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Abstract

:

Ocular toxoplasmosis (OT) is caused by the parasite Toxoplasma gondii and affects many individuals throughout the world. Infection may occur through congenital or acquired routes. The parasites enter the blood circulation and reach both the retina and the retinal pigment epithelium, where they may cause cell damage and cell death. Different routes of access are used by T. gondii to reach the retina through the retinal endothelium: by transmission inside leukocytes, as free parasites through a paracellular route, or after endothelial cell infection. A main feature of OT is the induction of an important inflammatory state, and the course of infection has been shown to be influenced by the host immunogenetics. On the other hand, there is evidence that the T. gondii phenotype also has an impact on the distribution of the pathology in different areas. Although considerable knowledge has been acquired on OT, a deeper knowledge of its mechanisms is necessary to provide new, more targeted treatment strategies. In particular, in addition to in vitro and in vivo experimental models, organotypic, ex vivo retinal explants may be useful in this direction.
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1. Introduction


Ocular toxoplasmosis (OT) is an ocular disease caused by infection of the eye with the parasite Toxoplasma gondii and it is the most common cause of eye inflammation in the world. Its diagnosis is based on the detection in the patients of antibodies directed to parasite antigens or of parasite DNA [1]. A common feature reported by patients is blurred vision, and although the disease tends to resolve spontaneously, more serious, vision-threatening complications such as retinal detachment, choroidal neovascularization and glaucoma, may occur. Therefore, OT requires treatment to eliminate the parasite and the related inflammation [2]. Toxoplasma infection may take place through congenital or acquired routes. In the first case, the parasite present in an infected mother may cross the placenta and pass to her foetus. In the second, toxoplasmosis is acquired by eating raw or undercooked meat, vegetables or milk products, or by coming into contact with infected cat litter [3]. OT has been the subject of a considerable number of studies, and recent review papers have focused on specific aspects of the disease (see, for instance, [4]). However, deeper knowledge of the mechanisms of this pathology is necessary to provide new, more targeted treatment strategies. Here, we summarise the main features of ocular toxoplasmosis and indicate possible models for study of the disease.




2. General Features of Toxoplasma gondii Infection


Toxoplasma gondii, an obligate intracellular protozoan belonging to the phylum Apicomplexa, is characterised by a complex life cycle in which felines are the definitive hosts and other mammals, including humans, are intermediate hosts. In the intermediate hosts, the acute stage of the infection is characterised by tachyzoite proliferation, then the parasites form tissue cysts in various organs, including the brain, and establish a chronic infection [5].



The distribution of T. gondii is ubiquitous, and it is estimated that roughly 2 billion people are infected with the parasite at the global level, although the seroprevalence in industrialised countries has been declining for the last several years [6,7,8,9]. A positive correlation between humidity (which maintains oocyst viability) and Toxoplasma seroprevalence was observed in a survey carried out in 84 countries in different geographical areas [10]. In addition, a negative correlation has been reported between Toxoplasma seroprevalence and gross national product, or latitude, indicating that the parasite circulates better in the poorest populations in the southern hemisphere.



Infection may occur by ingestion of contaminated food or water (through oocysts), raw or undercooked meat (containing tissue cysts), vertically from mother to foetus, transfusion (both through tachyzoites), or transplantation of solid organ or bone marrow/stem cells (bradyzoites) [5]. The infection usually occurs asymptomatically, and when it is clinically manifest, the symptoms are negligible (in immunocompetent individuals), mimicking a flu-like syndrome with a possible cervical lymphadenopathy, unless chorioretinitis occurs [5].



Both host factors (genetic background, gender, immunological status) and parasite factors (inoculum size, timing, genotype, virulence) may affect the course of infection in humans [5]. Gene sequencing studies have identified different genotypes (the classical I, II, III, as well as recombinant and exotic genotypes) of Toxoplasma with different clinical manifestations. Reinfection with genotypes other than those of a primary infection is also possible [11].




3. Infection of the Human Retina


Once T. gondii has established infection in the small intestine, tachyzoites enter the draining blood and lymph travelling to remote sites [12] as free bodies in the circulation, or inside leukocytes [13]. Different histopathological and clinical observations show that T. gondii tachyzoites enter the eye via the blood supply that reaches the retina through the choroidal vessels, which irrigate the photoreceptors located in the outer retina, or through the retinal vessels entering at the optic nerve head, which irrigate the inner retina [14,15] (Figure 1).



During the early course of OT, necrosis has been reported in the nerve fibre layer and in the ganglion cell layer [16,17]. In addition, other studies have reported the presence of tachyzoites in the inner retina, especially in the proximity of retinal blood vessels [18,19]. This is in line with the development of retinal vasculitis in relation to OT. Indeed, during Toxoplasma infection in utero, the posterior pole of the eye is most typically involved. Therefore, since the development of the retinal vasculature begins from the posterior pole, retinal infection mediated by the blood vessels can expand only as far as the retinal vasculature has developed [20].



Three possible routes have been identified for the passage of tachyzoites across the retinal endothelium (Figure 2):



(a) Leukocyte transport.



(b) Free parasite through a paracellular route.



(c) Endothelial cell infection.



3.1. Leukocyte Transport


It has been shown previously that monocytes are responsible for the arrival of T. gondii to the brain [21]. In addition, recent studies have shown that even though all dendritic cells (DCs) transmigrate through the retinal endothelium, those infected by T. gondii display hypermotililty and, therefore, better capacity to transmigrate compared to uninfected ones [22]. The infected DCs show an upregulation of Chemokine Receptor 7 (CCR7) that is not seen in uninfected DCs and is associated with the capacity of movement by chemotaxis [23].



Other leukocyte subpopulations, for instance monocyte-derived macrophages and neutrophils, can transport tachyzoites. However, when infected by the parasite neutrophils, they show a capacity for transmigrating in the gut epithelium but not in the retinal endothelium [23].



Leukocytes can pass through the retinal vascular endothelium at a slow speed. This process involves the production in the retinal vascular endothelium of adhesion molecules and chemokines that promote leukocyte-endothelial cell interaction. In particular, lectin-like adhesion glycoproteins (selectins) facilitate the rolling of leukocytes, while adhesion and transendothelial migration are mediated by the interaction of integrins (CD11/CD18, VLA-4), present in leukocytes, with immunoglobulin-like adhesion molecules, such as the intercellular adhesion molecule-1 (ICAM-1) or vascular cell adhesion molecule 1 (VCAM-1), expressed by endothelial cells [24]. Recent in vitro studies showed that infected leukocytes can release the tachyzoites while passing through the endothelium [25], suggesting that a similar mechanism may allow retinal invasion.




3.2. Free Parasite through a Paracellular Route


Tachyzoites may invade the retina using a paracellular route. This is suggested, for instance, by the results of an in vitro study in which tachyzoites were observed to pass from one chamber to another in a transwell through a membrane composed of human retinal endothelial cells. Differences in transmigration were observed depending on the virulence of the T. gondii strain [26]. The mechanism allowing tachyzoites to move through a paracellular route is likely to involve an interaction with cell adhesion and intercellular tight junction molecules. Indeed, T. gondii has been found to recognize ICAM-1 as a receptor in intestinal epithelial cells, and recently it has been shown that the blockade of this receptor reduces tachyzoite migration across a retinal endothelial monolayer [27]. In addition, tachyzoites may also use a transcellular route, replicating in the parasitophorous vacuole and then egressing the cell without affecting the barrier function of the retinal endothelium [28]. However, other studies show that, once tachyzoites are inside the cell, they may inhibit the phosphorylation of local adhesion kinase, thus compromising the tight junctions, and that parasite debris may increase barrier permeability [29]. In vitro results are controversial, and more research may help to elucidate the mechanisms underlying free tachyzoite migration into the retina.




3.3. Endothelial Cell Infection


Tachyzoites can remain infectious and survive outside host cells during long periods while maintaining the ability to adhere to the retinal endothelium [29].



Recent studies in which T. gondii tachyzoites were cultivated in different human endothelial cell lines (retinal, aortic, umbilical vein, and dermal microvasculature) showed that retinal endothelial cells were the most susceptible to infection, showing a tachyzoite growth rate three times faster than that of dermal fibroblasts [30]. This result suggests that in vivo tachyzoites may efficiently invade human retinal endothelial cells, especially because the human retinal endothelium has been observed to express high binding affinity for tachyzoites [31].




3.4. Other Routes


In few cases, tachyzoites might access the retina through the choroidal vasculature. To achieve this, the parasite must move across the outer blood-retinal barrier formed by the retinal pigment epithelium (RPE). In these cases, patients present multifocal grey-white lesions located in the outer retina and RPE [32]. Some in vitro studies showed that human monocytic THP-1 cells infected with T. gondii can transmigrate throughadult retinal pigment epithelial cells (ARPE)-19. The infected monocytes induce focal adhesion kinase signalling, resulting in disruption of tight junction proteins in the epithelium [33]. The junctional complexes are also disrupted, causing loss of barrier integrity, when ARPE-19 cells are infected with tachyzoites [34].





4. Movement of T. gondii within the Human Retina


In an isolated human eyecup preparation, tachyzoites were observed to migrate through the retinal layers. In particular, it was shown that some tachyzoites were concentrated in the inner retina and in the nerve fibre layer, while others were also found in the other retinal layers (inner plexiform, inner nuclear, outer plexiform and outer nuclear layers) [35]. This indicates that T. gondii tachyzoites can actively move through the human retina [35]. Other studies showed that this movement can be facilitated by leukocytes [36].



To identify the retinal cell types that are the preferred hosts of T. gondii, a study using dissociated human retinal cell cultures reported that the two major retinal cell populations, i.e., Müller glial cells and neurons, were the most susceptible [35]. In particular, the results showed a preference for Müller glial cells, which harboured a bulk of parasitophorous vacuoles and the highest parasite load. Moreover, parasite growth in these cells exceeded that in human dermal fibroblasts by over 50% [4,34]. Other studies conducted in the brain showed a preference of T. gondii for astrocytes, but it is important to notice that, although Müller cells are specialized macroglial cells, they are phenotypically different from astrocytes and are absent in the brain [37].



Müller cells exert different biological functions in the retina, including establishment and maintenance of the blood–retina barrier, clearance of extracellular glutamate, release of antioxidants, electrolytic balance, and neuronal survival, among others [38]. They are also involved in immune responses. Indeed, a recent study shows that the parasite upregulates chemokine expression in infected Müller cells and, after leukocyte entry in the retina, some cell functions become activated while others are inhibited when leukocytes interact with infected Müller cells [39].




5. Infection of the RPE by T. gondii


Pigment epithelial cells in the retina constitute a barrier between the retina and the choroid. They also regulate the immune system by inhibiting leukocyte activity, which in some cases could induce inflammation and damage within the posterior segment of the eye [40].



Retinal hyperpigmentation is a very characteristic change during OT, mostly due to cell proliferation forming a multilaminar layering of the RPE. A recent study showed that this cell proliferation is due to an increase of Vascular Endothelial Growth Factor A (VEGF-A) and Insulin-like Growth Factor 1 (IGF-1), along with a decrease in Thrombospondin 1 (TSP1) in infected cells [41,42]. Both VEGF-A and IGF-1 are proangiogenic proteins, while TSP1 is antiangiogenic [43,44]. Thus, infection in retinal pigment epithelial cells is expected to promote choroidal neovascularization. However, this is a rare situation during OT. Indeed, a recent study showed that the RPE produces Pigment Epithelial Derived Factor (PEDF) within hours of infection [4]. PEDF is an antiangiogenic factor, and its release at an early stage in the infection may prevent choroidal neovascularization [45].




6. Immune Response during Retinal Infection


The RPE upregulates the expression of major histocompatibility complex (MHC) class I and class II to present parasite antigens in the eye [46,47]. Tachyzoite-infected human RPE produces Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF), Interleukin 6 (IL-6), and IL-18, activating neutrophils and leading to the production of reactive oxygen species and inflammatory cytokines such as Tumour Necrosis Factor (TNF)-α and IL-1β, which may trigger retinal damage associated to OT [48]. On the other hand, IL-6 has been reported to antagonize the activity of ocular Transforming Growth Factor β (TGF-β, an anti-inflammatory cytokine), which would inhibit natural killer cell activity and Nitric Oxide production, allowing parasite survival [49].



Different studies have evaluated gene polymorphisms in the immune system that may influence the occurrence and manifestation of OT. Studies investigating the disease’s association with the IL10-1082 A/G polymorphism showed that patients with OT are more likely to carry IL10-1082 A allele by approximately 2.5-fold, which is associated with reduced IL-10 production [50]. This result is consistent with a lower capacity to control the inflammatory reaction during a general Toxoplasma infection. On the other hand, patients with a polymorphism that produces lower levels of IL-6 showed a more severe retinal inflammation in association with an increased parasite load [46].



The CT genotype and T allele of IL1A-889 C/T is associated with recurrence of retinitis in patients who had OT at least one year earlier. The T allele is associated with increased expression of IL-1α [51], suggesting that the recurrence of OT is more likely in patients with intense inflammatory reactions. On the other hand, studies investigating TNF polymorphism did not show any association with OT [50].



The Human Leukocyte Antigen (HLA) is highly polymorphic and plays an essential role in the immune response. A recent study showed that HLA-B35 is a Class I HLA marker that predisposes to OT [52].



These results indicate that humans have a wide range of immune response-related genes with different polymorphisms, creating a particular risk profile with different pathogenetic mechanisms for each individual.




7. Toxoplasma Genotype Influences the Course of Ocular Infection


There are at least 16 haplogroups of T. gondii, grouped in six clades based on the single-nucleotid polymorphisms across the genome [53]. The most investigated types are I, II and III (haplogroups 1, 2 and 3). Other haplogroups with atypical or recombinant genetics are less well known, with little information in the literature [54]. Recent results from PCR-based studies on patients with toxoplasmosis show differences in genotype distribution among different countries (Table 1) [4]. In many cases there is a similar distribution of OT across countries, but there is only little information on African regions.



In the United States, Toxoplasma strain type has been identified as an important factor that determines the severity of congenital toxoplasmosis [55]. Different recombinant (atypical) strains, such as Type x (haplogroup 12), are associated with severe disease in patients with AIDS and OT in North, Central and South America [56,57]. In Europe, Type II strain accounts for 70–80% of human infections [57]. In immunocompromised individuals with OT, genotype II accounts for 85% of the cases [58]. Among Toxoplasma-infected German uveitis patients with OT, a novel nonreactive serotype in 44% of cases, and Type II in 41% of cases, were observed [59].



To understand the relationship between OT and parasite genetics, recent studies where mice were infected with type I, type II or two types from haplogroup 6 strains, showed that all of these strains can induce OT [46,47]. The road to understanding the differences in virulence is still ahead, and more studies might be useful to shed light on the pathogenesis of the different strains.




8. Models to Study T. gondii Retinal Infection


Although the data reported above constitute an important body of both experimental and clinical data characterizing ocular toxoplasmosis, there is still the need for further information to develop efficacious treatments. For instance, little is known of the reaction to infection of specific cellular types of the retina, or whether different retinal cell types display different sensitivities to infection. In addition, to our knowledge, no information is available on the molecular mechanisms leading to cell damage or cell death. Furthermore, new models are necessary to test possible treatment options (for instance with anti-inflammatory or antioxidant compounds) in a fast and reliable manner. Finally, models are needed which could be easily manipulated, for instance, to modify different parameters of the infection or to induce or retard infection reactivation.



Most experimental models used to date consist of in vitro preparations, also including human retinal cell subsets, or laboratory mice. In vivo experimental models involve local or systemic inoculation of parasites to induce acute disease, or sequential systemic and local parasite inoculations to trigger recurrent disease. An almost unexplored possibility is the use of organotypic, ex vivo retinal explants, which offer the advantage of easy manipulation and fast and reliable observation of the effects of exogenous compounds while maintaining the complexity and the extracellular environment typical of the in vivo setting.



8.1. In Vitro Models


In vitro models are used to study factors that influence parasite growth and infection capabilities, as well as the response of host cell types to infection with different T. gondii strains. There are two different models: the RPE model, which is used to study the immunopathogenesis of infection, and the retinal endothelium, which mimics the biological barrier between blood and retina, allowing to study how the parasite enters the blood-retina barrier [60].




8.2. In Vivo Models


Some features are important to consider when using animal models, including parasite strain and/or stage, inoculum size and infection route. A recent review summarized these models [60]. The first animal model to study OT was established by Hogan in 1951 using rabbits, while Frenkel induced OT via intraperitoneal infection of hamsters in 1953. Many other animals have been investigated as experimental models for OT, but in recent years mice have become the model of choice, and nowadays there is a wide variety of murine models to study OT that use congenital, intraocular or intraperitoneal infection. Mice constitute the preferred model because they are accessible, their genome is completely sequenced and there is a large variety of knock-out mice. The only drawback is that the anatomy of the eye is different from that of humans since mice lack a macula, but otherwise OT in mice successfully mimics the main hallmarks of the disease in humans, such as retinochoroidal lesions, cellular inflammation, and vasculitis [61].



Intraperitoneal infection is the most common route of infection in models of OT because it is easy to perform and leads to OT in hamsters and mice [62]. However, it does not represent the natural route of infection in humans. Other routes are also used, such as intraocular injection in primates, guinea pigs, rabbits and mice. This route may cause side effects, interfering with the course of disease, therefore it is preferred to position the parasites on the surface of the eye [63]. Intracarotid injection has been used in rabbits and cats, but it is difficult to perform in small animals and does not represent the natural route of infection in humans [60]. The peroral route is rarely chosen because it causes a delayed infection as compared with the intraperitoneal infection [61].




8.3. Ex Vivo Models


Retinal explant cultures have been widely used to examine different biological processes (Figure 3). This system mimics the functional dynamics of the organ, overcoming cell culture and becoming a middle point between in vitro cell cultures and in vivo animal models. Besides these advantages, obvious limitations characterize the ex vivo organotypic explants, which are time-limited and independent of the systemic host immune response.



The first retinal explants were maintained on plasma clots by Strangeways et al. in 1926 [64]. Since then, a wide range of animal retinal explants have been successfully maintained, including those from zebrafish, goldfish, rats, mice, ferrets, hamsters, guinea pigs, rabbits, cats, dogs, pigs, cows and primates. These models have overcome the disadvantages of in vitro cultures, allowing the study of different tissue mechanisms. Some human retinas from cadaveric donors have also been used to prepare retinal explants [64], but this option is not easily available and, therefore, is less commonly used.



Several methods are used for culturing retinal explants, but the one where the retina is placed with photoreceptor layer facing downward on rafts of nitrocellulose filters is the most used [65,66]. Adult murine retinas (from 4–5 to more than 12 weeks old) have been maintained in culture for up to 10 days, after which degeneration of neuronal and glial cells occur [66,67]. During this time, it is possible to study OT during early infection and the cell populations preferred by Toxoplasma within the retina, as well as the parasite migration in the tissue.





9. Conclusions


Even though Toxoplasma is a well-studied parasite, the mechanisms behind human OT are still far from being elucidated. So far, it has been shown that the parasite might have different strategies to successfully persist in the host, entering the retina by at least three different routes. Then, the tachyzoites migrate across the retinal layers, spreading the infection within the inner retina. However, there is still work ahead to identify the cells most affected and to gain more knowledge about the immune response. New ex vivo models to study OT will surely help answering these and other questions that might occur on the way towards a better understanding of T. gondii infection of the retina.
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Figure 1. Organization of the human retina. Created with BioRender.com (https://biorender.com/, accessed on 29 January 2021). 
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Figure 2. Three possible routes of T.gondii diffusion through the retinal endothelium. Created with BioRender.com (https://biorender.com/, accessed on 29 January 2021). 
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Figure 3. In vivo (a) and ex vivo (b) models to study Toxoplasma infection in the retina. For the in vivo infection, T. gondii is inoculated via intraocular, intraperitoneal or oral route. The ex vivo model uses retinal explants infected and maintained in culture. In both cases retinal sections are prepared from fixed tissue and observed with different types of microscopy. Created with BioRender.com (https://biorender.com/, accessed on 29 January 2021). 
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Table 1. Toxoplasma strain distribution [4].
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	T. gondii Genotype
	Prevalent in





	Type I strain
	United States, Poland, Spain, Brazil, Colombia and Egypt



	Type II strain
	United States, Denmark, France, Germany, Spain and Portugal



	Type III strain
	Greece



	Atypical strains
	United States, French Guiana, Brazil and China
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