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The gastrointestinal tract is a major portal of entry for many pathogens, including the protozoan parasite Toxoplasma gondii. Billions of people worldwide have acquired T. gondii at some point in their life, and for the vast majority this has led to latent infection in the central nervous system. The first line of host defense against Toxoplasma is located within the intestinal mucosa. Appropriate coordination of responses by the intestinal epithelium, intraepithelial lymphocytes, and lamina propria cells results in an inflammatory response that controls acute infection. Under some conditions, infection elicits bacterial dysbiosis and immune-mediated tissue damage in the intestine. Here, we discuss the complex interactions between the microbiota, the epithelium, as well as innate and adaptive immune cells in the intestinal mucosa that induce protective immunity, and that sometimes switch to inflammatory pathology as T. gondii encounters tissues of the gut.
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Toxoplasma gondii Life Cycle

Toxoplasma gondii is a globally distributed microorganism whose host range includes humans, domestic animals, and wildlife. The parasite is a life-threatening risk in immunocompromised individuals and a potential cause of abortion and birth defects following congenital transmission (Pfaff et al., 2007; McLeod et al., 2013). Infection is initiated in the small intestine. The parasites disseminate through the host as tachyzoites, infecting and proliferating in numerous cell types. This is followed by chronic, or latent infection, which is associated with formation of cysts containing the bradyzoite parasite form in muscle tissue and the central nervous system. Toxoplasma undergoes sexual reproduction in the gastrointestinal tract, but only in felines. The reason for this selectivity was a mystery until recently. Now it appears that unique aspects of lipid metabolism in cats results in unusually high systemic levels of linoleic acid that somehow signals parasite gametogenesis (Martorelli Di Genova et al., 2019). This is due to lack of intestinal delta-6-desaturase activity that is required for linoleic acid metabolism. Ingestion of oocysts (the environmentally resistant products of Toxoplasma sexual reproduction) shed in cat feces, as well as direct carnivorism of cysts within muscle tissue helps account for the widespread distribution of T. gondii.



The Millenial Parasite

Discovered in 1908, Toxoplasma remained a relatively obscure parasite for most of the 20th century. In large part, this was due to the asymptomatic nature of chronic infection (Dubey, 2013). With the emergence of the AIDS pandemic in the 1980s, the parasite gained widespread recognition as an opportunistic pathogen, and modern day research on Toxoplasma was born (McCabe and Remington, 1988). The ease of maintaining the Toxoplasma life cycle in the laboratory, the ability to do classical and molecular genetics on the parasite, and the rise in mouse gene knockout technology all came together to ignite an explosion in our understanding of the Toxoplasma–host interaction that continues to this day (Weiss and Kim, 2014).

Toxoplasma was one of the first microbial pathogens recognized for its ability to induce a highly polarized Th1 response that is essential for immune protection (Sher and Coffman, 1992; Denkers and Gazzinelli, 1998; Dupont et al., 2012). The parasite also played a prominent role in revealing the significance of IL-12 in triggering Th1 immunity, and conversely the key role of IL-10 in preventing these proinflammatory responses from becoming pathological (Gazzinelli et al., 1994; Gazzinelli et al., 1996). T. gondii was the first eukaryotic pathogen for which the importance of TLR-MyD88 signaling in immune initiation was recognized (Scanga et al., 2002; Gazzinelli and Denkers, 2006). The parasite is also a prime and possibly sole example of how an intracellular protozoan pathogen manipulates immunity through injection of host-directed effector proteins contained within parasite secretory organelles (Denkers et al., 2012; Hunter and Sibley, 2012).

The focus of this review is to assess our current state of knowledge with regard to interactions of Toxoplasma and the host intestinal mucosa. As the site of entry, this tissue is where the parasite establishes a foothold within the host and where it first encounters the immune system. The initial interactions occurring here are likely to determine the course of infection as the parasite spreads through the body and eventually establishes latency in the central nervous system.



Overview of Toxoplasma in The Intestine


Establishing a Foothold: Entry, Dissemination

The earliest events in establishment of Toxoplasma infection in the intestine are among the most crucial in determining the outcome of this host–parasite interaction, yet they are at the same time among the most difficult to study and consequently the least well understood. Use of low dose inocula that likely represent typical natural infection pushes the limits of detection, while employing artificially high infectious doses may yield results prone to artifact. Nevertheless, with current highly sensitive imaging techniques such as two-photon microscopy of living tissues, we are gaining insight into how Toxoplasma establishes an early foothold in its host (Luu and Coombes, 2015).

As T. gondii excysts from tissue cysts or oocysts in the lumen of the gut, parasites are faced with the challenge of crossing the intestinal epithelium, a barrier specialized to keep microbes out of the underlying lamina propria. The current view is that this is achieved through multiple pathways. Toxoplasma carries its own toolbox for cell invasion, including proteins contained within secretory granules called rhoptries and micronemes. Mechanical force for cell invasion is supplied by a parasite actin-myosin based motor. Thus, the parasite is equipped to directly enter virtually any cell type, including epithelial cells. Indeed, replicating parasites can be observed in the intestinal epithelium during early infection (Speer and Dubey, 1998). Epithelial monolayer cultures are also readily infected by tachyzoites (Briceno et al., 2016). In the intestine, rupture of these cells during the parasite lytic cycle can be expected to release tachyzoites into the underlying lamina propria. It is likely that under high infectious parasite inocula, lytic epithelial tissue destruction also enables luminal bacterial translocation triggering inflammatory gut pathology that may emerge during Toxoplasma infection (Heimesaat et al., 2006; Craven et al., 2012; Molloy et al., 2013).

Tachyzoites can also breach the intestinal barrier using a mechanism of transepithelial migration involving passage of the parasite between adjacent epithelial cells (Figure 1). Movement of Toxoplasma in this manner does not compromise the integrity of the epithelial barrier. Paracellular migration is linked to parasite genotype, with virulent Type I strains possessing greater ability to transmigrate than less virulent Type II and III strains (Barragan and Sibley, 2002; Barragan and Sibley, 2003). Binding between intercellular adhesion molecule (ICAM)-1 and the Toxoplasma microneme protein MIC2 appears to mediate this process. It has also been observed that tachyzoites co-localize with the tight junction protein occludin, which appears to facilitate paracellular transmigration of the parasite (Barragan et al., 2005; Weight and Carding, 2012). Recent data suggest that paracellular migration is facilitated by parasite secretory proteases that target tight junction proteins ZO-1, occludin, and claudin-1 (Ramirez-Flores et al., 2020).




Figure 1 | T. gondii pathways for crossing the intestinal epithelial barrier and early encounters with the immune system during infection. Tachyzoites cross the intestinal barrier through (1) direct invasion of intestinal epithelial cells followed by (2) cell lysis and release of parasites into the lamina propria where macrophages, dendritic cells and neutrophils are the predominant infected cell types. (3) Parasites also display the property of paracellular migration from the intestinal lumen into the lamina propria. Infection also triggers transepithelial migration of neutrophils into the intestinal lumen (4). Neutrophils in the intestine are infected, then re-enter the lamina propria at a different location. This phenomenon may account for the patchy foci of parasites that often characterize infection in the intestine.



Use of 2-photon laser scanning microscopy has more recently revealed a novel and unexpected form of Toxoplasma entry and spread through the intestinal mucosa. Thus, infection elicits a retrograde migration response in which large numbers of neutrophils move into the intestinal lumen. Here, or possibly in the lamina propria prior to migration, neutrophils are infected by Toxoplasma and they appear to subsequently establish new foci of infection throughout the intestine (Coombes et al., 2013). This may contribute to the patchiness of infection centers that are observed in the gut following oral inoculation of Toxoplasma (Figure 1).

Within a few days of infection, T. gondii has breached the epithelial layer and is present within the lamina propria where interactions with cells of the immune system commence in earnest. IL-12-producing mucosal dendritic cells can serve as hosts for replicating parasites (Cohen and Denkers, 2015). However, the major host cells at this location appear to be neutrophils, macrophages, and inflammatory monocytes (Gregg et al., 2013). Using the cells as Trojan horses, or possibly moving as extracellular tachyzoites, parasites begin to leave the lamina propria and disseminate throughout host tissues concurrent with the rise in adaptive immunity (Courret et al., 2006).



Parasite Molecules That Trigger Innate Immunity: View From the Intestine

The well-known ability of Toxoplasma to supply a strong signal for Th1 immunity early on started a search for parasite molecules that trigger IL-12—a pursuit that continues to this day. The parasite invasion-associated protein profilin fulfills the criteria for a bona fide pathogen-associated molecular pattern (PAMP) and is recognized by Toll-like receptors (TLR) 11 and 12 (Yarovinsky et al., 2005; Kucera et al., 2010; Koblansky et al., 2012; Raetz et al., 2013a). While most studies on the influence of these TLR during Toxoplasma infection have been carried out in intraperitoneal inoculation models, it is also clear that profilin-TLR11 interactions are important in innate immune responses within the intestinal mucosa. Thus, there is a partial defect in generation of lamina propria Th1 cells and a partial increase in susceptibility in the absence of TLR11 (Benson et al., 2009). Parasite-induced disappearance of Paneth cells triggered by Th1 cells is also dependent upon signaling through TLR11 (Raetz et al., 2013b). Nevertheless, because humans and many other hosts of Toxoplasma express neither TLR11 nor TLR12, it is unlikely that profilin functions as a universal PAMP for all species the parasite infects (Gazzinelli et al., 2014). Other TLR could also be involved, although distinguishing microbiota versus parasite-driven TLR activation is a complex matter.

The dense granule protein GRA15 is a polymorphic parasite effector molecule involved in activation of NFκB from within the infected cell (Rosowski et al., 2011). In host macrophages this leads to acquisition of an M1 phenotype, including production of IL-12 (Jensen et al., 2011). Of the three major parasite strains that predominate in Europe and North America (Types I, II and III), only the Type II strain expresses active GRA15 (Rosowski et al., 2011). During oral infection, deletion of GRA15 alone does not influence mouse susceptibility or parasite replication. However, in the context of Type I ROP16, a secretory parasite kinase that activates STAT3, 5 and 6 and promotes an anti-inflammatory M2 macrophage phenotype, deletion of GRA15II increases parasite number and inflammation in the intestine (Jensen et al., 2013). Thus, active GRA15 most likely exerts effects on innate immune effectors in the intestine through its ability to commandeer NFκB signaling in infected cells.

Another dense granule protein that can induce IL-12 is GRA24. This molecule is inserted into the host cytoplasm where it triggers autoactivation of mitogen activated protein kinase p38 leading to increased IL-12 gene transcription (Kim et al., 2005; Braun et al., 2013; Mercer et al., 2020; Mukhopadhyay et al., 2020). While GRA24 can drive a protective immune response in an intraperitoneal vaccination model, its role in infection of the intestinal mucosa is not yet known.

Inflammasomes have recently attracted a great deal of attention as cytoplasmic sensors of infection. This is particularly true for intracellular protozoan parasites (Zamboni and Lima-Junior, 2015; de Carvalho and Zamboni, 2020). For the case of Toxoplasma, inflammasome components NLRP1 and NLRP3 respond to infection resulting in IL-1β and IL-18 release, in turn promoting resistance to infection (Witola et al., 2011; Ewald et al., 2014; Gorfu et al., 2014). As yet unresolved are findings of others indicating that inflammasome activation only emerges as a significant factor in the absence of TLR11 signaling (Lopez-Yglesias et al., 2019). The parasite secretory molecule GRA15II has been implicated in IL-1β and IL-18 production, although whether this is due to inflammasome assembly or NFκB-dependent induction of pro-IL-1β and pro-IL-18 is not clear (Gov et al., 2013). Rat macrophage pyroptosis, diagnostic of inflammasome activation, was recently found to be dependent upon GRA35, 42 and 43 (Wang Y. et al., 2019). Along parallel lines, T. gondii-triggered potassium efflux can act as a signal for IL-1β release, suggesting that it may drive inflammasome assembly as is known to occur in other situations (Gov et al., 2017). An increase in susceptibility was reported during oral infection of caspase1/11 knockout mice suggesting inflammasome involvement (Ewald et al., 2014). In human intestinal epithelial cells, Toxoplasma infection resulted in NLRP3-dependent IL-1β release that was mediated through the ATP receptor P2X7 (Quan et al., 2018). Finally, it was reported that IL-1R knockout mice display increased Paneth cell depletion associated with T. gondii infection, further implicating inflammasome activation (Villeret et al., 2013). The role of inflammasome activation in detecting infection in the intestinal mucosa, as well as downstream inflammation and immunity requires further attention.

Recently, the alarmin S100A11 was identified as a host molecule that triggers early immune responses in human monocytes (Safronova et al., 2019). It was also found to promote monocyte recruitment during oral infection in mice, likely through the chemokine CCL2. The S100A1 protein may function as a damage associated molecular pattern molecule released by infected cells with an important function in initiation of immunity. Rather than directly triggering IL-12 production and Th1 response initiation, this alarmin is more likely to be involved in immune recruitment during early infection. The PAMPs and DAMPs currently believed to be involved in the response to Toxoplasma in the gut mucosa are shown in Table 1.


Table 1 | Pathogen-associated molecular pattern molecules and host danger-associated molecular pattern molecules that play a role in anti-Toxoplasma immunity in the gut.





Intestinal Microbiota Influences Progression of Infection

Infection with T. gondii can result in an effective protective Th1 immune response or in fulminant and ultimately lethal inflammatory tissue destruction in the small intestine. Genetics and infectious dose play important roles in determining these polar outcomes (Liesenfeld et al., 1996; Liesenfeld et al., 1999). We now also understand that the gut microflora strongly influences each of these divergent responses.

Typically, the intestine is regarded as a location of continual, low intensity skirmishes between the immune system and normal microbiota, while overall the immune system remains tolerant to gut microbes (Sansonetti, 2011; Kayama and Takeda, 2012; Nutsch and Hsieh, 2012). Toxoplasma breaks this tolerance, insofar as oral infection stimulates a Th1 response to bacterial flagellin (Hand et al., 2012). Remarkably, the microbiota-specific T cells emerging during T. gondii infection are comparable in number to parasite-specific T cells in the intestinal mucosa. While the trigger for the breach in tolerance is not known, it may be a downstream effect of loss of Paneth cells, a rich source of antimicrobial peptides, that is driven by Toxoplasma infection (Raetz et al., 2013b; Burger et al., 2018).

Other studies have revealed that the intestinal microbiota exerts an important adjuvant-like effect on development of Toxoplasma-specific immunity. Thus, in the absence of TLR11, IL-12 and parasite-specific Th1 responses are retained—unlike the immune response following intraperitoneal parasite inoculation which is highly TLR11-dependent (Benson et al., 2009). Importantly, depletion of microflora with antibiotics abrogates this TLR11-independent response in the gut and there is a concomitant increase in susceptibility to Toxoplasma. The mucosal response occurring in the absence of TLR11 appears to involve the combination of TLR2, 4 and 9, receptors well known to recognize bacterial ligands. While each of these TLRs signals through the MyD88 molecule, it is known that in the absence of this signaling adaptor, Th1 responses while diminished are still retained (Sukhumavasi et al., 2008). Clearly there are other MyD88-independent pathways in the mucosal immune system that await discovery.

We also understand that perturbations in intestinal microflora play a key role in inflammatory tissue damage associated with high dose T. gondii infection. Similar trends in microbial dysbiosis have been observed in Crohn’s disease patients (Egan et al., 2011a; Vester-Andersen et al., 2019). After peroral infection with Toxoplasma, mice exhibit decreased microbial diversity, outgrowth of γ-Proteobacteria (including Enterobacteriaceae) and increased epithelial adhesion and invasion by Escherichia coli (Heimesaat et al., 2006; Craven et al., 2012). This culminates in extensive epithelial tissue damage and bacterial translocation into the underlying lamina propria. A direct role for gut microbes in this process is demonstrated by the fact that Toxoplasma-induced intestinal pathology is prevented by antibiotic administration prior to infection. There is evidence that bacterial TLR4 ligands are involved in this uncontrolled proinflammatory response (Heimesaat et al., 2007). It has also been reported that Toxoplasma infection elicits neutrophil migration into the intestinal lumen, generating structures that encapsulate microbiota which limits contact with damaged epithelium (Molloy et al., 2013). In addition, transfer of lamina propria CD4+ T cells along with intraepithelial lymphocytes from infected mice into non-infected mice drives intestinal damage that is dependent upon recipient gut flora (Egan et al., 2011b). This indicates that at least part of the inflammatory pathology is due to bacteria-specific T cells in the mucosal immune compartment. The effects of the intestinal microbiome on acute infection are well established. However, it is also possible that the microbiome influences later events in infection, for example parasite reactivation in the brain and emergence of toxoplasmic encephalitis. While corresponding effects have been characterized elsewhere (Zhu et al., 2020), this is an unexplored area in Toxoplasma research.




Mucosal Immune Response During Toxoplasma Infection: Cast of Characters

When Toxoplasma enters the gut, cells of the mucosal immune system and associated tissues are rapidly alerted to infection. Some of the key cells are resident in the intestinal mucosa, others are recruited. Regardless, there is a coordinated response involving cells of innate and adaptive immunity. As outlined above, the outcome may be protective immunity and survival, or tissue pathology and death. The following summarizes the activities of cells most relevant to the course of infection in the gut.


Epithelial Cells

The intestinal epithelium is the initial line of defense between the host and intestinal pathogens. As such, cells in this compartment are the first to encounter Toxoplasma in the gut. Epithelial cells include enterocytes, goblet cells, Paneth cells, M cells, and enteroendocrine cells (van der Flier and Clevers, 2009; Allaire et al., 2018). Paneth cells, a rich source of antimicrobial peptides in the intestine, decrease in number during Toxoplasma infection. Loss of Paneth cells has been implicated in T. gondii-driven intestinal dysbiosis and immunopathology. Raetz et al. showed that Paneth cells are destroyed by IFN-γ producing CD4+ T cells triggered by T. gondii infection (Raetz et al., 2013b). Destruction of Paneth cells is dependent upon presence of the intestinal microbiota and T cell intrinsic MyD88 signaling. Loss of Paneth cells results in impaired intestinal barrier function, Enterobacteriaceae outgrowth, and intestinal pathology (Raetz et al., 2013b; Burger et al., 2018). In addition to antimicrobial peptide production, Paneth cell intrinsic autophagy is important for regulating immunopathology in response to T. gondii infection. Loss of the autophagy protein Atg5 in Paneth cells results in severe immunopathology, loss of crypt structures, and increased host mortality, all of which are dependent upon presence of the intestinal microbiota (Burger et al., 2018). Together, these studies describe new, important roles for Paneth cell autophagy and antimicrobial peptide production in limiting immunopathology and microbiota dysbiosis driven by T. gondii infection.



Intraepithelial Lymphocytes

Intraepithelial lymphocytes (IELs) are interspersed throughout the intestinal epithelium and evidence indicates they play an important role in anti-Toxoplasma immunity. The IEL compartment is comprised primarily of γδ+ T cells and CD8+ T cells, most of which express the CD8α homodimer (Guy-Grand et al., 1991; Cheroutre et al., 2011). A homeostatic function in the intestine is often ascribed to this compartment. Nevertheless, the complexity of the IEL population suggests their role extends beyond homeostasis. When primed IEL isolated from infected mice are adoptively transferred into naïve mice, recipients experience reduced mortality rates after lethal parasite challenge (Lepage et al., 1998; Buzoni-Gatel et al., 1999). The protective effects are recapitulated when CD8αβ expressing IEL are adoptively transferred, although γδ+ T cells also contribute to protection (Lepage et al., 1998). Primed CD8αβ+ IEL were also described as possessing antigen specific cytotoxic activity and producing IFN-γ. Thus, it is likely that CD8+ IEL kill T. gondii infected epithelial cells and contribute to type I immunity. Further studies using CCR2−/− mice showed that although they succumb to oral challenge with T. gondii, knockout animals exhibit significantly less intestinal pathology compared to WT mice (Egan et al., 2009). The decrease in immunopathology was attributed to lack of retention of CD103+ IEL, and adoptive transfer of wildtype IEL resulted in both improved survival and more severe intestinal pathology (Egan et al., 2009). Thus, although the IEL compartment contributes to protective Toxoplasma immunity, it can also play a role in initiating damage and inflammation in the small intestine.



Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are a newly described family of immune cells comprised of three subsets (ILC1, 2, and 3). They are prominent at mucosal interfaces including the small intestine (Spits and Cupedo, 2012; Bennett et al., 2015). ILC1 produce IFN-γ, ILC2 are associated with Th2-like cytokines, and ILC3 produce IL17 and IL-22 (Spits et al., 2013; Artis and Spits, 2015; Eberl et al., 2015). It remains unclear how each contribute to mucosal anti-Toxoplasma immunity. There is evidence that T-bet+ ILC1 secrete IFN-γ in response to oral inoculation with T. gondii; however, the contribution appears minor compared to CD4+ T cells. Tbx21−/− mice, which lack ILC1, generate a strong IFN-γ response driven by T-bet independent CD4+ T cells (Lopez-Yglesias et al., 2018). Nevertheless, other studies found that ILC-like cells are protective against T. gondii infection (Klose et al., 2014). It was found that RORγt+ ILC3 frequencies decrease during T. gondii infection, and it was suggested that these cells play a role in limiting T cell responses and pathology during T. gondii infection (Wagage et al., 2015). Further studies are necessary to discern the role the ILC compartment plays during intestinal T. gondii infection.



Dendritic Cells and Inflammatory Monocytes

Dendritic cells (DCs) are widely regarded as being pivotal in activation of T cell immunity, as well as playing a crucial role in maintenance of tolerance in the intestinal environment (Stagg, 2018; Sun et al., 2020). In the gut, discrete DC subsets can be identified based upon expression of CD11b and CD103 (Persson et al., 2013). Because of a requirement for transcription factor IRF8, the CD11b-CD103+ subset of lamina propria DC are likely related to splenic CD8α+ DC that produce IL-12 and mediate protection in i. p. models of T. gondii infection (Edelson et al., 2010; Cohen et al., 2014). Essentially all of the IL-12 produced by CD11b-CD103+ lamina propria DC comes from non-infected cells (Cohen and Denkers, 2015). This suggests that these cells respond to parasite molecules present in the extracellular environment, or that the cells have been injected with parasite effector proteins as is known to occur for Toxoplasma rhoptry proteins (Koshy et al., 2012; Chen et al., 2020). Alternatively, it is possible DC responses are initiated by host-derived alarm signals triggered by infection.

Oral infection with Toxoplasma elicits a large influx of inflammatory monocytes into the lamina propria (Cohen and Denkers, 2015). Recruitment of these cells, whose presence is dependent upon chemokine receptor CCR2, mediates resistance to Toxoplasma as the parasite enters the intestinal mucosa (Dunay et al., 2008). Inflammatory monocytes in the lamina propria express IL-12, and it is possible that they play a role in promoting induction of protective Th1 cells (Cohen et al., 2013). Nevertheless, inflammatory monocytes are recruited into the intestine concomitant with appearance of Th1 effectors. Therefore, these cells may be more important as executioners of IFN-γ-dependent control of T. gondii using mechanisms such as iNOS/NOS2 and the IRG effector family that destroy the parasitophorous vacuole membrane (Khan et al., 1997; Hunn et al., 2011; Wang S. et al., 2019).



Neutrophils

Neutrophils are among the first immune cells to infiltrate the site of infection. Within three days of oral inoculation with T. gondii, a rapid influx into the small intestine lamina propria is observed (Sukhumavasi et al., 2008; Gregg et al., 2013). Additionally, it has been reported that T. gondii preferentially infects infiltrating neutrophils to disseminate into other host tissues (Coombes et al., 2013). Activated neutrophils can secrete cytokines important for type I immunity including IL-12 and TNF-α, and they deploy neutrophil extracellular traps that ensnare and kill extracellular tachyzoites (Bliss et al., 1999; Bliss et al., 2000; Bliss et al., 2001; Sukhumavasi et al., 2008; Abi Abdallah et al., 2012). Whether these mechanisms operate within the intestinal mucosa during T. gondii infection is not known. The role neutrophils play in inducing intestinal immunity and pathology also remains unclear. In one study wildtype mice depleted of neutrophils with monoclonal antibody treatment survived the infection and displayed similar intestinal pathology compared to untreated mice. In the same study, CCR2−/− mice depleted of neutrophils exhibited less intestinal tissue damage compared to untreated CCR2−/− mice (Dunay et al., 2010). In an intraperitoneal infection model, depletion of neutrophils within the first four days of infection resulted in mortality associated with severe lesions and increased systemic parasite burdens, and a similar result was seen with CXCR2 knockout mice that are defective in neutrophil recruitment (Bliss et al., 2001; Del Rio et al., 2001). These disparate results might be explained by different routes of infection or different effectiveness of antibody depletion protocols. Further studies are required to discern the role neutrophils play in intestinal anti-Toxoplasma immunity.



T Cells

T. gondii is a well-known inducer of type I immunity that during oral infection includes an expansion of parasite and microbiota-specific Th1 cells (Hand et al., 2012). Myeloid cell derived IL-12 is the primary driver of type I immunity (Gazzinelli et al., 1994; Yap et al., 2000). Although Th1 immunity generated in response to Toxoplasma is required to survive infection, it also underlies the severe intestinal immunopathology that can occur during infection (Liesenfeld et al., 1996; Raetz et al., 2013b; Burger et al., 2018). Interestingly, a robust IFN-γ+ CD4+ T cell response was observed in Tbx21−/− mice that lack expression of T-bet, regarded as the master regulator of Th1 differentiation. This clearly indicates that the anti-Toxoplasma Th1 response and Th1-mediated intestinal damage can be elicited without T-bet (Lopez-Yglesias et al., 2018).

Although the Th1 CD4+ T cell response dominates during T. gondii infection, Th17 cells have also been shown to play a role in T. gondii immunity. Mice lacking class I-restricted T cell-associated molecule (CRTAM) expression on T cells have fewer IL-17a and IL-22-secreting Th17 cells. This is associated with decreased antimicrobial peptide production, and increased pathology and microbial translocation into systemic tissues after oral inoculation with T. gondii (Cortez et al., 2014; Cervantes-Barragan et al., 2019). These data highlight emerging roles for Th17 T cells in controlling T. gondii induced intestinal dysbiosis, systemic dissemination of intestinal microbes, and immunopathology.

Regulatory T cells (Treg) are well-known to possess an important function in controlling proinflammatory tissue damage in the intestinal mucosa, in large part through production of IL-10 (Neumann et al., 2019). During Toxoplasma infection, the Treg population rapidly disappears which likely plays a role in inflammatory pathology induced by the parasite (Oldenhove et al., 2009). In part, this is due to conversion of Treg cells into T-bet+ IFN-γ producing cells. Nevertheless, the collapse in the intestinal Treg population appears to have a multifactorial root cause insofar as deprivation of IL-2 associated with massive Th1 expansion also underlies this phenomenon (Benson et al., 2012).



B Cells

B cells are present in large number in both the lamina propria and Peyer’s patches of the small intestine (Gregg et al., 2013; Reboldi and Cyster, 2016). Following oral infection with type II strain cysts, µMT mice (which lack B cells) survive acute infection, but eventually succumb during the chronic stage 3–4 weeks later (Kang et al., 2000). In an oral inoculation model following i. p. vaccination with an attenuated T. gondii strain, µMT animals survive lethal challenge in a manner indistinguishable from wildtype vaccinated controls (Johnson et al., 2004). However, during i. p. infection with highly virulent type I parasites, vaccinated µMT mice succumb to lethal challenge (Sayles et al., 2000). Taken together, while B cells may have a role in i. p. vaccination-induced immunity, they appear less important in the context of protection in the intestinal mucosa.




Conclusions and Future Directions

While our understanding of pathogenesis of Toxoplasma infection in the intestinal mucosa has expanded significantly in recent decades, there are still areas requiring exploration. The precise events in early innate immune triggering remain shrouded in mystery. The exact relationship between parasite-derived signals, host-derived signals and possibly host damage-associated danger signals remains to be clarified. Along similar lines, the precise sequence of events that lead to immunopathology in the intestine remains obscure. Also largely unexplored is how the mucosal immune system remembers and responds to secondary infection with Toxoplasma, an area that has significant relevance to issues of vaccine development not only to T. gondii, but to orally acquired microbial pathogens as a whole.
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