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Abstract: Toxoplasma gondii is a world-wide parasite, with an estimated prevalence of approximately 30%. Toxoplasmosis is 
a severe disease in the immunocompromised, but few symptoms are exhibited by patients with an intact immune system, making this 
parasite a worldwide burden. Currently, few drugs exist in treating acute toxoplasmosis and no drugs exist to eliminate the bradyzoite 
of T. gondii. Effective therapies against acute and chronic toxoplasmosis are urgently needed to reduce the burden of this disease. This 
review aims to give a summary of recent findings in the bradyzoite form of Toxoplasma gondii and the implication of these findings on 
drug development. A thorough search of PubMed and Google Scholar databases was used to identify studies within the past 10 years 
that illustrate targetable key elements in the differentiation and formation of the bradyzoite form of T. gondii. 
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Introduction
Toxoplasma gondii is a single-celled obligatory intracellular parasite of the Apicomplexa phylum and has infected up to 
30% of the world population. However, this estimate varies and is dependent on the region, for instance, prevalence can 
be as high as 90% in Europe, Central America and South America.1 T. gondii is a uniquely opportunistic parasite that can 
infect any warm-blooded mammals, including humans. Within these intermediate hosts is where T. gondii undergoes its 
asexual life cycle, where the parasite alternates between two distinct forms, a rapidly growing disease-causing form 
called tachyzoite and a slow, dormmate, cyst creating form called bradyzoite. T. gondii has only one definitive host – all 
feline species, where the parasite will undergo sexual reproduction. T. gondii can be contracted through contaminated 
food or water from feline feces, undercooked meat containing cysts from animals and from infected mothers to the fetus 
through the placenta.2 Within the mammalian hosts, the asexual reproductive tachyzoite form is easily cleared by the 
host's immune system. However, upon detection of an immune response, the parasite converts to the dormmate 
bradyzoite form, which is protected within a cyst wall and converts to a chronic infection.3 In healthy individuals, 
T. gondii infection symptoms are similar to the flu, however in immunocompromised patients, the bradyzoite form can 
convert back to the rapidly proliferating, disease causing tachyzoite form triggering the sequelae of acute toxoplasmosis 
in the brain.3

In the United States, T. gondii infections leading to toxoplasmosis, rank second as the most common cause of death 
related to foodborne illness.4 The current treatments include combination therapies of pyrimethamine and sulfonamide 
antibiotics, which target the tachyzoite form. However, increases in price per tablet and clinically significant side effects 
have limited effective treatment of toxoplasmosis. The adverse events of these front-line therapies are collected by the 
FDA adverse events reporting system (FAERS), and a recent evaluation of these reports showed that anti-toxoplasma 
drugs were listed as the primary suspect drug leading to several adverse outcomes including death.5 Of note, these 
therapies are relatively ineffective against the cyst encapsulated bradyzoite form. The development of novel drugs to treat 
chronic T. gondii infection is imperative. Here, we review important findings made in the last 10 years that are promising 
treatments for the cyst form of T. gondii, bradyzoite.
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The Life Cycle of Toxoplasma gondii
T. gondii is able to proliferate through sexual and asexual replication mechanisms. During asexual reproduction, tachyzoite 
parasites transverses the intermediate host cells using a gliding motility system to arrive at the plasma membrane. This 
complex mechanism at the apical end of the parasite requires multiple proteins anchored to an actin myosin motor network. 
This network involves the parasites endomembrane system comprising micronemes and other proteins that recognize and 
attach to the host cell’s membrane Following invasion of a tachyzoite, the parasite forms a protective parasitophorous 
vacuole (PV) derived from the host plasma membrane, creating a physical separation of the parasite from the host that will 
protect T. gondii from immune responses, lysosomal fusion, and autophagy.6 Once in the PV, the tachyzoites actively divide 
through a process called endodyogeny—where daughter cells are formed within the mother cell. This process allows for the 
parasites to exponentially duplicate within hours. After multiple replications, the parasite will egress via rupture of the PV 
and host cell plasma membrane to liberate hundreds of tachyzoites. These tachyzoites can then infect other nearby host cells. 
Gradually, in response to the host cells immune system and limited essential nutrient supply, the tachyzoites will slow their 
replication rate to convert into the cyst encapsulated bradyzoite form in skeletal muscle, cardiac muscle and the brain.7 Cyst 
encapsulated bradyzoites can remain for years within the host and lie dormant until an opportunity arises to prompt 
reactivation.8 Additionally, among T. gondii exist different strain types, type I, II, and III, with each displaying differences 
in virulence and ability to form cysts. Type I are rapidly growing tachyzoites resulting in their high virulence. Type II and III 
readily form cysts and are responsible for chronic infection.9 Within the feline species, T. gondii will undergo sexual 
reproduction. The cycle begins once a feline consumes tissue cysts. Then, within the feline's gut, proteolytic enzymes from 
the stomach and small intestines degrade the cyst wall membrane that contains many bradyzoites. This will release the 
parasites and allow them to infect the intestinal epithelium of the feline, resulting in the start of sexual reproduction. After 
a series of morphological changes leading to the formation of macro and microgametes, which fuse to form the diploid 
oocyst, a thick impermeable wall is formed around the oocyte and is then eliminated with the cat feces. The oocysts are then 
exposed to ambient air and temperature, allowing sporulation and maturation stabilizing the oocysts for 18 months.8,10 

Experimental evidence suggests that sexual reproduction occurs within the feline species because of the accumulation of 
linoleic acid resulting from the absence of the metabolizing enzyme Δ-6-desaturase in felines, as the inhibition of this 
enzyme in mice permitted sexual reproduction of T. gondii and the formation of infectious oocysts.10

Toxoplasmosis and Current Treatments
In the United States, only pyrimethamine in combination with sulfonamide antibiotics is approved for the treatment of 
toxoplasmosis as first-line therapy.11 Pyrimethamine is a dihydrofolate reductase (DHFR) inhibitor that decreases the 
levels of folic acid and will inhibit purine and pyrimidine synthesis. Pyrimethamine is given with sulfadiazine, to 
synergistically inhibit DNA synthesis and is supplemented with folinic acid to inhibit the myelosuppression side effects, 
which results from the lack of significant specificity of the current approved DHFR inhibitors. Additionally, pyrimetha
mine poses potential teratogenic effects limiting its use during pregnancy. Although effective, pyrimethamine is 
associated with potentially severe side effects including thrombocytopenia, hematologic neutropenia and Steven- 
Johnson syndrome.12,13 In addition to pyrimethamine-based regimens, trimethoprim-sulfamethoxazole (TMP-SMX), 
dapsone, atovaquone, azinomycin and clindamycin are used for various clinical manifestations of toxoplasmosis. 
Nevertheless, all available treatments are ineffective in eliminating the bradyzoite form of T. gondii. The bradyzoite is 
a long-lived form that also places individuals at risk of repeated reactivation. Very few early-stage results promise 
effective targeting of chronic toxoplasmosis including: 1) endochin-like quinolone-based compounds targeting the 
parasites oxidative phosphorylation and energy production, 2)Toxoplasma cathepsin-L (TgCPL), targeting an essential 
cysteine protease for parasite survival in the bradyzoite form and the 3) calcium-dependent protein kinase 1 (TgCDPK1), 
targeting a serine/threonine kinase that is essential for the parasite life cycle.11

New Promising Targeting of Bradyzoites
The mechanism of conversion from a tachyzoite to a bradyzoite was recently shown to be controlled by a master protein 
known as Bradyzoite Formation Deficient (TgBFD1), and most recently TgBFD2. TgBFD1 or TbBFD2 are 
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indispensable for differentiation and cyst formation in mice. Additionally, TgBFD1 was tested as a vaccine candidate and 
demonstrated immune responses with the potential for protection. In mice, however, the protection was significant 
against type II strain and not type I strain. The translational upregulation of TgBFD1 and TgBFD2 during T. gondii 
differentiation is regulated by the T. gondii translation initiation factor TgeIF1.2. However, the deletion of the network 
required for differentiation, including TgBFD1 did not prevent recrudescent disease. These results collectively support 
the development of targeted therapies regulating the stage-specific TgBFD1, which when combined with additional 
cytocidal therapies as a promising avenue for targeting the bradyzoite form of T. gondii.14–18

Another important feature of bradyzoites is the accumulation of amylopectin granules (AGs). AGs are unique at 
multiple levels, from their residence in the cytoplasm to their hybrid oligosaccharide metabolism, with a plant-like kinase 
activity, an alpha-glucan water dikinase TgGWD and an animal-like phosphatase activity, the glucan phosphatase 
TgLaforin. These granules are thought to be the site of energy storage that is necessary for the bradyzoite persistence 
and reactivation. Further characterization of TgLaforin depicted its important role in parasite growth and survival during 
the asexual life cycle. Specifically, the knockout of TgLaforin from tachyzoite resulted in attenuated virulence, reduced 
cyst burden and a milder illness when defective cysts were introduced to mice. The independent deletion of TgGWD and 
the deletion of the enzyme responsible for amylopectin synthesis, a UDP-sugar pyrophosphorylase gUSP, resulted in 
reduced replication of tachyzoites and reduced virulence in mice, suggesting a role for AGs in tachyzoite fitness. 
Additionally, inhibitors against TgLaforin have identified lead compounds that are specific to its catalytic activity. 
Therefore, combining the inhibition of a bradyzoite-specific phenomenon (AG accumulation) along with cytocidal 
therapies, is an additional attractive therapeutic approach against T. gondii.19–21

The cyst wall is characteristic of the bradyzoite stage of T. gondii and is associated with chronic infection. Natural 
products and plant extracts have become a potential alternative and are safe options for therapies as current treatment 
options are limited and risk harmful side effects. A recent study has shown that ginger extract can significantly reduce 
cyst counts in the brains of chronically infected mice comparable to standard treatments. In addition, the study showed 
that ginger extract reduced infection-induced edema and inflammation and protection against necrosis or apoptosis 
associated with chronic infections. Piceatamol is another natural plant product found in grapes that showed promising 
anti-toxoplasma activity in culture and in mice. A screening of fungal natural products identified 49 fungal metabolites 
with promising anti-toxoplasma activity and favorable pharmacological profiles that are yet to be tested in mice.22–24

Proteomic analysis of purified cyst wall identified important cyst wall (CST) proteins involved in T. gondii virulence, 
as deletion of TgCST1 or TgCST2 from parasites resulted in reduced cyst burden in mice. Transcriptome analysis of the 
bradyzoite identified one hundred and two putative bradyzoite secreted effectors that mostly remain uncharacterized. 
Several cyst wall proteins were characterized, and no significant phenotype was observed from knockout studies, except 
for TgMCP3, which was shown to be important for cyst size in mice but not cyst number or survival rates in mice. 
Another protein, achitinase-like protein 1 TgCLP1 was found to be important for the conversion from bradyzoite to 
tachyzoite but not from tachyzoite to bradyzoite, the former being a critical process for reactivation. While TgCLP1 is 
not a promising drug target for acute toxoplasmosis, a greater understanding of its role in reactivated disease is an 
attractive therapeutic intervention to prevent reactivated disease.25–27

T. gondii invasion requires the formation of a molecular bridge between the host cell membrane and the parasite 
known as the moving junction, a complex created by the assembly of apical membrane antigen proteins (AMA) secreted 
by the microneme organelle, and rhoptry neck partners (RONs), secreted by the rhoptry organelle. Recently, it was shown 
that bradyzoites invade host cells using the moving junction created by AMA2 and AMA4, of which are not detectable at 
the moving junction of tachyzoites. AMA4 is vital for cyst burden during the chronic infection stage but dispensable for 
the acute stage. Immunization challenge of mice with AMA4-RON2L1 complex protected the mice from chronic 
toxoplasmosis. This study indicated that AMA-RON complexes are potential candidates for vaccine development for 
chronic toxoplasmosis.28 Other molecular targets that have been shown to be effective against both tachyzoite and 
bradyzoite include the class of bicyclic azetidines that target phenylalanine tRNA synthetase TgPheRS. The lead 
compound halted the growth of tachyzoites, other apicomplexan parasites and appropriate bradyzoite formation and 
viability of ex-vivo cysts, prolonged the survival of mice infected with Toxoplasma and protected immunocompromised 
mice from toxoplasmosis.29 Additionally, the recent characterization of the T. gondii isolate Tg68 reveals important in- 
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vitro characteristics that will allow a better understanding of bradyzoite biology aiding the discovery of druggable 
targets30 (Figure 1 and Table 1).

Conclusion
Toxoplasma gondii is a successful opportunistic parasite, which utilizes vehicles such as humans to reach its definitive 
host, the feline species. To achieve this, T. gondii developed effective means for this propagation. Some of these 
mechanisms are well understood, but others remain to be fully elucidated. This review focused on summarizing new 
findings in the past 10 years that are unique to T. gondii bradyzoite biology and thus making them attractive druggable 
targets or vaccine candidates. The intermediate host T. gondii takes shape of two forms, the fast-replicating tachyzoite 
and the dormant slow-replicating bradyzoite form. There are many unique aspects to T. gondii biology, and effective 
therapeutic targets have yet to emerge that could be as effective as the current first-line treatments that come with 

Features for drug targeting
• Cyst formation 
• Cyst maturation 
• Amylopectin granules
• Moving junction
• Differentiation
• Reactivation

Tachyzoite Bradyzoite

Differentiation

Reactivation

Figure 1 Promising druggable elements of bradyzoite biology.

Table 1 Summary of Promising Targets and Drugs Against Bradyzoites

Promising Targets or Drugs Role of Target Reference

Bradyzoite Formation Deficient 1 (TgBFD1) Bradyzoite formation [14,15,17]

Bradyzoite Formation Deficient 2 (TgBFD2) Bradyzoite formation [16,18]

Translation initiation factor TgeIF1.2 Bradyzoite formation [16]
Glucan phosphatase TgLaforin AG metabolism [19,20]

UDP-sugar pyrophosphorylase (USP) AG synthesis [21]
Alpha-glucan water dikinase TgGWD AG metabolism [21]

Ginger extract Cyst burden in mice [22]

Piceatamol (grape extract) Survival in mice [23]
Natural products derived from fungi Anti-toxoplasma activity with favorable pharmacological profiles [24]

Cyst wall protein 1 (Tg(CST1) Cyst burden [27]

Cyst wall protein 2 (TgCST2) Cyst burden [27]
Cyst wall protein TgMCP3 Cyst size [25]

Chitinase-like protein 1 (TgCLP1) Bradyzoite reactivation [26]

Apical membrane antigen proteins 4 (TgAMA4) Bradyzoite moving junction [28]
Rhoptry neck partners 2L1 Bradyzoite moving junction [28]

Phenylalanine tRNA synthetase Bradyzoite formation and reactivation [29]
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unfavorable side effects. By exploring the intricate mechanisms underlying the parasite’s survival and replication within 
the host, key molecular components have been identified that play crucial roles in the parasite’s life cycle. These 
components present promising opportunities for targeted drug interventions.

The chronic stage of T. gondii poses unique challenges due to the parasite’s ability to establish a latent infection 
within host tissues. Understanding the molecular mechanisms employed by the parasite during this stage has identified 
targets involved in the formation and maintenance of tissue cysts, reactivation of bradyzoite and successful invasion. By 
selectively targeting these pathways, it may be possible to eliminate dormant parasites and prevent the reactivation of the 
infection, thereby providing long-term therapeutic benefits for patients with chronic toxoplasmosis that are at risk of 
reactivated disease and potential consequences associated with dormancy in the brain.
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