
PINK1, BNIP3, and BNIP3L(Audesse, Dhakal et al. 201®%ur research findings indicate

that FOXO3a transcriptional targets, including PINK1 and WIPI1, were downregulated
during T. gondiiinfection inan AKT -dependent manner, providing novel insighmt®oithe
mechanisms underlying the possible pathogenesis of this infection. PINK1 is a mitochondrial
targeted serine/threonine kinase that directly phosphorylates thbi@8tin ligase Parkin

on the surface of mitochondria to target them to the autopbaggswhich is critical for
Parkinson's diseag@Audesse, Dhakal el. 2019) The interplay between FOXO3a and other
transcriptional networks regulating autophagy is crucial for optimal cellular quality control
under changing environmental conditiqAsidesse, Dhakal et al. 201%urther studies are
necessary to investigate the connection between the modulation of mitophagyoimdii
infection and the progression of cerebral toxoplasmosis.

In line with this notion knockdown of BECN1 inl. gonditinfected cells was shown to
abrogate CD40nduced autophagic targeting of the PV and prevent parasite killing upon
chemical blockade of AKT signalin/an Grol, MunizFeliciano et al. 2013)Similarly,
knockdown of ULK1 restored parasite replication despharmacological downregulation

of sustained AKT phosphorylation durifig gondiiinfection (Muniz-Feliciano, Van Grol et

al. 2013) In our work, the downregulation of FOXO3a transcriptional programs has been
proposed to contribute tthe multifaceted strategy utilized by. gondii to stave off
autophagic targeting. Recruitment of LC3 and acidic organelle structures to the PV was
markedly increased in HFF cells expressing a mutated-Adsistant form of FOXO3a. This

is consistent withprevious studies showing that overexpression of FOXO3a increases
autophagic activity in microglia and HEK293T cellopez Corcino, Gonzalez Ferrer et al.
2019) Furthermore, other FOXO protein family members, including FOXO1, have been

shown to be involved in the modulation of autophdgge, Nam et al. 2018fpeifically,
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FOXO3 induces a transcriptiatependent autophagy, and FOXO1 is required for this
procesgLee, Nam et al. 2018T he data also showed that FOXO3 promoted the translocation
of FOXO1 from the nucleus to the cytoplasm, resulting in an increase in F0ded
autophagy. Interestingly, depletion of FOXO1 attenuated FOX@3ced autophagfLee,

Nam et al. 2018) Together, these findings suggest that the regulation of FOXO1 and
FOXO3a transcripbnal programs plays a critical role in the control of autophagy ddring
gondii infection (Zhou, Liao et al. 2012, Munigeliciano, Van Grol et al. 2013, Van Grol,
Muniz-Feliciano et al. 2013, Lee, Nam et al. 2018, Lopez Corcino, Gonzalez Ferrer et al.
2019)

It is noteworthy thafl. gondiiis known to manipulate the autophagy process through the
positive and negative regulation of autophagy effectors such as ATG5, ATG12, and ATGY7,
which hinders cargoecruitment anelongation steps around the PV and promotes parasite
replication(Nemati, Pazoki et al. 2021Additionally, the expression of autophagy genes
such as ATG5, ATG7, ATG12, and LC3b was evaluated in Rid#évated THPL cells
incubated withT. gondiiprofilin and tachyzoites for 6 hours. The results showed That
gondii profilin and tachyzoites downregulated the expression of ATG5 and ATG12 while
upregulating ATG7, indicating thak. gondiiand profilin may manipulate autophagy by
preventing the formation of theT&5-12-16L complex, thus facilitating the replicationf
gondiiand the development of toxoplasmda®emati, Pazoki et al. 2021ipterestingly, our
experimental model did not show negative regulation of ATG5 and ATG12 duriggndii
infection. However, we found a positive induction of ATG7, which appears to be independent
of regulation through the PIBK/AKT/FOXO3a pathway. Notably, ATG7 has beenfiddnti

as a cytoplasmic protein that, along with the cytoplasmic form of FOXO1, induces autophagy
(Zhao, Yang et al. 2010Moreover, ATG7 has been described as an essential protein for
obtaining fatty acids byl. gondiiduring the induction of lipophag{Pernas, Bean et al.
2018) However, it is important to note that not all autophegjgted FOXO3aegulated

genes are modulated following. gondiiinfection, and additional investigation is needed to
identify other players involved iit. gonditdriven transcriptional reprogramming of host
autophagy genes. For example, it was also found that SQSTM1 seemed to-bepdfifient

but FOXO3aindependent.
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In sum, we report a novel mechanism employed bgondiito inhibit autophagic targeting
through repression of FOXO3a transcriptional actigiigure 4.4A). Upon establishment

and replication within the PVT. gondii tachyzoites activate the host cell PIAKT
signaling pathway independently of EGFR, PKC
and T308) leads to its activation, which, in turn, phosphorylates Ba>4D AKT-sensitive
residues (S253 and T32), resulting in its nuclear exclusion and inactivation. This
downregulates transcription of FOXOdapendent autophagglated genes (e.g., ULK1,
BECN1, NBR1, PINK1, and GABARAPL2), whose encoded proteins partecipadistinct

steps of the autophagic response. As a result, autophagic targeting of the PV is prevented,
promoting parasite survival and replication. However, pharmacological inhibition of the
PI3K-AKT pathway (e.g., LY294092 or MiR206 treatment) prediies AKT-dependent
phosphorylation and nuclear export of FOXO3a, promoting transcription of autephagy
related genes despite gondiiinfection. Exogenous expression of an Ak&sistant form of
FOXO3a harboring phosphosite mutations (S253A, T32A, and S3idki#i)cs chemical
activation of FOXO&driven autophagic targeting ®f gondii Consequently, promoting host

cell autophagy has become an increasingly attractive therapeutic strategy hggorstii

and recent studies have identified potential new drolgcales from the DrugBank database

that can modulate autopha@@heng, Zhang et al. 2022)he interpay between host cell
autophagy and. gondiiis an emerging area with practical implications for the development

of new therapeutic strategies.
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Figure 4.4.T. gondii Inhibits Autophagy-Related Gene Expression through AKTDependent
Inactivation of FOXO Transcription Factors: A Proposed Model and Future Perspectives

(A) Proposed Model T. gondiitachyzoites (shown in pink forming a rosette) activatst cell PI3KAKT
signaling pathway independently of EGFR, PKCU, and mT
PV. AKT phosphorylation leads to FOXO3a phosphorylation at A€msitive residues (S253 and T32) and

its subsequent nuclear exclusiomdainactivation, resulting in downregulation of FOXG&gpendent
autophagyrelated genes (i.e., ULK1, BECN1, NBR1, PINK1, and GABARAPL2). Consequently, autophagic

targeting of the PV is prevented, favoring parasite survival and replication (as indicatddby r ed @A X0 and t
downward red arrows). Proteins encoded by this subset of transcripts are reported to participate in distinct steps

of the autophagic response (right pané). Speculative model and future research perspective®uring

late time poirg of infection, T. gondii secretes GRA16 from dense granules, which is exported through the

PVM and reaches the host cell nucleus. GRAL6 positively regulates the intracellular amounts of p53 in HFFs
modulating genes involved in callcle progression anthé p53 tumor suppressor pathway. Genotoxic stress

or in this case infection witll. gondiican activate nuclear AKT in a pBRpendent manner, leading to the
phosphorylation of FOXOs and inhibition of FOX@duced responses. The p53 scaffold is separate tfihe

membrane, but it recruits and regulates the AKT pathway components that also function in a mbagedne

compartment. Future research could corroborate the possible participation of GRA16 in the regulation of p53

and the activation of nuclear AKTrjggering the phosphorylation of FOXO proteins and their relocation outside

the nucleus.
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While our research work focuses solely on the regulation of FOXO3a and not on other
members of the FOXO family, nor on the virulence factors involved in the phenetgpe
propose a speculative model based on recent findings that shed light on the modulation of
transcriptional activity by. gondiiduring infection(Figure 4.4B). This model includes new
discoveries related to the cytoplasmic functions of FOXO protaidstlzeir cytoplasmic
location during infection. In addition, recent advances in nuclear AKT activation models
through the regulation of P58jrthermore we include the possibility that other cellular
processes besides autophagy may be regulated by tigutation of the PIBK/AKT/FOXO
pathway, which could contribute to the survival of the parasite or the pathogenesis of the
diseasdFigure 4.4B).

During late time points of infection, almost 20h p.i in HFFsgondiisecretes GRA16 from
dense granules, wth is exported through the PV membrane and reaches the host cell nucleus
(Bougdour, Durandau et al. 2018y modulating genes involved in celcle progression

and the p53 tumor suppressor pathway, GRA16 positively regulates the intracellular amounts
of p53 in HFFs by forming a higaffinity complex with the ubiquitirspecific proteas
HAUSP. This represents a potentially emerging subfamily of exported dense granule proteins
that modulate host functigBougdour, Durandau et al. 2013}dditionally, genotoxic stress

can activate nuclear AKT in a psi&pendent manner. This forms a complex with P13,4,5P3
that activates AKT and phosphorylates FOXOs, leading to the inhibition of DNA damage
induced apoptosis. The p53 scaffold is separate from the membuggesting a different
structure and compartmentalization. Nevertheless, it recruits and regulates the AKT pathway
components that also function in a membrhased compartme€hen, Choi et al. 2022)
Future research coulsssesshe possible participation of GRA16 in the regulation of p53
and the activatio of nuclear AKT, which would trigger the phosphorylation of FOXO
proteins and their relocation outside the nucl@igure 4.4B).

Our research has uncovered an important finding regafdiggndiiinfection in HFF cells.
Specifically, we observed thaOXO3a protein levels did not decrease during infection and,

in fact, showed an increase in signal intendiywever, as mentioned earlier, a notable
distinction arises between BMDMs and THRFcells regarding this matter. . gondit
infected cells,both cell types displayed a decrease in the total abundance of FOXO3a

compared to noinfected cells Figure 4.2 This observation suggests that gondii
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potentially exerts a negative influence on the FOXQ8atein specifically within
macrophages. Unlikeuman and mouse fibroblasts, where FOXO3a tends to be preserved
and accumulated in the cytoplasm upon infection, the regulatory mechanisms governing
FOXO3a in macrophages appear to be distinct, leadingossible diverse biological
consequences dependimg the host cell type.

This suggests that the case of HFFshere may be alterations in the process of autophagy
or in the turnover of FOXO proteins via a feedback IG¢u, Li et al. 2019)Additionally,

it is possible that the parasite benefits fromeing the FOXO proteins intact to induce their
cytoplasmic functions, such as FOXOL1 interacting with ATG7 and activating lipophagy or
FOXO3a inducing regulation of mitochondrial transcrifitsttieri Barbato, Tatulli et al.
2013, Fasano, Disciglio et al. 2019) either cae, this could contribute to the induction of
energy metabolism and the utilization of fatty acid carbon sources, as well as to disease
pathology through the accumulation of proteins and materials that require removal by
autophagy or the dysregulation oftathondrial homeostasigigure 4.4B). These results

shed light on the complex interplay betwd&ergondiiand host cell signaling pathways and
may pave the way for further investigation into the mechanisms underlying these
observations. Interestingly, in addition to autophagy, other cellular processes that are
transcriptionally regulated by FOXO3a (e.g., apsfs, cell cycle, oxidative stress, etarg

also targeted by. gondii(van Grevenynghe, Cubas et al. 2012, Zhu, Li et al. 2019, Calissi,
Lam et al. 2021)it has been observext wellthat in infection models lik€. rodentium the
nuclear FOX03a translocates into the cytosol and subsequently degrades in the colonic
epithelia of human HR9 and mous CMT-93 cells(Snoeks, Weber et al. 2008) healthy
mice,FOXO3a is present in both the nucleus and cytosol of the epithelia at the bottom of the
crypts. However, irC. roderium-infected colon, BXO3a is mainly expressed along the
crypts and located in the cytosol, indicating its inactivati®noeks, Weber et al. 2008)
Given these findings, it is possible tAatgondii particularly its other forms such as oocysts
that come into contact with the intestinal epithelial tissue, may also negatively regulate the
transcriptional activity of FOXO proteins by causing theansiocation from the nucleus to

the cytoplasm. To confirm this hypothesis, further research using surabie® models or
advancedn vitro models, such as organoids, is neededs worth mentioning that our

laboratory has obtained preliminary datdigating significant findings. In these findings, the
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