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Abstract  22 

The intracellular parasite Toxoplasma gondii infects nucleated cells in virtually all warm-23 

blooded vertebrates, including one-third of the human population. While immunocompetent 24 

hosts do not typically show symptoms of acute infection, parasites are retained in latent tissue 25 

cysts that can be reactivated upon immune suppression, potentially damaging key organ systems. 26 

Toxoplasma has a multistage life cycle that is intimately linked environmental stresses and host 27 

signals. As this protozoan pathogen is transmitted between multiple hosts and tissues, it 28 

evaluates these external signals to appropriately differentiate into distinct life cycle stages, such 29 

as the transition from its replicative stage (tachyzoite) to the latent stage (bradyzoite) that persists 30 

as tissue cysts. Additionally, in the gut of its definitive host, felines, Toxoplasma converts into 31 

gametocytes that produce infectious oocysts (sporozoites) that are expelled into the environment. 32 

In this review, we highlight recent advances that have illuminated the interfaces between 33 

Toxoplasma and host and how these interactions control parasite stage conversion. Mechanisms 34 

underlying these stage transitions are important targets for therapeutic intervention aimed at 35 

thwarting parasite transmission and pathogenesis. 36 

  37 



Introduction 38 

   Toxoplasma gondii is an obligate intracellular parasite that can infect any nucleated cell 39 

in warm-blooded vertebrates, making it one of the most prevalent parasites in the world 40 

(Montoya and Liesenfeld, 2004). The only organisms that support the sexual stage of the parasite 41 

are felines; in their intestinal epithelium, Toxoplasma converts into gametocytes that produce 42 

sturdy oocysts that are shed in cat feces (Dubey et al., 1970). Upon exposure to oxygen, oocysts 43 

undergo a sporulation process and become highly infectious, contaminating water and food 44 

supplies (Shapiro et al., 2019). Accidental ingestion of oocysts, which can survive in the 45 

environment for 1-2 years, constitutes a major route of Toxoplasma transmission into new hosts 46 

(Dabritz and Conrad, 2010). Sporozoites released from ingested oocysts infect the intestinal 47 

epithelium and convert into tachyzoites that disseminate throughout the body (Shapiro et al., 48 

2019). Tachyzoites replicate rapidly and asexually within nucleated host cells, contained within a 49 

non-fusogenic parasitophorous vacuole (PV) initially formed through host cell membrane 50 

invagination during invasion (Håkansson et al., 1999). The PV serves as a protective niche and 51 

creates an interface with the host cell cytosol; the PV membrane (PVM) associates with host cell 52 

organelles and facilitates acquisition of nutrients and metabolites required for replication 53 

(Coppens and Romano, 2018; Schwab et al., 1994). Tachyzoites continue to replicate 54 

exponentially until they lyse or exit (egress) the host cell; the extracellular parasites must then 55 

invade a new host cell promptly in order to complete another round of this lytic cycle (Blader et 56 

al., 2015). 57 

In healthy individuals, the immune system typically controls the initial infection, but 58 

parasites are not eradicated from the body. Rather, Toxoplasma converts into bradyzoites, a 59 

latent stage of the infection that is characterized by little to no replication and a thickening of the 60 



PVM into a tissue cyst wall. The latent tissue cysts, which have a proclivity to form in the brain 61 

and heart, do not appear to be efficiently eliminated by the immune response nor are they 62 

susceptible to currently approved therapies. In immunocompromised patients, bradyzoites can 63 

reconvert into replicating tachyzoites, thereby reactivating the infection and potentially causing 64 

serious tissue damage in critical organs. In addition to their clinical relevance, the presence of 65 

latent tissue cysts in intermediate hosts constitutes another major route of Toxoplasma 66 

transmission through the consumption of raw or undercooked meat (Halonen and Weiss, 2013).  67 

Antifolates (pyrimethamine and sulfadiazine) are the current primary drugs used to treat 68 

acute toxoplasmosis. While these drugs are beneficial against replicating parasites, they have 69 

adverse side effects and cannot be used to eradicate latent tissue cysts (Halonen and Weiss, 70 

2013). Latent parasites present significant challenges to drug treatment as they are less 71 

metabolically active, are encased inside a thick cyst wall within host cells and reside in tissues 72 

that are not sufficiently bioavailable for many drugs. A greater understanding of the mechanisms 73 

orchestrating Toxoplasma stage transitions will lead to new ways to prevent parasite transmission 74 

and pathogenesis. 75 

 How Toxoplasma mediates conversion between three major life cycle stages among 76 

many different types of host organisms has long been a mystery. Not surprisingly, a common 77 

denominator for the transition into each life cycle stage is reprogramming of gene expression that 78 

features regulation of the transcriptome and translatome (Hehl et al., 2015; Radke et al., 2018; 79 

Ramakrishnan et al., 2019; Sullivan et al., 2009). Furthermore, these regulatory programs 80 

interface with that of the host to ensure a safe haven for the parasite and nutrient availability, 81 

along with facilitating dissemination of the parasite. This review will highlight recent studies that 82 

identified key regulators and mechanisms directing these processes and their interface with the 83 



host. We begin with the mode of Toxoplasma infection of host cells and the processes that enable 84 

tachyzoites to create a suitable environment and nutrient source to sustain parasite replication. 85 

Next, we describe processes that trigger cyst formation and how the differentiated parasites are 86 

maintained and protected in host tissues. Finally, we describe formation of Toxoplasma oocysts 87 

and the critical roles that the feline host play in this sexual stage.  88 

 89 

An unwanted guest: Toxoplasma makes itself at home 90 

 Upon infecting an intermediate host, Toxoplasma must proceed to its latent tissue cyst 91 

phase to create the opportunity to transmit via predation. The parasite must balance an expansion 92 

of its numbers to disseminate throughout the body and maximize cyst formation without killing 93 

its host (Kamerkar and Davis, 2012). To achieve these goals, Toxoplasma has developed 94 

strategies to maximize its distribution among tissues within host organisms, to ensconce itself 95 

within the cytoplasm of host cells, and to ensure appropriate amounts of metabolites are procured 96 

from the host to the parasite (Coppens and Romano, 2018). 97 

  Toxoplasma has developed many tactics to facilitate its dissemination throughout its 98 

host, including the central nervous system (Courret et al., 2006). While it has been shown that 99 

tachyzoites can traverse a variety of tissues including the blood-brain-barrier (Konradt et al., 100 

2016), tachyzoites can also induce their infected host cell to migrate. Parasite-induced 101 

hypermigratory activity has been proposed to enhance the delivery of parasites into other tissues 102 

as a “Trojan Horse” mechanism (Bierly et al., 2008). Early after infection, the parasite rapidly 103 

hijacks the migration machinery of its host cell by remodeling the actin cytoskeleton, resulting in 104 

dramatic morphological changes (Weidner et al., 2013). The mechanisms underlying this 105 

hijacking are complex, involving several proteins secreted by the parasite, including toxofilin, 106 



TgWIP, ROP17, and Tg14-3-3, each shown to modulate actin dynamics in the host cell 107 

(Delorme-Walker et al., 2012; Drewry et al., 2019; Gonzalez et al., 2009; Sangare et al., 2019; 108 

Weidner et al., 2016). We have recently shown that intracellular tachyzoites also alter stress 109 

response pathways in the host as a means to initiate hypermigration. Toxoplasma infection 110 

activates the host cell’s unfolded protein response (UPR), prompting the ER stress sensor, IRE1, 111 

to interact with the actin-binding protein filamin A, which remodels the cytoskeleton to produce 112 

hypermigration (Augusto et al., 2020a). Depletion of IRE1 from infected host cells reduced their 113 

migration in vitro and significantly hindered parasite dissemination in a mouse model of acute 114 

toxoplasmosis. Thus upon infection, Toxoplasma directs reorganization of the cytoskeletal 115 

structures of host cells, thereby maximizing propagation of the parasite to multiple organ systems 116 

of the infected organism. 117 

 Tachyzoites can also directly modulate key signaling events in the host cell that promote 118 

pathogenesis. Toxoplasma releases an arsenal of proteins into the host cell to manipulate gene 119 

expression and signaling pathways, including those associated with autophagy, immune 120 

responses, and metabolism (Bougdour et al., 2013). Toxoplasma also appears to inject parasite 121 

proteins into host cells that it does not decide to invade, presumably as part of global strategy to 122 

manipulate the host organism (Koshy et al., 2012). Shortly after invasion, Toxoplasma induces 123 

rearrangements of host organelles, including gathering of host ER and mitochondria to the PVM. 124 

ROP2 directly participates in the recruitment of host ER, and mitochondrial association factor 1 125 

(MAF1) anchors host mitochondria to the PVM (Pernas et al., 2014; Sinai and Joiner, 2001). 126 

Furthermore, host endocytic structures, Golgi ministacks, lipid droplets, and transport vesicles 127 

are found in proximity to the PV (Coppens and Romano, 2018). Recruitment of these host cell 128 



structures is suggested to enhance appropriation of metabolites from the host cell and alter 129 

signaling in the infected cells in ways that favor infection. 130 

Upon infection, Toxoplasma secretes a myriad of proteins from an assortment of 131 

specialized organelles. Some of the parasite’s dense granule (GRAs) and rhoptry (ROP) proteins 132 

are secreted beyond the confines of the PV, making their way into the host cytosol and nucleus 133 

(Hakimi et al., 2017). For example, GRA16 travels to the host cell nucleus and can bind at least 134 

two host enzymes, including a deubiquitinase and protein phosphatase PP2A that modulate host 135 

p53 functions and the cell cycle (Bougdour et al., 2013). GRA16 also contributes to the 136 

accumulation of c-Myc protein in infected host cells, potentially by maintaining its 137 

phosphorylation at serine 62 through interference with the PP2A complex (Panas and Boothroyd, 138 

2020). GRA24 enhances phosphorylation of host p38α MAP kinase, leading to a 139 

proinflammatory response (Braun et al., 2013; Krishnamurthy and Saeij, 2018). A protein 140 

secreted by rhoptry organelles, ROP18, phosphorylates immunity-related GTPases (IRGs) in the 141 

host cell, promoting parasite survival and virulence (Fentress et al., 2010). Another rhoptry 142 

protein, ROP16, modulates host cell function by directly phosphorylating and activating STAT6, 143 

a transcription factor that can repress Th1 inflammatory responses (Ong et al., 2010). Another 144 

secreted dense granule protein called Inhibitor of STAT Transcription (TgIST) localizes to the 145 

host nucleus and alters STAT1 activation by blocking responses to IFN-γ (Matta et al., 2019). 146 

Together, the highlighted host target proteins and processes that are directly modulated by 147 

secreted Toxoplasma proteins emphasize the different strategies the parasite has developed to 148 

control its relationship with the host. For a more comprehensive review of the secreted effectors 149 

Toxoplasma releases into host cells, see (Wang et al., 2020). 150 



Parasite replication proceeds exponentially, mandating expansion of the PVM to contain 151 

the growing parasite population. The expanding PVM requires phospholipids in addition to the 152 

host nutrients and metabolites needed to produce daughter parasites (Gupta et al., 2005). 153 

Toxoplasma can manufacture its own lipids to some extent, but still acquires serine, 154 

ethanolamine, and choline from host cell to synthesize phospholipids in sufficient amounts 155 

(Gupta et al., 2005). The need to substantially increase membrane biogenesis provides another 156 

possible explanation why host ER and mitochondria are recruited to the PVM, as these 157 

organelles are sites of host cell lipid biosynthesis. Upon infection of a host cell, Toxoplasma 158 

induces lipophagy, which is the autophagy of host lipid droplets, as a means to scavenge fatty 159 

acids such as FAs oleic acid (Blume and Seeber, 2018; Nolan et al., 2018). The demand for other 160 

metabolites appears to outweigh what Toxoplasma can manufacture de novo as tachyzoites 161 

rapidly replicate. For example, Toxoplasma can synthesize lipoic acid, a cofactor for vital 162 

dehydrogenase complexes, in apicoplast, a non-photosynthetic plastid-like organelle. 163 

Nevertheless, tachyzoites still scavenge lipoic acid from the host cell, potentially from host 164 

mitochondria recruited to the PV (Crawford et al., 2006).  165 

Recruited mitochondria may also subvert host cell apoptosis (Ghosh et al., 2012) or 166 

immune function through the control of cytokine production and regulation of inflammasome 167 

pathways (Thakur et al., 2019). Absence of the aforementioned MAF1 protein leads to 168 

dissociation of the host mitochondria from the PVM and lower levels of IL-6, IL-10, CXCL1, 169 

and CCL-5 in infected cells (Pernas et al., 2014). It should be noted that host cells have been 170 

reported to initiate defenses when intracellular parasites pilfer their resources. For example, host 171 

mitochondria have been observed to fuse around the PV during Toxoplasma infection in order to 172 

curtail the parasite’s uptake of fatty acids (Pernas et al., 2018). 173 



Toxoplasma is auxotrophic for many amino acids, including arginine and tryptophan, 174 

mandating their sequestration from host cells (Fox et al., 2004; Pfefferkorn et al., 1986). Of 175 

interest, metabolic analysis indicates that there are high levels of tryptophan in host cells 176 

throughout Toxoplasma infection (Olson et al., 2020). Given that tryptophan is also an essential 177 

amino acid in human cells, this finding suggests that there is enhanced import of this amino acid 178 

in host cells infected by the parasite. This idea is bolstered by the finding that expression of 179 

LAT1, which transports tryptophan, is significantly enhanced in cells upon infection with 180 

Toxoplasma (Olson et al., 2020). Arginine levels are also elevated at 24- and 36-hours post 181 

infection, consistent with high expression of arginine succinate synthase 1 (ASS1) found in 182 

infected host cells (Olson et al., 2020). In addition, we have recently reported that as Toxoplasma 183 

depletes host arginine, the host cell initiates a starvation response through the eIF2 kinase GCN2, 184 

leading to increased expression of cationic amino acid transporter 1 (CAT1) to import more 185 

arginine into infected host cells (Augusto et al., 2019). 186 

Host microtubules are translocated to the PV as another means to raid the host cell of 187 

nutrients. Microtubule-based invaginations of the PVM facilitate the delivery of cargo-filled host 188 

endo-lysosomes within the PV (Coppens et al., 2006). In order to break macromolecules down 189 

into raw materials the parasite the can use, Toxoplasma is equipped with proteins like cathepsin 190 

protease L and B (CPL and CPB), which localize to its lysosome-like vacuolar compartment 191 

(VAC) (Di Cristina et al., 2017; Dou et al., 2014; McDonald et al., 2020). Interestingly, the 192 

ability to harness nutrients carries over into the latent bradyzoite stage. Bradyzoites lacking CPL 193 

contain undigested autophagosomes in the parasite cytosol, demonstrating an unexpected 194 

importance for VAC proteolysis in chronic infection (Di Cristina et al., 2017). 195 

 196 



Here to stay: Converting to latent tissue cysts 197 

The transition of tachyzoites to bradyzoites has long been associated with stress 198 

responses. As one might surmise, dormancy serves as an effective strategy for the parasite to 199 

whether storms and survive periods of scare nutrients. Different kinds of stresses have been 200 

found to induce differentiation into bradyzoites and formation of tissue cysts in vitro (Skariah et 201 

al., 2010). As a general rule, any stress that slows growth of parasites appears to induce some 202 

degree of bradyzoite conversion. One of the most common stresses used to induce bradyzoite 203 

conversion in the laboratory is exposure to alkaline pH (8.2); differentiation may be further 204 

enhanced by combining alkaline pH with CO2 deprivation, which impedes de novo production of 205 

pyrimidines. Other insults triggering bradyzoite conversion in the laboratory include nutrient 206 

starvation, immune modulators such as IFN-γ, IL-6, and nitric oxide, heat shock, depletion of 207 

low-density lipoprotein-derived cholesterol, metabolic inhibitors, sublethal doses of anti-208 

parasitics, and ER stress (Cerutti et al., 2020).  209 

Signaling through secondary messengers in the parasite has also been shown to play a 210 

role in stage conversion. Cyclic AMP (cAMP) signaling can induce or suppress bradyzoite 211 

differentiation in a dose-dependent manner: a transient increase in cAMP promotes bradyzoite 212 

conversion, but a prolonged elevation of cAMP levels impedes this process. Specific inhibitors 213 

of the cAMP dependent protein kinase and apicomplexan cGMP dependent protein kinase inhibit 214 

tachyzoite replication and induce differentiation (Eaton et al., 2006). Of three protein kinase A 215 

(PKA) catalytic subunits in Toxoplasma, the coccidian-specific subunit, TgPKAc3, was 216 

demonstrated to be a key factor involved cAMP-dependent tachyzoite maintenance (Sugi et al., 217 

2016). 218 



It is unclear whether parasite stress directly signals a developmental shift or if the 219 

consequent delay in growth is the primary driver of bradyzoite differentiation. It has been shown 220 

that a slowing of the parasite cell cycle is requisite for progression to the bradyzoite stage (Radke 221 

et al., 2003). While fever (heat shock) and immune modulators like IFN-γ have been suggested 222 

to be potential stresses that may prompt tachyzoite to bradyzoite conversion in vivo, the type of 223 

host cell or its physiological condition may be more relevant factors in triggering formation of 224 

tissue cysts (Sullivan et al., 2009). The highest concentrations of tissue cysts found in vivo reside 225 

in post-mitotic neuronal and skeletal muscle cells (Remington and Cavanaugh, 1965).  226 

A key question is how these various stress signals are sensed by the parasite to culminate 227 

in a coordinated response to differentiate. To address this question, we determined whether 228 

apicomplexan parasites utilized an integrated stress response (ISR) that relied on translational 229 

control as documented previously in other eukaryotes. The ISR involves a group of eIF2 kinases 230 

that recognize stress signals and respond by phosphorylating eIF2α, which governs the rate-231 

limiting step of protein synthesis (Wek et al., 2006). Phosphorylated eIF2α reduces global 232 

protein production and promotes the preferential translation of mRNAs that encode factors that 233 

remediate the stress. The subset of mRNAs preferentially translated under these conditions tend 234 

to have 5’-leader sequences enriched in upstream open reading frames (uORFs) (Young and 235 

Wek, 2016). We established that Toxoplasma possesses an ISR and that bradyzoite development 236 

is accompanied by enhanced TgIF2α phosphorylation and preferential translation (Holmes et al., 237 

2017; Konrad et al., 2013; Narasimhan et al., 2008).  238 

Four eIF2 kinases have been characterized that sense distinct stresses tachyzoites may 239 

encounter. TgIF2K-A is an ER-resident eIF2 kinase that responds to ER stress and controls the 240 

unfolded protein response, analogous to PERK in mammalian cells (Joyce et al., 2013; 241 



Narasimhan et al., 2008). TgIF2K-B resembles HRI and is activated during oxidative stress 242 

(Augusto et al., 2020b). TgIF2K-C and -D are homologues of GCN2 and respond to nutrient 243 

deprivation. Interestingly, TgIF2K-D is required to aid survival of extracellular tachyzoites while 244 

TgIF2K-C responds to amino acid deprivation in intracellular tachyzoites (Konrad et al., 2011, 245 

2014). Targeted loss of these parasite eIF2 kinases may impair the ability of Toxoplasma to form 246 

stress-induced bradyzoites. For example, a pharmacological inhibitor of TgIF2K-A has been 247 

shown to reduce the frequency of bradyzoite differentiation in vitro (Augusto et al., 2018). 248 

Analysis of the preferentially translated mRNAs during stress-induced differentiation through 249 

polysome profiling has also yielded insights into the signaling pathways orchestrating stage 250 

conversion. Profiling of ribosomes in polysomes in tachyzoites subjected to ER stress revealed a 251 

number of Apetala-2 (AP2) proteins (see below), chromatin remodelers, and the bradyzoite-252 

formation deficient (BFD1) “master regulator” to be preferentially translated (Joyce et al., 2013). 253 

Of note, many AP2 factors and BFD1 contain uORFs, suggesting that Toxoplasma uses similar 254 

mechanisms to drive preferential translation during developmental changes (Waldman et al., 255 

2020). These results suggest that stressed tachyzoites engage an ISR to preferentially translate 256 

mRNAs that encode factors that will reconfigure the expressed genome for bradyzoite 257 

conversion. 258 

Transitioning to bradyzoites requires a substantial reprogramming in gene expression, 259 

and the consequent use of chromatin remodeling (Jeffers et al., 2018). Curiously, apicomplexan 260 

parasites lack key families of transcription factors, such as basic leucine zipper (bZIP) factors, 261 

that are preferentially translated in higher eukaryotes to reprogram the genome. Rather, the 262 

Apicomplexa deploy a series of factors that harbor a DNA-binding motif related to the Apetala-2 263 

(AP2) domain that was first characterized in plants (Balaji et al., 2005). Toxoplasma contains 264 



nearly 70 of these AP2 factors, and the functions of most of them have yet to be elucidated. In 265 

the handful that have been characterized to date, it is clear that AP2 factors play an important 266 

role in specialized facets of gene expression regulation through cooperation with histone 267 

modifying machinery. Different AP2s have been reported to associate with either histone 268 

acetyltransferase complexes, which activate gene expression, or histone deacetylase complexes, 269 

which repress gene expression (Harris et al., 2019; Saksouk et al., 2005; Wang et al., 2014). 270 

A key AP2 factor associated with stage conversion is AP2IX-9, which restricts the 271 

development of bradyzoite tissue cysts (Radke et al., 2013). Overexpression of AP2IX-9 272 

antagonized tissue cyst formation and its genetic ablation increased it, indicating AP2IX-9 serves 273 

as a repressor of bradyzoite development. But rather than serving as master regulators, it appears 274 

numerous AP2s act to “fine-tune” gene expression, which would provide Toxoplasma with 275 

greater flexibility in its developmental commitments. Like AP2IX-9, expression of AP2IV-3 is 276 

also upregulated during alkaline pH stress. However, AP2IV-3 activity is more consistent with 277 

that of a transcriptional activator, targeting some of the same gene promoters as AP2IX-9. It was 278 

proposed that these two AP2s compete to control bradyzoite gene expression, which might allow 279 

the parasite to adapt to different host cell backgrounds (Hong et al., 2017). 280 

Consistent with the link between cell cycle progression and developmental switching to 281 

bradyzoites, numerous AP2s associated with stage switching also have expression patterns that 282 

coincide with distinct phases of the cell cycle (Behnke et al., 2010). AP2IV-4 is expressed in late 283 

S phase in tachyzoites and its depletion leads to the expression of a several key bradyzoite 284 

proteins (Radke et al., 2018). Without AP2IV-4 suppressing these bradyzoite proteins in 285 

tachyzoites, the parasites were cleared by the host immune response and failed to establish 286 



chronic infection. Another AP2 factor with enhanced expression during S phase, AP2IX-4, was 287 

shown to repress a subset of bradyzoite genes (Huang et al., 2017). 288 

In addition to the contributions made by AP2 factors, the aforementioned “master 289 

regulator” transcription factor named BFD1 was recently discovered using a CRISPR/Cas9 290 

screening strategy (Waldman et al., 2020). BFD1 is a Myb-like factor that binds to 291 

transcriptional start sites of genes known to be induced during onset of bradyzoite development. 292 

Illustrating the complex collaborative efforts to bring about stage conversion, BFD1 was found 293 

to regulate the transcription of AP2 factors, including AP2IX-9. Chromatin remodeling enzymes 294 

such as the lysine acetyltransferase GCN5a, as well as the lysine deacetylase HDAC3, have also 295 

been shown to affect gene expression events critical for stage conversion (Bougdour et al., 2009; 296 

Naguleswaran et al., 2010; Saksouk et al., 2005). Precisely how all these various factors 297 

interplay to affect developmental transitions is an important question for future research. 298 

It has been presumed that elements of the innate immune response generate stresses (e.g. 299 

heat shock from fever or reactive oxygen and nitrogen species) that induce bradyzoite formation 300 

in vivo, and depletion of IFN-γ will reactivate cysts in mouse models of chronic infection 301 

(Gazzinelli et al., 1992). But the frequency of cyst formation varies widely across animal 302 

species: cysts are more prevalent in sheep, swine, and goats as opposed to cattle, whereas some 303 

species like sea otters, dolphins, and kangaroos often succumb to acute toxoplasmosis (Tenter et 304 

al., 2000). Different strains of inbred mice also display varying sensitivity to Toxoplasma that 305 

has been traced to differences in major histocompatibility complex (MHC) class II haplotype 306 

(Leroux et al., 2015). Adding to the complexity, some host cell backgrounds trigger high 307 

frequencies of spontaneous differentiation to bradyzoites (Ferreira da Silva Mda et al., 2008). 308 

Primary skeletal muscle cells trigger spontaneous conversion to bradyzoites at higher rates than 309 



fibroblasts (Ferreira-da-Silva Mda et al., 2009). Additionally, the proclivity for Toxoplasma to 310 

primarily infect neurons and skeletal muscle tissue in vivo meshes with findings that these cell 311 

types induce spontaneous differentiation into bradyzoites (Lüder and Rahman, 2017). Together, 312 

these findings suggest that various stresses, host cell signatures, and immune modulators can 313 

contribute to the induction of bradyzoite differentiation, suggesting that Toxoplasma is equipped 314 

with a sophisticated array of sensing mechanisms that can respond to diverse signals. 315 

 316 

What’s so special about the cat: Making oocysts 317 

Another key developmental transition in Toxoplasma that is central to parasite 318 

transmission is the formation of gametocytes in its definitive hosts, which are restricted to feline 319 

species. The sexual stage takes place exclusively in the intestinal epithelium of cats, resulting in 320 

the dissemination of infectious oocysts into the environment (Zulpo et al., 2018).  321 

The study of the developmental stages taking place in the cat gut have been stymied by a 322 

lack of model systems. Classic studies suggest that upon ingestion, bradyzoites undergo 323 

transformation into schizonts and then merozoites, which replicate for 2 to 4 doublings before 324 

developing into macrogametes and microgametes that fuse to make diploid oocysts (Dubey and 325 

Frenkel, 1972). The lack of convenient experimental models has long stymied study of 326 

gametogenesis and fertilization, however recent transcriptomic analyses have revealed a number 327 

of genes whose increased expression during these phases likely indicate an important function 328 

during these transitions. Study of these genes may lead to a live vaccine capable of blocking 329 

parasite transmission by felids. Hapless-2 (HAP2) was identified as a microgametocyte gamete 330 

fusion protein in the fellow coccidian parasite Eimeria tenella (Walker et al., 2015). Knockout of 331 

HAP2 in Toxoplasma resulted in oocysts that were deformed, fewer in number, and defective in 332 



sporulation. Furthermore, inoculation of cats with HAP2-deficient parasites prevented oocyst 333 

excretion following infection with wild-type Toxoplasma (Ramakrishnan et al., 2019). 334 

Incidentally, antibodies designed to interfere with HAP2 function significantly reduced 335 

transmission of multiple Plasmodium species (Angrisano et al., 2017). 336 

Following exposure to the air, parasites within the oocyst mature into sporozoites. Upon 337 

ingestion by a host organism, digestive enzymes in the stomach break down the oocyst wall, 338 

subsequently releasing sporozoites into the small intestine. Non-replicative sporozoites then 339 

invade enterocytes and convert into replicative tachyzoites capable of disseminating the infection 340 

throughout the body. Transcriptomic and proteomic studies have shown that, while short-lived, 341 

sporozoites express a panel of genes specific to this stage (Fritz et al., 2012a; Fritz et al., 2012b). 342 

To address changes in sporozoite-infected host cells, an in vitro model was developed using rat 343 

intestinal epithelium cells (Guiton et al., 2017). Initial studies using this model have shown that 344 

sporozoites trigger an NF-κB-like response in host cells that largely mirrors what is seen in 345 

tachyzoite-infected host cells (Guiton et al., 2017). 346 

The mystery as to why cats were the only known definitive hosts was recently 347 

resolved by Di Genova and colleagues (Martorelli Di Genova et al., 2019). Development of 348 

cat intestinal organoids allowed the analysis of signaling molecules that might trigger entry 349 

into the sexual stage, and it was discovered that linoleic acid prompted more than one-third of 350 

the parasites in organoid culture to begin expressing merozoite markers. This finding sparked 351 

interest as cats are the only mammal known to lack delta-6-desaturase in their small intestines, 352 

an enzyme that converts linoleic acid to arachidonic acid. Consequently, linoleic acid levels 353 

are unusually high in felines (MacDonald et al., 1983). Together, these results suggest that the 354 

abundance of linoleic acid in the cat gut explains the exclusivity of felines as the definitive 355 



host that supports the sexual stage of the Toxoplasma life cycle. Consistent with this idea, the 356 

parasites in infected mice that were fed a linoleic acid–rich diet and SC-26196, a delta-6-357 

desaturase inhibitor, displayed the merozoite marker GRA11B and low expression of a 358 

tachyzoite-specific marker, SAG1 (Martorelli Di Genova et al., 2019). Moreover, these mice 359 

shed infectious oocysts, paving the way for a potentially powerful new model system for the 360 

study of sexual stage transitions, including the sporulation of oocysts. 361 

Recent evidence has been presented that implicate a microrchidia (MORC) homologue 362 

as instrumental in regulating the changes in gene expression governing the conversion to 363 

sexual stages. MORCs are conserved proteins associated with signaling-dependent chromatin 364 

remodeling and epigenetic regulation (Li et al., 2013). A MORC homologue from 365 

Toxoplasma has been identified that complexes with multiple AP2 transcription factors and 366 

the lysine deacetylase HDAC3 to repress sexual stage and oocyst gene expression (Farhat et 367 

al., 2020). Parasites lacking MORC displayed significant transcriptional changes that were 368 

skewed toward sexual differentiation. It has been proposed that MORC directs the 369 

hierarchical expression of secondary AP2 factors, which in turn contributes to the 370 

unidirectionality of the parasite life cycle (Farhat et al., 2020). For example, MORC-depleted 371 

parasites express AP2IX-9, which was reported to restrict commitment towards bradyzoite 372 

differentiation (see above); in this case, MORC’s degradation may induce AP2IX-9 to prevent 373 

merozoites from converting back into bradyzoites (Farhat et al., 2020). 374 

Intriguingly, MORC family ATPases have previously been associated with sex-related 375 

functions in a number of other diverse organisms. MORC was initially characterized in mice 376 

and linked to the control of spermatid formation (Watson et al., 1998). MORC is also more 377 

abundant in reproductive tissues and plays a role in sexual development in plants and 378 



mammals (Koch et al., 2017). In C. elegans, MORC is essential for transgenerational fertility 379 

and acts as an effector of germline-expressed endogenous small interfering RNAs (Weiser et 380 

al., 2017). MORC is likely to play similar gene regulatory roles in other apicomplexan 381 

parasites as well (Hillier et al., 2019). Recently, a MORC protein was identified in 382 

Plasmodium falciparum that binds the promoter region of the major virulence gene family 383 

along with the chromatin remodeler ISWI and an AP2 factor (Bryant et al., 2020). 384 

The MORC complex facilitates chromatin remodeling at genes normally expressed 385 

during sexual stages, thereby repressing their transcription. MORC may also act on tachyzoite 386 

genes to repress them during sexual development, since tachyzoite genes are also repressed 387 

upon MORC depletion. MORC may have additional functions at the boundary between other 388 

stage transitions, as it was also found in complex with the aforementioned AP2IX-4, which 389 

acts as a repressor of a subset of bradyzoite genes (Huang et al., 2017; Srivastava et al., 2020). 390 

AP2IX-4 and MORC associate with yet another cell cycle-regulated AP2 factor, AP2XII-2; 391 

depletion of AP2XII-2 increases the length of S-phase and enhances frequency of bradyzoite 392 

development (Srivastava et al., 2020). 393 

 394 

Future Outlook 395 

 The ability of Toxoplasma to switch from replicative to latent forms is responsible for 396 

pathogenicity and transmission to humans and other animals. Development of latent stages has 397 

been historically challenging to study for lack of accessible models. In the case of bradyzoite 398 

differentiation, the application of stress to in vitro cultures has allowed substantial discoveries 399 

to be made into the transcriptional and translational changes taking place during this 400 

developmental process. However, how faithful the in vitro results represent what actually 401 



occurs in vivo remains an important concern. Moreover, prolonged passage of Toxoplasma in 402 

vitro clearly disrupts developmental competency as the process selects for rapidly growing 403 

tachyzoites at the expense of efficient differentiation. The widely used HFF cells are not likely 404 

to be representative of what occurs in other cell types, and it is worth noting that neurons are 405 

the primary host cells for bradyzoite development (Cabral et al., 2016). A novel method using 406 

primary murine neonatal astrocytes and hypoxia conditions has been developed as an improved 407 

model for the study of tissue cysts and recrudescence in vitro that may better preserve 408 

developmental competency (Goerner et al., 2020). Other cell backgrounds that prompt 409 

spontaneous differentiation of tachyzoites into bradyzoites should be compared to those formed 410 

in HFF cells to assess similarities and differences in the model systems. Identification of host 411 

cell factors that signal to tachyzoites what host cell type they are in is crucial knowledge that is 412 

currently lacking. 413 

Many questions remain regarding mechanisms of stress-induced conversion to 414 

bradyzoites (Fig. 1). How TgIF2 kinases become activated by various stresses to bring about 415 

changes in gene expression remains incompletely characterized. Other aspects of the parasite’s 416 

ISR remain unresolved, including mechanisms of preferential translation of mRNAs that 417 

contribute to bradyzoite development. Upstream ORFs have been identified in a number of 418 

factors involved in bradyzoite conversion, including AP2s and BFD1, but how they function in 419 

the context of translation control requires further study. In addition, little is known about how 420 

these factors collaborate to bring about changes in the transcriptome that are germane to stage 421 

switching. Virtually no work has been done into the signals mediating reactivation of infection, 422 

the conversion of bradyzoites back into tachyzoites. 423 



The study of sexual stages has been even more intractable, but the 2019 landmark study 424 

by Di Genova et al. promises to open new avenues to study Toxoplasma gametogenesis and 425 

oocyst formation (Martorelli Di Genova et al., 2019). The demonstration that oocysts can be 426 

generated in cat intestinal organoids and in a mouse model through administration of a delta-6-427 

desaturase (D6D) inhibitor provides unprecedented opportunities to study how Toxoplasma 428 

signals forms oocysts (Fig. 1). Moreover, continued characterization of the MORC complex as 429 

a regulator of sexual stage genes should reveal insights into gene networks deployed during this 430 

transition.  431 

Only a handful of the secreted proteins ejected into host cells have been investigated to 432 

date, and the full scope of their activities remains an outstanding question. A variety of 433 

mechanisms have been implicated in the initiation of hypermigratory activity in certain host 434 

cells; how these activities interplay is an open question. Finally, the mechanisms and purpose 435 

of host organelle recruitment to the PV remain poorly understood. Shedding light on these 436 

processes will not only advance our understanding of host-parasite interaction but will also 437 

uncover new potential drug targets aimed at better controlling toxoplasmosis. 438 
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Figure and Legend 445 

Figure 1. Key host and parasite signaling events during Toxoplasma life cycle stage 447 

transitions. Asexual stage (top): Upon infection, proliferative tachyzoites generate a 448 

parasitophorous vacuole (PV) that forms an interface with the host cell. In addition to proteins 449 

secreted into the host cell, the PV recruits host cell organelles and microtubules for nutrient 450 

acquisition and commandeering of cellular pathways such as overriding apoptosis. In the 451 

proper host cell background or in response to stress, tachyzoites convert into latent bradyzoites 452 

housed within tissue cysts. Stress-induced differentiation is accompanied by activation of a 453 

family of TgIF2 kinases, which direct translational control of select mRNAs (e.g. AP2s and 454 

BFD1) via phosphorylation of TgIF2α, culminating in reprogramming of gene expression. 455 

Mechanisms of preferential translation caused by TgIF2α phosphorylation may involve unique 456 

features in the leader sequences, such as upstream ORFs. Sexual stage (bottom): Felines are 457 

the definitive hosts of Toxoplasma capable of supporting the sexual stage that produces 458 

transmissible oocysts that sporulate when exposed to environmental oxygen. The MORC 459 

complex plays a role in the repression of the sexual stage and oocyst genes such as HAP2. 460 



Linoleic acid was found to be a key metabolite in the host that signals Toxoplasma to convert 461 

into gametocytes. By administering a delta-6-desaturase (D6D) inhibitor, researchers have been 462 

able to isolate oocysts from infected mice, generating a new model system for the study of 463 

sexual stage transitions.  464 
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