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Intracellular life of protozoan Toxoplasma gondii: Parasitophorous vacuole establishment and survival strategies
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Abstract: Toxoplasma gondii is a protozoan of worldwide distribution and the agent of toxoplasmosis. It is estimated that 30%–50% of the world population could be infected with this parasite. Although the infection in immunocompetent individuals is mostly asymptomatic, the disease in immunosuppressed and pregnant is a risk condition. As a member of the phylum Apicomplexa, T. gondii has an obligatory intracellular lifestyle; therefore, invading a host cell and establishing it inside a parasitophorous vacuole (PV) are mandatories for the survival of this parasite. The construction of a perfect intracellular niche for T. gondii requires the secretion of an arsenal of proteins from unique secretory organelles. These proteins will remodel the vacuolar environment and the host cell organization and functions, allowing the parasite to access essential nutrients and stay “invisible” inside a host cell. In the present review, we will discuss the main steps involved in the PV formation and its differentiation to tissue cyst, focusing mainly on the strategies employed in the acquisition of nutrients and proteins involved in host cell modification.
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Introduction

Toxoplasma gondii is the causative agent of toxoplasmosis, a disease with worldwide distribution affecting about a third of the world population. Some regions of Central and South America have even reached up to 90% infection rate (Pappas et al., 2009). T. gondii infection occurs through the ingestion of food or water contaminated with oocysts (containing sporozoites), which are excreted in the feces of infected felids (the definitive hosts of T. gondii), or by the ingestion of tissue cysts with bradyzoites in raw or undercooked meat from chronically infected animals. After ingestion of infectious forms, sporozoites and bradyzoites are released in the gastrointestinal tract and infect the cells of the mucosa of the small intestine, where they differentiate into a fast-replicating form called tachyzoite. The latter is responsible for the acute phase of the disease and for the dissemination of the infection from the initial site of entrance in the small intestine to other tissues (Halonen and Weiss, 2013; Attias et al., 2020).

Under the pressure of the immune system, tachyzoite differentiate into bradyzoite, the slow-growing form, which resides inside an intracellular tissue cyst and persists latently through the whole life of infected individuals. Although T. gondii can infect any nucleated cell, it shows a tropism for muscle and central nervous system (CNS) tissues that usually have a high burden of cysts (Blader et al., 2015). All drugs used for the treatment of toxoplasmosis are only active against the acute stage of disease and there is no treatment available for chronic infection (Dunay et al., 2018).

In immunocompetent individuals, the infection is mostly asymptomatic and converts unnoticed into the chronic form of the disease (Montoya and Liesenfeld, 2004). The symptoms in immunocompetent individuals are generally mild and nonspecific, but some individuals may have the ocular form of the disease. In immunosuppressed individuals, however, T. gondii infection is a risk condition, with the site of parasitic tropism being the CNS. The primo-infection, or reactivation of the disease, usually causes encephalitis in these individuals, and if not diagnosed and treated in time, can cause the patient’s death or permanent sequelae. Another risk condition is the primo-infection by T. gondii during pregnancy, which potentially could cause abortion and several congenital malformations in the fetus (Halonen and Weiss, 2013).

As a member of the phylum Apicomplexa, T. gondii has an obligatory intracellular lifestyle (Adl et al., 2007); therefore, invading a host cell, establishing it inside a parasitophorous vacuole (PV) and its later differentiation to tissue cyst are mandatories for the establishment of infection by this parasite. The construction of a perfect intracellular niche by T. gondii requires the secretion of an arsenal of proteins from secretory organelles, such as micronemes, rhoptries and dense granules. These secreted proteins have crucial roles in host cell invasion and later in remodeling the vacuolar environment as well as in interfering with the host cell organization and functions, allowing the parasite to access essential nutrients and defying host cell recognition to become “invisible” (Sinai, 2013; Clough and Frickel, 2017). In this review, we will discuss the main steps involved in the PV construction and cyst differentiation, focusing mainly on the strategies employed in nutrient acquisition and proteins involved in host cell modification.

The Process of Toxoplasma gondii Invasion

The invasion by T. gondii is an active process powered by the parasite gliding motility (Sibley et al., 1998; Frénal et al., 2017) and consists of multiple steps that require the sequential and orchestrated secretion of micronemes, rhoptry, and dense granules (Carruthers and Sibley, 1997). The secretion of micronemes in T. gondii is triggered by the intracellular increase of Ca2+ (Carruthers and Sibley, 1999; Lourido and Moreno, 2015). Microneme proteins (MICs) are secreted at the apical end of T. gondii and are essential for gliding motility and invasion, acting as major recognizers and ligands of the host cell surface and substrates (Carruthers et al., 1999; Soldati et al., 2001; Huynh and Carruthers, 2006). The strong binding of MIC proteins to the host cell surface triggers the apical secretion of rhoptry content into the cytoplasm of host cells by a transient pore (Carruthers and Boothroyd, 2007).

Rhoptries are club-shaped organelles with two different regions that contain a different set of biological roles. While proteins from the rhoptry neck (RONs) act in forming a structure at the surface of the host cell called the moving junction (MJ), the proteins from its bulb (ROPs) act in modifying the PV and modulating the host cell response (Table 1) (Ben Chaabene et al., 2021). The MJ is molecularly composed of rhoptry neck proteins RON2, RON4, RON5, and RON8, and also the microneme protein AMA-1. RON2 is inserted into the host cell membrane and acts as a ligand for AMA1 at the parasite membrane surface. RON4, RON5, and RON8 locate in the host cell cytoplasm and mediate the interaction between the cytoskeleton proteins of the host cell and the cytoplasmic portion of RON2. The MJ forms a juxtaposition between the membranes of the parasite and the host cell and anchors the parasite to the host cell surface as it moves to force the invagination of the host cell membrane, leading then to the formation of the PV during the invasion process (Besteiro et al., 2011; Horta et al., 2020).
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At the end of the invasion process, the secretion of the third set of organelles, known as dense granules, starts (Carruthers and Sibley, 1997). Contrasting to the microneme, cytosolic Ca2+ increase negatively regulates dense granule secretion in T. gondii (Katris et al., 2019). Thus, a decrease in cytosolic Ca2+ is important to shift tachyzoite from an invasive to a non-motile state, permitting its intracellular establishment and development (Katris et al., 2019). Interestingly, bradyzoites also show a strong suppression of Ca2+ signaling that restricts parasite egress and maintains the life-long chronic infection (Fu et al., 2021).

Parasitophorous Vacuole

Initial steps of the formation of parasitophorous vacuole

The detachment of PV from the host cell plasma membrane was shown to be mediated by the GTPase dynamin (Caldas et al., 2009), which is known for the intracellular release of nascent endocytic vesicles by catalyzing the membrane fission (Williams and Kim, 2014). Intriguing, later studies also found labeling for dynamin inside the parasitophorous vacuole (Caldas et al., 2016). Besides dynamin, a more recent study also showed another mechanism independent of this protein, in which the PV pinch-off would occur mechanically in a process mediated by the tachyzoite twisting motion (Pavlou et al., 2018).

Electrophysiological measurements using a patch-clamp confirmed that the PV membrane (PVM) originates through the invagination of the host cell plasma membrane (Suss-Toby et al., 1996). Thus, until the detachment of the nascent PV from the host cell plasma membrane, PVM lipidic composition is the same as that of the host cell plasma membrane. Accordingly, studies using different lipid probes or lipid targeted labeling confirmed that host cell plasma membrane lipids such as cholesterol, glycolipids, and phospholipids, contained in domains or not, flow freely into the forming PVM (Mordue et al., 1999a; Charron and Sibley, 2002; Coppens and Joiner, 2003).

In contrast to the observed lipidic composition, proteins from the host cell plasma membrane cannot flow freely to the forming PVM, and during the moment of invasion, most proteins from the host cell membrane are selectively prevented from accessing the nascent PVM (Porchet-Hennere and Torpier, 1983; Mordue et al., 1999a; Charron and Sibley, 2004). GPI-anchored proteins, non-multimeric cytosolic leaflet acylated proteins, and some raft-associated transmembrane proteins are internalized from the plasma membrane into the PV, but cytoskeletal linked proteins and multimeric protein complexes, associated or not to raft domains, are barred (Mordue et al., 1999a; Charron and Sibley, 2004). Supporting this finding, studies using freeze-fracture showed a low amount of intramembranous particles at the PVM during and in the early moments after the invasion (Porchet-Hennere and Torpier, 1983; Lemgruber et al., 2008). Rab5 and Rab7 are among the proteins removed from the nascent PVM during the active invasion. These molecules would route the PV towards the endocytic pathway and fusion with lysosomes, causing parasite death (Mordue and Sibley, 1997). Thus, PV is segregated from the endocytic and exocytic pathways of the host cell (Mordue et al., 1999b) and maintains a neutral pH (Sibley et al., 1985).

Remodeling of parasitophorous vacuole after the invasion

Parasitophorous vacuole membrane:

After the end of the invasion, the volume of the PV modifies over time, and from an initial tighten vacuole (Fig. 1A), it enlarges while accommodating new tachyzoites resulting from replication cycles (Figs. 1B–1D) (Mordue et al., 1999b; Lemgruber et al., 2008). The PV enlargement involves the mobilization of lipids from different host cell sources, which are then incorporated into the PVM (Melo and de Souza, 1996, 1997; Charron and Sibley, 2002; Caffaro and Boothroyd, 2011). Accordingly, the composition of PVM intramembranous particles also shows a progressive increase over time and reaches a peak around 6 h post-infection (Porchet-Hennere and Torpier, 1983; Lemgruber et al., 2008). The PVM projections extend into the host cytoplasm and interconnect PVs in the same host cell and located in neighboring cells too (Dubremetz et al., 1993; Rome et al., 2008; Coppens et al., 2006; Lige et al., 2011; Romano et al., 2013). In addition, some PVM projections interact with host organelles, affecting host cell dynamics or getting nutrients from host organelles (Coppens et al., 2006; Romano et al., 2013).
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Figure 1: Remodeling of parasitophorous vacuole (PV) after tachyzoite invasion. (A) PV after 2 h of invasion, arrow points to the parasite convolved basal end secreting filamentous nanotubular materials; (B) PV after 4 h of invasion, short arrows point endoplasmic reticulum (ER), large arrows point to PVM invaginations into PV, and arrowheads point the tubular intravacuolar network (IVN); (C) PV after 12 h of invasion, arrowheads point to the tubular IVN; (D) PV after 24 h of invasion, arrowheads point to the tubular IVN connecting the tachyzoite rosette to PVM. Inset of (D) shows pore at the PVM (arrow). (A–C) are transmission electron microscopy images, and (D) a scanning electron microscopy image. HC–host cell; M–mitochondrion.

Most identified PVM proteins are secreted from the dense granules and rhoptries (Tables 1 and 2). While rhoptry proteins decorate the cytoplasmic face of PVM (Bradley and Sibley, 2007), dense granule proteins are more diverse with regards to PVM localization and are found on both cytoplasmic or matrix sides of PVM (Mercier et al., 2005; Mercier and Cesbron-Delauw, 2015). Several of those proteins had their roles already elucidated and will be further addressed herein.
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Among the rhoptry proteins with PVM localization and known role (Table 1) are ROP1, ROP2, ROP4, ROP5, ROP7, ROP8, ROP17, ROP18, and ROP54 (Beckers et al., 1994; Bradley and Boothroyd, 2001; El Hajj et al., 2007b; Reese et al., 2014; Kim et al., 2016). Rhoptry bulb ROP1 can be detected at the nascent PVM during parasite invasion and then quickly disappears (Bradley et al., 2002). ROP2, ROP4, ROP5, ROP7, ROP8, and ROP18, are members of the ROP2 family, a group of kinase-related proteins (Beckers et al., 1994; El Hajj et al., 2006). Members of this family of proteins are seen at the nascent PVM during the invasion and persist at this location during the cell infection, acting as virulence factors (see Table 1) (El Hajj et al., 2006, 2007a; Saeij et al., 2006). ROP5 and ROP18 are the major determinants of the differences in the virulence phenotype between T. gondii strains in mice (Shwab et al., 2016) and together with ROP17, disrupt the immunity-related GTPases (IRG) (Etheridge et al., 2014; Reese et al., 2014; Behnke et al., 2015).

Recently, the use of proximity-labeling-based methods allowed the identification of a high amount of GRA proteins, and several of them show PVM localization (Table 2). Secreted GRA proteins present highly diverse roles, such as host cell immune modulation (GRA7, GRA12, GRA15, and GRA60) (Rosowski et al., 2011; Alaganan et al., 2014; Fox et al., 2019; Nyonda et al., 2021), nutrient acquisition (GRA2, GRA7, GRA17, and GRA23) (Coppens et al., 2006; Dou et al., 2014; Gold et al., 2015), translocation of GRA effector proteins to host cytosol (MYR1-4, GRA44, and 45) (Rastogi et al., 2019; Cygan et al., 2020), host organelles–PV association (mitochondrial association factor 1 (MAF1) and GRA3) (Pernas et al., 2014; Deffieu et al., 2019), and chronic infection establishment (GRA4, GRA6, GRA7, GRA8, and GRA14) (Guevara et al., 2019, 2020).

Besides proteins secreted by T. gondii, components of the host endosomal sorting complexes required for transport (ESCRT) complex are also recruited for the cytosolic face of PVM (Guérin et al., 2017; Cygan et al., 2021; Rivera-Cuevas et al., 2021). ESCRT machinery is a conserved membrane remodeling complex that acts in membrane repair and scission, cell cytokinesis, and degradation of membrane proteins (Olmos, 2022). Recruitment of ESCRT machinery is possibly mediated by GRA proteins (GRA14 and GRA64) and would allow T. gondii to access and internalize host cytosolic proteins across PVM (Rivera-Cuevas et al., 2021; Mayoral et al., 2022).

The intravacuolar network (IVN):

Another drastic modification seen in PV after T. gondii invasion is the presence of vesicles, granular material, and the formation of a network of membranous tubules known as the intravacuolar network (IVN) at the PV matrix (Figs. 1B–1D) (Sibley et al., 1995; Mercier et al., 2002; Magno et al., 2005; de Souza and Attias, 2015). Observations by transmission electron microscopy (TEM) showed filamentous nanotubular materials close to the convolved basal end of the parasite a few hours after the end of the invasion (arrow Fig. 1A). These findings suggest that the IVN secretion by T. gondii initiates at the early moments after the invasion (Sibley et al., 1995; Lemgruber et al., 2008; Attias et al., 2019). However, later during infection, the lipidic composition of IVN seems to be mostly mobilized from the host (Caffaro and Boothroyd, 2011). Nanotubular IVN has a bilayer profile and is continuous with the PVM (Sibley et al., 1995). As the infection progresses, membranous tubes enlarge and increase in amount (Fig. 1C), forming an extensive network of variable length that is interconnected by a filamentous material that fills the PV lumen and connects tachyzoites to the PV membrane (Figs. 1B and 1D) (Sibley et al., 1995; Magno et al., 2005; de Souza and Attias, 2015).

The tubular shape of the IVN membrane is believed to involve the association of dense granule proteins GRA2 and GRA6 (Mercier et al., 2002; Travier et al., 2008; Lopez et al., 2015). GRA2 and GRA6 proteins contain amphipathic alpha-helical and hydrophobic alpha-helical domains, respectively, in their structure, allowing their insertion into IVN membranes and shaping their curvature (Travier et al., 2008; Lopez et al., 2015; Bittame et al., 2015). Phosphorylation of GRA2 and GRA6 by a secreted kinase, previously identified as ROP35 (Table 1), also seems to have an important role in the association and stabilization of these proteins in IVN membranes (Beraki et al., 2019). Deletion of GRA2 and disruption of GRA6 genes resulted in a PV devoid of membranous tubular structures (Mercier et al., 2002; Lopez et al., 2015; Rommereim et al., 2016). Other GRAs also associated with IVN tubular structures are GRA4, GRA7, GRA9, GRA12, and GRA41 (Labruyere et al., 1999; Adjogble et al., 2004; Michelin et al., 2009; LaFavers et al., 2017). Deletion of GRA41 caused disorganization of IVN formation, similar to that seen for GRA2, but vacuoles from GRA7-deleted parasites showed a hyper-formation of the IVN membranes, suggesting that both are also important for IVN formation or stabilization (Rommereim et al., 2016; LaFavers et al., 2017).

Within the IVN membrane tubules functions are the organization of daughter cells rosettes resulting from replication cycles, acting in the connection between the parasites and between them and the PVM (Magno et al., 2005; Travier et al., 2008; de Souza and Attias, 2015), the transport of nutrients or translocation of material from the host cell cytosol to PV (Coppens et al., 2006; Dou et al., 2014; Romano et al., 2017), and even to immune modulation by limiting major histocompatibility class I antigen presentation in immune cells (Lopez et al., 2015; Rommereim et al., 2019).

Cyst Differentiation

After several replication cycles of tachyzoites, which cause host cellular lysis (Blader et al., 2015), the infection progresses from an acute stage to a chronic phase of the disease, characterized by the presence of tissue cysts that persist for the whole life of infected individuals. The beginning of the chronic phase requires the differentiation of fast-growing tachyzoites to the slow-growing form of bradyzoite. Differentiation to bradyzoite is induced by the pressure of the host immune system and other stress factors. Bradyzoites modify the PV and construct a wall beneath PVM, forming intracellular tissue cysts (Augusto et al., 2021). The cyst wall is a thick and electron-dense structure, which isolates the bradyzoites from the host cell cytoplasm and the surrounding environment. Bradyzoites duplicate slowly within tissue cysts and are predominantly found in the brain, retina, and muscles. Cysts are not static forms of T. gondii but dynamic structures that can exchange molecules with the host cell, rupture, and release parasites. The viability of parasites within the cysts is possible due to the permeability of the cyst wall to nutrients that can pass from the host cell cytoplasm into the cyst (Paredes-Santos et al., 2018, 2019).

Our group described the cyst wall with an irregular and rough surface by scanning electron microscopy. The cyst is enclosed by a cyst wall which is a remnant of the PVM, which becomes convoluted and connected to a great amount of fibrillar and electron-dense material in the internal face of the PVM (Lemgruber et al., 2011). In addition, the cyst wall exhibits small vesicles and membranous tubules immersed in the fibrillar network (Lemgruber et al., 2011; Tomita et al., 2013). T. gondii cyst wall consists of two layers–the outermost thin layer, composed of compact material, and an innermost, thicker layer of a sponge-like appearance that faces the cyst matrix. Antibodies for GRA1, GRA3, and GRA7 stain both the convoluted cyst membrane and the cyst wall filamentous components. A great number of vesicles of about 67 nm in diameter are present within the cyst wall, likely transporting wall components.

Using in vitro model of cystogenesis, it was possible to verify that the deposition of cyst wall components occurs before the full conversion of tachyzoites to bradyzoites. Stage-specific proteins are expressed at different steps throughout the process of conversion of tachyzoites to bradyzoites. The cyst wall is abundant in highly glycosylated proteins with terminal residues of N-acetyl-galactosamine and N-acetyl-glucosamine that are recognized by the lectins Dolichos biflorus agglutinin (DBA) and wheat germ agglutinin (WGA) respectively (Derouin et al., 1981). The bradyzoite proteins bradyzoite antigens (BAG1) and cyst wall protein (CST1) are found at the beginning of the in vitro differentiation. Whereas lactate dehydrogenase (LDH2) and surface proteins, such as SAG1-related sequences (SRS9), appear later in the differentiation to bradyzoites (Yang and Parmley, 1997; Kim and Boothroyd, 2005; Paredes-Santos et al., 2018).

The CST1 is the major protein in the cyst wall; the purified protein is a 250-kDa protein rich in mucins in the N-terminal region that present a high affinity for the DBA lectin. CST1 possibly has a structural role in the support of the cyst wall, and parasites knockouts for this protein, or that do not express the mucin-rich region, form fragile cysts in vivo (Zhang et al., 2001; Tomita et al., 2013). The inhibition of an initial precursor of the parasitic o-glycosylation pathway reduced the persistence of infection in vivo, and cysts were not recognized by DBA (Caffaro et al., 2013), indicating the glycosylation is essential for the addressing and assembling of proteins of the wall. CST2, another cyst wall protein, was found in the cyst matrix (Table 2) and was related to the virulence and the establishment of the chronic phase of T. gondii infection. Mice infected with CST2-KO parasites showed inconspicuous cyst burden (Tu et al., 2019). Mice infected with knockouts for GRA4 and GRA6 also presented with fewer cysts (Fox et al., 2011).

The intracyst network (ICN) is another component of the cyst. ICN consists of a diffuse material between the bradyzoites and an intricate network of tubules similar but shorter, denser, and with vesicles of a different diameter than those present in the IVN. Electron tomography and thin sections of TEM showed that these vesicles buds from the cell body and the posterior pole of bradyzoites forming the tubule-vesicular network of the ICN, both in vivo and in vitro (Lemgruber et al., 2011; Paredes-Santos et al., 2018). Several proteins secreted by the parasite have already been described as components of the cyst matrix and ICN (Table 2).

Considering the origin of the cyst wall, our group studied an in vitro model of cystogenesis by a series of electron tomography 3-D reconstructions and brain-isolated cysts by several TEM micrographs. After these studies, our group proposed that PVM remained intact as it transitioned into the cyst membrane by the accumulation of parasite molecules derived from vesicles secreted by intracystic bradyzoites (Lemgruber et al., 2011; Paredes-Santos et al., 2018). Later, Guevara and Col showed that GRA5 and GRA7 are localized at the PVM and were visible at the cyst periphery from 6 h after differentiation. Besides, the deletion of PVM- and IVN-associated GRA proteins, such as GRA3, GRA5, GRA7, GRA8, and GRA14, showed the importance of these molecules to support the correct accumulation of cyst wall proteins to cyst periphery. These results indicated that the PVM-localized GRAs assist the accumulation of cyst wall components in the cyst wall periphery (Guevara et al., 2020).

A study comparing the transcriptome of tachyzoites and bradyzoites from cell culture in vitro and brain cysts from infected mice identified two bradyzoite-specific proteins localized in the cyst wall: one with a microneme adhesive repeat (MAR)-like adhesive domain- the (Microneme Adhesive Repeat domain-containing protein 4 (MCP4), and the bradyzoite pseudo-kinase BPK-1 (Buchholz et al., 2011). BPK-1 is essential for resistance to the active pepsin enzyme present in the low pH of gastric juice, which is the first barrier faced by the parasite after the oral ingestion of tissue cysts (Buchholz et al., 2013). The resistance to gastric juice is crucial for the transmission of T. gondii after consuming raw or undercooked meat from chronically infected animals (ingestion of tissue cysts).

Nutrient acquisition through parasitophorous vacuole membrane and cyst wall

For an intracellular parasite, residing in a membrane-bounded intracellular compartment could mean an advantage because this physical barrier protects it from being sensed by the host cell but also present the disadvantage of the lack of free access to solutes from the host cell cytosol. In the case of T. gondii, this is even more complicated, as the PV is also excluded from the host endosomal system. However, through evolution, several mechanisms allowed the acquisition of essential molecules from the host.

Pores at the PVM (Fig. 1D inset) (de Souza and Attias, 2015) make PV permeable to any molecule up to 1.3 kDa (Schwab et al., 1994), then allowing the passive transport of small molecules or ions from the host cell cytosol to the PV matrix. Thus, T. gondii can access metabolites such as glucose, iron, essential amino acids, purines, lipids, and inorganic ions, which are essential for its growth (Blume and Seeber, 2018). The molecular basis of the PVM pore consists of dense granule proteins GRA17 and GRA23 (Gold et al., 2015). GRA17 is related to the putative Plasmodium translocon protein EXP2, a protein-conducting pore of the translocon for exported proteins (PTEX) and a permeable channel that facilitates the transport of nutrients into the Plasmodium PV (Koning-Ward et al., 2009; Garten et al., 2018). Interestingly, homologs for those proteins were only found in Apicomplexa that replicates inside a PV (Gold et al., 2015). GRA17 and GRA23 act synergistically in the permeability of PV in tachyzoites (Gold et al., 2015). Tachyzoites presenting deleted GRA17 presented swollen bubble vacuoles suggesting the possible role of GRA17 pores in the secretion of toxic metabolic byproducts produced by parasites into the host cell (Gold et al., 2015). GRA17 also acts in the permeability cyst wall and the acquisition of molecules by bradyzoites through it (Paredes-Santos et al., 2019). Permeability studies with tissue cysts isolated from mice brain showed that molecules up to 10 kDa could cross the cyst wall (Guimarães et al., 2007; Lemgruber et al., 2011).

Even apart from host endosomal and secretory pathways, T. gondii can mobilize and internalize in the vacuolar space host endocytic organelles, multivesicular bodies, lipid droplets (LD), and a broad range of Rab vesicles sequestered from secretory and endosomal pathways (Coppens et al., 2006; Romano et al., 2013, 2017; Dou et al., 2014; Nolan et al., 2017). Vesicle sequestration is a route for acquiring lipids and proteins from the host cell (Coppens et al., 2006; Dou et al., 2014; Romano et al., 2017). Notably, T. gondii is unable to synthesize any kind of sterol and strictly depends on the host to obtain this lipid. Cholesterol is acquired from the host low-density lipoprotein endocytosis pathway and not from the endogenous biosynthetic pathway (Coppens et al., 2000). Internalization of endocytosed cholesterol occurs through the sequestration of host endo-lysosomes vesicles through microtubular conduits of PVM invaginations mediated by microtubules, named Host Organelle-Sequestering Tubulo-structures (HOST). HOST are stabilized by the GRA7 protein, which forms a coat and would act like a garrote sequestering the host endocytic vesicles (Coppens et al., 2006). Indeed, IVN tubules attached to PVM are also important in the interception of host Rab vesicles (Romano et al., 2017). Vacuoles with parasites deleted for GRA2 and GRA6 proteins, i.e., with a non-functional IVN, scavenge fewer host-derived materials like host Rab vesicles, endosomes, LD, and host cytosolic proteins (Dou et al., 2014; Romano et al., 2017). Although the mechanisms of nutrient acquisition through host organelle mobilization by tachyzoites are broadly known, it has been only partially identified in bradyzoite. During cystogenesis and later, tissue cysts maintain a close association with endoplasmic reticulum (ER) and also showed an accumulation of lysosomes around their vicinity (Paredes-Santos et al., 2018), but the sequestration of these organelles inside the tissue cyst has not been shown yet.

Besides the role of LD in the acquisition of lipids, it also appears to participate in controlling the infection by the parasite. The infection of skeletal muscle primary culture with tachyzoites from RH strain enhanced the LD number and the levels of IL-12, IFN-γ, and inflammatory indicators prostaglandin E2 (PGE2) and cyclooxygenase. These LDs were found close to the sarcoplasmic reticulum and disposed near the PV (Fig. 2E), indicating that it could be a source of lipids and nutrients for the parasite development, while the inflammatory profile identified could be related to the establishment and maintenance of chronic phase of the T. gondii infection in the muscle (Gomes et al., 2014). Studies investigating the interaction of peritoneal macrophages with tachyzoites when cultured with mouse serum showed higher numbers of LDs than those cultured in fetal bovine serum. The LDs could reduce the microbicidal activity of macrophages against T. gondii by increasing the PGE2 while diminishing nitric oxide production (Mota et al., 2014).
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Figure 2: Recruitment of host cell structures and organelles to the parasitophorous vacuole (PV) periphery. (A and inset). PV with tachyzoites showing host cell microtubules encircling its periphery (arrows); (B and inset). In vitro intracellular cyst showing host cell microtubules (arrows) close to cyst wall (CW) periphery. Bradyzoites present dense rhoptries (Rp), posterior nucleus (N) and amylopectin granules (arrowheads); (C) recruitment of actin filaments (arrow) during the invasion of host cell by tachyzoites (encircled by dashed line); (D)–PV membrane showing association to mitochondrion (M); (E) PVM showing association to host cell Golgi complex (GC; arrows), mitochondria (M) and Lipid droplet (LD; arrowheads). (A–B) and (D–E), Transmission electron microscopy images. (C) is a fluorescence image of a host cell labeled with phalloidin. Bars A–E –1 µm. Bars B inset 0.5 µm.

Modifications in host cell organization and gene expression

Nevertheless, host cell components reorganize following the first steps of T. gondii invasion. This reorganization includes the recruitment near the PV host organelles and structures like the nucleus, the centrosome (Coppens et al., 2006; Wang et al., 2010), ER (Melo and de Souza, 1997), mitochondria (de Melo et al., 1992; Sinai et al., 1997), the Golgi complex (de Melo and de Souza, 1996; Coppens et al., 2006; Deffieu et al., 2019), microtubules, and intermediate filaments to the vicinity of PV (Melo et al., 2001; Coppens et al., 2006).

T. gondii induces major changes in host cell cytoskeleton organization. After the invasion, the host cell centrosome is recruited away from the nuclear membrane and allocated close to the PVM (Coppens et al., 2006; Walker et al., 2008; Wang et al., 2010; Romano et al., 2013). The centrosome is usually associated with the nucleus and has a major role in organizing the microtubule cytoskeleton in animal cells, which could explain in part the mechanism that T. gondii can remodel host microtubules. In the first few minutes post-invasion, the PV is enclosed by microtubules (Melo et al., 2001; Walker et al., 2008), and this configuration remains at later times of infection with tachyzoites (Fig. 2A) when the PV localizes in the perinuclear region. However, repositioning of the centrosome from the nucleus to the vicinity of PV occurs only 24 h post-invasion (Romano and Coppens, 2013; Cardoso et al., 2014). The presence of microtubule at or near the moving junction of T. gondii before invasion appears to speed up the process of entry of the parasite into the cell (Sweeney et al., 2010). After the end of the invasion process, microtubules cluster around PV and form a basket-like organization, which persists even during chronic infection (Fig. 2B) (Walker et al., 2008; Paredes-Santos et al., 2018). The proximity of microtubules to PV later during infection would allow the acquisition of several important molecules and nutrients, facilitate the arrival of the parasite molecules into the host organelles, and provide mechanical support for tachyzoites to divide inside the PV (Cardoso et al., 2016). The host-signaling pathway that was first described as crucial in the reorganization of the cytoskeleton of cells after invasion by T. gondii was the host mTORC2-Akt signaling. This pathway regulates the localization of the host centrosome, the organization of microtubules, and the distribution of mitochondria and lysosomes around the PV (Wang et al., 2010).

The recruitment of actin for the entry site is also needed for the invasion of the parasite into the host cell. A host cell-derived ring-shaped F-actin structure is formed at the MJ (Fig. 2C) and disappears a few minutes after tachyzoite entrance (Frénal and Soldati-Favre, 2009). Actin reorganization at nascent PVM during host entrance involves host cell ADP-ribosylation factor-6 (ARF6), a small GTPase that acts in the actin cytoskeleton rearrangements at the plasma membrane (da Silva et al., 2009), and RhoA and Rac1 GTPases (Na et al., 2013), which are known regulators of the organization and dynamics of the actin cytoskeleton (Sit and Manser, 2011). Early studies also showed that the host intermediate filaments are disposed around the PVM and are crucial to the PV location near the nucleus and the PV shape maintenance (Halonen and Weidner, 1994). Intermediate filaments also seem to regulate the intracellular proliferation and the establishment of chronic infection of T. gondii. In human brain microvessel endothelial cells knockout for vimentin, the T. gondii proliferation was increased in comparison to wild cells. Similarly, in the mouse tissues, the levels of vimentin amount also seem to affect the development of the infection by T. gondii, and the low level of this filament in the brain could be associated with the tropism of the parasite for this tissue site, where the infection by cysts can develop (He et al., 2017).

T. gondii PVM also exhibits a remarkable association with host organelles such as mitochondria (Fig. 2D), ER (Fig. 1B), and Golgi complex (Fig. 2E) (Jones and Hirsch, 1972; Melo and de Souza, 1997). The association with ER would allow the increase in the size of the PVM, necessary during the parasite replication (Melo and de Souza, 1997); and the antigen-cross presentation in dendritic cells infected by T. gondii (Goldszmid et al., 2009). The interaction of ER and PVM would be mediated by the dense granule protein GRA3 of T. gondii (Kim et al., 2008). The PV preferentially localizes close to the host Golgi within the first few hours of infection (2 hpi) (Romano et al., 2013) and this localization persists during the chronic infection (Paredes-Santos et al., 2018). Proximity with Golgi is a privileged localization, favoring the parasite to acquire nutrients derived from its apparatus, such as the lipid ceramide, and also through the sequestration of vesicles from host cell of endocytic and exocytic pathways (de Melo and de Souza, 1996; Dou et al., 2014; Romano et al., 2017). The interaction of PV with Golgi is directly mediated by TgGRA3, which is involved in the formation of tubules and the entry of host Golgi material into the PV (Deffieu et al., 2019). Mitochondria recruitment to PVM is strain-specific and involves the secreted factor MAF1b (Pernas et al., 2014; Blank et al., 2018). Host mitochondria-PV association occurs at high rates in type I and type III strains but is rarely seen in type II strains (Pernas et al., 2014). Mitochondrial-PV association would be mediated by the interaction between MAF1b and host mitochondrial outer membrane proteins, translocase of outer mitochondrial membrane 70, and heat shock protein family A9 (Kelly et al., 2017; Blank et al., 2021). Recent work also identified ROP39 as a new recruitment factor for mitochondria (Fukumoto et al., 2021). The association of PV with host mitochondria would allow T. gondii to access host cell metabolites (Crawford et al., 2006; Fu et al., 2018) and interfere with the host immune response enhancing parasite survival (Pernas et al., 2014). Transcriptomic data showed that host mitochondrial association to PV of T. gondii from type I virulent strain affected gene expression profiling of infected cells, which showed alteration in the expression of genes related to host mitochondrial dysfunction. Morphological analysis shows the fast recruitment of mitochondria around the PV, as known, and the presence of fragmented host mitochondria, a profile not associated with cellular apoptosis (Syn et al., 2017).

Effector proteins secreted from rhoptries and dense granules can interact with host cell signaling and transcription, modulating gene expression, immune response, cell division, apoptosis, and metabolism (Sanchez and Besteiro, 2021). T. gondii infection induces c-Myc, a multifunctional transcription factor that plays a central role in the growth and division of animal cells (Dang, 2012; Franco et al., 2014). The regulation of c-Myc is dependent on MYR (Myc regulatory genes) proteins (Cygan et al., 2020), which act in the translocation of several GRAs effectors (GRA16, GRA18, GRA24, HCE1/TEEGR, TgNSM, and TgIST) across the PVM (Table 2) (Naor et al., 2018; Rastogi et al., 2019). Although T. gondii-mediated regulation of c-Myc is not known much, it possibly influences the host cell cycle (Brunet et al., 2008; Molestina et al., 2008; Velásquez et al., 2019). Within translocated GRA proteins, TgGRA16 is important for the accumulation of host c-Myc (Panas and Boothroyd, 2020). However, the deletion of GRA16 did not entirely abolish the c-Myc response, but MYR1 deletion caused a 97% reduction, suggesting that other(s) MYR complex dependent-effector(s) could upregulate the expression of c-Myc mRNA (Bougdour et al., 2013; Panas and Boothroyd, 2020). GRA16 would also impact the cell cycle through p53 modulation, allowing the host cell to survive under stress conditions. Parasites from GRA16-deficient strains presented attenuated virulence, indicating the importance of these host alterations in pathogenesis (Bougdour et al., 2013). Other T. gondii effectors reported to impact the host cell cycle are GRA24 and ROP38, both targeting p38 mitogen-activated protein (MAP) kinase (Peixoto et al., 2010; Braun et al., 2013), and HCE1/TEEGR, which alters the expression of cyclin E (Panas et al., 2019b).

Mechanisms of intracellular immune effectors evasion

INF-γ is essential for controlling both acute and chronic infection (Gazzinelli et al., 1994; Yap et al., 2000). Secretion of IFN-γ is stimulated in response to the IL-12 secretion, followed by the recognition of T. gondii by dendritic cells, macrophages, and monocytes (Sher et al., 2003; Tosh et al., 2016). IFN-γ activates the Janus kinase (JAK) signal transducer and activator of the transcription 1 (STAT1) pathway, which induces the expression of classical interferon-stimulated genes (ISGs), crucial for the establishment of a Th1-response (Gazzinelli et al., 1994), and to restrict the intracellular infection in hematopoietic and non-hematopoietic cells (Yap and Sher, 1999a; Ivashkiv, 2018). The intracellular mechanisms involved in controlling T. gondii proliferation include the production of reactive oxygen species, degradation of tryptophan through the expression of indoleamine 2,3-dioxygenase, and the production of nitric oxide through induction of nitric oxide synthase (Yap and Sher, 1999b). IFN-γ also leads to the expression of IRGs (essential for the control of infection in mice) and guanylate-binding proteins (GBPs) (Sasai and Yamamoto, 2019). Thus, through evolution, the surviving strains were those that evolved several secretory factors directed to disrupt the host cell-autonomous immune mediators and modulate the transcription of immune response genes (Tables 1 and 2), especially those induced by the IFN-γ/JAK/STAT1 pathway (Hakimi et al., 2017).

As mentioned previously, the escape from IRG is a determinant of the differences in the virulence seen between T. gondii strains in mice. IRG proteins are a large family of IFN-inducible proteins and are essential for resistance to T. gondii infection in mice. IRGs accumulate around PVM and lead to its disruption and consequent parasite death (Taylor, 2007; Zhao et al., 2009). The importance of IRG in the innate immune defense of mice against T. gondii is evident by the high amount of polymorphic virulence factors directed to this system. Within those factors are rhoptry proteins ROP2, ROP4, ROP5, ROP8, ROP17, and ROP18 and dense granule proteins GRA7 and GRA60 (Tables 1 and 2). ROP5 is a highly polymorphic pseudokinase (Reese et al., 2014). In strains virulent in mice, ROP5 acts as an allosteric inhibitor of IRG, preventing its oligomerization to PVM and facilitating the phosphorylation and permanent inhibition of IRG monomers by ROP18 kinase (Steinfeldt et al., 2010; Fleckenstein et al., 2012). ROP17 kinase also phosphorylates and inactivates oligomers of IRG, acting synergistically with ROP18 to prevent IRG deposition at PVM (Etheridge et al., 2014). ROP18 also seems to play an important role in the evasion of GBP recruitment to PVM (Virreira Winter et al., 2011).

Infection by T. gondii also induces a major change in the expression of immune-related genes (Kim et al., 2007), and the modulation of response is dependent on the type of strain. Several virulent secretory effectors are already well characterized in modifying host cell transcription targeting the decrease in the intracellular immune response to infection; within these: ROP16, ROP38, GRA12, GRA24, TgIST, and TgNSM (Tables 1 and 2). One well-characterized T. gondii effector known to modify host cell transcription is ROP16, a kinase that in type I/III strains directly phosphorylates the transcription factors STAT3 and STAT6 downstream of IL10/JAK and IL4/JAK cascade, respectively (Yamamoto et al., 2009; Ong et al., 2010; Butcher et al., 2011). Activation of STAT3 and STAT6 leads to their translocation to the host nucleus. In type I strains, the activation of STAT3 and STAT6 promotes the downregulation of proinflammatory cytokine signaling and induces the infected macrophages to an alternatively (M2) activated phenotype, respectively (Denkers et al., 2012). Different from M1-activated macrophages, M2-polarization favors the expression of arginase-1 instead of iNOS, which decreases the synthesis of nitric oxide, an important antimicrobial effector for the control of T. gondii proliferation (Martinez and Gordon, 2014). In type III strains, the activation of STAT6 by ROP16 suppresses the IFN-γ-independent production of reactive oxygen species by human and mouse cells (Kochanowsky et al., 2021).

Two secreted dense granule proteins (TgIST and TgNSM) were recently identified as responsible for decreasing the expression of ISG in host cells. TgIST (T. gondii inhibitor of STAT1 transcriptional activity) is secreted both by tachyzoites and bradyzoites (Olias et al., 2016; Gay et al., 2016; Mayoral et al., 2020). TgIST is translocated through PVM and cyst wall by MYR1 and targets the host cell nucleus, which sequesters STAT1 and recruits Mi-2 nucleosome remodeling and deacetylase (Mi-2/NuRD) complex, resulting in the alteration of chromatin and blocking of the transcription of ISGs (Gay et al., 2016). In human cells, the resistance to parasite killing mediated by TgIST seems to be mainly due to a decrease in IDO1 activity (Bando et al., 2018). TgIST also blocks type I INF signaling by inhibiting STAT1/STAT2-mediated transcription in infected cells (Matta et al., 2019). TgNSM is secreted by bradyzoites and targets the nuclear receptor corepressor/silencing mediator of retinoic acid and thyroid hormone receptor (NCoR/SMRT) complex, a repressor for several transcription factors, including genes involved in cell death. Together with TgIST, TgNSM prevents host cell necroptotic death, protecting the latent intracellular niche of the parasite (Rosenberg and Sibley, 2021).

Conclusions

Different from protozoans that have their PV fused with host cell lysosomes, or multiply in the host cell cytosol, T. gondii creates its ambiance by contacting only the host cell surface, which constitutes the walls of the tachyzoite's room, for example. Because of this, it is plausible to infer that the PV is like a host cell pocket resulting from the invagination of the host cell plasma membrane. Since the concept of an obligatory intracellular parasite is largely defined by the necessity of the host cell intracellular ambiance for the replication of the parasite, this unique parasite can challenge this convention.

In recent years several studies provided a great abundance of information about the PV-host cell interface and the parasite-secreted proteins, especially the dense granules proteins, involved in the construction of IVN in the PV matrix, the interaction of PV-host cell organelles, nutrient acquisition, host cell reorganization, and modulation of host cell gene expression. Nowadays, it is clear that T. gondii resides in a permeable compartment and can access solutes from host cell cytosol. Indeed, although T. gondii VP does not fuse with the endolysosomal system, this parasite evolved mechanisms to mobilize lysosomes and endosomes to the vicinity and inside PV, allowing the parasite to acquire essential molecules, such as cholesterol. The presence of a translocon system at PVM also shows that the success of the T. gondii intracellular survival requires the continuous secretion of GRA effectors directed to the host cell nucleus and cytoplasm, where genes related to cell cycle, metabolism, and immune response, for example, are modulated.

While there is extensive information about tachyzoite PV, the knowledge about the biology of bradyzoite tissue cysts and their interaction with the host cell is scarce but has begun to be elucidated. Recent findings support that bradyzoites are not entirely dormant cells. Such as the PVM, the tissue cyst also presents pores and the MYR translocon system. The molecular elucidation of these pores at the cyst wall and their role in the establishment of chronic infection in vivo support that small solutes can freely diffuse to the cyst matrix and that bradyzoites are metabolically active, although in a reduced way when compared to tachyzoites. Indeed, recent studies showed that bradyzoites also secrete effector proteins targeted to host cell cytoplasm through the MYR translocon and modulate its immune response, especially ISG. This demonstrates that the evasion of bradyzoites/tissue cysts from the host immune response is not due to the presence of the cyst wall, which would act as a mechanical barrier protecting dormant bradyzoites from being detected but requires the parasite to remain active to maintain the status quo of chronic infection. Future studies focused on better understanding how bradyzoites acquire nutrients and evade the immune system of the host cell will open new opportunities for the development of drugs against the chronic phase of toxoplasmosis, which so far has no cure.
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TABLE 2

Dense granule proteins with a studied function in Toxoplasma gondii

GRA protein  Localization Role References

GRA1 -IVN -Non-essential for acute and chronic infection. (Sibley et al., 1995; Ferguson,
-Cyst wall and matrix 2004; Guevara et al., 2019)

GRA2 -PVM -Shapes nanotubular architecture of IVN; (Mercier et al., 2002; Travier
-IVN membrane in -Deletion of GRA2 reduced host cytosolic proteins ingestion; et al., 2008; Buchholz ef al.,
tachyzoite -Deletion decreased cyst burden in vivo; 2011; Dou et al., 2014; Guevara
-Cyst wall and matrix ~ -Important for the formation of tissue cyst matrix and cyst et al,, 2019)

wall.

GRA3 -IVN -Shows a crucial role in supporting the normal rate of (Torpier et al., 1993; Bermudes
-PVM projections accumulation of cyst wall proteins at the cyst; et al., 1994; Ferguson, 2004;
-Cyst wall -Interacts with host Golgi complex. Guevara et al., 2019)

GRA4 - PVM and IVN in -Important for the formation of the IVN matrix in (Labruyere et al., 1999; Guevara
tachyzoite tachyzoite. et al., 2019)
-Cyst wall and matrix ~ -Deletion decreased cyst burden in vivo.

GRA5 -PVM and matrix -Crucial to support the normal rate of accumulation of cyst (Lecordier ef al., 1999; Guevara
-Cyst wall wall proteins at the cyst. et al., 2019)

GRA6 -PVM -Shapes the nanotubular architecture of IVN; (Lecordier et al., 1995; Mercier
-IVN membrane -Deletion resulted in a reduction of cysts recovered from et al., 2002; Butcher et al., 2011;
-Cyst wall and matrix =~ murine brains. Ma et al,, 2014; Guevara et al.,

-Regulates activation of the host transcription factor NFAT4. 2019)

GRA7 -PVM -Virulence factor. Part of ROP18/ROP5 complex, assisting in  (Ferguson, 2004; Coppens et al.,
-IVN the disruption of IRG deposition at PVM in type I strain.  2006; Alaganan ef al., 2014;
-Cyst wall -Partially involved in the activation of NFkB in type II strain; Hermanns ef al., 2016; Guevara

-Crucial to support the normal rate of accumulation of cyst ef al., 2019; Thara et al., 2020)
wall proteins at the cyst;

-Acts as a garroting protein that sequesters host

endolysosomes within the PV.

GRAS -PVM -Crucial to support the normal rate of accumulation of cyst (Carey ef al., 2000; Guevara ef
wall proteins at the cyst. al., 2019)
GRA9Y -PVM -Maturation of cyst matrix and cyst wall; (Adjogble et al., 2004; Caffaro et
-IVN membrane -Deletion decreased cyst burden in vivo. al., 2013; Guevara et al., 2019)
-Cyst wall
GRA10 -Host cell nucleus -knockdown resulted in severe inhibition of T. gondii growth (Ahn et al., 2007; Witola et al.,
in human fibroblasts in vitro. 2014)
GRAI1 -Non-essential for acute infection in vitro and in vivo. (Bai et al., 2018)
GRA12 -PVM -Non-essential for acute infection in vitro and in vivo in type (Michelin ef al., 2009; Bai ef al.,
-IVN membrane in I strain; 2018; Tu et al., 2019; Fox et al.,
tachyzoites -Resistance of type II strain to host IFN-y; 2019)
-Cyst wall -Deletion in type II strain affected development of chronic
stage cysts in vivo.
GRA13 -Non-essential for acute infection in vitro and in vivo. (Nadipuram et al., 2016; Bai et
al., 2018)
GRA14 -Cytosolic face of PVM  -Non-essential for acute infection in vitro and in vivo; (Rome et al., 2008; Bai et al.,
-IVN -Recruits host ESCRT machinery for the acquisition of host 2018; Guevara et al., 2019;
-Cyst Wall cytosolic proteins; Rivera-Cuevas et al., 2021)

-Crucial to support the normal rate of accumulation of cyst
wall proteins at the cyst.

GRA15 PVM -Activates NFKB pathway and enhances the cGAS/StinG (Rosowski et al., 2011; Thara et
HCN signaling in the innate immune response in type II strain  al,, 2020)
infection.
GRA16 Host cytosol/nucleus -Exported through PVM by MYR1 translocator; (Bougdour et al., 2013; Marino
-Induces host cell c-Myc activation in infected cells. et al., 2018; Panas and
Boothroyd, 2020)
GRA17 PVM -Pore at the PVM and cyst wall, where it operates in the (Gold et al., 2015; Paredes-
Cyst wall transport of small molecules. Santos et al., 2019)
GRA18 HC cytosol and nucleus -Virulent factor; (He et al., 2018)

-Induces the expression of a specific set of genes associated
with an anti-inflammatory response (upregulates CCL17

and CCL22).
GRA20 and PV matrix -Non-essential for acute infection in vitro and in vivo. (Bai et al., 2018)
GRA21
GRA22 -Involved in parasite egress. (Okada et al., 2013)
GRA23 PVM and IVN -Pore at the PVM, which operates in the transport of small (Gold et al., 2015)
molecules.
GRA24 HC nucleus -Causes MyD88 independent p38 MAPK activation and (Braun et al., 2013; Mercer et
IL12 transcription increase. al., 2020)
GRA25 HC nucleus -Modulates host immune response. (Shastri et al., 2014)
GRA28 HC cytosol and/or -Upregulates CCL22; (Bai et al., 2018; Rudzki et al.,
nucleus -Non-essential for acute infection in vitro and in vivo (RH 2021; ten Hoeve et al., 2022)
strain);
-Upregulates CCR7 in macrophages, promoting its
migration and dissemination.
GRA29 to PV matrix -Non-essential for acute infection in vitro and in vivo (RH (Kim et al., 2016; Bai et al.,
GRA33 strain). 2018)
GRA34 Cyst wall -Non-essential for acute infection in vitro and in vivo (RH (Nadipuram ef al., 2016; Tu et
PV matrix strain). al., 2019)
GRA35 PV matrix -Pyroptosis inducer in Lewis rat; non-essential for acute (Kim et al., 2016; Bai et al.,
PVM infection in vitro and in vivo in mice (RH strain). 2018; Wang et al., 2019)
GRA36 PVM and matrix -Non-essential for acute infection in vitro and in vivo (RH (Nadipuram ef al., 2016; Tu et
Cyst wall strain). al., 2019)
GRA37 PV matrix -Non-essential for acute infection in vitro and in vivo (RH (Nadipuram ef al., 2016)
strain).
GRA38 PV matrix -Non-essential for acute infection in vitro and in vivo (RH (Nadipuram ef al., 2016; Bai et
HC nucleus strain). al., 2018)
GRA39 PV matrix -Disruption resulted in slow-growing parasites. (Nadipuram et al., 2016)
GRA40 PV matrix -Non-essential for acute infection in vitro and in vivo in type (Nadipuram ef al., 2016; Bai et
I strain. al., 2018)
GRA41 PV tubule vesicular -Involved in parasite egress. (LaFavers et al., 2017)
network
GRA42 PVM and PV lumen -Inducer of pyroptosis in Lewis rat macrophage. (Wang et al., 2019)
GRA43
GRA44 PVM -Important for translocation of GRA16 through PVM/PV. (Cygan et al., 2020)
GRA45
GRA50 to Cyst wall -See CST2, CST3, CST5, and CSTé6. (Tu et al, 2019)
GRAS53
GRA54 PVM (Cygan et al., 2020)
GRA55 PV matrix and cyst wall -Non-essential in vitro, but important in the establishment (Nadipuram et al., 2020)
of chronic infection.
GRA56 to PV matrix -Non-essential in vitro. (Nadipuram et al., 2020)
GRA59 Cyst matrix and wall
GRAG60 Vacuolar matrix and -Acts in the resistance to IRG system in type I parasites; (Nyonda et al., 2021)
PVM -Dispensable in human cells, but important in murine cells.
GRA61 to Cytosolic face of PVM  -Unknown function. (Cygan et al., 2021)
GRAG63
GRAG64 PVM and HC cytoplasm -Possible role in organizing the recruitment of ESCRT (Mayoral et al., 2022)
proteins and subsequent intracystic vesicle formation.
CST1 Cyst wall -Cyst wall formation: deletion caused thinner cyst wall and (Zhang et al., 2001; Tomita et
reduced cyst number in vivo; essential to cyst biology. al., 2013)
CST2/GRA50 PV matrix -Important for chronic infection establishment in vivo. (Tu et al.,, 2020a)
Cyst matrix and wall
CST3/GRA51 PV matrix -Non-essential. (Tu et al.,, 2020a)
CST5/GRA52  Cyst wall and matrix
CST6/GRA53
CST7 to CST10 PV lumen in Tachyzoite -Non-essential. (Tu et al.,, 2020a)
Cyst Wall
BPK1 Cyst wall -Deletion resulted in a reduction of cysts recovered from (Buchholz et al., 2013)
murine brains.
TgIST HC nucleus -virulence factor virulence for both acute and chronic stages
of infection;
-Targets host corepressor complex Mi-2/NuRD and inhibits (Olias et al., 2016; Gay et al.,
IFN-y/STAT]I transcriptional activity; 2016; Bando et al., 2018;
-Blocks type I IFN signaling; Matta et al., 2019)
-Antagonizes IFN-y-induced IDO1 in human cells.
TgNSM HC nucleus -Increase the levels of host corepressor complex NCoR/ (Rosenberg and Sibley, 2021)
SMRT levels, blocking a subset of interferon dependent
genes;
-Critical for the protection of intracellular cysts.
BCP1 Cyst wall (Milligan-Myhre et al., 2016)
MAF1 Cytosolic face of PVM  -PV-host mitochondria association. (Pernas et al., 2014)
MAGI1 Matrix of tissue cysts -Essential to cyst biology. (Parmley et al., 1994)
MAG2 Cyst matrix (Tu et al., 2020b)
MCP3 Cyst wall -Deletion affected cyst growth and size in vivo, but not (Tu et al.,, 2019, 2020a)
number in mice; non-essential.
MCP4 Possibly Cyst wall -Identified by transcriptome analysis. (Buchholz et al., 2011)
HCE1 HC nucleus -Induces of host cell cyclin E, modulating the expression of (Panas et al., 2019b)
genes involved in cell cycle control.
TEEGR HC nucleus -Modulates (NFkB) signaling, silencing a subset of NFkB-  (Braun et al., 2019)
regulated cytokines,
MYRI1/2/3/4 PVM -Involved in the translocation of effector proteins, such as  (Franco et al., 2016; Marino ef
GRA16, GRA18, GRA24, and GRA28 through PVM. al., 2018; Naor et al., 2018;

Panas et al., 2019a; Cygan et al.,
2020)
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TABLE 1

Bulb Rhoptry proteins with studied function in Toxoplasma gondii

Protein  Cellular Role/Function References
localization
ROP1 Cytoplasmic -Protects against IFNy-mediated restriction in human and murine (Bradley and Boothroyd, 2001;
face of PVM macrophages in both type I and type II strains. Butterworth et al., 2022)
ROP2 Cytoplasmic -ROP2 family/pseudo kinase; virulence factor; (Beckers et al., 1994; Labesse et al.,
face of PVM deletion in type II strain moderately decreases cyst burden in vivo. ~ 2009; Fox et al., 2016)
ROP4 Cytoplasmic -ROP2 family/pseudo kinase; virulence factor in type I strain; (Carey et al., 2004; Fox et al., 2016)
face of PVM deletion in type II strain moderately decreased cyst burden in vivo.
ROP5 Cytoplasmic -ROP2 family/pseudo kinase; virulence factor; (Bradley et al., 2005; Reese et al.,
face of PVM essential for chronic infection in type II strain. 2014; Fox et al., 2016)
ROP7 Cytoplasmic -ROP2 family/pseudo kinase; virulence factor; (Beckers et al., 1994; El Hajj et al.,
face of PVM -interacts with NLRP3 promoting inflammasome activation. 2006; Zhu et al., 2022)
ROP8 Cytoplasmic -ROP2 family/pseudo kinase; virulence factor; acts against IRG system. (Alaganan et al., 2014)
face of PVM
ROP9 -Deletion showed reduced invasion and proliferation, prolonged egress (Reichmann ef al., 2002; Dongchao
in type I strain, and increased mice survival in vivo. et al., 2020)
ROP10 -ROP kinase family; not essential for type I strain in vivo. (Wang et al., 2017)
ROP11 -ROP kinase family; not essential for type I and type II strains. (Peixoto et al., 2010; Fox et al.,
2016; Wang et al., 2017)
ROP13 -Not essential for type I strain in vitro proliferation and in vivo (Turetzky et al., 2010; Wang et al.,
infection. 2017)
ROP15 -Not essential for type I strain in vitro proliferation and in vivo (Wang et al., 2017)
infection.
ROP16 HC Nucleus -In type I activates host cell STAT3 and STATS6, inducing alternative (Saeij et al., 2006, 2007; Butcher et
(M2) macrophage activation; al., 2011; Régo et al., 2017;
- In Type III, STAT6 activation suppresses ROS production. Kochanowsky et al., 2021)
ROP17 Cytoplasmic -Serine/threonine protein kinase; virulence factor in type I strains (Etheridge et al., 2014; Fox et al.,
face of PVM -Phosphorylates host IRG proteins avoiding the PVM destruction; 2016; Panas et al., 2019a; Drewry et
-Essential for chronic infection in type II strain; al., 2019)

-Acts on GRA proteins translocation across PVM;
-Enhances monocyte tissue migration, promoting parasite

dissemination.
ROP18 Cytoplasmic -ROP2 family/kinase; polymorphic virulence factor: (Saeij et al., 2006; El Hajj et al.,
face of PVM -In type I strain, inactivates IFN-gamma inducible GTPases (IRG and 2007a; Yamamoto ef al,, 2011;
GBP); Virreira Winter et al., 2011; Fox et
-Phosphorylates host endoplasmic reticulum ATF6beta; al., 2016)
-In type II strain, it is essential for chronic infection.
ROP19 to Some show -ROP kinase family; (Bradley et al., 2005; Peixoto et al.,
ROP25 PVM -ROP19 in type II strain is essential for chronic infection; 2010; Fox et al., 2016; Wang et al.,
localization -ROP20 and ROP 23: not essential for type I strain in vitro 2017)

proliferation and in vivo infection;

-ROP20, 23, 24, 26, and 28 deletions in a type II strain did not affect
cyst burdens or chronic infection in vivo;

-ROP21, 22, 25, and 27: deletion in type II strain moderately decreased
cyst burden in vivo.

ROP29 In type II strain, it is essential for chronic infection. (Fox et al., 2016)
ROP30 to -ROP31-35 are active kinase/ROP36 pseudokinase. (Peixoto et al., 2010; Fox et al.,
ROP37* -No essentials for type I strain in vitro and in vivo; 2016; Wang et al., 2017; Beraki et

-ROP32: deletion in a type II strain does not affect cyst burdens or  al., 2019)
chronic infection in vivo;
-ROP35 In type II strain is essential for chronic infection;
-ROP31 and 37: deletion in type II strain moderately decreases cyst
burden in vivo.
ROP38 HC nucleus -Secreted kinase; polymorphic virulence factor; (Peixoto et al., 2010; Fox et al.,
-In type III strain leads to host cell modulation through 2016)
downregulation of host genes associated with MAPK signaling;
-In type II strain is essential for chronic infection.

ROP39 PVM -ROP kinase; deletion in a type II strain does not affect chronic (Peixoto et al., 2010; Fukumoto et
infection in vivo; possible role in the recruitment of mitochondria to al., 2021)
PVM.

ROP40 Pseudokinase; not essential for type I strain in vitro proliferation and in  (Fox et al., 2016; Wang et al., 2017)

vivo infection, but the deletion in type II strain moderately decreases
cyst burden in vivo.
ROP41 -Active kinase; (Wang et al., 2017)
-Not essential for type I strain in vitro proliferation and in vivo
infection;
-Deletion in type II strain moderately decreases cyst burden in vivo.

ROP42 to -ROPK family; deletion in a type II strain does not affect cyst burdens (Peixoto et al., 2010; Fox et al.,

ROP44 or chronic infection in vivo. 2016)

ROP45 -ROPK family; deletion in a type II strain does not affect cyst burdens (Peixoto et al., 2010; Fox et al.,
or chronic infection in vivo. 2016)

ROP46 -Active kinase; (Wang et al., 2017)
-Not essential for type I strain in vitro proliferation and in vivo
infection.

ROP47 HC nucleus -Pseudokinase; deletion in both types I and II strains did not show a (Camejo et al., 2014; Wang et al,,
major influence in the in vitro growth or virulence in mice. 2017)

ROP48 -Deletion in a type II strain did not show a major influence on in vitro (Camejo et al., 2014)
growth or virulence in mice.

ROP54 Cytoplasmic -Type II virulence factor modulates the innate immune loading of (Kim et al., 2016)

face of PVM GTP-binding protein 2.

BPK1 Cyst wall -Bradyzoite pseudo-kinase 1; (Buchholz et al., 2013)
-Important for the in vivo development and infectivity of cysts.

TgWIP HC cytoplasm  -Induces a migratory phenotype in infected DC, promoting the (Sangaré et al., 2019)
dissemination.

DegP -Rhoptry Deg-like serine protein; virulence factor; (Lentini et al., 2017)

-Removal in a type II strain dramatically impairs virulence.

Note: HC-Host cell; * ROP34 and 35 are possibly dense granule proteins secreted inside PV (Beraki ef al., 2019).
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