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ARTICLE INFO ABSTRACT

Keywords: Toxoplasma gondii (T. gondii) is a cosmopolitan protozoan parasite in humans and animals. It
Toxoplasma gondii infects about 30 % of the human population worldwide and causes potentially fatal diseases in
Pathogenesis

immunocompromised hosts and neonates. For this study, five English-language databases (Sci-

In.vasmn enceDirect, ProQuest, Web of Science, PubMed, and Scopus) and the internet search engine
Virulence . . . .

. Google Scholar were searched. This review was accomplished to draw a global perspective of
Immunopathogenesis

what is known about the pathogenesis of T. gondii and various factors affecting it. Virulence and
immune responses can influence the mechanisms of parasite pathogenesis and these factors are in
turn influenced by other factors. In addition to the host’s genetic background, the type of
Toxoplasma strain, the routes of transmission of infection, the number of passages, and different
phases of parasite life affect virulence. The identification of virulence factors of the parasite could
provide promising insights into the pathogenesis of this parasite. The results of this study can be
an incentive to conduct more intensive research to design and develop new anti-Toxoplasma
agents (drugs and vaccines) to treat or prevent this infection. In addition, further studies are
needed to better understand the key agents in the pathogenesis of T. gondii.

1. Introduction

Toxoplasma gondii (T. gondii) is an opportunistic intracellular parasitic protozoan that can infect intermediate hosts (including
humans, ruminants, rodents, and birds) [1-6]. This parasite has been reported even in cold-blooded animals and they can act as the
source of infection for the various hosts that feed on them [7]. Host susceptibility and resistance to infection varies from host to host.
For example, Australian marsupials and New World monkeys are highly susceptible to infection, whereas horses, cattle, rats, Old World
monkeys, and humans are more resistant. Although the reasons for these differences are still unknown, co-evolution between parasite
and host could be one of the reasons [8,9]. The prevalence of this infection varies between 12 % and 90 % [10]. The reasons for the
high prevalence of T. gondii in the world can be the infectivity of the parasite in both sexual and asexual forms, the ability to cause
chronic infection and remain infectious for life [11]. Other factors influencing the prevalence of this infection include geographical
region and climate, dietary habits, hygiene, and host susceptibility [12]. T. gondii has a complex life cycle containing a sexual phase in
definitive hosts, an asexual phase in intermediate hosts, and an exogenous stage [13]. There are three infective forms of parasite:
tachyzoites (in tissue sections or smears of body fluid during acute infection), bradyzoites (in cysts of different tissues during the course
of chronic infection), and sporozoites (in oocysts identified in feline feces) [14]. The sexual cycle occurs only within the intestinal
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epithelial cells of felids and leads to the release of oocysts into the environment through excretion in the feces. Therefore, it plays an
important role in the transmission of T. gondii [15]. Intermediate hosts can become infected by consuming food, water, and soil
contaminated with oocysts. In addition, T. gondii can be transmitted by eating raw/undercooked meat containing the parasite in tissue
cysts or by vertical transmission during pregnancy (tachyzoites are transmitted from the infected mother to the fetus via the placenta)
[16,17]. Congenital toxoplasmosis can lead to serious complications such as miscarriage, fetal death, congenital anomalies, and
damage to the nerves, eyes, or other organs of the fetus [18,19]. Several factors have been associated with the risk of fetal infection,
including the timing of maternal infection, the parasite load, the virulence of the strain, and the immunologic competence (both
cellular and humoral) of the mother during parasitemia [14]. In addition, infection can cause severe symptoms in immunocompro-
mised patients such as human immunodeficiency virus (HIV)-infected persons, patients receiving chemotherapy, organ transplant
recipients, and developing fetuses [11]. However, infection in people with a healthy immune system is usually asymptomatic, but can
sometimes lead to ocular toxoplasmosis [20]. Latent toxoplasmosis can also lead to behavioral disorders in mice and humans [21,22].
The results of an analysis of the global burden of mental illness showed that in 2015, neurological disorders were responsible for 250.7
million disability-adjusted life years (DALYs) (i.e. 10.2 % of global DALYs) and 9.4 million deaths (i.e. 16.8 % of global deaths) [23]. In
addition, toxoplasmosis is a parasitic zoonosis of veterinary importance and may be a potential factor in reproductive problems in
small ruminants worldwide. It causes significant economic losses due to abortions, stillbirths, mummification, and neonatal losses in
herds [24,25]. Given these facts and the great success of the parasite in causing the infection, as well as the inability of current
treatments to remove the parasite from the body, research into the basic pathogenic mechanisms of toxoplasmosis emphasizes the
importance of prevention and provides clues to new therapeutic approaches. Therefore, our research team has attempted to briefly
highlight the pathogenesis of the parasite and various factors such as virulence and immune response to better understand the infection
caused by this parasite.

2. Study design and search strategy

To find related studies, a principled and systematic search of scientific publications was conducted using five English-language
databases (ScienceDirect, ProQuest, Web of Science, PubMed, and Scopus) and the internet search engine Google Scholar. The
search terms used were: "Toxoplasma", "T. gondii", "toxoplasmosis", "pathogenesis", "virulence", "invasion", and "immunopathogenesis".
Cross-sectional studies, reviews, systematic reviews, and meta-analyzes were selected that evaluated the factors involved in the
pathogenesis, immune responses, invasion, and virulence of T. gondii, studies demonstrating the role of Toxoplasma in causing,
exacerbating, or reducing the symptoms of psychiatric disorders, and articles examining the complications caused by toxoplasmosis in
pregnancy, ocular toxoplasmosis, patients with acquired immunodeficiency syndrome (AIDS), and transplant recipients. Finally, 476

articles met the eligibility criteria and were analyzed in this review.
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Fig. 1. (A) The invasion system of Toxoplasma gondii, and (B) Role of POPs in invasion.
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3. Invasion

The complex process of invasion involves different stages of host cell contact, gliding movement, moving junction (MJ), formation
of the parasitophorous vacuolar membrane (PVM), and PVM modification. Invasion occurs very rapidly and within 15-40 s [26-28].
Contact with the host cell is initiated by the recognition of surface receptors via glycosylphosphatidylinositol (GPI)-anchored surface
antigens (SAGs) [29]. T. gondii actively invades non-phagocytic and phagocytic cells [30] by forming the MJ on the surface of the host
cell [31]. At this stage, microneme proteins (MICs) accumulate on the apical surface of the parasite, and rhoptry neck proteins (RONs)
are secreted and interact with MIC-derived apical membrane antigen 1 (AMA1) to form MJ [32]. Parasite penetration through MJ is
directed using its actin motor complex [33]. The parasitophorous vacuole (PV) formed in this way is nonfusogenic with the host’s
endocytic system, so it escapes from destruction by lysosomes [34]. Asexual reproduction of T. gondii is carried out in the PV. Also,
dense granule proteins (GRAs) are among the proteins that are secreted during host cell invasion. By increasing the level of calcium, the
egress of the parasite from the host cell is modulated; the required power is provided through the actin-myosin motor and is related to
the secretion of rhoptry proteins (ROPs), MICs, and RONs (Fig. 1A) [32].

The invasion of host cells is critical for the pathogenicity of T. gondii [35]. Consequently, the various stages of invasion and the
effective factors in each of these stages, such as surface and secretory antigens of the parasite, are briefly described here. It is thought
that the knowledge and understanding of the mechanisms that occur in each of the different stages of invasion may provide a better
view of the pathogenesis and the factors affecting this process.

3.1. Gliding motility

In the first stage of invasion, T. gondii tachyzoites reach the host cell by gliding, and contact is established between the apical tip of
the tachyzoite and the host cell membrane [36]. Gliding relies on transposing adhesins from the anterior pole to the posterior pole
[371. A small myosin motor anchored in the inner membrane complex (IMC) provided the force for translocation [38]. The actomyosin
motor complex [myosin light chain (TgMLC or PfMTIP), type XIV myosin heavy chain (MyoA), and the glideosome-associated proteins
(GAP45 and GAP50)] plays a role in the gliding motility in parasites belonging to the phylum Apicomplexa [39-42]. GAP50 is the
principal anchor in the IMC. While, GAP45 covers the space between the cell membrane and the outer membrane of the IMC and
ensures the cohesion between the two membranes [43,44]. This motor can reach actin filaments associated with MICs [44]. Poly-
merization of short actin filaments is necessary for gliding motility in the space between inner and outer membranes [45].

Varieties of surface adhesins are likely to be involved in T. gondii motility. MICs play a role in parasite recognition, motility, and
adhesion. MIC1, MIC2, MIC4, MIC6, and especially MIC3 can bind to various targets such as glucose, aldolase, lactose, intercellular
adhesion molecule-1 (ICAM-1), and heparin [46-48]. Among the different types of MICs, MIC2 plays an essential role in the gliding of
T. gondii [49]. The release of MICs is strongly coupled to high calcium, and this signal is mediated by calcium-dependent protein kinase
1 (CDPK1) [50]. Following translocation along the surface, the rhomboid proteases play a vital role in releasing adhesins by intra-
membrane proteolysis [51]. Rhomboid 4 trims surface proteins and maintains the front-to-back adhesion gradient, which is important
for gliding [52].

3.2. Attachment

After encountering the host cell, the parasite probes the membrane to find a suitable attachment site. Once the binding site is
recognized by the apical pole, various factors such as host cell laminin, parasite laminin, parasite surface lectins, and the major parasite
surface protein may contribute to the initial attachment of the parasite to the host cell [53,54]. Attachment is essential for host-parasite
recognition and invasion events. The primary attachment of tachyzoites to host cells stimulates signaling molecules and increases the
secretion of adhesins [55]. GPI-anchored antigens, most of these antigens belong to surface antigen 1 (SAG1) or SAG2 families, and
form the surface coating of tachyzoites and bradyzoites of T. gondii [56,57]. These molecules participate in invasion, immune mod-
ulation, and/or virulence reduction. Also, they may contribute to the protection of parasites to survive in the environment [56]. The
SAG1 family encodes GPI-anchored proteins that retain 12 conserved cysteine residues of SAG1 and have an overall identity of
approximately 30 % [56]. The importance of GPI for the pathogenesis of toxoplasmosis remains unknown [58]. The SAG1 sequence in
T. gondii strains has a high degree of homology among the three major clonal lineages [59]. Although cloning of 21 Toxoplasma SAG
genes has been done, there is still much unknown about their expression patterns [56].

MICs (small apical organelles) are secreted by the tachyzoite tips during the initial contact of the apical end of the parasite with the
host’s plasma membrane [60]. These proteins are produced in the rough endoplasmic reticulum and are transferred to the MICs by the
Golgi apparatus to participate in cell attachment [61]. MICs are also critical for parasite gliding movement because their cytoplasmic
domains can bind to aldolase, which is linked to the parasite’s actin-myosin motor and forms the basis of active invasion [62]. The MIC
complex plays an essential role in the virulence and pathogenicity of the parasite [63]. ROPs are secreted immediately after MICs. They
are club-shaped organs with two distinct parts, including the anterior duct (neck) and the posterior bulb [64]. The neck proteins of the
rhoptries are called RONs, and the proteins of its posterior part are termed ROPs [65]. They are involved in the active parasite’s
penetration into the host cell and the biogenesis of the PV as a special intracellular compartment [64]. The parasite is protected from
intracellular elimination within the PV and reproduces strongly. ROPs are important in different stages of parasite invasion and for its
survival in host cells. Overall, ROPs comprise approximately 1-30 % of the total Toxoplasma cell volume [64].
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3.3. Moving junction

In the second stage of invasion, MJ formation, contact is established between the apical tip of the parasite and the plasma
membrane of the host cell. The parasite is surrounded by ring formation, and the protozoan is placed inside the PV [66-68]. This stage
is related to MIC exocytosis at the apical ends of the parasite, which is the result of changes in cytoplasmic calcium activating a
calmodulin-like domain kinase [69-71]. Different chemicals stimulating calcium stores release, such as ethanol, can enhance it [72].
The cooperation between MICs and RONSs in forming the MJ creates a physical link that ensures the internalization of T. gondii in the PV
[73]. An interaction occurs between the AMA1 (belongs to the MICs family) and RON2; the AMA1 protein forms MJ with RON2, RON4,
RONS5, and RON8. The AMAL1 protein is conserved in all apicomplexan [73-76]. This protein is probably the most interesting MIC
protein produced in T. gondii. It plays an important role in MJ formation during invasion and promotes intracellular tachyzoite
proliferation [77,78], but this point has been recently debated [79]. The formation of a tight junction (TJ) commits the parasite to
invasion and requires the secretion of ROPs. RONs are located in the TJ between parasite tachyzoites and target cells [73,80].

3.4. Parasitophorous vacuole

Apicomplexan parasites mostly spend their life cycle in the host cells and use different strategies to survive in cells. Many parasites,
such as Toxoplasma and Plasmodium, reside inside a nonfusogenic PV derived from the host plasma membrane [81]. When the MJ
begins to glide, it turns from a cap into a ring on the cell surface and the parasite is guided into the developing vacuole. This stage
(parasite vacuole formation) is the third stage of invasion [82,83]. By forming MJ, the parasites forcefully enter the host cell membrane
via invagination, and finally, a PV is created, and the parasite resides in it [84]. The PVM forms the boundary between the host and the
parasite and provides a niche for survival and reproduction [85]. ROP proteins including ROP2, ROP4, ROP5, ROP7, ROP8, and ROP18
are involved in forming PVs (Fig. 1B) [86,87]. During the invasion, as MJ advances around the parasite, proteins such as AMA-1 are
released from the parasite’s surface; this process is necessary for invasion [88-94]. Several GRA proteins are secreted during or after
host cell invasion and target the vacuolar space, PVM, or cytosol of the cell. GRA antigens are stored in secretory vesicular organelles
called dense granules that express proteins in different stages of the parasite’s life cycle [95]. These proteins are abundantly secreted
and form the main component of the vacuole around the tachyzoite and the cyst wall around the bradyzoite [95]. Apicomplexan
parasites obtain many of their essential nutrients from host cells. For example, Toxoplasma is auxotrophic for amino acids, purines, and
sterols [96]. Sterol transporters on the PVM are involved in the scavenging of sterols from the host cell to the PV [97]. Small metabolite
transporters have not been placed on the PVM but have been identified on the Toxoplasma plasma membrane [98].

3.5. Egress

The parasite uses different approaches such as intraparasite egress signaling and exogenous compounds to egress the host cell. Ca®*
signaling is necessary in mediating egress but other signals and regulatory genes involved in this process are unclear [99,100]. The
signals involved in the egress process are: 1) intraparasitic egress signaling such as MIC proteins: perforin-like protein 1 (TgPLP1) and
Toxolysin 4 (TLN4) are both present in MICs and have a calcium-dependent role in parasite egress [101,102]. However, these two
proteins do not play a similar role in parasite virulence [103], GRA proteins: some GRAs or GRA-related proteins mediate parasite
egress to facilitate Toxoplasma growth in the PV [103]. TgLCAT is a GRA-like protein; this protein binds to the PV and parasite plasma
membrane. Lacking TgLCAT shows delayed egress [104], and calcium-dependent protein kinases (CDPKs): So far, fourteen CDPKs
have been discovered that play their roles during gliding, invasion, and egress [105]. For example, TgCDPK1 is a critical regulator of
calcium-dependent MIC content release, including TgPLP1 [50]. Toxoplasma produces TgLCAT and releases into the PV lumen.
Accumulated TgLCAT is involved in the release of calcium from the host cell cytoplasm into the PV lumen. It exerts this role by using
membrane lytic activity and creating holes in the PVM [103]. By increasing calcium levels, TgPLP1 and TLN4 are released from MICs
and destroy PVM and host cell membrane invagination (HCM). For parasite egress from the host cell, the damage caused by
pore-forming proteins to PVM and HCM is not enough. TgCDPKs phosphorylate TgMyoA, which initiates parasite motility by
increasing calcium levels [103], and 2) extra-parasitic egress signaling such as inflammatory factors: T. gondii infection induces type I
immune responses in the infected host, which is manifested by the proliferation of CD8™ T cells and the production of a variety of
inflammatory cytokines such as IL-12 and interferon-gamma (IFN-y) [103], IFN-y: this cytokine causes parasite egress, and in some
exceptional cases, it severely reduces the replication of T. gondii in astrocytes [103], nitric oxide (NO): according to in vitro studies,
exogenous NO released by sodium nitroferricyanide (III) dihydrate can cause the egress of T. gondii tachyzoites from infected peri-
toneal macrophages and human foreskin fibroblasts [106,107]. Intraparasitic calcium levels and parasite motility affect NO-induced
egress [106], death receptor, and perforin: the release of intracellular calcium as a result of caspase activity early in the apoptotic
cascade, the death receptor ligation in cells infected with T. gondii causes the rapid egress of infectious parasites (tachyzoites) and host
cell necrosis [108]. After acting on infected cells, T cells induce the rapid egress of T. gondii through death receptor or
perforin-dependent pathways [108], and tumor necrosis factor-alpha (TNF-a): high doses of TNF-a induce the egress of parasite from
infected HFF cells [109] and this result is related to the conditions where the concentration of TNF-a used was higher than in vivo
conditions. Nevertheless, the concentration of TNF-a used in this study was higher than in vivo situation [103].

Also, different exogenous compounds such as ionophores, ethanol, concentration of K*, TgPLP1, dithiothreitol (DTT), and
phytohormone abscisic acid (ABA) are used to investigate the processes of T. gondii egress [103]. Different arms of the immune system
of the host respond to the presence of T. gondii, and some of these pathways are directed toward egress [110-112]. For example,
following the response of cytotoxic CD8 T cells, perforin and death receptor (Fas/FasL) damage the host cells [108] and this damage
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reduces intracellular potassium (K"), which leads to egress [113]. In the absence of an immune response, the parasite replicates to
maturity and uses various mechanisms to egress. This parasite produces ABA during its intracellular reproduction [114]. The intra-
cellular phytohormone ABA is one of the calcium release pathways described in different systems from plant seeds to human gran-
ulocytes and is also reported in Apicomplexa [114,115]. The cyclic adenosine diphosphate ribose (ADPR) pathway, mediated by the
accumulation of the plant hormone ABA, stimulates the increase of intracellular calcium [114]. Increased levels of intracellular
calcium activate the secretion of the TgPLP1, which causes an initial breach and disrupts the vacuole membrane. Consequently, it
facilitates egress [101]. Also, egress occurs when pH reduction overcomes the suppression of MIC secretion and motility by K ions.
parasite proliferation causes PV acidification [116]. Another effective factor in the egress process is nucleotide triphosphate degrading
enzymes (NTPases), which are secreted by T. gondii into the PV. NTPases cause an increasing evacuation in adenosine triphosphate
(ATP) of the host cell, which leads to the drying of the Na™/K" -ATPase pumps, a decrease in K', and finally, egress [44].
Artificially increasing intracellular Ca%* using ionophores triggers MIC production, motility, and egress [103]. In addition, ethanol
induces egress through Ca?" ionophores by increasing Ca2" fluxes, and these intracellular reserves involved in MIC secretion and
invasion may play a role in egress [103]. DTT, a reducing agent, induces the release of parasite nucleotide triphosphate-degrading
enzymes in the PV. The egress of intravascular parasites such as T. gondii is increased by adding DTT to the culture medium [117,118].

3.6. Dissemination

Tachyzoites of T. gondii invade various nucleated host cells through active penetration. In non-activated cells, the parasite mul-
tiplies rapidly by endodyogeny in a non-fusogenic vacuole that it has created itself [119]. Finally, the tachyzoite enters the blood-
stream and spreads to secondary tissues. By triggering a robust inflammatory response, T. gondii plays an important role in controlling
the infection and reducing the parasite burden [120]. After the acute stage of infection, the tachyzoite differentiates into bradyzoite
and causes chronic infection in various tissues [121]. Tissue cysts containing bradyzoites persist until the end of the host’s life. If the
host’s immune system is weakened, recurrent infection may occur, and the bradyzoite transforms into a rapidly multiplying and
destructive tachyzoite [122]. The tachyzoite spends a relatively short time in the extracellular environment compared to the time it
spends intracellularly after egress from the host cell. This time is an opportunity for the parasite to spread in new tissues. The parasite
makes contact with new host cells through its surface protein coat. SAGs are attached to the surface of the parasite by a GPI. Sulfated
proteoglycans are recognized by SAG1 in the host cell [123]. T. gondii directly targets neutrophils and is able to survive and replicate in
human neutrophils. In infected lymph nodes, a high number of neutrophils contain parasites [124-126]. This amount of neutrophil
contamination may be due to an intrinsic or parasite-induced disorder in the ability of neutrophils to destroy the parasite [127].
T. gondii can quickly spread from the primary site of infection to secondary lymphoid tissues and then to other tissues [124,128].
Dendritic cells (DCs) as "Trojan horses" disseminate the parasite from infected tissues to the spleen and lymph nodes. In vitro studies
have reported that parasites preferentially infect and replicate in monocytes and DCs [125]. Also, infection of DCs increases their
migration capacity [129-131]. The sequestering mechanism is used by natural killer (NK) and T cells to spread the parasite [108,111,
132]. Extracellular tachyzoites (genotype type I) act like a strong transmigratory and can probably facilitate the passage of physio-
logical barriers; this feature is not so prominent in type II and III strains, cystogenic strains. In contrast, type II and III strains induce DC
migration more than type I [133]. High growth of type I parasites in mouse cells causes heavy parasite burden and extremely elevated
levels of Thl cytokines [134-136]. Type II parasites produce significant amounts of interleukin (IL)-12, which controls infection
[137-139]. To spread the parasite and cause infection, type I parasites rely on virulence traits [133,140]. Type Il and III parasites cause
minimal damage to the host because they have evolved to migrate ensuring efficient dissemination with low parasite load [141].

4. The pathogenesis of T. gondii

Virulence and immune responses are the most important factors that can be effective in the pathogenesis of T. gondii. Therefore, this
article reviewed the possible roles and mechanisms of these factors in the pathogenesis of this parasite (Fig. 2).

Strain type, the route of infection, the life stage of the parasite, the number of passages
of the parasite, and the genetic background of the host

Gliding metility: MIC1, MIC2, MIC3, MIC4, MIC6, ROM4, aldolase, calcium-
dependent protein kinase 1, actomyosin motor complex
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B —
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ROPS, and ROP18
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Cytokines (IL-1, 112, 14, IL-5, IL-6, 1L-10, IL-12, TNF-0, IFN-o, IFN-B, IFN-y,
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microRNA-132

\
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Fig. 2. Effective factors in the pathogenesis of Toxoplasma gondii.
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4.1. Virulence

The definition of virulence is different and complex. However, it is usually defined in a murine model after intraperitoneal (IP)
injection of a specified number of tachyzoites [142]. Susceptibility to T. gondii infection and acute disease is very variable in different
hosts; mice can die within a few days, and rats may be completely resistant, which indicates the role of the parasite and host factors in
virulence [143]. The virulence of T. gondii is determined by both host and parasite factors, including Toxoplasma strain type, route of
infection, life stage of T. gondii, number of passages of the parasite in mice or cell culture, and genetic background of the host.

Despite the opportunity for genetic recombination in felines as definitive hosts, T. gondii maintains a highly clonal population
structure [144-147]. The genome size of the parasite is approximately 63 Mb and consists of 14 chromosomes [148]. T. gondii has
many strains classified into these three main types and atypical strains. RH and GTI (type I), Me49 and PRU (type II), and CEP and VEG
(type III) are examples of Toxoplasma strains [149]. The basis of classification of parasite isolates is their pathogenicity in mice and they
are divided into two groups: virulent and avirulent [145,150]. The type I strain is highly virulent in mice and all infected mice die two
weeks after infection [144,145] and only one live parasite is fatal for mice. Consequently, mortality is independent of dose. On the
contrary, in most strains of T. gondii (type II and III), mortality in mice is dose-dependent, and chronic infection is easily caused in mice
with low doses [144,145,151-153]. Excessive production of Th1 cytokines is the cause of the virulence of type I strains, which causes
tissue damage [136]. Innate growth rate [154], frequency of differentiation, motility and potential to cross biological barriers [133],
impaired host cell signaling [155], induction of central nervous system (CNS) pathology during chronic infection [156], and stimu-
lation of gut pathology during acute infection in mice [157] differ among the three main lineages.

In North America, clonal lineages I, II, and III were dominant [158,159]. However, based on a recent single nucleotide poly-
morphism (SNP) analysis at five loci in ~950 strains, these strains were grouped into 15 haplogroups and a high prevalence of type 12
strains was observed in North America. On the contrary, South America covers most of the divergent strains. Genome-wide SNPs
displayed that there is high variety even within these haplogroups (except for haplogroups I, II, III, and 6), and in recent recombination
events, most strains may have formed [160,161]. Variability within a T. gondii lineage is very low (~0.01 %), and differences between
three clonal lineages are estimated to be up to 3 % [161-163]. The lethality of infection caused by type I strains in mice is associated
with a gene on chromosome VIIa that is conserved among all type I strains examined [164].

Genetic diversity in parasite strains is greater in Africa, Asia, and South America than in other continents. New genotypes (atypical
and exotic types) are more complex due to their diversity and combination of genes. The description of atypical genotypes raises new
perspectives in the analysis of virulence [165]. When a cat eats parasite-infected prey, sexual recombination occurs in the cat’s gut,
causing unusual genotypes [164].

Most cases of recurrent ocular toxoplasmosis in patients suffering from immunodeficiency are caused by type I strains [166]. In
Europe and North America, type II strains are the main cause of toxoplasmosis in patients with congenital infection and AIDS [144,158,
167,168]. The high prevalence of type II strains in human toxoplasmosis (about 80 % of patient samples) reflects the source of strains
that cause infection in humans. Considering that one way of transmission of infection to humans is to eat water and food contaminated
with parasites, infection in domestic animals and cats can be a reservoir of infection in humans. Type I strains are rarely reported in
North American agricultural and wild animals, but type II strains are the most common [158,168-172]. In in vitro conditions, type I
strains show more migration than type II and III strains. In vivo, the RH strain migrates to the spleen more efficiently than type II or III
parasites [149]. The migration phenotype is located on chromosome VIIa, which is associated with acute virulence [173]. The
virulence of the parasite is also related to the growth rate. A virulent strain resulting from a cross between type II and III strains has a
higher in vivo growth rate than that of an avirulent strain from the same cross and spreads more rapidly [174]. The ability of parasite
strains to attract cells to the site of infection is different, and this difference can explain the variation in their ability to spread, replicate,
and survive [149]. IP injection rapidly attracts inflammatory cells such as neutrophils to the injection site [175,176]. The depletion of
neutrophils or a disturbance in their ability to reach the site of infection leads to increased parasite growth [149,175,176]. The
attraction of neutrophils by type I strains is more than type II strains; when an equal number of parasites are injected IP into the mice,
the number of type I parasites will be more than type II strains in the mouse peritoneum [177].

One of the effective factors in the difference in the virulence of parasite strains is the expression of antigens such as GRA15 and ROP
kinases i.e. ROP16, ROP18, and ROP5 pseudokinases secreted by the parasite [10,86,139,155,178-180]. ROPs play a main role in
parasite penetration into the host cell. They are also effective in PV formation [181]. ROPs are involved in different stages of parasite
invasion and are important for parasite survival in host cells [178,181,182]. By emptying their contents on the host cell membrane,
they facilitate the process of the parasite entering the cell [183]. GRA proteins are expressed in tachyzoite, bradyzoite, and sporozoite
stages of T. gondii. These antigens modify PV and PVM to maintain the parasite in the host cell. They also play a role in the virulence
and proliferation of T. gondii [95].

4.1.1. GRA1S5

The role of IFN-y is to promote antimicrobial activities in different cells; however, in macrophages alone, it cannot control T. gondii,
and a second signal is required to kill the parasite. The second signals are provided by TNF-a or signal through CD40, both use the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) signaling pathway [184,185]. GRA15II leads to the activation of
NFkB, resulting in the production of high levels of IL-12 and further enhancement of the classical activation pathway in cells infected
with type II parasites [138]. GRA15 expressed by type II strains stimulates IL-12 production. However, the inability of this strain to
prolong the activation of signal transducer and activator of transcription 3/6 (STAT3/6) causes the initial production of IL-12, which
leads to type 1 cytokine response and control of acute infection [10,186]. In addition, type II strains have a high tendency to
differentiate into bradyzoites and their prevalence is higher in chronic diseases, which is a sign of compatibility with this strategy
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[155].
4.1.2. ROP kinases

4.1.2.1. Pseudokinase ROP5. The expression of the ROP5 allele, associated with high virulence, in a hypovirulent strain, causes a 10 >-
fold increase in virulence [180]. In addition, deleting the ROP5 locus from parasites of high virulence strain, type I, led to a complete
loss of virulence in mice. It was shown in a study that ROPS5 is the only main virulence factor between type I and type II strains [187].

4.1.2.2. ROP16. ROP16 is a secreted protein kinase that activates two key host transcription factors (STAT3 and STAT6) and in turn
downregulates the host’s innate immune responses [188]. The type I, II, and III strains of T. gondii can stimulate STAT3 and STAT6
activity, but only type I or III strains can maintain this response. Prolonged activation of STAT3/6 by ROP16I/1II can reduce the in-
duction of IL-12 and, as a result, limit Th1 cytokine responses, which may lead to reduced inflammation and pathology [139,155].
Defects in ROP16 kinase prevent suppression of host immune responses by T. gondii type Il strains [189]. Infection with type II strain
affects and reduces the activity of STAT3 and STAT6. As a result, the host’s ability to mount a protective Thl immune response is
enhanced. This immune response controls parasite proliferation through the production of cytokines such as IL-12 [138,190]. Type I
and III strains modulate the expression of their host genes to protect themselves against the host’s immune system. In contrast, type II
strains are adapted to stimulate early responses and cause more immune-mediated pathology in mucosal and CNS models of infection
in mice [178].

4.1.2.3. ROP18. A highly active ROP18 is present in acute type I strains, which cooperates with ROP5 to phosphorylate immunity-
related guanosine triphosphate (GTP)ase (IRG) of the host, preventing IRG accumulation in the PVM (IRG is essential for control-
ling toxoplasmosis in mice) and it then blocks the parasite clearance in the activated cells with IFN-y [155,191]. ROP5 acts inde-
pendently of ROP18; when ROP5 of type I parasites is deleted, the virulence is reduced more than when ROP18 is deleted [180,192].
ROPS5 may regulate the function of ROP16 and ROP18. ROP18 and ROP16 are among the active kinases and their function is necessary
to affect the virulence of the parasite [139,140]. To restore virulence to type III strains with the virulent allele ROP5, the type I or type
II ROP18 allele can be transferred to them [10,140]. Pair-wise crosses of ROP5 and ROP18 interact and account for almost 90 % of the
virulence difference among the three strains [155]. In addition, ROP16 and ROP18 had no role in the virulence difference between
type I and II strains. However, ROP18 played an essential role in determining virulence between type I and III strains [140]. Because
type III strains express less ROP18 compared to type I or II (100-fold less), they do not have an effective mechanism for blocking IRGs
and are easily cleared from IFN-y-activated murine macrophages [155].

4.1.2.4. ROP38. ROP38 is a putative functional kinase whose expression is higher (eightfold) in type II and III strains compared to
type I [193]. ROP38 plays a role in modulating mitogen-activated protein kinase (MAPK) signaling in host cells and leads to in-
flammatory defects [193].

4.1.3. Routes of infection and life stages of the parasite

IP injection (direct parasite deposition in the peritoneal cavity), subcutaneous injection (deposit of T. gondii in the subdermis), and
oral inoculation (deposition of parasites in the stomach of mice) are three common ways to determine the virulence of T. gondii in mice
[194,195]. Differences in infectivity and pathogenicity in mice have been reported between the IP and oral route of infection. Mice
infected orally with ten tissue cysts did not develop the disease, whereas infection was successfully established in 33 % of mice infected
by IP injection. In this study, results for subcutaneous inoculation were comparable to IP injection [194]. An oral oocyst of strain M —
7741 can kill all mice (100 %) after two weeks. While 10 tissue cysts containing bradyzoites can produce the same mortality rate, mice
are infected orally with 10* tissue cysts. Infection may not occur in mice orally infected with 10* tachyzoites [194].

T. gondii has a complex life cycle. Infectious forms of the parasite (tachyzoites, bradyzoites, and sporozoites) may be used to infect
mice. Infection with these forms may lead to various outcomes in terms of virulence in different hosts [8]. The pathogenicity of
T. gondii oocysts varies in other hosts. The oocyst is less infectious and pathogenic for cats while eating an oocyst orally can cause the
death of mice [8,196]. Ingesting 100 or more bradyzoites may not infect mice, but cats can shed millions of oocysts by consuming as
few as one bradyzoite [197]. Oocysts are infectious and resistant to the environment and many disinfectants, so handling them is
dangerous [8,198,199]. Tachyzoites and bradyzoites are easily destroyed in water [8]. Tachyzoites are relatively sensitive to envi-
ronmental conditions and therefore are not easily transmitted. In adverse environmental conditions and stress, such as immune
response, tachyzoite differentiates into bradyzoite [200]. Proteolytic enzymes have a less destructive effect on bradyzoite than
tachyzoite. Although these enzymes destroy the cyst wall very quickly, the bradyzoites inside them are released and infect the next host
[201]. Tissue cysts may remain in the infected person’s body until the end of life due to the cycle of reaction and re-infection and in
case of immunodeficiency; they cause disseminated or local infections [200]. Oocysts are highly virulent compared to other infectious
forms [200]. Cats shed oocysts after consuming any of the three infective stages of T. gondii. The prepatent period and frequency of
oocyst shedding are different depending on the stage of parasite consumption. Prepatent periods, after ingesting tissue cysts (3-10
days) and oocysts (18 days or more) are variable [198]. Also, the oocyst shedding varied from 11 to 17 days after consuming tran-
sitional stages between tachyzoites and bradyzoites [202,203]. Almost all cats excrete oocysts after eating tissue cysts, but less than 30
% of cats can excrete oocysts after eating tachyzoites or oocysts [196,204].
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4.1.4. Passages of the parasite in mice or cell culture

Passage in mice or cell culture can vary based on the biological characteristics of the parasite strains. T. gondii strain M — 7741 loses
the ability to produce oocysts in cats after 30-35 continuous passages in mice [205]. In addition, after 40 passages in cell culture, type I
strain GT1 loses the capacity to produce oocysts in cats [206]. If the RH strain is maintained for a long time through cell culture or
passage in mice, it loses the ability to produce oocysts in cats [207]. Formation of larger plaques, increased extracellular survival, faster
growth, and reduced differentiation are phenotypic changes observed in RH-derived clonal lineages [153,208]. Also, genetic variation
among RH lineages has been observed [209]. There have been reports of increased virulence in mice for T. gondii strains after multiple
passages in cell culture [208].

4.1.5. Host strains

The pathogenicity of T. gondii and consequently the immune responses to the parasite are different according to different species of
mice [210]. The susceptibility of other animal models to Toxoplasma varies; mice and hamsters are susceptible, while rats are resistant
[211,212]. The genetic background of the host is important for the dynamics of infection [195,213]. Mouse line-dependent sensitivity
has been reported in C57BL/6, LACA, and BALB/c mice. BALB/c mice were resistant to infection by IP and oral inoculation with cysts
[195]. In the oral administration of T. gondii cysts, chronic infection occurs in C57BL/6 mice [157]. LACA mice are susceptible to IP
inoculation of brain tissue cysts, while C57BL/6 mice are resistant. Conversely, with oral infection, LACA mice are resistant, and
C57BL/6 mice are susceptible [195]. BALB/c mice have few or no brain cysts [212,214-216]. However, the parasite load and in-
flammatory lesions in the eyes of C57BL/6 mice are higher than those of BALB/c mice [217]. Oral administration of oocysts of the
MEA49 strain of T. gondii was pathogenic for transgenic, inbred, and outbred mouse lines in the order of decreasing [218]. In a study
after infecting mice intraperitoneally with a dose of 1 x 10° tachyzoites of the C56 strain of T. gondii, DBA/2, and BALB/c mice died
within 12 days and B10.D2 mice within 18 days after inoculation. Outbred mice (SW/SIM) had only 67 % mortality at day 30
post-challenge [219]. In a study, McLeod et al. reported that survival is controlled by the H-2 complex and a set of at least five genetic
loci. The H-2a haplotype was dominantly associated with resistance, and the H-2b haplotype was recessively associated with sus-
ceptibility. Mice with the H-2a haplotype regulate the number of tissue cysts during chronic infection [220].

Adult rats inoculated IP with tachyzoites of T. gondii RH strain could harbor the parasite for seven months [221]. Also, the parasite
may survive in the brain of mice for up to 2 years after IP injection [222]. When rats are chronically infected with the RH strain,
parasites are rarely observed in histological sections [223]. Changes in the RH strain over time in mice and the creation of different
sublines of the RH strain may account for the variation in results.

Human studies showed that host factors are effective in the resistance or susceptibility of immunocompromised patients to
toxoplasmosis [224]. One of the most polymorphic genetic systems in humans, the human leukocyte antigen (HLA) system, plays a role
in fighting against T. gondii infection and other microorganisms. For example, in T. gondii-seropositive AIDS patients, the HLA-B35
antigen was sensitive to chorioretinitis [225]. Also, the HLA-Bw62 antigen level was increased in patients with severe ocular
involvement [226]. In a study, the relationship between HLA-DQ3 and -DQ1 genes and brain sensitivity or resistance to T. gondii
infection has been shown using a transgenic mouse model [226]. Polymorphism in cytokine genes is an important factor that causes
ocular toxoplasmosis. In several studies, the relationship between polymorphism in several cytokine genes, including IL-1, IL-6, IL-10,
and IFN-y, and susceptibility to ocular toxoplasmosis has been reported [227-231]. In severe congenital diseases, the type Il serotype is
more common in patients with susceptibility alleles of COL2A1 (type II collagen) and/or ABCA4 (ATP-binding cassette transporter,
subfamily A, member 4) [232]. The presence of genetic factors can explain how type II parasites cause severe disease [233]. The Rhesus
(Rh)-positive blood group system has a protective role against the effects of latent toxoplasmosis on motor performance, personality,
and overweight during pregnancy [234-236]. Recently, in a systematic review and meta-analysis, it was shown that there is no sta-
tistically significant difference between the prevalence of Toxoplasma infection in Rh-positive and Rh-negative people, and the
prevalence of infection was high in both blood groups [237].

4.2. The role of cysts in the pathogenesis of toxoplasma infection

Each of the various parasite stages of the complex life cycle of T. gondii (merozoite, tachyzoite, bradyzoite, and sporozoite) has a
specific biological function. The proliferation of merozoites is limited to a few generations (2-4) in the enterocytes of the cat intestine.
However, tachyzoites can multiply in all nucleated cells of the host body and spread to various body tissues. Tachyzoites (the pro-
liferative stage) can undergo stage conversion to become bradyzoites (latent tissue cyst stage) development, while merozoites lead to
the sexual stages [238]. During an acute infection, dissemination of rapidly dividing tachyzoites continues throughout the body until
host immune responses and other unknown factors lead to the transformation of the tachyzoite into a slowly proliferating cystic
bradyzoite [239]. Considering that bradyzoites and sporozoites play a role in the transmission of infection between different hosts,
they must survive the rigors of the external environment and/or the digestive system of the new host. After entering the new cell, they
cannot produce bradyzoites or sporozoites and immediately develop tachyzoites [238]. In immunologically healthy individuals, innate
and cellular immune responses can control the proliferating tachyzoites [240]. Despite the influential role of immune responses in the
elimination of tachyzoites, some escape the immune system and become tissue cysts [241]. IFN-y-mediated NO, an external stress
factor, is involved in the stabilization of the cyst stage, and in the absence of these factors, reactivation of latent infection may occur
[242]. However, the parasite is not completely eliminated, and the tachyzoites differentiate into a slowly reproducing form (brady-
zoite). Stage conversion is accompanied by the organization of PV into tissue cysts. These cysts may contain hundreds of parasites and
can persist for long periods in the tissues of immunologically healthy hosts [240,243]. Among the important events in parasite
transmission and pathogenesis is the process of stage conversion between tachyzoite and bradyzoite. The transformation into a tissue
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cyst increases persistence in the host and the possibility of transmission through prey. Therefore, bradyzoites make Toxoplasma highly
flexible in transmission and allow the parasite to bypass its sexual stage for dissemination [244]. Several ROP proteins (such as ROP17,
ROP35, and ROP38) promote tachyzoite conversion to bradyzoite [245]. The RH strain, type I, may fail to transform into mature cysts
with high frequency due to long-term propagation in vitro. However, strains of type II (such as Pru and ME49) and type III (such as
VEG) have a lower proliferation rate and readily transform into cysts in vitro and in vivo [244].

The cyst has an elastic wall whose thickness is less than 0.5 pm. Chitin and glycoproteins secreted by parasites are the components
of the cyst wall [246]. Cyst wall sugars can bind lectins concanavalin A, soybean agglutinin, wheat germ agglutinin, and Dolichos
biflorus agglutinin. Dolichos biflorus agglutinin usually plays the role of a diagnostic tool for staining the cyst wall [247]. A matrix
material in mature cysts fills the space between the bradyzoites within the PV [248]. The cyst wall comprises different proteins such as
cyst wall proteins (CST) [246,249,250], matrix proteins (MAG) [251], and GRA proteins [252]. Several GRA proteins are involved in
the formation and maintenance of the cyst wall. GRAS is highly concentrated in the cyst wall, and less intense staining for GRA1,
GRA3, and GRA6 has also been reported [252]. Deletion of BPK1, CST1, or GRA6 has also been shown to reduce cysts in the brains of
mice. Although some proteins in the cyst wall have been identified, the molecular mechanism of their cystogenesis is still not fully
understood [250]. In an in vitro study, a set of proteins that were not previously identified in the cyst wall were described such as
CST6/GRA53, CST5/GRA52, CST4, CST3/GRA51, and CST2/GRA50. CST2 is involved in parasite virulence [250]. Also, in the
interactome model, MAG1, CST1, and MCP4 were found to be central components of each cyst wall pulldown. CST1 is a significant cyst
wall protein that contributes to the structural integrity of the cyst wall [246,249]. This protein is extensively glycosylated and stained
with Dolichos biflorus lectin (DBA), which has a high affinity for the glycosylated structure [247,249,253]. This glycosylation is used
during chronic infection to protect CSTs from immune responses [254]. A Toxoplasma nucleotide sugar transporter (TgNST1) is used
for cyst wall glycosylation [255]. Bradyzoite-secreted pseudokinase 1 is part of the cyst wall, and its existence is necessary for the
growth, maintenance, and stability of tissue cysts [256]. MAG1 is the only 65 kDa cyst wall matrix protein that induces humoral
immune responses in chronically infected hosts [251,257,258]. MAG2 protein is often found inside the cyst wall pulldowns and it
defines the exclusive location of the cyst matrix, it is not important in cystogenesis or cyst growth [250]. On the contrary, CST1 and
MAG]1 proteins are involved in cystogenesis and may be important components of the cyst wall interactome [249,250]. Cyst wall
staining is visible in infected human and animal samples, but seronegative samples do not show any staining of intracellular tachy-
zoites and encysted bradyzoites [259].

Tissue cysts of T. gondii may form in any host organ. However, they were mostly detected in the nervous and muscular tissue; for
example, cysts are more often detected in the brain, eyes, and skeletal and cardiac muscles [260]. Cysts may be detected in various
brain cells, including neurons, astrocytes, and microglia [261,262], although recent studies have shown that the parasite interacts
primarily with neurons in mice [263,264]. A subtle tropism has also been reported for the medial and basolateral amygdala [265]. The
manifestations of inflammatory processes are probably the result of the rupture of T. gondii cysts in the brain and it can be observed as
various neurological signs such as headaches [266]. Indeed, chronic toxoplasmosis in the human population is correlated with many
psychiatric diseases in humans, including schizophrenia [267,268], bipolar disorder [267,269], addiction [267], obsessive-compulsive
disorder [270], Alzheimer’s disease [271,272], headache [273], autism [274], epilepsy [275,276], and suicide attempts [277,278].
Considering that most clinically apparent diseases are caused by the reactivation of dormant bradyzoites and their conversion into
tachyzoites to better understand the pathogenesis of toxoplasmosis, the signaling pathways responsible for tachyzoite to bradyzoite
interconversion should be revealed [279]. Various stress factors such as pH shock, heat shock, chemical stress, mitochondrial in-
hibitors, IFN-y and other pro-inflammatory cytokines or agents, high temperature, drugs, the depletion of nutrients, and NO are
associated with bradyzoite development [280-284]. Also, the induction of heat shock proteins (Hsps) such as Hsp70 leads to bra-
dyzoite transition [285,286], and the deletion of a bradyzoite-specific small Hsp gene, BAG1, is associated with a decrease in the
number of bradyzoites in the mouse brain [287]. Hsps are a group of phylogenetically conserved proteins in all species [288,289].
Based on molecular weight, these proteins are grouped into six prominent families: small heat shock proteins (smHsps), Hsp40, Hsp60,
Hsp70, Hsp90, and Hsp100 [290]. The role of Hsp60 and Hsp70 proteins in the growth and survival of the parasite has made them
potential drug targets for toxoplasmosis [291]. Hsp60 is involved in the induction of a specific stage of the respiratory tract in T. gondii
[292]. At the same time, Hsp70 can stimulate the formation of bradyzoites by switching the phases of the parasite’s life cycle between
tachyzoites and bradyzoites [293]. The role of MAPKs is to regulate cellular stress responses and may be involved in the development
of bradyzoites in Toxoplasma [294]. Also, stress conditions have been reported to induce the synthesis of the phytohormone ABA by the
apicoplast [114]. ABA causes the production of cyclic ADPR, whose role is to control the release of intracellular calcium stores in
Toxoplasma and induce its release. Application of floridone, an inhibitor of ABA biosynthesis, blocks parasite egress and induces
bradyzoite differentiation. Therefore, ABA-mediated calcium signaling is the main factor in whether the parasite is latent [114]. Cyclic
guanosine monophosphate and cyclic adenosine monophosphate (cAMP) play a role in the induction of bradyzoite formation. These
effects can be caused by increasing cyclic nucleotides of the host or the parasite [279].

Infection with T. gondii inhibits host cell signaling pathways, for example, by blocking signal transducer and activator of tran-
scription 1 (STAT1) [295] and NF-kB [296-298]. T. gondii uses different ways to subvert IFN-y signaling. Parasite-infected cells are less
responsive to [FN-y-induced upregulation of various genes (iNOS, MHC class II, and P47 GTPases) [295,299]. Parasite growth control
requires IFN-y activation of the STAT1. T. gondii inhibits the STAT1 signaling pathway by upregulating levels of suppressors of cytokine
signaling (SOCS) proteins [300]. The SOCS family includes eight proteins [SOCS1-7 and cytokine-inducible SH2-containing protein
(CIS)] that attenuate IFN-y-dependent signaling [301]. These proteins affect [FN-y signaling by either inhibiting the catalytic activity of
the JAKs (SOCS1, SOCS3) or by inhibiting the recruitment of STATs. T. gondii in infected macrophages upregulate the abundance of
SOCS-1, SOCS-3, and CIS mRNA levels. These proteins are involved in Toxoplasma immune evasion, and infected macrophages
overexpressing SOCS-1, SOCS-3, or CIS cannot produce NO or limit parasite growth in response to IFN-y [300]. The NF-kB family of
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transcription factors plays a vital role in the immune response against T. gondii and regulates many aspects of innate and adaptive
immune functions. NFkB activation by type II strains associated with higher levels of IL-12 production contributes to early infection
control [138,155]. The antimicrobial activities of IFN-y in macrophages are usually insufficient to control T. gondii, and a second signal
is required to fully activate killing. The second signals are provided by TNF-u or signal through CD40, both of which use the NF-xB
signaling pathway [185,302,303]. Toxoplasma-infected T cells, NK cells, and DCs employ potential mechanisms by which they not only
evade cellular immunity but also redirect cell-mediated cytotoxicity to their advantage [108,111]. Rapid egress of parasite resulted
from ligation of death receptors in T. gondii-infected cells. In this process, intracellular calcium release and caspase activation are
involved [108].

The cysts are resistant to existing drug treatments and cause chronic infections that cannot currently be eradicated. In immuno-
compromised individuals, the high frequency of acute toxoplasmosis results from the ability of bradyzoites to transform into tachy-
zoites [13]. Also, considering that during experimental toxoplasmosis, bradyzoites are first detected after the initiation of the immune
response to the parasite, this suggests that the stress exerted by the host’s immune response can lead to the transition from the
tachyzoite stage to the bradyzoite stage [240]. Indeed, during latent infection, bradyzoites can reconvert to proliferative tachyzoites in
severely immunocompromised hosts and ultimately leading to necrotic lesions and life-threatening reactivated toxoplasmosis [13].

So far, a wide range of cyst wall antigens have been identified and used as vaccine antigens. For example, GRA proteins have been
experimentally used for vaccine production [95]. In addition, genetic knockout of the CST1 gene reduces the structural integrity of
cysts and prevents their formation in the brains of mice [249]. Therefore, CST1 would be an ideal candidate antigen for T. gondii
vaccines [304]. One study showed that naturally infected animals and humans develop a strong humoral response to cyst wall antigens
[305]. During ingestion of tissue cysts, bradyzoite stage-specific SRS antigens play an important role in binding and invading intestinal
epithelial cells [306,307]. These antigens are among the first parasite antigens presented to the immune system [306,307]. However,
the immune response, especially the humoral one, against bradyzoite-specific SRS antigens is not known [305]. Strong humoral re-
sponses against cyst wall antigens in naturally infected animals and humans can be elicited using T. gondii-positive sera [305].
However, the immunogenicity of these proteins and the role of these CST1-specific antibodies in protection are poorly understood.
Therefore, assessing the immunogenicity of such candidate antigens may help improve current vaccine design strategies [304].

4.3. Immune responses

Toxoplasmosis can cause acute or chronic infection. Acute infection is associated with tachyzoites, while tissue cysts cause chronic
infections. During the acute process, the tachyzoites invade all body cells except the host’s nucleated cells, such as erythrocytes [308,
309]. After interacting with antigens, macrophages can stimulate and activate both T and B cells, leading to the production of many
cytokines such as IL-1, IL-2, TNF-a, IFN-y, NO, and the complement components, as well as antibodies [immunoglobulin (Ig)G, IgM,
IgA, and IgE] [310,311]. Cytokines have a protective role against infection, for example, IFN-y and TNF play a role in destroying
tachyzoites by macrophages. The combination and synergistic effect of IFN-y and TNF increases the production of free radicals and NO,
both of which can be effective in killing parasites [185,312,313]. Macrophages play a positive role in T. gondii infection due to their
phagocytic capacity, which is limited to non-viable parasites [314-316]. However, when peripheral blood macrophages are infected
by tachyzoites, macrophages become a shelter for the parasite, so they can also play a negative role [317,318]. These infected cells are
responsible for persistent parasitism in humans and animals after infection [319-321]. Tachyzoites stimulate the production of IL-12
by macrophages. Macrophages are also effective in regulating cell-mediated immunity by producing immune mediators [322,323].
Cytotoxic CD8 T cells exert activity against T. gondii during the acute phase of infection, and CD4 T cell activity appears when the
infection becomes chronic [324]. T cell populations are involved in the control of acute infection due to their ability to produce IFN-y.
CD4 T cells are important in controlling the early stages of acute infection and CD8 T cells are important in the late stages of acute
infection [213,325]. However, they also play a role in long-term protection and limiting the parasite to the chronic phase [326]. Severe
toxoplasmosis has been reported in HIV-infected patients with reduced CD4 T cell counts [327], and reduced cell counts in these
patients increase susceptibility to toxoplasmic encephalitis (TE), an important CNS complication in the late-stage HIV (also known as
AIDS) [327]. CD8 T cell immunity against chronic toxoplasmosis is impaired by CD4 T cell depletion in advanced AIDS and leads to
reactivation of toxoplasmosis in these individuals [328]. Proinflammatory cytokines such as IL-12 must be produced to control
T. gondii, which stimulates NK, CD4 T, and CD8 T cells to release IFN-y [329,330]. Activation of the adapter molecule myeloid dif-
ferentiation factor 88 (MyD88) is involved in the ability of cells to produce IL-12 during infection [331]. These cytokines are important
in maintaining chronic infection. MyD88-deficient mice have been shown to be unable to produce IL-12 and therefore unable to control
acute T. gondii infection [331]. MyD88 is an adaptor protein required for all Toll-like receptors (TLRs) in response to binding of a
pathogen-specific molecule to multiple TLRs of the host [332,333]. CD8 T cells lyse infected cells and expose protected parasites to
immune mechanisms, including immunoglobulins, macrophages, complement, and NK cells [334]. After stimulation with parasite
antigens and in the presence of IL-12, CD8 T cells secrete cytokines such as IFN-y, TNF-a, and IL-2 and inhibit the spread of parasitic
infection [334]. IFN-y is the main cytokine that can control and limit intracellular pathogens such as T. gondii infection and is crucial
for the activation of a variety of antimicrobial activities in different cells [120,335]. Mechanisms such as IFN-regulated GTPases [336,
3371, induction of reactive nitrogen intermediates [338], tryptophan degradation in human cells [339], and autophagy [184,340] are
activated by IFN-y to eliminate the parasite. In response to IFN stimulation, two families of GTPases, guanylate-binding proteins (GBPs)
and IRGs are expressed [341,342]. They are expressed in all types of cells and control parasite replication in the PV [343,344]. Two
IRG genes have been reported in humans and 23 genes in rodents [345]. This gene disrupts the integrity of the PVM and releases the
parasite into the cytoplasm of the host cell, where the parasite is killed [340]. GBPs are expressed in a large number of hosts and help
control parasite load, but their mechanism of action is unknown [11]. They localize to the PV in response to IFN-y induced by T. gondii
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[346,347]. Following stimulation with IFN-y, the concentration of NO increases in macrophages, which inhibits parasite proliferation
in all cell types [337,348-350]. T. gondii stimulates the production of antibodies (IgG, IgM, IgA, and IgE) against the membrane and
excretory-secretory antigens and therefore has a small role in the body’s defense against toxoplasmosis. These antibodies have various
functions, such as reduction of T cell invasion, lysing parasites by phagocytosis and the catalytic activity of NK and cytotoxic T
lymphocyte cells, or activating complement pathways [351]. Specific antibodies prevent the attachment of the parasite to the host cell
receptors. As a result of the local production of B cells, tissue cysts are formed. During infection, the body first produces IgM antibodies
in the blood, which indicate a recent infection [352,353]. Detection of IgM antibody in human serum alone is not sufficient for the
establishment of acute toxoplasmosis [354]. IgA antibody indicates acute toxoplasmosis and the kinetics of this isotype is faster than
IgM antibody, but it may persist for months [354]. IgG is the major immunoglobulin class in the humoral immune response against
T. gondii infection [355]. In humans, specific IgG increases very slowly and reaches a maximum in 6-14 months. In the chronic phase of
infection, this antibody may remain positive at low levels in the body until the end of the person’s life. A considerable increase or a
fourfold rise of specific IgG indicates acute infection [353]. It is important to determine the level of antibodies to T. gondii in the first
trimester of pregnancy in women. Diagnosing acute toxoplasmosis can help prevent the transmission of infection from mother to fetus,
and as a result, provides the opportunity for early and effective treatment [356-359]. The Toxoplasma IgG avidity test usually shifts
from low to high avidity at about 5-6 months after infection. It is a useful tool to diagnose toxoplasmosis in pregnant women who were
positive for Toxoplasma antibodies in the first months of pregnancy [360]. If the avidity test in women is high in the first trimester of
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pregnancy, acute infection is not shown in the last trimester. Additionally, elevated IgG avidity levels in pregnant women before the
first trimester of gestation can indicate later infections, which shows the usefulness of this test at the beginning of pregnancy. However,
this cannot rule out the possibility of fetal involvement during pregnancy [361]. Therefore, possible acquired infections in the first or
second trimester of gestation cannot be ruled out by high-avidity titers at the end of gestation [362]. However, according to research,
high-avidity titers in pregnant women indicate a possible reduction in the risk of fetal infections. In infections that occur a few weeks
before conception, the probability of congenital transmission is very low or even zero [359,363-366]. Chronically infected individuals
are usually resistant to re-infection due to circulating immunoglobulins. This phenomenon is called immunosuppression [367] or
premonition [368], although concomitant infection of toxoplasmosis may sometimes be reported [369,370] (Fig. 3).

4.3.1. Immune responses in psychiatric disorders

T. gondii can actively infect any nucleated cell in the body of intermediate hosts. The parasite spreads throughout the host’s body
together with infected DCs and monocytes [371]. Some tachyzoites of T. gondii differentiate into bradyzoites with slow proliferation
and form tissue cysts. The formation of these cysts is more common in muscle and nervous tissues such as the brain, eyes, and skeletal
and cardiac muscles; although these cysts can also be formed in visceral organs such as the lungs, liver, and kidneys [372]. Most gray
matter areas of the brain showed some degree of infection, suggesting that T. gondii does not have a specific propensity for certain
regions of the brain [373]. A study in mice also showed that the distribution of cysts was not dependent on a specific region.

Cysts cannot cause behavioral changes directly by disrupting the surrounding tissues [374]. As the cysts grow, the host cells
degenerate. Since the parasite is intracellular and the wall of its cyst is highly glycosylated, drugs cannot reach the interior of the tissue
cysts; in addition, tissue cysts block immune system responses by unknown mechanisms [241]. When the cysts rupture, they release
bradyzoites that can differentiate into tachyzoites. Various factors, such as pregnancy, bacterial and viral infections, different vaccines,
drugs, and other substances have been shown to cause reactivation of latent cerebral toxoplasmosis [375].

Tachyzoites activate macrophages to produce IL-12 [322]. IL-12, in turn, stimulates NK cells and T cells to produce IFN-y. The
production of IFN-y is vital for resistance to the parasite and prevents the proliferation of the parasite through specific mechanisms
[376,377]. Many studies have shown that infection with T. gondii can disrupt the synthesis of various neurotransmitters [378,379].
Cytokines and inflammatory mediators, such as IFN-y, IL-1, IL-6, TNF, and NO, affect neurotransmitters through mechanisms such as
indoleamine-2,3-dioxygenase enzyme (IDO), MAPK activation, changes in tetrahydropterin (BH4) enzyme activity, excitotoxicity and
oxidative stress [380]. The cytokines, such as IFN-y and IL-2, activate IDO. This enzyme is involved in tryptophan catabolism [381,
382]. IFN-y uses tryptophan degradation to eliminate intracellular Toxoplasma in human cells. Tryptophan is an essential amino acid
for the growth and replication of T. gondii and precursor of serotonin and melatonin [378]. The IDO degrades intracellular tryptophan
and consequently inhibits the intracellular proliferation of T. gondii [383,384]. Decreased tryptophan levels increase the production of
kynurenic acid (KA) and quinolinic acid (QA [385]. Tryptophan catabolism products in the rise in brain oxidative stress, cell damage,
and apoptosis [386]. KA concentration increases in schizophrenia. QA upregulation has been reported in mental disorders such as
Alzheimer’s disease [387], depression [388], Huntington’s disease [389,390], autism [391], and suicide [392].

The QA binds to glutamate N-methyl-p-aspartate receptors (NMDARs) [393,394]. The role of these receptors is essential in the
pathophysiology of many mental disorders such as schizophrenia. It may establish a mechanistic link between T. gondii infection and
the onset of schizophrenia [395-398]. Stimulation of excitotoxicity and oxidative stress occurs in the brain following NMDAR acti-
vation [399]. KA is involved in inhibiting alpha seven nicotinic acetylcholine receptors, modulating glutamatergic neurotransmission,
and increasing amphetamine-stimulated dopamine release in the striatum [399,400]. Amphetamine, which is a dopamine-releasing
agent, aggravates psychotic symptoms in patients, and behavioral defects in response to amphetamine have been reported in mice
infected with T. gondii [401,402]. In addition, high levels of KA can lead to cognitive impairment. For example, high levels of KA have
been reported in the cerebrospinal fluid of people with schizophrenia [403-405].

The production of NO and the destruction of dopamine-producing neurons are among the strategies used by IFN-y to cause tissue
damage [406]. Disorders such as fatigue, sleep as well as gastrointestinal and musculoskeletal disorders are associated with decreased
dopamine synthesis [407]. Inflammatory cytokines such as IL-2, IL-6, and NO play a role in the etiology of psychiatric disorders and
can increase the level of dopamine in the brain. IFN-y alters NO levels by different mechanisms [380,408].

The IFN-y activates transforming growth factor-beta-1, which inhibits NO production and thus limits neurodegeneration in the
parasite-infected brain [409,410]. No changes in IFN-y or TNF-a levels occur in iNOS knockout mice, there is no change in the level of
IFN-y or TNF-a, and although the brain inflammation is less than their parental lines, the burden of brain cysts is high [411,412].
However, in IFN-y knockout mice, there are lower levels of iNOS in the brain than in wild-type mice, and the level of this enzyme is
higher in the lungs [413]. Also, disorders such as depression and anxiety are increased in these mice, but neurogenesis in the hip-
pocampus is reduced [414]. IFN-y knockout mice are not able to inhibit the growth of parasites [351]. IFN-a, [FN-B, and IFN-y by
activating guanosine triphosphate cyclohydrolase-1 lead to an increase in neoprene production and a decrease in the level of amino
acids phenylalanine and tyrosine. These amino acids are precursors for dopamine biosynthesis. In addition, BH4 is involved in the
synthesis of dopamine [415]. By reducing the concentration of this substance, cytokines can reduce the availability of dopamine in the
brain [416]. During TE, cytokines and inflammatory mediators effect on neurotransmitters through the activation of the MAPK
pathway. It can have a dual impact on dopamine. The MAPK signaling results in reduced dopamine recycling and overstimulation of its
receptors [417,418]. In addition, this pathway is involved in regulating growth, differentiation, and stress responses. Its activity in-
creases the function of the serotonin transporter and decreases serotonin at the synapse level [417,418]. Also, a mitochondrial
membrane enzyme called MAOA is involved in metabolizing neurotransmitters such as dopamine, serotonin, epinephrine, and
norepinephrine [419-422]. Since T. gondii infection downregulates MAOA gene expression in vivo [422], it will probably affect
neurotransmitter levels, for example, increasing the activity of this enzyme decreases the levels of dopamine and serotonin [419,420].
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Abnormal levels of monoamine oxidase have been reported in schizophrenia [423], depression [424], and alcoholism [425].

IFN-y reduces tonic gamma-aminobutyric acid (GABA)ergic inhibitory current and thus the severity of seizures. T. gondii infection
caused by tissue cysts affects the distribution of GABA in the brain and disrupts social activities regulated by IFN-y in infected mice
[426,427]. T. gondii infection causes changes in host miRNAs, primarily related to immune and apoptosis processes [428]. The
miR-132 is involved in regulating neural and immune functions and the differentiation of dopamine neurons [429,430]. Considering
that upregulation of miR-132 modulates a set of main pathways, vital functions of the brain, initiation and regulation of translation,
meiosis, mitosis, carcinogenesis and growth, differentiation, survival, and cell proliferation can be affected [422]. Disruption of
microRNA-132 expression may be associated with various behavioral and neurological diseases, including schizophrenia, Alzheimer’s
disease, and Parkinson’s disease [430-432].

4.3.2. Immune responses in pregnancy

Toxoplasmosis in immunologically healthy adults is usually asymptomatic. This parasite should be paid attention to in pregnant
women because it can cross the placental barrier and infect the fetus [14,433]. Infection during pregnancy triggers both cell-mediated
and humoral immunity. If IgM is produced, it indicates a recent infection and is not a sign of re-infection [434]. This antibody is
detectable one week after infection and decreases faster than the IgG antibody. The level of IgM antibody reaches its peak about 1-2
months later, although persistent IgM antibody has sometimes been reported for up to 31 months [354,371,435]. IgM antibodies in the
newborn’s circulation are a sign of congenital infection, as IgM cannot cross the placenta [436]. IgG appears approximately two weeks
after IgM and peaks within 6-8 weeks. The levels of this antibody start to decrease to lower levels after one year slowly, and due to the
persistence of latent cysts in immune-privileged organs, low levels of this antibody may be detectable until the end of the infected
subject’s life [437-439].

The production of IgA occurs in the same way as IgM in the first week, but the peak of this antibody is later than IgM and disappears
earlier than IgM. IgA persists for more than 3 or 4 months after the initial infection and may even persist for more than a year [439,
440]. IgA cannot cross the placenta but is present in colostrum [354]. IgA antibody detection is not sufficient to diagnose acute
infection in adults [441]. The presence of this antibody at the site of active disease is attributed to the possible presence of transforming
growth factor beta (TGF-p), which can play a role in switching to this antibody [442]. It can be detected in newborn infants, and its
serological profile at birth depends on the date of infection, being absent if infection of the fetus occurs during the first trimester but
present if it occurs during the third trimester. Detection of IgA antibodies in the serum of immune mothers is presumably due to
reinfection and not reactivation of chronic disease [443,444]. Specific IgE antibodies are rapidly produced and can be detected less
than four months after infection in the serum of adults with acute infection, neonates infected with congenital infection, and children
with chorioretinitis [445]. The persistence of IgE can be a sign of active toxoplasmosis [446]. In IgG and IgM-negative pregnant women
who have not been previously exposed to T. gondii, there is a high risk of transmission of T. gondii to the fetus. IgG-positive women are
also tested for IgM antibodies, and if they are positive, they must undergo confirmatory tests. In cases of negative IgG and positive IgM,
the serology test should be repeated after three weeks [447].

Toxoplasmosis can affect maternal immune responses and affect pregnancy outcomes by altering immune mechanisms at the
maternal-fetal interface [448]. Also, immune modulation during pregnancy may help the parasite to evade the immune responses and
increase the possibility of transmission of infection from mother to fetus during pregnancy [449]. Studies have shown that trophoblasts
are a component of the innate immune system and play a role in producing various anti-inflammatory mediators, including IL-10,
TGF-p, and Fas ligand (FasL) [450-452]. In some situations, trophoblasts may initiate signals that cause fetus rejection [453,454].

Progesterone, which is synthesized in the breast, endometrium, brain, ovaries, and fetoplacental unit, plays a role in regulating
immune cells and is necessary to maintain pregnancy during pregnancy [455-458]. Among the adverse effects of T. gondii on preg-
nancy are low progesterone levels in infected pregnant women [459], which may adversely affect pregnancy by altering macrophage
polarization and T cell responses [460,461]. Progesterone promotes the production of local T helper (Th) 2-related cytokines by mouse
placental tissues. It also plays a role in differentiating Th cells into Th1l and Th17 and negatively regulates this process [462,463].
Infection with T. gondii initiates a strong Thl immune response in which IFN-y, IL-12, and CD8 T cells are predominant. However,
pregnancy increases the activities of Th2 and its anti-inflammatory cytokines (IL-4, IL-5, and IL-10). Moreover, damage to the placenta
and fetus can be due to the activation of cytotoxic cells (NK or T cells) and inflammatory cytokines (IFN-y and TNF-a) [464]. IFN-y and
TNF-a are not usually expressed in the placenta. However, these cytokines have been associated with abortion in mouse models [465].
As a result, the occurrence of infection in the first trimester when the level of hormones is low and the bias of Th2 cells is not high, the
probability of infection transmission to the fetus is low, and the likelihood of miscarriage increases. On the contrary, the occurrence of
infection in the third trimester, when the Th2 bias is high, reduces the risk of miscarriage but increases congenital transmission [380,
466].

4.3.3. Immune responses in ocular toxoplasmosis

The most crucial reason for infectious posterior uveitis in the world is ocular toxoplasmosis, and it often leads to blindness and
vision problems in affected people [467]. Ocular manifestations occur in about 2 % of people with toxoplasmosis. That is, 1 in 400
people worldwide develop posterior uveitis caused by toxoplasmosis [20]. It is unlikely that free tachyzoites in human blood samples
can directly infect ocular tissue. Probably, DCs and macrophages act as "Trojan horses" in guiding the parasite to different target organs
[468,469]. Invasion of the host cell is an active parasite-driven process based on the interaction between several surface ligands of the
parasite and the host [16]. T. gondii stimulates the production of IFN-y and IL-12 and simultaneously suppresses a strong Th1-type
immune response. This balanced immune response can control the parasite and at the same time prevent an immunopathology.
Th17 cells are an essential regulatory component in this balance of immune pathological response in the eye. IL-23 stimulates IL-17
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secretion from DCs and may have protective and pro-inflammatory effects [470-472].

In addition to congenital toxoplasmosis, acquired toxoplasmosis is also a common cause of uveitis [473-475]. CD4 and CD8 T cells
contribute to ocular inflammation in a murine model of toxoplasmosis and are associated with the presence of the parasite [312].
Parasite proliferation and CD4 and CD8 T cells are known to play a role in the pathogenesis, and T cells are also involved in protection
[476,477]. Fas-FasL-deficient mice develop more severe inflammation following intraocular infection with Toxoplasma, indicating that
Fas-FasL plays an important role [478]. In studies conducted in mice, the important role of IFN-y, TNF-a, IL-6, and iNOS in the pre-
vention of parasite dissemination in the eye may be related to the pathogenesis of ocular toxoplasmosis in humans. A less effective
immune response against the parasite may cause congenital ocular toxoplasmosis [479]. Interestingly, there is a link between auto-
inflammatory and immunoregulatory mechanisms in persons with toxoplasmic retinochoroiditis [480]. In children with congenital
ocular toxoplasmosis, there is an association with a polymorphism in the nucleotide-binding oligomerization domain-containing
protein 2 (NOD2); this gene is an intracellular pattern recognition receptor. NOD2 is involved in the production of IL-17A by CD4
T lymphocytes and may be important in the development of ocular toxoplasmosis [480,481]. In general, all types of gene poly-
morphisms (TLR2, TLR5, and TLR9), polymorphisms of the cytokines (IFN-y, TNF-a, IL-10, and IL-6) are associated with ocular
toxoplasmosis [228,232,482]. In Brazil, an association between TLR2, TLR5, and TLR9 gene polymorphisms and ocular toxoplasmosis
was observed, with a significant association with the C allele of TLR9 rs352140 [482]. This report opens a new way of understanding
the interaction between the parasite and TLR9 and how it triggers inflammation in the eye. A polymorphism has also been identified in
the gene encoding the purinergic receptor P2X (7) (P2RX7) [483]. This receptor plays an important role in the inflammatory response
after microbial infection [484].

4.3.4. Immune responses in AIDS patients

The reactivation of latent T. gondii infection in HIV-infected patients causes TE, which threatens the patient’s life [13]. This disease
was the most common focal infection of the CNS among patients with HIV in the early 1990s [485]. The genetic background of the host
and the difference in the virulence of parasite strains play a role in the recrudescence of active infection [58]. Genetics is an essential
factor for resistance against the development of TE in mice and humans. The Ld gene in the D region of the H-2 complex is effective in
mice resistance. HLA-DQ3 is a genetic marker of susceptibility, and HLA-DQL1 is a resistance marker in AIDS patients [486].

Chronic headaches, cognitive impairment, memory loss, and slowness of verbal responses are among the first clinical symptoms of
CNS toxoplasmosis [487]. In addition, complications such as myocarditis occur in HIV-infected individuals with latent toxoplasmosis
[488], and pulmonary toxoplasmosis mainly occurs in patients with advanced AIDS [310]. Toxoplasmosis retinochoroiditis is un-
common in AIDS patients. However, when it occurs in immunocompromised patients, it is often rapidly destructive [489]. In these
patients, discrete or multifocal lesions, diffuse retinal necrosis, slight inflammation, and many parasites may appear [489]. In
immunocompetent individuals who are asymptomatic or have mild symptoms, there are usually no side effects from infection with
T. gondii. Therefore, the immune response is critical to prevent TE [490]. Many factors, such as the decrease in the number of CD4 T
cells, the lack of production of IL-12, IL-2, and IFN-y and the reduction in the activity of T lymphocytes are influential in the path-
ogenesis of toxoplasmosis in immunocompromised persons [310]. In patients with AIDS, the level of IFN-y decreases and can reactivate
chronic toxoplasmosis [310]. A decrease in the number of CD4 T cells below 50 cells per microliter leads to the rupture of cysts of the
CNS and the reactivation of chronic infection [491]. Reduction of CD4 T cells in HIV patients increases susceptibility to TE, and most
cases of toxoplasmosis occur in patients with advanced AIDS [328]. That is when a deficiency in CD8 T cells is evident due to a decrease
in the CD4 population [328]. Approximately 30 % of AIDS patients and Toxoplasma seropositive who do not receive antiretroviral
therapy or anti-parasitic Prophylaxis develop TE [487]. IgG levels are often low or undetectable in immunocompromised persons, but
serologic tests for IgM are often negative. The sensitivity of antigen examination in the blood circulation of AIDS patients is lacking
[310]. Observation of tachyzoites in biopsy leads to a final diagnosis [310]. The development of TE in T. gondii-seropositive AIDS
patients shows the crucial role of IFN-y and CD4 T cells in protection against TE [486]. The T. gondii has a tropism to specific tissues
such as the brain and can infect astrocytes, neurons, and microglia cells and create cysts in these cells. Control of infection in the brain
is highly dependent on IFN-y production by CD4 and CD8 T cells and, to a lesser extent, on B cells [492]. IFN-y plays a role in the
induction of appropriate protective cytokines such as TNF-a and induces effective protective mechanisms in infected cells [492].
Astrocytes activated with IFN-y control T. gondii infection [492]. IFN-y and TNF-«a are important in preventing the development of TE in
murine models. In addition, IL-6 is involved in the immunopathogenesis of TE [493]. The results of the available articles are con-
tradictory; one study showed that treating mice with a monoclonal antibody against IL-6 reduced the inflammatory response and the
number of T. gondii tachyzoites and cysts in the brains of mice with TE [493]. On the other hand, another study reported that mice with
greatly increased intracerebral mRNA for IFN-y, TNF-a, and IL-6 resulted in better protection against T. gondii [494]. IL-6 may play a
role in the mechanisms that determine genetic resistance in mice against the development of TE [215,495,496].

4.3.5. Immune responses in transplant recipients

The occurrence of toxoplasmosis in organ transplant recipients can be due to transmission of the parasite with a transplanted organ
from a seropositive donor (D+) to a seronegative recipient (R-) or from reactivation of pretransplant latent infection in a seropositive
recipient (R+) [497]. It is also possible to transmit the infection through an organ transplant from a seropositive donor to a seropositive
recipient [497]. The risk of toxoplasmosis is higher in seronegative recipients who receive organs from seropositive donors, and this
disease is more likely to occur in the first three months after transplantation [498]. Late-onset disease can occur in seropositive re-
cipients due to reactivation or reinfection of Toxoplasma in the context of increased immunosuppression [498]. Transplant patients
such as hematopoietic stem cell transplant (HSCT) and solid organ transplant patients are at risk for toxoplasmosis due to receiving
potent immunosuppressive therapy for a long time [499]. In the chronic phase of toxoplasmosis, cysts may form in tissues such as the
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brain, eyes, heart muscles, skeletal muscles, liver, lungs, and kidneys [240,500]. Sometimes tissue cysts rupture in immunocompetent
hosts, and the immune system destroys the released bradyzoites [501]. Some organs from a donor previously infected with a parasite
may contain cysts. In seronegative recipients who do not have specific immunity to T. gondii and in cases where immunosuppressive
treatment is used for transplant engraftment and tolerance, it is possible that the cysts in the transplanted organ are not controlled;
then rupture and lead to active infection [497]. The risk of infection transmission due to the high tendency of T. gondii encystation in
the myocardium is predominant in heart and heart-lung transplants [497]. It is significantly less in the case of renal, liver, pancreas,
and intestine transplants because T. gondii does not form persistent cysts in these organs [498,502]. Grafts, such as the cornea, bone,
and arteries are not at risk for toxoplasmosis [499]. In addition, it has been estimated that there is no risk of cyst transmission with
hematopoietic stem cells [497]. The maximum risk of transmission of infection from a seropositive donor who was infected in the past
to a seronegative recipient, in the absence of prevention, is in heart transplant (50-75 %), followed by liver (20 %) and kidney (<1 %)
transplantation [503].

Immunosuppressive therapies used to treat the underlying disease and/or to prevent organ rejection in transplant recipients can
reactivate latent bradyzoites in the graft or recipient tissues. Then, bradyzoites are transformed into tachyzoites, which can dissem-
inate, lyse infected cells, and lead to life-threatening diseases [504-506]. This risk is due to the reactivation of latent
pre-transplantation infection in the HSCT seropositive recipient (R+) and the transfer of cysts in the graft from a seropositive donor
(D+) to a seronegative recipient (R-) in solid organ transplant (SOT) [497]. Toxoplasmosis is an infectious complication that has been
reported in SOT usually in the first three months after transplantation. Graft transmission is a more common mechanism of reactivation
in SOT compared to HSCT [507]. However, the disease may develop more than 3-6 months after SOT due to reactivation or de novo
disease following immunosuppressive therapies [508]. Because of longer immunosuppression, toxoplasmosis is more likely in HSCT
than in SOT. This risk is exceptionally high in the period 2-4 months after transplantation. Less than 10 % of disease cases occur before
one month and 15-20 % after 100 days [509]. The prevalence of toxoplasmosis in seropositive transplant recipients from different
parts of the world is 0.2-5.7 % [508]. The incidence of T. gondii reactivation in transplant patients varies in different countries due to
the close relationship with the prevalence of T. gondii among the general population [497].

PCR screening is mainly used in post-transplant to diagnose T. gondii infection in specialized centers [499]. A positive PCR result
from blood without organ involvement can only be considered a possible diagnosis of toxoplasmosis [497]. Nonetheless, a negative
PCR result cannot rule out toxoplasmosis because cases of toxoplasmosis with negative PCR results from blood have also been observed
[510,511]. Organ transmitted infection can be suspected, in case of serological mismatch between donor and transplant recipient
(D+/R-). Seroconversion early after transplantation, with the production of IgM and IgG antibodies, and finally IgA and IgE [512],isa
sign of acquired infection. In cases of severe immunosuppression, humoral immunity may be absent or atypical, and the diagnosis is
made only by observing the parasite or parasite DNA in blood, body fluids, or biopsy samples, guided by clinical symptoms [513].
Seroconversion with the production of IgG and IgM antibodies rarely occurs in HSCT recipients. On the contrary, the transient increase
of IgG antibody at a low titer is standard, possibly related to the transmission of passive antibodies via graft or blood transfusion [514].
Reactivation should be suspected if an increase in IgG antibody titer is observed without IgM or IgA antibodies [515]. This antibody
produced during reactivation represents an immune recall rather than a primary immune response [516]. Sometimes, in HSCT re-
cipients, an IgM antibody is created, which shows the immediate immune response of grafted cells from seronegative donors.
Nevertheless, there is no apparent connection between serological reactivation in the seropositive receptor and clinical disease [497].

5. Treatment and prophylaxis of toxoplasmosis

Pyrimethamine and sulfadiazine are the recommended drugs for the treatment or prophylaxis of toxoplasmosis [517]. These drugs
cause serious side effects such as neutropenia, leukopenia, significant reductions in platelet counts, thrombocytopenia, increases in
serum creatinine and serum liver enzymes, fatal bone marrow suppression, hematologic toxicity, and severe allergic reactions
[517-520]. Furthermore, these drugs cause some unusual reactions, including agranulocytosis, Stevens-Johnson syndrome, toxic
epidermal necrolysis, and hepatic necrosis, which can be fatal in patients with toxoplasmosis [521]. Additionally, other drugs,
including spiramycin, azithromycin, atovaquone, clarithromycin, dapsone, and cotrimoxazole (trimethoprim-sulfamethoxazole) are
used to treat toxoplasmosis. However, these medications are poorly tolerated and do not affect the bradyzoites [522,523]. Disease
management is based on targeting actively growing tachyzoites [524,525]. This drug combination targets folate metabolism due to the
synergistic action of pyrimethamine plus sulfadiazine on dihydrofolate reductase and dihydropterate synthase [526]. Tissue cysts and
their bradyzoites are resistant to these antifolate drugs, which may be due to a low level of DNA synthesis in the cyst [527]. Recent
experimental studies in clinical cases clearly show drug resistance to Toxoplasma. Due to treatment failure and increased clinical
burden in immunocompromised patients, T. gondii strains resistant to existing drugs have emerged, which is worrying. Hence, com-
prehending the mechanisms of drug resistance is vital for disease control and helps predict which drug combinations will synergize and
identify the critical targets of the parasite [517]. In a study, the activities of 80 existing clinical drugs and several new compounds used
to treat toxoplasmosis were investigated. Most available drugs are effective only on tachyzoites and very few affect bradyzoites [522].
Currently, toxoplasmosis is incurable because the cysts persist in the host’s tissues [528]. An ideal drug should be effective against both
tachyzoites and tissue cysts because the most prevalent form of the disease is its chronic type [529]. Then, to achieve a radical cure for
Toxoplasma, bradyzoites must be eliminated. However, due to the presence of the cyst wall and quiescent metabolism in addition to
being intracellular, this is pharmacologically challenging to do [528]. Therefore, in recent years, the development of tolerable and safe
immunoprophylaxis has been an important goal for the global control of toxoplasmosis [530]. Immunotherapy strategies to improve
toxoplasmosis control may include vaccination that induces strong protective immunity against infection, or passive immunity in cases
of disease recrudescence [522]. In recent decades, considerable progress has been made in vaccine research on nucleic acid vaccines,
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protein vaccines, live attenuated vaccines, and heterologous vaccines [531,532]. In the vaccination approach, the goal is to prevent
congenital defects and abortions in women and various species of livestock such as sheep and goats, to prevent/reduce the number of
T. gondii tissue cysts in food-producing animals, and to prevent/reduce oocyst shedding in cats [533]. Several vaccine candidates
including SAGs, MICs, GRAs, and ROPs have been tested mainly in inbred mice using different strategies [59,60,65,95]. Another point
to note is that different parts of an antigen do not stimulate the immune system similarly. The most immunogenic epitopes for
epitope-based vaccines were selected by the in silico method and used for vaccine production [534-536]. Comparisons are difficult
because the genetic background of mice affects the outcome of vaccine trials, and there is no standard challenge protocol [537]. To
date, only one live-attenuated vaccine (Toxovax) has been marketed to prevent abortion in sheep, and there is no suitable vaccine for
the prevention of toxoplasmosis in humans [538].

6. Conclusion and future perspectives

A review of many studies shows that the pathogenesis of toxoplasmosis is a very complex phenomenon involving many aspects.
However, this study tried to summarize the important aspects of the pathogenesis of the disease, but there is a lot of ambiguity and
many open questions, so the study provides answers to these ambiguities may be an exciting field for future research and facilitate a
better understanding of the pathogenesis of the disease.

Addressing the following issues will allow a better description of the pathogenesis of parasite in its hosts: 1) identifying the protein
composition of different stages of T. gondii, including oocyst and cyst walls, by RNA single-cell sequencing will help to better un-
derstand the biology of the parasite, its pathogenesis, and identify possible new vaccines, 2) future studies should focus on targeting
bradyzoite formation and/or removal of tissue cysts and further investigate cytokines associated with cyst formation and stability.
They should also study the specific molecular triggers to stage conversion from bradyzoite to tachyzoite as they are valuable in
identifying new therapeutic options, 3) the use of gene knockout systems is necessary to further investigate the differences between
different Toxoplasma strains, 4) much research is needed to fully understand the molecular mechanisms that cause latency and the
effect of chronic infection on host behavior, 5) it is better to use recent advances in genetic manipulation of parasites to identify new
factors effective in the in vivo virulence of the parasite, 6) differences in the strategies adopted by the parasite between mouse and
human hosts should be further investigated, 7) research in the field of identifying new and effective drug targets is needed, 8) it is
necessary to investigate the role and importance of GPI in the pathogenesis of toxoplasmosis for a more precise understanding, 9)
further research in the field of polymorphisms related to ocular toxoplasmosis can explain how inflammation in the eye is triggered,
and 10) further intensive studies to determine the effect of parasite on altered levels of neurotransmitters and inflammatory markers,
the role of neurotransmitters and potential immune mechanisms are required in the etiology of psychiatric disorders.
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