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Abstract
Toxoplasma gondii (T. gondii), an intracellular protozoan parasite, has attracted significant attention in recent 
years for its dual role in both promoting and inhibiting cancer. Although traditionally recognized as a potential 
risk factor for tumor development, particularly in immunocompromised individuals, emerging research suggests 
that T. gondii may possess anti-cancer properties. This paradox is rooted in the parasite’s ability to modulate the 
host’s immune system, triggering antitumor immune responses through the activation of immune cells and the 
secretion of cytokines such as TNF-α and IFN-γ. T. gondii has demonstrated efficacy in reversing tumor-associated 
immunosuppression, inhibiting angiogenesis, and promoting tumor regression in preclinical models. However, its 
potential as an immunotherapeutic agent is tempered by the risks associated with administering live parasites, 
including infection and immune system complications. This article reviews the current understanding of T. gondii 
impact on cancer and its potential role in cancer therapy. Despite promising preclinical results, challenges remain, 
including the need for safer therapeutic approaches. Future research should focus on genetically modified or 
attenuated strains of T. gondii that retain their antitumor capabilities while minimizing risks. Understanding the 
underlying mechanisms by which T. gondii modulates the tumor microenvironment will be crucial for translating 
these findings into clinical applications, potentially offering new avenues for cancer treatment.
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Introduction
Cancer is a disease characterized by the uncontrolled 
growth of abnormal cells, which invade nearby tis-
sues and spread to other parts of the body [1]. Current 
research identifies various mechanisms, including cell 
cycle mutations [2], disruptions in apoptotic pathways 
[3], aberrant signal transduction [4, 5], angiogenesis [6, 
7], and invasion and metastasis [8], as contributing sig-
nificantly to cancer progression. Cancer’s multifactorial 
nature is further influenced by genetic factors, lifestyle, 
and the tumor microenvironment [1, 9, 10]. Conse-
quently, the disease remains a global health challenge, 
with approximately 20 million new cases and 10 million 
deaths reported annually despite ongoing advances in 
research and treatment [11].

Traditional cancer treatments, such as surgery, radia-
tion therapy, and chemotherapy, are still widely used. 
Still, their efficacy is often limited by factors such as 
patient tolerance, tumor stage, and the potential for 
severe side effects. Radiation therapy can damage healthy 
cells and even induce secondary cancers, while chemo-
therapy is known to harm healthy organs alongside can-
cerous tissues [12, 13]. As a result, there is a growing 
need for innovative cancer therapies that minimize these 
drawbacks.

Immunotherapy has emerged as a promising alterna-
tive to conventional treatments, focusing on boosting 
the immune system’s ability to target and eliminate can-
cer cells [14]. Recent advancements, such as immune 
checkpoint inhibitors that enhance immune responses 
to tumors [15], and chimeric antigen receptor T-cell 
therapy, which allows T cells to specifically recognize and 
attack cancer cells [16], have already begun to revolution-
ize clinical cancer treatment. Intriguingly, certain para-
sites, particularly intracellular protozoan parasites, have 
demonstrated potential to stimulate immune responses 
against tumors. These parasites can counteract tumor 
evasion and promote sustained immune activity through 
mechanisms such as inducing cancer cell apoptosis, 
enhancing host immune responses, and inhibiting angio-
genesis and metastasis [17, 18]. Persistent protozoan 
infections continuously release antigens, resulting in 
long-term, targeted immune responses [19]. Further-
more, parasite-derived components, including lysates 
and functional proteins, have been shown to suppress 
tumor progression by inducing the release of antitumor 
cytokines and other non-immunological pathways [20].

Among these parasites, apicomplexans- such as Plas-
modium, Toxoplasma, Cryptosporidium, Babesia, and 
Theileria have garnered significant attention for their 
potential anticancer effects [21]. Studies suggest that 
infections with apicomplexans, including Eimeria, Plas-
modium, and Toxoplasma gondii (T. gondii), may exhibit 
antitumor properties and offer therapeutic benefits for 

cancer treatment [22]. Evidence of an inverse relationship 
between parasite infection rates and cancer mortality 
further supports the notion that parasites may reduce the 
likelihood of cancer-related deaths [23]. This competitive 
interaction between parasites and tumors highlights the 
potential of parasite-based therapies in oncology [24].

Unlike bacteria and viruses, protozoa present unique 
advantages in cancer treatment due to their eukary-
otic nature, enabling them to mimic human cells more 
closely. This allows protozoa to express human proteins 
and tumor antigens more accurately, thereby triggering 
specific antitumor immune responses. However, ethical 
and legal concerns about the pathogenicity of protozoa 
remain significant barriers to their clinical application 
[25]. Nevertheless, a successful clinical trial almost a 
decade ago demonstrated that weakened strains of 
non-replicating sporozoites could be safely tolerated in 
humans, suggesting the potential viability of protozoa 
as a novel cancer treatment strategy [25]. This review 
explores the existing body of knowledge on the relation-
ship between T. gondii infections and cancer, focusing on 
the parasite’s potential to influence cancer development, 
progression, and treatment response.

Toxoplasma gondii
T. gondii is an obligate intracellular protozoan parasite 
that infects a wide variety of mammals and birds, with 
about 33% of the global population being carriers [26, 27]. 
It is primarily transmitted through food or water contam-
inated with the parasite or passed vertically from mother 
to child during pregnancy [28]. Traditionally, the para-
site is classified into three main strains (Types I, II, and 
III) based on their virulence profiles in mice [29]. Type I 
is the most virulent strain, with an LD50 (lethal dose for 
50% of the population) of approximately one tachyzoite, 
meaning that a single organism can kill a mouse. Mice 
infected with this strain typically die within 8 to 10 days 
due to its rapid replication and spread. Chronic infec-
tions are rare because the formation of bradyzoite cysts 
poses a high risk of host mortality. This strain causes 
severe immunosuppression and is often used in research 
to study acute infections and virulence mechanisms [30]. 
Strain II of this parasite exhibits moderate virulence, 
with an LD50 of approximately 1,000 tachyzoites. Acute 
infections with this strain are generally less severe than 
those caused by type I, and mice often survive the acute 
phase of the illness. Additionally, infection with Strain II 
facilitates the efficient formation of tissue cysts, making 
it a common choice for studies of chronic toxoplasmosis. 
This strain also triggers a strong immune response in the 
host, making it valuable for investigating host-pathogen 
interactions [30]. Type III strain is classified as non-viru-
lent or of low virulence, with an LD50 greater than 1 × 106. 
It typically exhibits low pathogenicity but is capable of 
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forming effective cysts, much like type II strains. This 
strain induces a weaker immune response compared 
to type II and is commonly used in studies focused on 
chronic infection and parasite persistence [30].

In addition, atypical strains of T. gondii are non-clonal 
and result from sexual recombination in wild hosts, pri-
marily found in tropical regions. Often referred to as 
haplogroups IV–XII, these strains differ from the clas-
sical Types I, II, and III that are common in Europe and 
North America. The virulence of atypical strains can vary 
significantly. Some, like strain GUY-DOS from French 
Guiana, are hypervirulent, while others may be aviru-
lent. This variability is associated with unique alleles of 
virulence factors [31]. Atypical strains can lead to more 
severe disease, notably in immunocompetent individu-
als and congenital infections, causing issues like dissemi-
nated toxoplasmosis and neurological complications [31].

While T. gondii infections are often asymptomatic in 
healthy individuals, they can cause severe complications 
in pregnant women and immunocompromised individu-
als, including birth defects and toxoplasmosis, which can 
affect the brain, muscles, and eyes [32–34]. Research has 
shown that T. gondii can induce a strong Th1 immune 
response and inhibit tumor growth by promoting vascu-
lar necrosis, hypoxia, and inhibiting tumor angiogenesis 
[35, 36]. The parasite plays a dual role in apoptosis, influ-
encing both pro-apoptotic and anti-apoptotic pathways 
in cells [37].

On the one hand, T. gondii exerts antitumor effects 
by promoting apoptosis and selectively targeting malig-
nant cells for destruction, leading to suppressed tumor 
growth. This apoptosis-promoting effect is believed to 
involve modulation of mitochondrial pathways, activa-
tion of caspases, and suppression of prosurvival signal-
ing in tumor cells. Such targeted cytotoxicity results in 
reduced tumor burden and is part of the reason for inves-
tigating attenuated strains of T. gondii as oncolytic or 
immunotherapeutic agents. In addition, the parasite can 
remodel the tumor microenvironment, reduce immuno-
suppression, and enhance antitumor immunity [37, 38].

In contrast, T. gondii blocks apoptosis in host immune 
cells, allowing the parasite to persist in the body longer 
while stimulating immune responses that fight tumors. 
In immune cells, particularly dendritic cells and macro-
phages, T. gondii often inhibits apoptosis and increases 
their survival. This allows the parasite to persist in host 
tissues, evade immune clearance, and continuously stim-
ulate proinflammatory responses. These immune activa-
tions, including increased production of IL-12, IFN-γ, 
and activation of CD8 + T cells and NK cells, could indi-
rectly enhance antitumor immune surveillance and fur-
ther contribute to its tumor suppressive properties. This 
contradictory behavior makes it a compelling candidate 
for engineered immunotherapies, but also emphasizes 

the need to carefully control its pathogenic potential [37, 
38].

Studies have shown that T. gondii directly inhibits cyto-
chrome c-mediated caspase-3 activation, a key mecha-
nism that prevents apoptosis in host cells [39]. This was 
the first evidence of T. gondii interfering with the caspase 
pathway independent of cytochrome c release from mito-
chondria; however, the functional significance of this in 
living cells remains unclear [40]. Additionally, the abil-
ity of T. gondii to block apoptosis has been linked to its 
reduction of poly (ADP-ribose) polymerase (PARP) inter-
actions, without changes in mRNA levels [40]. PARP is 
a crucial pro-apoptotic factor, and when excessively 
activated, it can deplete NAD + and ATP levels, lead-
ing to mitochondrial outer membrane permeabilization 
(MOMP) and caspase-independent cell death [41]. By 
preventing this overactivation, T. gondii helps preserve 
the survival of certain host cells [42]. This dual action of 
promoting apoptosis in breast cancer cells while inhibit-
ing it in immune cells enhances the potential of T. gondii 
as an immunotherapeutic agent, allowing for tumor sup-
pression while maintaining immune function. A study 
involving cancer patients and healthy individuals found 
that asymptomatic T. gondii infection might enhance 
immunity against cancer, with lower anti-T. gondii anti-
body titers correlating with better prognoses [43].This 
suggests a possible link between T. gondii infection and 
improved cancer outcomes.

The effect of T. gondii on the immune system
Cellular immunity
Tumor-infiltrating dendritic cells (DCs)
Tumor-infiltrating DCs play a pivotal role in linking the 
innate and adaptive immune systems, as they process 
antigens from the tumor environment and present them 
to CD8 + T cells via major histocompatibility complex 
(MHC) class I, initiating a targeted immune response. 
These DCs guide the functional programming of T cells, 
determining their capacity to protect the host from can-
cer spread [44, 45]. When immature DCs encounter 
inflammatory signals, they mature and acquire enhanced 
antigen-presenting capabilities, critical for initiating 
immune responses in tumor-draining lymph nodes [46]. 
However, in certain cancers like ovarian cancer, tumor-
associated DCs often exhibit an immature and immu-
nosuppressive phenotype, which can promote tumor 
growth and angiogenesis [47]. These immature DCs, such 
as CD11c + DCs, can also express immunosuppressive 
molecules like PD-L1, which impairs T cell activation 
[48].

Interestingly, T. gondii infection has been shown to 
reprogram tumor-associated DCs and macrophages into 
an immunostimulatory phenotype, enabling them to 
trigger a strong Th1-mediated immune response. This 
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infection, through TLR11 signaling, induces the produc-
tion of cytokines such as interleukin-12 (IL-12), which 
is essential for activating CD8 + T cells that can destroy 
cancer cells [49]. T. gondii infection or its components, 
such as novel recombinant Toxoplasma uracil auxotrophs 
(NRTUAs), can overcome the immunosuppressive state 
of myeloid cells within the tumor microenvironment, 
converting tumor-associated DCs and macrophages into 
effective antigen-presenting cells. This reprogramming 
enhances CD8 + T cell infiltration, leading to a robust 
anti-tumor immune response, ultimately shrinking 
tumor tissue [50, 51].

Tumor-associated macrophages (TAMs)
TAMs are the most abundant immunosuppressive cells 
within the tumor microenvironment. TAMs are gener-
ally classified into two phenotypes: M1 macrophages 
(classically activated) and M2 macrophages (alterna-
tively activated) [52]. M1 macrophages are activated by 
Toll-like receptor-4 (TLR4), lipopolysaccharide (LPS), 
granulocyte-macrophage colony-stimulating factor (GM-
CSF), or Th1 cytokines like interferon-gamma (IFN-γ), 
and are known for producing proinflammatory cytokines 
(interluekinIL-1β, IL-12, IL-23, TNF-α), reactive oxygen 
species (ROS), and nitrogen intermediates. M1 macro-
phages also express high levels of MHC class II recep-
tors and co-stimulatory molecules such as CD86, making 
them crucial for initiating inflammatory responses and 
promoting antitumor immunity [53–55].

Conversely, M2 macrophages are activated by Th2 
cytokines such as IL-4, IL-10, and IL-13, and express 
surface molecules like CD163 and CD206. These macro-
phages are involved in wound healing, tissue repair, and 
immunosuppression, and are characterized by high lev-
els of inhibitory cytokines (IL-10, TGF-β) and Arginase-1 
(Arg-1) [56, 57]. M2 macrophages typically contribute 
to tumor growth by mediating angiogenesis and immu-
nosuppression. TAMs, in most tumors, predominantly 
exhibit an M2 phenotype, which fosters tumor progres-
sion [58, 59].

T. gondii tachyzoites exert antitumor effects in mac-
rophages by upregulating the expression of key pro-
inflammatory cytokines, including TNF-α, IL-12, and 
IFN-γ, and by stimulating immune cells to mount a 
robust immune response [60–64]. In immunocompro-
mised mice, T. gondii infection of macrophages can acti-
vate macrophages to eliminate cancer cells, including 
those frequently investigated in solid tumors, like mela-
noma or ovarian cancer [51, 65]. Additionally, exosomes 
derived from T. gondii-infected DCs (Me49-DC-Exo) 
have demonstrated antitumor effects by inhibiting the 
polarization of macrophages into the tumor-promoting 
M2 phenotype. The miRNAs within these exosomes, 
particularly miR-155-5p, promote the M1 macrophage 

phenotype while downregulating M2-associated genes by 
targeting the suppressor of cytokine signaling 1 (SOCS1) 
and signal transducer and activator of transcription 3 
(STAT3) pathways, thus enhancing the immune system’s 
ability to fight cancer [66].

Innate lymphoid cells (ILC1) and natural killer (NK) cells
Group 1 innate lymphoid cells (ILC1) and natural killer 
(NK) cells are pivotal components of the innate immune 
system, playing crucial roles in early defense against 
infections and tumors. While NK cells are known for 
their direct cytotoxic activity, targeting and destroying 
tumor cells, especially those lacking major histocom-
patibility complex (MHC) class I molecules-ILC1 cells 
mainly contribute by producing pro-inflammatory cyto-
kines like interferon-gamma (IFN-γ) and tumor necrosis 
factor-alpha (TNF-α) [67, 68]. These cytokines enhance 
immune responses, particularly in tissues such as the 
liver and mucosal surfaces where ILC1s are predomi-
nantly found. Together, NK cells and ILC1s are instru-
mental in controlling intracellular pathogens, including 
viruses and protozoa, and play key roles in tumor surveil-
lance and suppression [69].

Activated NK cells are tightly regulated by a balance of 
activating, costimulatory, and inhibitory receptors. Their 
ability to eliminate tumor cells makes them especially 
effective against blood cancers and metastatic tumors. 
Additionally, NK cells indirectly enhance immune 
responses by promoting T cell and antibody activity. 
Cytokines secreted by NK cells, such as IL-12, are vital 
in controlling tumor growth. IL-12 drives Th1 differen-
tiation and stimulates IFN-γ production, which enhances 
the immune system’s ability to target tumors, creating a 
synergistic effect with other immune cell [70–72].

In response to T. gondii infection, both NK cells and 
ILC1s are activated. During acute infection, T. gondii 
stimulates dendritic cells to release IL-12, which prompts 
NK cells to secrete IFN-γ and ILC1s to produce both 
TNF-α and IFN-γ. This cytokine production is crucial 
in limiting parasite replication and also plays a role in 
inhibiting tumor growth. Moreover, T. gondii infection 
can cause long-lasting changes in NK cells, converting 
them into Eomes-dependent ILC1-like cells, which may 
enhance tumor defense [73–75].

Despite this, the molecular mechanisms by which T. 
gondii stimulates NK cell activity remain poorly under-
stood. Experiments have shown that infection with the 
Type II Prugniaud (Pru) strain of T. gondii, following 
anti-NK1.1 antibody administration, increases parasite 
load and mortality compared to control-treated mice 
[76]. Anti-NK1.1 targets both NK cells and ILC1s, under-
scoring their vital roles in the immune response to T. 
gondii [77, 78].
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T cells
CD4 + and CD8 + T cells play crucial roles in the antitu-
mor immune response. CD8 + cytotoxic T lymphocytes 
are primarily responsible for directly targeting and kill-
ing tumor cells by recognizing specific antigens pre-
sented by MHC class I molecules. Their activation leads 
to the secretion of effector molecules, such as perforin 
and granzymes, which induce apoptosis in malignant 
cells [79, 80]. Meanwhile, CD4 + T helper cells enhance 
the immune response by providing necessary signals and 
cytokines that support CD8 + T cell activation, prolifera-
tion, and differentiation into memory T cells. CD4 + T 
cells also aid in the activation of antigen-presenting cells, 
promoting a robust immune environment that enhances 
the overall antitumor activity. Together, these T cell sub-
sets collaborate to mount a coordinated attack against 
tumors, improving the body’s ability to recognize and 
eliminate cancerous cells [81].

In mice vaccinated with attenuated T. gondii to pre-
vent pancreatic cancer recurrence, a robust cell-mediated 
immune response involving both CD4 + and CD8 + T 
cells was sustained for over 200 days [82]. Furthermore, 
the autoclaved Toxoplasma vaccine (ATV) enhances 
tumor-infiltrating CD8 + T cell populations, resulting in a 
higher CD8 + T/Treg ratio and significant tumor growth 
inhibition [83]. In addition, the effectiveness of the anti-
tumor response is often gauged by the ratio of CD8 + T 
cells to CD4 + T cells, with higher proportions indicating 
stronger antitumor immunity [84]. Notably, research has 
shown a significant increase in CD8 + T cell numbers and 
the CD8+/CD4 + ratio in mice treated with ME49Δgra5 
(attenuated live vaccine against T. gondii infection) [67].

Humoral immunity
During a prolonged and efficient anti-tumor immune 
response, which is crucial for tumor treatment, tumor-
associated antigens (TAA) that are present at low levels 
in normal cells are recognized, leading to the activation 
of humoral immunity [85]. Protozoan infections, such 
as those caused by T. gondii, can further induce humoral 
antitumor immunity, promoting the release of antibod-
ies that may influence tumor biology by blocking specific 
receptors on the surface of tumor cells [86]. In a study 
involving T. gondii ME49 strain infection, Lewis lung car-
cinoma-bearing mice showed significantly elevated levels 
of IgG1 and IgG2a antibodies, suggesting an enhanced 
humoral response [60] (See Fig. 1).

Reduction of parasite pathogenicity: essential approaches
The virulence of T. gondii strains poses challenges for 
cancer treatment, particularly for immunocompromised 
individuals like cancer patients, who are more vulnerable 
to infections [87]. The parasite’s invasive nature triggers 
the antitumor response, but balancing its therapeutic 

benefits without compromising the immune system is 
difficult. Ongoing research explores ways to reduce the 
parasite’s virulence while preserving its therapeutic prop-
erties [88]. The idea of using live, non-pathogenic proto-
zoan parasites as therapeutic tools to combat cancer has 
gained significant global attention [19].

Various strategies have been explored to attenuate 
the parasite’s virulence. For instance, in 1985, formalin-
fixed T. gondii tachyzoites were injected intralesionally 
into mice with Lewis lung carcinoma, and two out of 
six mice completely rejected the tumor [89]. Gamma-
irradiated T. gondii has also been used to attenuate the 
parasite’s virulence, preventing tumor development and 
suppressing pre-existing tumor growth [90]. Geneti-
cally engineered strains such as ∆CPS, ∆OMPDC∆UP, 
∆GRA17, and ∆ldh1-∆ldh2 have shown the potential to 
halt the growth of deadly tumors in preclinical models 
[61, 64, 91]. Recently, live, attenuated T. gondii parasites 
have been injected intratumorally as biological antitumor 
agents, successfully slowing tumor growth in preclinical 
models [19, 91].

In the following section, select components and geneti-
cally attenuated strains of T. gondii that have been ren-
dered nonpathogenic through genetic modification or 
other laboratory techniques, yet retain the ability to stim-
ulate antitumor immune responses, will be reviewed.

Attenuated T. gondii
ME49Δgra5
ME49Δgra5 refers to a genetically modified strain of T. 
gondii based on the ME49 strain, where the gene encod-
ing GRA5 (a dense granule protein) has been deleted or 
knocked out. GRA5 maintains the structure and integ-
rity of the parasitophorous vacuole membrane (PVM), 
which is essential for the parasite’s survival and manipu-
lation of host cell functions. ME49Δgra5, as an attenu-
ated live vaccine, has been reported to inhibit tumor 
growth and metastasis [92]. This strain induces signifi-
cant production of pro-inflammatory cytokines, such as 
TNF-α, IL-12, and IFN-γ, which are crucial in suppress-
ing tumor growth [92]. In a 4T1 mouse breast tumor 
model, researchers investigated the antitumor effects 
of ME49Δgra5. On days 9, 11, and 13 after the injection 
of 4T1 tumor cells, mice received intratumoral inocu-
lations with ME49Δgra5 tachyzoites at a dose of 10^5 
tachyzoites per inoculation [67]. Compared to the con-
trol group treated with PBS, the ME49Δgra5-treated 
mice exhibited significant tumor growth inhibition, with 
reductions in tumor size and weight. By day 27, tumor 
volume in the control group was six times larger than 
in the ME49Δgra5-inoculated group [67]. Furthermore, 
ME49Δgra5 treatment dramatically improved the sur-
vival rate of 4T1 tumor-bearing mice [67]. These find-
ings suggest that ME49Δgra5 may serve as an effective 
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Fig. 1 Immunomodulatory Effects of Toxoplasma gondii in Enhancing Antitumor Responses. T. gondii infection significantly increases the expression of 
inflammatory markers, such as CD80 and CD86, in dendritic cells (DCs), which are key antigen-presenting cells in the immune system. This upregulation 
is critical for the maturation of DCs, enabling them to effectively present antigens in conjunction with MHC class II molecules and activate T cells. Mature 
DCs stimulate the differentiation of CD4 + T cells into the Th1 subset, which secretes interleukin-12 (IL-12) and interferon-gamma (IFN-γ). The IL-12/IFN-γ 
axis is pivotal in the antitumor response, as IFN-γ induces apoptosis in cancer cells and enhances the cytotoxic activity of CD8 + T cells and natural killer 
(NK) cells. In addition to cellular immunity, T. gondii also promotes a humoral response by stimulating some CD4 + T cells to activate B cells, leading to 
the production of specific IgG antibodies against tumor antigens. This antibody-mediated response further supports the immune system in combating 
cancer cells. Moreover, T. gondii infection recruits CD4 + and CD8 + T cells and macrophages into the tumor microenvironment (TME). These immune cells 
secrete IL-12 and IFN-γ, thereby amplifying the antitumor immune response and inhibiting tumor growth
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immunotherapeutic agent against 4T1 tumors by stim-
ulating the immune system to attack tumor cells in the 
breast. Additionally, as a potential vaccine, it could pro-
tect T. gondii infection. ME49Δgra5’s capacity to induce 
strong immune responses, while maintaining safety, is 
key to its potential success in these roles. However, fur-
ther research is necessary to fully understand its mecha-
nisms and optimize its use for both cancer treatment in 
breast and protection against T. gondii [67].

Non-replicating uracil auxotrophic strains (NRTUAs)
NRTUAs are mutants of T. gondii that cannot replicate 
due to deletions in key genes required for uracil biosyn-
thesis. Specifically, these strains lack either the carbam-
oyl phosphate synthetase II (cps) gene or the orotidine 
5’-monophosphate decarboxylase (OMPDC) gene [93]. 
Both genes are essential for synthesizing uracil nucleo-
tides (UTP), which are necessary for parasite replication. 
Without these enzymes, the parasites become auxotro-
phic for uracil and lose their ability to reproduce in the 
host without external uracil supplementation. NRTUAs, 
also referred to as “immunotherapeutically attenuated 
vaccine strains,” hold promise as safe alternatives for can-
cer treatment, particularly due to their ability to stimu-
late antitumor immune responses. Their effectiveness 
against a variety of tumor types, including melanoma, 
breast, ovarian, lung, and pancreatic cancers, is currently 
under investigation [51].

These non-replicating Toxoplasma strains can infect 
host cells in vitro when supplemented with uracil, but 
they cannot proliferate in vivo due to the absence of 
uracil in the host environment. This makes them non-
pathogenic and unable to cause disease, which has led 
to their investigation as potential vaccine candidates due 
to their safety profile [93, 94]. In mouse models, a cps II 
knockout strain (Δcps) is cleared within approximately 
five days, but despite its rapid clearance, it significantly 
slows tumor growth and even causes pre-existing tumors 
to shrink [95].

The immune response, particularly involving CD8 + T 
cells and NK cells plays a critical role in tumor suppres-
sion by NRTUAs. Following vaccination with NRTUAs, a 
strong Th1 immune response is triggered, marked by the 
rapid proliferation of CD19 + B cells, CD3+, and CD8 + T 
cells at the injection site [94, 96]. Additionally, a Th2 
humoral immune response against cancer cells is stimu-
lated, and in pancreatic cancer mouse models, tumor-
specific IgG production has been observed [19, 82]. Key 
cytokines such as IL-12 and IFN-γ are also produced, fur-
ther enhancing the antitumor activities of T cells and NK 
cells [97, 98].

The cps vaccine model has proven useful for investigat-
ing how IL-12 signaling influences the development and 
differentiation of protective CD8 + T cell responses [99, 

100]. The cps model has been shown to effectively pro-
duce robust CD8 + T cell immunity against Toxoplasma 
and potentially other infections and tumors [93, 94]. For 
example, heterologous expression of the model antigen 
ovalbumin (OVA) in cps-modified T. gondii leads to high 
levels of OVA-specific CD8 + T cell responses. These 
antigen-specific CD8 + T cells express perforin and cyto-
lytic granzyme B and can target and kill OVA-expressing 
cells both in vitro and in vivo [101].

The type I auxotrophic mutant strain RH-Δcps has 
been shown to significantly increase CD8 + and CD4 + T 
cell infiltration into tumors, leading to large amounts 
of IFN-γ production, which plays a key role in the anti-
tumor response [102]. RH-Δcps specifically targets 
CD11c + cells in the tumor microenvironment, enhanc-
ing the expression of costimulatory molecules CD80 
and CD86, which improves antigen presentation and 
immune response [82]. Similarly, the RH-Δompdc 
mutant strain, which lacks the OMPDC gene, has dem-
onstrated potential as an immunotherapeutic agent for 
breast cancer. This strain was developed using CRISPR/
Cas9 technology and has been shown to reduce tumor 
size and metastasis in a 4T1 breast cancer mouse model 
[103]. RH-Δompdc stimulates the production of pro-
inflammatory cytokines, such as IL-12 and IFN-γ, and 
boosts immune responses, inhibiting tumor angiogenesis 
and activating APCs and infiltrating T cells [103].

The RHΔompdcΔuprt mutant, generated by CRISPR/
Cas9 deletion of both the ompdc and uprt genes, has 
also shown promise as a live attenuated vaccine candi-
date. This strain is unable to synthesize uracil or UMP, 
significantly reducing its virulence while maintaining 
strong immunogenicity [104, 105]. The RHΔompdcΔuprt 
mutant has been shown to elicit robust immune 
responses in both mice and cats, providing protection 
against toxoplasmosis and reducing oocyst excretion in 
vaccinated animals [106]. The safety and immunogenicity 
of these uracil auxotrophic strains make them valuable 
candidates for the development of novel cancer immuno-
therapies and vaccines against T. gondii. Further research 
will continue to explore their potential for enhancing 
antitumor immunity and preventing both parasitic infec-
tion and tumor progression through targeted immune 
modulation.

T. gondii components
T. gondii profilin protein
T. gondii profilin (Tgprofilin) is a class of actin-binding 
proteins originally identified from soluble T. gondii anti-
gens (STAg), known for stimulating immune responses 
and reducing parasitic, viral, and bacterial loads [107]. 
Profilin-like protein (TgPLP), with a predicted molecu-
lar weight of 17.5 kDa, shares significant homology with 
Tgprofilin [108]. Since some studies do not differentiate 
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between Tgprofilin and TgPLP, we will consider TgPLP a 
subset of Tgprofilin. Tgprofilin is essential for T. gondiig 
liding motility and host cell invasion. It also acts as a Toll-
like receptor 11 (TLR11) agonist, promoting IL-12 pro-
duction via the MyD88 pathway [109]. TgPLP contributes 
to antitumor immune responses in pancreatic tumor 
models by enhancing antigen-presenting cell markers in 
bone marrow-derived macrophages (BMMs), boosting 
IL-12 production, and facilitating pancreatic tumor cell 
phagocytosis during autologous whole tumor cell vacci-
nation [110].

By increasing IL-12 and IFN-γ levels, TgPLP enhances 
immune responses, including the expression of MHC 
class I and II, and costimulatory molecules B7.1 and B7.2 
on macrophages. In mice vaccinated with TgPLP along-
side autologous whole tumor vaccine (AWV), higher 
levels of total IgG and IgG2a were detected, along with 
a greater number of immune cells, including CD4 + and 
CD8 + T cells, NK cells, and macrophages, compared to 
mice vaccinated with AWV alone [110].

In summary, T. gondii profilin-like protein (TgPLP) 
functions as a TLR-based vaccine adjuvant that enhances 
antitumor immunity against pancreatic cancer by acti-
vating macrophages, increasing IL-12 production, and 
promoting tumor cell clearance through the MyD88 
pathway. However, IFN-γ is also essential in preventing 
pancreatic cancer in this immune response [110].

T. gondii lysed antigen(TLA)
Studies have demonstrated that TLA exhibits potent 
antitumor activity in mice and rats [111]. Intramuscular 
injection of TLA has been shown to inhibit the growth 
of tumor cells induced by the chemical 20-methylcholan-
threne [112]. Additionally, TLA treatment significantly 
increased the cytotoxic activity of spleen cells, enabling 
them to effectively kill feline FL74 lymphoma cells [113]. 
In another study, TLA vaccination in mice led to a reduc-
tion in both the size and weight of sarcoma 180 tumors 
and inhibited the expression of the angiogenic marker 
CD31, which is associated with tumor blood vessel for-
mation [114].

A subsequent experiment compared the antitumor 
effects of TLA in athymic nude mice (which lack T cells) 
and non-athymic mice, using CT26 tumors. TLA injec-
tions into the tumors of both groups reduced tumor 
growth and lowered levels of the metastasis marker 
TIMP-1. Notably, TLA treatment activated the innate 
immune system in these mice, as evidenced by increased 
MyD88 signaling in bone marrow-derived macrophages 
and elevated IL-12 expression in the serum of athy-
mic mice. This suggests that TLA’s antitumor effects are 

primarily driven by innate immune activation, particu-
larly via IL-12, a cytokine with potent antitumor proper-
ties [115].

Further studies have shown that T. gondii proteins, 
such as those in TLA, can strongly stimulate DCs, lead-
ing to significantly higher levels of IL-12p70 production 
compared to DNA-based immunogens. These findings 
suggest that TLA can inhibit tumor growth by selectively 
promoting early IL-12 expression, which is critical for 
initiating effective antitumor immune responses [116].

T. gondii secreted proteins
Tachyzoite excretory/secretory proteins (ESPs) are 
released by T. gondii into the tachyzoite culture medium 
[117]. These proteins include proteases and elements that 
specifically bind to serum antibodies in individuals pre-
viously infected with the parasite [39]. Similar to TLA ( 
lysate antigen) components, ESPs are strong candidates 
for vaccines with potential antitumor effects [118]. ESPs 
have been shown to induce apoptosis in various cancer 
cell lines, including MCF-7 breast cancer cells, K562 
erythroleukemic cells, and DU145 prostate cancer cells 
[119].

In the study, cancer cells were treated with various 
concentrations of T. gondii tachyzoites during their mid-
exponential growth phase. The results demonstrated a 
dose-dependent inhibitory effect on tumor cell prolif-
eration. The treatment downregulated the anti-apoptotic 
Bcl-2 gene and upregulated the tumor-suppressor protein 
p53 in A549 lung tumor cells. Additionally, T. gondii ESPs 
have been shown to inhibit the growth of B16F10 mela-
noma, Lewis lung carcinoma, and prostate cancer cells. 
Research involving subcutaneous injection of Lewis lung 
cancer and B16F10 melanoma cells into mice revealed 
that ESP administration significantly reduced the popu-
lation of CD4 + CD25 + Foxp3 + T regulatory (Treg) cells 
while increasing NK cell levels in the spleen, contributing 
to enhanced antitumor immunity [120].

Interestingly, T. gondii releases certain proteins that 
adhere to the parasitophorous vacuole membrane 
(PVM), supporting parasite survival. T. gondii secretes 
dense granule proteins such as GRA2 and GRA12, which 
are crucial for sustaining long-term infections and mod-
ulating the host immune response, both key factors in 
the parasite’s antitumor effects. GRA2 plays a key role 
in forming the intravacuolar network (IVN), which aids 
nutrient exchange, parasite replication, and immune 
modulation [121, 122]. GRA12 also contributes to the 
IVN’s structure but is less understood [62, 123, 124]. 
Together, they facilitate the export of GRA proteins from 
the PVM into the host cell, triggering immune responses, 
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including T-cell activation and pro-inflammatory cyto-
kine production, essential for antitumor activity. They 
also reduce immunosuppressive cells, like Tregs, in the 
tumor microenvironment, making cancer cells more 
vulnerable to immune attack. GRA2 and GRA12 inter-
actions with host cell signaling disrupt tumor growth 
pathways in ovarian carcinoma, enhance antigen pre-
sentation, and recruit immune cells like NK cells and 
macrophages, further promoting tumor cell elimination. 
Deletion of GRA2 reduces heterophagy and weakens the 
antitumor response, while GRA12 localizes to IVN struc-
tures and associates with ROP5/ROP18 complexes [125]. 
Removing either protein significantly weakens the antitu-
mor immune response.

The dense granule protein GRA8 is a key regulator of 
mitochondrial metabolism with potential anticancer 
effects in colorectal cancer [126]. It interacts with pro-
teins such as ATP5A1 and SIRT3 to enhance ATP pro-
duction, which can disrupt the energy balance in cancer 
cells in colorectal, often reliant on glycolysis (the “War-
burg effect”) [127, 128]. By boosting mitochondrial ATP 
synthesis, GRA8 creates energy stress in cancer cells in 
colorectal, making them more susceptible to apopto-
sis [129]. This modulation of mitochondrial activity can 
trigger cell death pathways, targeting cancer cells while 
sparing healthy ones. Ultimately, GRA8’s ability to repro-
gram mitochondrial function may inhibit cancer cell in 
colorectal proliferation and survival [126].

GRA16, another dense granule protein of T. gondii, is 
critical in influencing host cellular processes, particularly 
in lung carcinoma. GRA16 translocates into the host cell 
nucleus, where it interacts with ubiquitin-specific prote-
ase 7 and protein phosphatase 2 A (PP2A), key regulators 
of the cell cycle and the p53 tumor suppressor pathway 
[130]. By affecting host gene transcription, GRA16 helps 
restore p53 function and regulate cell cycle progression. 
Furthermore, GRA16 enhances the efficacy of chemo-
therapy drugs like irinotecan and inhibits NF-κB activity 
in H1299 lung cancer cells [131]. NF-κB is known to reg-
ulate immune surveillance, apoptosis, and inflammatory 
cytokine release, as well as cell proliferation via interac-
tions with transcription factors [132, 133]. Inhibiting 
NF-κB activation in non-small cell lung cancer cells is a 
crucial mechanism through which T. gondii proteins, like 
GRA16, exert antitumor effects and modulate immune 
responses in lung carcinoma [131].

Researchers have discovered that GRA24, also known 
as TgBRADIN, plays a critical role in triggering antitu-
mor responses in ovarian carcinoma [62, 134]. GRA24 
can cross the PVM and reach the host cell nucleus, where 
it maintains the activation of the host’s p38α MAPK 

pathway. This is essential for immune response modu-
lation in both type I and type II T. gondii strains [135]. 
Notably, GRA24 increases IL-12 production in type II 
strains but not in type I strains, suggesting strain-depen-
dent antitumor effects mediated through this pathway. 
However, the study showed that both type I and type II 
uracil auxotrophs induced equally effective antitumor 
responses in Ovarian carcinoma, implying that p38α 
MAPK signaling may be a crucial factor in these effects 
[62].

Research into T. gondii Rhoptry proteins, specifically 
ROP35 and ROP38, has shown that these proteins play 
important roles in controlling the antitumor response in 
ovarian carcinoma [62]. ROP38 is involved in regulating 
several key processes in host cells, such as cell growth 
(proliferation), programmed cell death (apoptosis), and 
signaling pathways like MAPK, which are important for 
cell survival and stress response. ROP35, on the other 
hand, helps the parasite establish long-term (latent) 
infections, but this effect is not linked to the parasite’s 
virulence (ability to cause disease). Both ROP35 and 
ROP38 work independently of the well-known ROP5/
ROP17/ROP18 protein complexes, which means they 
might use different, yet unknown, methods to trig-
ger their antitumor effects [136, 137]. This independent 
action of ROP35 and ROP38 suggests there are unique 
mechanisms behind their ability to fight tumors, which 
requires further research to understand fully (Table 1).

Combining T. gondii with modern immunotherapies
The field of immunotherapy, particularly immune check-
point-based therapies, has gained increasing attention 
in clinical trials for solid tumors. Research on advanced 
metastatic cancers such as bladder, kidney, and mela-
noma has shown that these therapies can yield long-
lasting effects [140, 141]. However, the effectiveness of 
immunotherapy in certain tumors is limited due to fac-
tors such as poor MHC presentation, inadequate T-cell 
infiltration, low or absent neoantigen loads, and resis-
tance to immune checkpoint blockade [142–146]. To 
overcome these challenges, novel strategies are needed 
to provoke a strong and sustained antitumor immune 
response, which could significantly slow tumor progres-
sion and improve patient survival.

Recent studies have explored the potential of combin-
ing an attenuated strain of T. gondii, ΔGRA17, with anti-
PD-L1 therapy to enhance tumor immunogenicity and 
overcome immune checkpoint resistance. In mouse mod-
els of LLC lung carcinoma, MC38 colon carcinoma, and 
B16-F10 melanoma, intratumoral injection of ΔGRA17 
tachyzoites modified the tumor immune environment, 
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leading to both local and distant tumor regression. The 
combination of ΔGRA17 and anti-PD-L1 rendered ini-
tially resistant B16-F10 melanoma more susceptible to 
immunotherapy [91, 147, 148].

Interestingly, ΔGRA17 administration led to the 
regression of distant, untreated tumors, an effect linked 
to enhanced innate and adaptive immune responses, 
increased immune cell infiltration, and the upregula-
tion of immune-related signaling pathways [149, 150]. 
Despite this systemic response, no evidence of ΔGRA17 

tachyzoites was found in uninjected distant tumors, 
raising the possibility that these immune effects were 
mediated by indirect mechanisms, such as migration to 
draining lymph nodes, rather than direct parasite dis-
semination [91].

Additionally, ΔGRA17 therapy was shown to induce 
significant immune cell infiltration into both treated and 
untreated tumors, contributing to tumor regression. This 
immune activation was characterized by the upregulation 
of IFN-γ and TNF-α, suppression of immunosuppressive 

Table 1 Toxoplasma gondii-derived peptides with antitumor effects
Toxoplasma strain protein from 

Toxoplasma
Tumor type Tumor cell 

line
Mice Methods of 

tumor cell 
inoculation

Immune effectors and 
signals

Ref-
er-
ences

T. gondii excretory/ secre-
tory proteins (ESP)/RH 
strain (Type I)

ESP Melanoma
Lung cancer

B16F10
Lewis

C57BL/6 Subcutaneous 
inoculation
(s.c.)

CD4 + CD25 + FOXP3 + T 
cells (Treg), NK cells

 [120]

T. gondii profiling (Tg-
profilin) and profilin-like 
protein (TgPLP)/
N28E2 and RH88 (Type II 
and Type I)

STAg and profilin Pancreatic 
tumor

allografting 
pancreatic 
tumors from 
KPC mice

mice lacking 
Batf3 and IFN-g 
in C57BL/6J.

Subcutaneous 
inoculation
(s.c.)

FOXP3+, CD4+, or 
CD8 + T cells.

 [138]

T. gondii rhoptry proteins 
(ROPs) and dense granule 
antigens (GRAs)/
RH strain (Type I)

ROP5, ROP17, 
ROP18, ROP35 
or ROP38; GRA2 
or GRA12, and 
GRA24

Ovarian 
carcinoma

ID8 mice lacking
MyD88, Batf3, 
IFN-g, CD8, 
MHCII, IL-12p40, 
IL-12p35 in 
C57BL/6

intraperitoneal 
inoculation
(i.p.)

CD4+, CD8+, IFN-g, and 
IL-12 T cells.

 [62]

PRU strain (Type II) GRA15 Hepatic 
carcinoma

Hepa1-6 C57BL/6 Subcutaneous 
inoculation
(s.c.)

IL-12, IL-6, and TNF-a.  [139]

RH strain (Type I) GRA16 Non-small-
cell lung 
carcinoma

H1299 BALB/c Subcutaneous 
inoculation
(s.c.)

NF-kB  [131]

RH-Dcps
(a virulent T. gondii strain)

--- Ovarian 
Cancer

ID8 cells C57BL/6: mice 
lacking
IL-12p40, IL-
12p35, IL-17a, 
MyD88
/mice with 
Foxp3GFP and 
OT-1

intraperitoneal 
inoculation
(i.p.)

CD8 + T cell  [61]

RH-Δcps
(a virulent T. gondii strains)

--- Pancreatic 
Cancer

Pan02 cells C57BL/6: mice 
lacking CD8a, 
MyD88, IFN-g, 
and IL12p35.

intraperitoneal 
inoculation
(i.p.)

MyD88 pathway
CD8 + T cell
IL12 and IFNγ

 [96]

RH-Δompdc
(a virulent T. gondii strains)

--- Breast cancer 4T1 BALB/c Intrathecal 
injection
(i.t.)

IL-12 and IFN-g [103]

RH-Δcps
(a virulent T. gondii strain)

--- Melanoma 
ovarian 
cancer Lewis 
Lung 
carcinoma

B16F10 cells C57BL/6 i.p. IL-12, IFN-g, CXCR3  [102]
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pathways, and downregulation of Foxp3 in CD4 + T cells 
and PD-1 in CD8 + T cells. These changes in the tumor 
microenvironment led to enhanced survival rates and, 
importantly, no recurrence of cancer following ΔGRA17 
treatment [91].

Another innovative approach being investigated 
involves combining T. gondii with chimeric anti-
gen receptor (CAR)-T cells to improve specificity and 
enhance antitumor effects [19]. Studies have shown 
that T. gondii infection can inhibit the growth of vari-
ous cancers, including Lewis lung carcinoma [60], Sar-
coma-180 (Pyo, Jung et al., 2010), and fibrosarcoma 
[151]. These findings highlight the potential of T. gon-
dii as an immunotherapeutic agent, given its ability to 
modulate immune responses and infect diverse cell types 
[152]. While the promise of T. gondii-based therapies is 
clear, further research is essential to fully understand the 
underlying mechanisms of action and address potential 
safety concerns, particularly the risk of toxicity associ-
ated with live parasitic agents [88].

Effects of T. gondii on Cancer development
Changes in gene expression are a hallmark of cancer 
cells [153, 154]. These changes result from genetic and 
epigenetic processes that occur at physiological, cellu-
lar, and molecular levels. The physiological level involves 
disruptions to cellular homeostasis, such as mitogenesis, 
compensatory cell division, evasion of apoptosis, inflam-
mation, and angiogenesis. These alterations disrupt the 
balance of physiological pathways within cells and tissues. 
At the cellular level, changes include altered signaling 
pathways, DNA repair gene expression, and post-transla-
tional protein modifications. Molecular changes include 
DNA adduct formation, strand breaks, gene mutations, 
chromosomal aberrations, aneuploidy, and altered meth-
ylation patterns [153, 154]. While factors like hormones, 
medications, chemicals, and chronic stimuli contribute 
to cancer development, infectious agents, including par-
asites, are also implicated. Understanding the complex 
interactions between parasites and cancer may offer ther-
apeutic insights [153, 155].

Though most research on the link between para-
sites and cancer has focused on worms, some proto-
zoa, including T. gondii, have been associated with an 

increased risk of some cancers. T. gondii is particularly 
concerning due to its ability to affect monocyte-driven 
diseases in humans and mammals, with studies suggest-
ing a link between T. gondii infection and somecancers, 
such as brain cancer, lung cancer, cervical cancer, among 
others [156] (Fig.  2; Table  2). Despite a significant cor-
relation between T. gondii prevalence and brain tumors, 
definitive evidence linking T. gondii to the direct induc-
tion of such tumors remains elusive.

Barriers to clinical application of T. gondii in oncology
To date, no Phase I or II clinical trials have tested live 
or attenuated strains of T. gondii in cancer patients; all 
evidence comes from mouse models or in vitro studies. 
Several challenges must be overcome for clinical appli-
cation. First, safety is crucial, as even attenuated strains 
pose risks for immunocompromised patients, requiring 
thorough toxicity and biodistribution studies. Second, 
the use of various parasite strains highlights the need 
for a single, well-characterized GMP-grade line. Third, 
optimal dosing parameters need to be defined in larger 
animal models, focusing on dose, delivery route, and 
scheduling, while monitoring parasite stability. Fourth, 
human genetic and immunological diversity exceeds that 
of inbred mice, leading to varied responses. Finally, the 
immunosuppressed status of cancer patients complicates 
balancing safe parasite persistence with immune activa-
tion, necessitating strategies that enhance efficacy and 
minimize risk.

Conclusion and future perspectives
Parasites, much like other symbiotic organisms, can exert 
both beneficial and harmful effects on the body. T. gondii, 
in particular, has shown promise as a potential therapeu-
tic agent due to its antiangiogenic properties, ability to 
stimulate immune responses and reverse tumor-associ-
ated immunosuppression. It activates immune cells and 
promotes cytokine secretion, including TNF-α and IFN-
γ, which contribute to inhibiting tumor growth, suggest-
ing its suitability for cancer immunotherapy. However, in 
certain situations, such as weakened immune systems, 
immunosuppressive drug use, genetic enzyme defects, 
or chemotherapy, T. gondii can become pathogenic and 
harmful to its host.
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Recent years have seen growing interest in harnessing 
T. gondii for cancer treatment, largely due to its ability 
to manipulate the host’s immune system and enhance 
antitumor responses. While the preliminary results from 
animal studies are promising, significant research is 
still required to fully elucidate the mechanisms through 
which T. gondii exerts its antitumor effects and to explore 
its potential for clinical applications. Major challenges 
remain, including the lack of clinical trials in humans and 

the inherent risks associated with administering live par-
asites, such as potential immunodeficiency and infection.

Future research should focus on overcoming these 
challenges by identifying parasite-derived compounds 
that specifically target cancer cells with minimal harm 
to healthy tissues. The development of genetically modi-
fied or attenuated strains of T. gondii may also offer safer 
alternatives to leverage its antitumor properties while 
minimizing the associated risks. Ultimately, continued 

Fig. 2 Mechanisms of the Antitumor Activity of Toxoplasma gondii Involving Immune Cells
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exploration of T. gondii and its immune-modulating 
capabilities could pave the way for innovative cancer 
therapies that balance efficacy with safety.
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