

  genes-10-00618




genes-10-00618







Genes 2019, 10(8), 618; doi:10.3390/genes10080618




Review



Host Invasion by Pathogenic Amoebae: Epithelial Disruption by Parasite Proteins



Abigail Betanzos 1,2,†[image: Orcid], Cecilia Bañuelos 3,† and Esther Orozco 4,*,†





1



Consejo Nacional de Ciencia y Tecnología (CONACYT), Mexico City 03940, Mexico






2



Departamento de Infectómica y Patogénesis Molecular, Centro de Investigación y de Estudios Avanzados del Instituto Politécnico Nacional (CINVESTAV-IPN), Mexico City 07360, Mexico






3



Coordinación General de Programas de Posgrado Multidisciplinarios, Programa de Doctorado Transdisciplinario en Desarrollo Científico y Tecnológico para la Sociedad, CINVESTAV-IPN, Mexico City 07360, Mexico






4



Departamento de Infectómica y Patogénesis Molecular, CINVESTAV-IPN, Mexico City 07360, Mexico









*



Correspondence: esther@cinvestav.mx; Tel.: +52-55-5747-5642






†



These authors contributed equally to this work.









Received: 14 March 2019 / Accepted: 29 April 2019 / Published: 14 August 2019



Abstract

:

The epithelium represents the first and most extensive line of defence against pathogens, toxins and pollutant agents in humans. In general, pathogens have developed strategies to overcome this barrier and use it as an entrance to the organism. Entamoeba histolytica, Naegleria fowleri and Acanthamoeba spp. are amoebae mainly responsible for intestinal dysentery, meningoencephalitis and keratitis, respectively. These amoebae cause significant morbidity and mortality rates. Thus, the identification, characterization and validation of molecules participating in host-parasite interactions can provide attractive targets to timely intervene disease progress. In this work, we present a compendium of the parasite adhesins, lectins, proteases, hydrolases, kinases, and others, that participate in key pathogenic events. Special focus is made for the analysis of assorted molecules and mechanisms involved in the interaction of the parasites with epithelial surface receptors, changes in epithelial junctional markers, implications on the barrier function, among others. This review allows the assessment of initial host-pathogen interaction, to correlate it to the potential of parasite invasion.
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1. Introduction


About 15 million annual human deaths worldwide are directly related to infectious diseases [1]. Neglected diseases and healthcare-associated infections, as well as new and emerging pathogens, are increasing challenges [2]. Therefore, further research should address gaps existing in the knowledge of parasites biology, host-parasite interactions, mechanisms of pathogenesis, evasion of the host immune response, and development of parasites drug-resistance.



The entrance of pathogens to the host, typically occurs through natural cavities such as the mouth, eyes, nose, or genital openings, or by wounds that disrupt the skin barrier, overall covered or lined by epithelia [2].



Epithelia are formed by tightly cohesive sheets of cells, which cover or line body surfaces, such as skin, gut, nose and others, and also function as secretory glands, like salivary tissue and the pancreas. Epithelial functions are largely due to the arrangement of cells, firmly joined together via adhesive structures, anchoring the cytoskeleton of each cell to its neighbours, and to underlying or surrounding extracellular matrix (ECM) components [3]. These adhesive structures, known as intercellular junctions (IJs), are mainly organized in tight junctions (TJs), adherens junctions (AJs) and desmosomes (DSMs), and localize at the lateral cell membrane [4] (Figure 1).



Tight junctions are the most apico-lateral cell-cell contact and represent the first defiance for pathogens penetrating the host epithelium (Figure 1). They are composed of transmembrane (TM) proteins, such as occludin, claudins and junctional adhesion molecules (JAMs), which form dimmers with their equivalent proteins from neighbouring cells; and by the cytoplasmic plaque, formed by zonula occludens proteins (ZOs), cingulin, membrane-associated guanylate kinases with inverted domains structure and partitioning-defective proteins (PARs), which bind to the actin cytoskeleton [5]. Tight junctions regulate the flux of macromolecules and ions through the paracellular route, and also maintain the polarization of lipids and proteins in the plasma membrane [6]. Behind TJs, AJs and DSMs are located. They give strength to the epithelium and preserve it as a strong and selective fence against pathogens and harmful compounds [7,8]. Adherens junctions maintain TJs integrity and tissue homeostasis [9]. Some AJs proteins (afadin, nectin and β-catenin) participate in intracellular signalling and transcriptional regulation. Others, such as the TM glycoproteins of the cadherin superfamily (E-cadherin), have cytoplasmic tails that bind to catenins, which interact with the actin cytoskeleton, giving full adhesive activity to the cells [7]. Desmosomes maintain the epithelium integrity by strong extracellular bonds fastened to the intermediate filaments [8]. They are also constituted by cadherins (desmoglein and desmocollin) that establish the adhesive interface of these structures, and interact with plaque proteins (desmoplakin, plakophilin and plakoglobin) to allow contact with intermediate filament-linking proteins [8,10].



The intestinal epithelium is covered by the mucous layer containing mucin with antimicrobial properties. Underlying this stratum, there is a single layer of absorptive epithelial, goblet and Paneth cells that function as a barrier, selectively allowing the passage of nutrients and molecules (Figure 1). In counterpart, it avoids the ingress of antigens, toxins and pathogens to the human body. Amino acids, electrolytes, sugars and some proteins cross over the transcellular route by endocytosis, using specific molecules located at the cell apical surface. Other molecules, as well as pathogens and cells, also cross through the paracellular route using the space between two or more epithelial cells. The epithelial layer also maintains a healthy relationship between gut microbiota and host immunity. Immune cells coexist with ECM components at the lamina propria, which lies under epithelial cells [11].



The olfactory epithelium is composed of several cell types, including basal cells, olfactory sensory neurons and supporting cells (Figure 2). Basal cells, resting on or near the basal lamina, are stem cells that remain relatively quiescent until they differentiate into either supporting or olfactory cells. Olfactory sensory neurons are bipolar neurons that sense environmental chemicals and maintain the ability to regenerate throughout adulthood. Supporting cells located at the apical layer of the pseudostratified ciliated columnar epithelium, act as metabolic and physical basement for the olfactory epithelium, and also detoxify potentially dangerous chemical agents [12,13].



The corneal epithelium is a non-keratinized, highly-organized, non-secretory squamous and stratified tissue, with five to seven cell layers’ depth (Figure 3). These layers are constituted by three cell types: superficial, wing and basal cells [14]. The first ones are terminally differentiated cells with apical surface projections (microvilli) that express an adherent glycocalyx to anchor to the tear film. Eventually, these cells degenerate and slough from the surface. Wing cells are partially differentiated and adopt a wing shape phenotype. Basal cells form a single layer of cuboidal cells adhered to a basement membrane with mitotic activity [15].



Breakage of epithelial barriers by microorganisms’ action is the first step for invasion [11,16,17,18]. Some viruses, bacteria and protozoa directly use proteins of the host IJs to penetrate the epithelium, triggering inflammatory processes that involve immune cells action [19]. In response, pathogens produce toxic molecules and proteases that alter IJs, cytoskeleton and other cell structures to reach and invade additional tissues [20]. Viruses use the adhesion molecules of the host as receptors, such as the ανβ1- and ανβ3-integrins, recognized by the major capsid protein of human parechovirus 1 [21]; the intercellular adhesion molecule 1 (ICAM1), which is used as a receptor by human rhinoviruses [22]; the decay-accelerating apical protein (DAF), widely employed by enteroviruses [23]; and IJs proteins, as claudins and occludin, both exploited by the core protein 8 of rotavirus to provoke the disruption of the junctional complex, compromising the epithelial barrier integrity [24]. Bacteria, such as Helicobacter pylori, provoking gastritis, gastroduodenal ulcers and gastric cancer, attaches close to IJs and delivers the cytotoxin-associated gene A product via the type IV secretory system into the epithelial cytosol [25]. Subsequently, the bacterium induces the remodelling of cell-cell junctions, which is executed through the activation of the myosin light-chain kinase (MLCK)/myosin light-chain (MLC) signalling pathway and the mislocalization of ZO-1 and JAM proteins [26].



Protozoa use their membrane proteins or secreted molecules to interact with epithelial receptors [16,17,27]. The most important pathogenic amoeba for humans are Entamoeba histolytica, Naegleria fowleri and Acanthamoeba spp. [28,29,30]. E. histolytica causes human amoebiasis and produces up to 100,000 deaths worldwide each year [31]. It is transmitted by the ingestion of water or food contaminated with faeces or via oral-anal sexual practices. After ingestion of cysts, excystment occurs in the small intestine and trophozoites move by pseudopodia, attaching to the intestinal epithelium and disrupting IJs to penetrate it [29,32]. By the bloodstream, the parasite may reach other organs, including the brain and the liver [33]. Diarrhoea is the most common manifestation of the disease, followed by dysentery and occasionally, extra-intestinal abscesses, mainly in liver [34].



N. fowleri, colloquially known as the “brain-eating amoeba”, is a free-living protozoa, responsible for primary amoebic meningoencephalitis (PAM) in humans [35]. This disease produces 90 to 95% lethality rates, after just three to seven days of parasite infection [36]. N. fowleri presents amoeboid and cyst forms, besides a flagellate intermediate stage, which are extensively dispersed in the environment and able to produce infection [37,38]. This amoeba accesses the host during swimming or diving, by attaching to human olfactory epithelium and penetrating mucous membranes from the nasal route, to finally reach the central nervous system (CNS) [28]. Once in the brain, the amoebae cause extensive tissue damage and inflammation, lysing and ingesting erythrocytes and other cell types, such as nerve cells. The destruction of tissue and haemorrhagic necrosis of the brain is accompanied by an inflammatory infiltrate that consists of neutrophils, eosinophils, and macrophages [39].



Acanthamoeba spp. are opportunistic free-living amoebae that cause amoebic encephalitis (GAE), amoebic keratitis (AK), pneumonitis, or changes in other organs, such as liver, kidneys and skin, particularly in immunocompromised individuals [30,40]. Based on morphological criteria, as many as 24 species have been included in the genus Acanthamoeba. However, only some of them result pathogenic to humans, including A. castellanii, A. culbertsoni, A. polyphaga, A. rhysodes, A. divionensis, A. hatchetti, A. healyi, and A. lenticulate [41]. Recently, an increasing number of Acanthamoeba infections has been observed worldwide, reporting values from 17 to 70 AK cases per million of contact lens wearers [42]; while, more than 400 cases of GAE have been reported, with only a 2 to 3% patient survival rate [43]. Acanthamoeba spp. present two stages during their life cycle, the infective trophozoite and the dormant cyst, which may also serve as reservoirs for bacteria and virus with pathogenic potential for humans [41]. The route of amoebae infection is through corneal abrasions, olfactory epithelium, respiratory tract, skin or sinuses, to cross the blood-brain barrier and enters into the CNS. Pathological manifestations of AK include ulceration of cornea, whereas in GAE focal necrosis and granulomas are observed [44].



In this work, we reviewed the major proteins and events from E. histolytica, N. fowleri and Acanthamoeba spp. related to host interactions, with special emphasis in those that affect IJs to invade epithelia. A better understanding of the biology of parasite proteins and molecules relevant for host invasion, may contribute to the development of efficient therapeutic drugs against pathogenic amoebae.




2. Entamoeba histolytica


The destructive mechanisms of E. histolytica encompass contact with target cells, cytolysis, phagocytosis and degradation of ingested cells. After contact with trophozoites, the epithelial cells increase the paracellular permeability produced by TJs opening and microvilli distortion. Surface blebbing and minute focal discontinuities in the host plasma membrane appear, causing the displacement and separation of neighbouring cells, and compromising the membrane integrity [45,46,47] (Figure 1 and Table 1).



2.1. Penetration of Mucous Layer


To trespass the mucous barrier present in the intestinal epithelium, E. histolytica binds to mucin through the d-galactose and N-acetyl-d-galactosamine (EhGal/GalNAc) lectin, cysteine proteases (EhCPs) and glycosidases [48,49,50].



The EhGal/GalNAc lectin is a 260 kDa heterotrimeric complex composed by the heavy (Hgl, 170 kDa), intermediate (150 kDa) and light (35/31 kDa) subunits [51]. The Hgl subunit displays the carbohydrate recognition domain (CRD) [52] that interacts with the abundant galactose and N-acetyl-galactosamine residues present in mucin [48].



E. histolytica cysteine proteases (EhCPs) exert the major mucin degradation. Even though E. histolytica possesses over 50 EhCPs [53], only two of them, EhCP112 and EhCP5, degrade mucin [54,55].



EhCP112 couples with the EhADH adhesin to form the EhCPADH complex, which is involved in several virulence mechanisms [56,57]. The EhCPADH complex, as well as EhADH and EhCP112, are peripheral membrane proteins, also localized in cytoplasmic vesicles, susceptible of being secreted by trophozoites [54,58,59]. EhCP112 harbours a canonical l-cathepsin catalytic domain (Cys-His-Asn) and an Arg-Gly-Asp residues (RGD) sequence that in other organisms interacts with host integrins [57,60]. This protein was localized in the mucous layer of mice, luminally inoculated with a recombinant EhCP112 polypeptide. In addition, immunohistochemical assays evidence that EhCP112 and mucin-2 colocalize in the colon, strongly suggesting that this enzyme accesses the colonic epithelial cells by degrading mucin. In response, the host evokes mucous hypersecretion to repel the parasite invasion, as evidenced in mice treated with EhCP112, which exhibit an increase of mucin-2 in colon tissues [54]. EhCP112 presents proteolytic activity on gelatine, collagen type I, fibronectin, haemoglobin and on Z-Phe-Arg, a specific substrate for l-cathepsins [54,58,60].



EhCP5 is present on the surface of trophozoites and is also secreted [61]. In ehcp5-silenced trophozoites, mucin degradation is significantly diminished (>60%), compared to wild-type trophozoites. Similarly, recombinant EhCP5 degrades >45% of purified native mucin, and the CPs inhibitor, E64, specifically blocks the EhCP5 proteolytic action [62]. Besides, EhCP5 couples to αvβ3 integrin on goblet cells, inducing mucin hypersecretion [55].



In addition, E. histolytica contains several glycosidases localized at the parasite membrane, such as sialidase, N-acetyl-galactosamidase and N-acetyl-glucosaminidase. Some of them remove branched polysaccharides from mucin, contributing to the mucous layer degradation [50].




2.2. Adherence of Trophozoites to the Host Epithelium


Trophozoites adhere to host cells mainly by adhesins and lectins [63]. The most well-known molecules are the EhCPADH complex and the EhGal/GalNAc lectin [51,56]. However, other molecules seem to be involved in this episode, such as the 220-lectin [64,65], a lysine and glutamic acid enriched protein (KERP1) [66], the pyruvate:ferredoxin oxidoreductase (PFO) [67] and the E. histolytica rhomboid protein 1 (EhROM1) [68].



Monoclonal antibodies against the EhCPADH complex diminish the ability of parasites to make contact with epithelial cells and erythrocytes [56]. EhADH and EhCP112 also contribute to the adherence to target cells. EhADH contains a Bro1 domain at its amino terminus, characteristic of ALG-2 interacting protein-X (ALIX) family members, and a carboxy terminus adherence epitope, which is recognized by monoclonal antibodies that inhibit adherence [56,69]. Madin-Darby canine kidney cells (MDCK) cells ectopically expressing EhADH, exhibit epithelial aggregation and adherence to erythrocytes, due to the properties conferred by the parasite adhesin [70]. Trophozoites silenced in the ehadh or ehcp112 genes show 65% and 75% reduction of adherence to host cells, respectively [71]. In addition, recombinant EhADH and EhCP112 proteins bind to epithelial cells and erythrocytes [54,70,72].



The EhGal/GalNAc lectin interacts with glycoproteins present on the host cell membrane through its CRD motif [51]. Interestingly, the CRD motif presents sequence similarity with regions from the cytoplasmic tail of host β2 integrin [73], and a calcium-binding motif [52] comparable to several calcium-dependent epithelial-cadherins [74]. Antibodies directed against the Hgl subunit diminish the ability of trophozoites to make contact with epithelial cells [75]. The EhGal/GalNAc lectin also binds to ECM components, and erythrocytes and leukocytes, which lies beneath the epithelium [48,76]. All this data, along with a transcriptomic analysis of axenically cultured E. histolytica trophozoites, confirmed the participation of this lectin in adherence and other virulence events [77].



A 220-lectin, rich in hydrophobic residues, binds to hyaluronic acid, chitin, chitotriose, N-acetyl-galactosamine and galactose [64], and has been also involved in trophozoites adherence to MDCK cells and erythrocytes [64,65].



EhROM1 is an intramembrane serine protease (SP), which cleaves transmembrane proteins in, or in close proximity to, their transmembrane domain. Trophozoites ehrom1-epigenetically silenced, diminish their adherence to Chinese hamster ovary cells (CHO) epithelial cells [68]. In addition, EhROM1 cleaves the Hgl subunit of the EhGal/GalNAc lectin, suggesting a delicate regulation of lectins by E. histolytica serine proteases (EhSPs) during parasite adherence to host cells [78].



KERP1 harbours three coiled-coil regions within its central segment, contributing to trimer formation and adherence to human colorectal adenocarcinoma cells (Caco-2) cells [66,79]. Otherwise, PFO catalyses the oxidative decarboxylation of pyruvate, transferring electrons to ferredoxin. This enzyme produces the cytotoxic activation of metronidazole, the drug most widely used against amoebiasis [80]. Remarkably, KERP1 and PFO are localized at the plasma membrane of trophozoites adhered to Caco-2 cells, close to the intercellular space [79,80].




2.3. Interaction with Epithelial Intercellular Junctions


Once E. histolytica makes contact with the epithelium, trophozoites pose on the apical part of the intercellular space, where IJs are situated [45]. Next, they produce a dramatical drop of the transepithelial electrical resistance (TEER). TEER dropping is accompanied by an increase of the paracellular permeability, indicating IJs disruption [32,45,81,82]. Trophozoites extracts and secreted proteins produce a similar effect [45,82]. The EhCPADH complex [82], EhCPs [54,83,84], EhSPs [85], prostaglandin E2 (EhPGE2) [86] and an occludin-like protein [87] participate in this event.



EhCPADH, EhADH and EhCP112 have been detected at TJs, co-localizing with occludin and claudin-1 in epithelial cells incubated with trophozoites [54,70,82]. Moreover, EhCPADH and EhCP112 are involved in the TEER dropping, in a time-dependent manner. Accordingly, degradation of claudin-1, occludin, ZO-1 and ZO-2 occurs [54,82]. Conversely, at early times of contact with trophozoites or EhCP112, claudin-2 appears in a higher amount in TJs, but later, is degraded [54]. Claudin-2 is abundant in leaky epithelia, allowing the exit of cations [88], thus explaining its sudden abundance as a consequence of the epithelium loosening. Consistently, in the colon of muc2−/− KO mice infected with E. histolytica, claudin-2 expression increases, correlating with a greater paracellular permeability [32].



A comparative study, co-incubating purified recombinant EhCP1, EhCP2, EhCP5 and EhCP112 enzymes with Caco-2 cells, showed that EhCP112 has the most potent activity on TEER [54]. EhCPs also participate in the villin proteolysis [89]. EhCP1, EhCP2 and EhCP4, degrade human villin, and destroy the microvilli integrity [84,85,90]. Furthermore, EhCP1, EhCP4 and EhCP6 are upregulated in trophozoites isolated from mice colon, suggesting a participation during invasion and colonization of epithelium [91]. Accordingly, trophozoites with low levels of EhCPs activity are incapable of damaging the intestinal barrier in human colonic xenografts [92]. Otherwise, in Caco-2 cells incubated with trophozoites pre-treated with tosyl-l-lysyl-chloromethane hydrochloride and tosyl phenylalanyl chloromethyl ketone (two CPs and SPs inhibitors, respectively), the proteolysis of ZO-1, ZO-2 and villin is prevented. These data suggest that E. histolytica overcomes microvilli and TJs barriers by using EhCPs and EhSPs [85,89].



EhPGE2 secreted by E. histolytica, also produces TEER dropping in a dose- and time-dependent manner, probably due to the dissociation of claudin-4 from TJs. The EhPGE2 signal is transduced through the prostaglandin E2 receptor 4 (EP4) of epithelial cells. The altered paracellular permeability favours the sodium exit towards the lumen, while EhPGE2 induces a luminal chloride secretion. Then, the NaCl gradient triggers the osmotic water flow across the epithelium, contributing to diarrhoea [86].



E. histolytica expresses an occludin-like protein (55 kDa) with similarities to the extracellular loops of human occludin [87], which interacts in an homotypic manner to create and maintain the epithelial barrier [93]. The occludin-like protein has not been detected in the plasma membrane, but it is involved in the TEER dropping of T84 human colorectal carcinoma cells. Thus, it is possible that this protein displaces host cellular occludin interactions, disrupting the barrier [87].



After TJs are damaged, AJs and DSMs are reached and destroyed by trophozoites. The recombinant EhCP112 degrades E-cadherin and desmoglein-2, destabilizing the bond with their scaffold partners β-catenin and desmoplakin l/II, respectively. The latter two, appear as also degraded and translocated to the nucleus, probably as a compensatory mechanism carried out by the host cell to repair the damage produced by the parasite [72]. In addition, EhCP112 and EhADH are endocytosed by caveolin or clathrin-coated vesicles and liberated inside the host cell [70,72]. Hence, it is possible that IJs may also be damaged by these proteins, from the intracellular side.




2.4. Cytolysis


E. histolytica exerts an extensive cytolytic ability, as demonstrated by the swell and massive blebbing of the epithelial surface [94]. Parasite molecules participating in cytolysis include EhCPs and a family of pore-forming peptides termed amoebapores [77,95,96].



EhCPs present a wide variety of host substrates including mucin, epithelial and ECM proteins, immunoglobulins and complement [97]. The ehcp112 or ehadh genes silencing in trophozoites produces a significant reduction (55% and 45%, respectively) of the parasite cytopathic effect on epithelial cells [71,98]. Moreover, antibodies against the EhCPADH complex, inhibit the destruction of MDCK and Caco-2 monolayers by trophozoites, and also reduce trophozoites ability to produce liver abscesses in hamsters [56,82,99,100].



EhCP1 cleaves collagen, the C3 complement factor, IgG, pro-IL-18, pro-IL-1β and villin [97,101]. EhCP2 degrades collagen, IgA, IgG, chemokines (CCL2, CCL13 and CXCL8), C3 and pro-IL-18 [90,102]. In addition to mucin, EhCP5 also degrades collagen, IgA, pro-IL-18, haemoglobin, fibrinogen, BSA and human pro-matrix metalloproteinase (MMP) 3 [55,103].



E. histolytica amoebapores are released into the intercellular space and inserted into the membrane of target cells, creating ion channels and resembling the cytotoxic mechanism followed by lymphocytes [96]. The amoebapores family comprises three members, A, B and C, found in a 35:10:1 ratio in trophozoites, that induce the lysis of eukaryotic cells, but differ in their kinetics to create ion channels [96,104]. Trophozoites depleted on amoebapore A, still produce inflammation and tissue damage in the severe combined immunodeficient mouse-human intestinal xenograft model of amoebic colitis. However, its expression is required for full virulence in a mouse model of amoebic liver abscess [105].



The epithelium damage produced by cytolytic molecules of trophozoites, eventually results in cell death, mainly by apoptosis [62,106,107], although autophagy has also been reported [82].




2.5. Phagocytosis and Trogocytosis


The ability of E. histolytica to phagocytose significantly contributes to the host invasion, hence, trophozoites deficient in ingestion are less virulent [108,109]. Trophozoites phagocytose enterocytes, erythrocytes, fibroblasts, lymphocytes, bacteria and other cells [94]. However, several studies have proposed that trophozoites first kill host cells, before phagocytosing them [94,95,110].



The attachment of E. histolytica to the host cells potentially triggers the ingestion process, then actin-myosin rearrangements produce changes in cell shape, and finally the phagosomes formation leads to the cargo degradation [94]. Adhesins [56,71], actin binding-proteins (ABPs) [111,112], calcium binding-proteins (EhCaBPs) [113], small GTPases [114] and intracellular trafficking molecules [115,116,117], among others, participate in this complex event.



EhCPADH is localized in the phagocytic cups of trophozoites during erythrophagocytosis [59,118]. Trophozoites pre-treated with a specific antibody against this complex diminish their phagocytosis rates by 41%, and erythrocytes pre-treated with a polypeptide containing the last 240 amino acids of EhADH are 79% less phagocytosed by trophozoites than control erythrocytes [56]. Moreover, trophozoites with the ehadh or ehcp112 genes silenced, display a reduction in their erythrophagocytosis efficiency of 30% or 60%, respectively [71].



Likewise, the inhibition or decreased expression of EhGal/GalNAc [110,119], EhROM1 [68], some transmembrane kinase family proteins (EhTMK39, EhTMKB1-9 and E. histolytica phagosome-associated TMK96 protein (EhPATMK)) [120], exoribonuclease EhRrp6 [121], and the E. histolytica metallosurface protease 1 (EhMSP-1) [122], significantly reduces the trophozoites ability to phagocytose.



During phagocytic cup formation, engulfing and phagosome formation, actin undergoes rearrangements, modulated by ABPs as actin-related protein 2/3 complex subunit 1 (ARPC1) [111], 166 kDa nucleocytoplasmic actin-binding protein (NCABP166) [123], and myosin IB [112]. Furthermore, EhCaBPs also participates in the actin remodelling during membrane deformation [113]. In fact, the interaction of EhCaBP3 with EhARPC2 contributes to the recruitment of myosin 1B to the phagocytic machinery, promoting the closure of cups and formation of phagosomes [124]. Additional actin regulators contributing to phagocytosis are small GTPases [125], which also participate in other endocytosis processes, and during invasion [114,125]. E. histolytica ras-associated binding protein (EhRab)A interacts with calreticulin and inhibit erythrophagocytosis [126]. EhRabB localizes to the phagocytic cup during phagocytosis [127]. Overexpression of the ehrab5 gene provokes in trophozoites an increase of their ability to phagocytose and an augment of the transport of amoebapore to phagosomes [128]. EhRab5 together with EhRab7A, localize in unique vacuoles, which are essential for erythrocytes engulfment and for lysosomal hydrolases packaging, previous fusion with phagosomes [128]. EhRab7B plays a role in late endosome-lysosome fusion [129]. The knockdown of the ehrab8A gene, diminishes phagocytosis of erythrocytes, bacteria and carboxylated latex beads [130]. EhRab11B is associated with non-acidified vesicles considered as recycling compartments, and regulates the secretion of EhCP1, EhCP2 and EhCP5 [131]. Interestingly, the Hgl subunit of Gal/GalNAc is associated with EhRab5, EhRab7A, and EhRab11B in the early stage of endocytosis, but only EhRab7A remains associated to the Hgl subunit during its transport to lysosomes [132]. The p21racA participation in phagocytosis of mucin-coated beads, bacteria and erythrocytes was demonstrated in trophozoites overexpressing this protein mutated in its GTPase activity to remain constantly in the active state [133]. EhRho1 modulates phagocytosis recruiting EhFormin1 and EhProfilin1, so promoting actin polymerization [134].



In addition, E. histolytica possesses the majority of the endosomal sorting complex required for transport (ESCRT) machinery encoding genes, which participate in phagosome formation. Some of them are up- or down-regulated during phagocytosis [135,136]. The ESCRT-III (E. histolytica vacuolar protein sorting (EhVps)2, EhVps20, EhVps24 and EhVps32), and ESCRT-accessory proteins (EhVps4 and EhADH) have been isolated, characterized and some of them assembled in a giant unilamellar vesicular in vitro system, evidencing their participation in the multivesicular bodies and intraluminal vesicles formation [69,115,118,136].



Lipids coordinate signalling, targeting, and trafficking events during biogenesis and maturation of phagosomes. Phosphoinositides (PtdIns[3]P and PtdIns[4]P), EhFP4 (a FYVE domain-containing protein) and phosphoinositide 3-kinase (PI3K) signalling pathway components, harmonically regulate the phagocytosis beginning and phagosome maturation [116,117]. The importance of cholesterol and lysobisphosphatidic acid in phagocytosis has been also demonstrated during vesicles and phagolysosomes formation [59,137,138].



Unlike phagocytosis, trogocytosis imply pieces, but not entire cell engulfment, resulting in intracellular calcium elevation and eventual host cell death. This event requires close cell-cell contact and physiological temperature, and involves fast uptake rates [139]. Molecularly, trogocytosis provokes actin rearrangements, with the participation of the EhGal/GalNAc lectin, the E. histolytica C2 domain protein kinase (EhC2PK) kinase and PI3K signalling [140]. The AGC kinase EhAGCK1, which binds to PtdIns[3]P, has been involved in trogocytosis but not in phagocytosis of dead cells [141].




2.6. Host Immune Response


After the contact by trophozoites, the epithelium produces pro-inflammatory cytokines as interleukin (IL)-1β, IL-8 and tumour necrosis factor (TNF)-α to recruit neutrophils and macrophages to the infection site. The main amoebicidal activity of neutrophils is the release of reactive oxygen species (ROS) [142,143]. In macrophages, the EhGal/GalNAc lectin up-regulates the mRNA expression of different cytokines, modulates the TLR-2 receptor and NF-κB and MAPK pathways [144]. Macrophages activated with interferon (IFN)-γ or TNF-α kill trophozoites by producing nitric oxide (NO) [145]. Likewise, higher levels of IFN-γ are related to a lower incidence of E. histolytica infection [143,146]. Secreted EhPGE2 leads to the il-8 mRNA expression in human colonic cells via EP4 receptor [147]. EhCPs also increase the expression of IL-8 via a protease activated receptor (PAR) 2-independent mechanism [148].



Recently, it has been described that the NACHT, LRR and PYD domains-containing protein 3 (NLRP3) inflammasome pathway are also activated after target cells make contact with live trophozoites [149]. The contact between E. histolytica and macrophages, triggers the recruitment of NLRP3 and α5β1 integrin activated by EhCP5 into the IJs [150]. Activation of inflammasome by E. histolytica leads to rapid and strong secretion of IL-1β, IL-18, IL-1α, FGF-2 and IP-10, but does not trigger the caspase-1 dependent cell death pathway [149].



The host immune response (innate and adaptive) against trophozoites invasion is strong, however E. histolytica survives by developing immune evasion strategies. Besides mucin-2, EhCPs induce the production and cutting of intestinal antimicrobial peptides as cathelicidins, which are important components of the innate immune defence [151]. In addition, Fe-superoxide dismutase (SOD) and a 29-kDa surface peroxiredoxin belonging to E. histolytica thiol-dependent redox metabolism system, and with potent antioxidant and redox regulatory roles, protects the parasite from the neutrophil reactive oxygen effects [67,152,153]. Trophozoites also induce neutrophil apoptosis through the activation of extracellular signal–regulated kinase (ERK) 1/2, by the generation of NADPH oxidase-derived ROS [154]. When E. histolytica is exposed to macrophages, the parasite cyclooxygenase-like enzyme synthetizes EhPGE2 [147], which inhibits the respiratory burst (ROS: H2O2, O2−, OH−) and NO production by macrophages [155,156]. Moreover, E. histolytica resists complement activation by the similarity and antigenic cross reactivity of the EhGal/GalNAc lectin with the host cluster of differentiation (CD)59 protein, inhibiting the complement-mediated lysis [157]. EhCPs also participate in the degradation of complement factors (C3 and C5), disruption of host adaptive response (IgA and IgG), and cleavage of ECM components (fibronectin, collagen and laminin) for a successful invasion, as mentioned in the cytolysis section [56,158,159,160].




2.7. Contributions of the Gut Microbiome


Entamoeba colonization is significantly affected by the microbiome composition and diversity. Indeed, the colonization can be predicted based on the composition of an individual’s gut microbiota with 79% accuracy [161]. Parasites and microbiome interact in different ways, altering the parasite virulence, inducing colonization resistance, provoking dysbiosis and modulating the host immunity [162]. Pioneer works demonstrated that the association of trophozoites with various types of gram-negative bacteria, noticeably increases the parasite virulence, as evidenced by their ability to destroy epithelial monolayers [163]. In addition, studies in gnotobiotic animals indicate that commensal bacteria are necessary for virulent E. histolytica infection [164]. Patients of northern India positive for E. histolytica presented dysbiosis, characterized by a reduction of Bacteroides spp., Bifidobacterium spp., Ruminococcus spp., Lactobacillus spp., Clostridium leptum, Clostridium coccoides, Eubacterium spp., Campylobacter spp. and Methanobrevibacter smithii in stool samples [165]. Furthermore, introduction of commensal bacteria alters the mucosal immune system and reduces the susceptibility of mice to E. histolytica colitis. Thus, alteration of the gut microbiota provides protection against infection by this parasite [162]. Conversely, an association between Prevotella copri and Entamoeba has been observed in infected children [166]. This bacterium associates with gut inflammation and the generation of an excessive immunity in patients and animal models [167], suggesting that parasite infection is influenced by the inflammatory state of the gut, which is potentially associated with changes in the gut microbiome [168].



In general, further microbiome studies may provide insights into why some patients get an invasive disease, which factors contribute to parasite-associated malnutrition and growth inhibition, and how E. histolytica may change gut flora [162,168].





3. Naegleria fowleri


Contaminated water, splashed or forced into the human nasal cavity, may produce N. fowleri infection, which initiates with trophozoites attachment to the nasal mucosa, followed by parasites locomotion along the olfactory nerve and the cribriform plate, and a chemotactic response to nerve cell components, to finally reach the CNS olfactory bulbs. There, N. fowleri, induces severe inflammation, as well as tissue necrosis and neurons destruction [171,172,173].



Pathogenic mechanisms of N. fowleri include adherence of trophozoites to nasal mucosa and mucin degradation. Afterwards, food-cups enable trophozoites to ingest human tissue, whereas secretion of naegleriapores, acid hydrolases, proteases, neuraminidases and phospholipases contribute to demyelination and further lysis of erythrocytes and surrounding nerve cells [174]. Trophozoites also display evasion mechanisms to the host immune response, such as the removal of the membrane attack complex and resistance to cytokines. N. fowleri pathogenicity and the overall intense host immune response, results in a significant nerve and CNS damage, and ultimately, to cell death [175] (Figure 2 and Table 2).



3.1. Penetration of Mucous Layer


During the initial steps of N. fowleri infection, the host response involves an immediate mucus secretion for trapping trophozoites [171]. However, N. fowleri has a variety of virulence factors to avoid the host response, including enzymes with mucinolytic activity. This activity has been reported for Naegleria spp. crude extracts and live trophozoites, and mucin effects on trophozoites is overcome in a time-dependent manner. Moreover, a 37 kDa NfCP of N. fowleri has an important role in mucin degradation and evasion of the host innate response [176].




3.2. Adherence of Trophozoites to the Host Epithelium


Adherence and direct contact of N. fowleri with target cells are crucial for parasite cytopathogenicity [177,178]. Carbohydrates containing mannose, glucose and fucose residues mainly participate in N. fowleri adherence and cytotoxicity to MDCK monolayers. Binding assays using different lectins, have shown the presence, composition and abundance of surface glycoconjugates containing α-d-glucosyl, α-d-mannosyl and α-l-fucosyl, N-acetyl-α-d-galactosaminyl and α-d-galactose residues in Naegleria species, and also differences between non-pathogenic N. gruberi and N. lovaniensis, and pathogenic N. fowleri trophozoites [174,179]. Although some glycoconjugates including glycolipids and glycoproteins are playing a role in N. fowleri attachment to nasal epithelium, this parasite may also use other molecules to follow host infection as lectins, adhesins and toxins [174]. However, there are few reports about their identity and biochemical characterization.



An N. fowleri integrin-like protein binds to immobilized fibronectin and has also a role in cytotoxicity [180]. Besides, N. fowleri interacts with human type I collagen [181], and a comparative study between pathogenic N. fowleri and non-pathogenic N. lovaniensis strains reveals greater adherence of N. fowleri to fibronectin, laminin-1, and collagen I, and the presence of two integrin-like proteins in focal adhesion-like structures [182].




3.3. Interaction with Epithelial Intercellular Junctions


The mechanism that enables N. fowleri penetration of the olfactory epithelium, and further invasion of CNS, is not completely understood. Previous observations reported neuroepithelium traversing by N. fowleri trophozoites without causing any apparent damage, thus suggesting the use of the paracellular route, presumably by TJs disruption [183]. Further evidence demonstrated TEER dropping with an increased epithelial permeability, confirming the parasite invasion through the paracellular route. Accordingly, morphological changes on the epithelium at early stages of N. fowleri interaction, leading to the disruption of ZO-1 and claudin-1, but not occludin, as well as actin apical ring alterations are observed [184]. Moreover, protozoans infecting the CNS migrate by the paracellular route and promote the production of cytokines, which disrupt the blood brain barrier by altering TJs. By using an in vitro blood brain barrier model, it has provided more accurate information about N. fowleri dissemination routes to the CNS. N. fowleri could damage the blood brain barrier by destabilizing TJs and activating endothelial cells, resulting in delocalization and degradation of claudin-5, occludin and ZO-1 in a time-dependent manner. Trophozoites also induce the expression of the pro-adhesion molecules vascular cell adhesion protein 1 (VCAM-1) and ICAM-1, provoking the recruitment of inflammatory cells and the production of IL-8, IL-1β, TNF-α, IL-6 and NO [185]. Trophozoites and their conditioned medium produce an important TEER decrease and cytopathic effects in rat brain microvascular endothelial cells (RBMEC), which results from NfCPs activity. N. fowleri can also modify the actin cytoskeleton and induce stress fibbers formation in RBMEC. Both TJs proteins degradation and actin alterations could promote inflammatory cells free passage from the peripheral blood circulation to the blood brain barrier [185]. Therefore, N. fowleri damage not only the olfactory epithelium but also endothelial cells (blood brain barrier) by altering IJs, although alternative pathways, such as the transcellular route, are not excluded.




3.4. Cytolysis


Tissue invasion is achieved by the production of cytopathic enzymes that degrade and lyse mammalian cells and ECM [186,187]. In addition, it has evaluated the cytotoxic activity of N. fowleri cell-free extracts on rat cell cultures [188]. Factors so far identified include, among others, phospholipases, neuraminidase, elastase, naegleriapores, NfCPs and a cytopathic protein that triggers the apoptosis pathway in tissue culture cells [30,189,190,191].



The addition of the soluble proteins fraction, containing phospholipase A and phospholipase C activities, on nerve cells, results in immediate alterations of the cell surface, including cellular blebbing and holes in the plasma membrane [188]. Phospholipases, lysophospholipase and sphingomyelinase are lipolytic enzymes secreted in high levels in pathogenic Naegleria, hardly detectable in the culture media of virulent-attenuated and non-pathogenic species of Naegleria [191]. Similarly, neuraminidase activity is only detected in pathogenic N. fowleri. The activity of this enzyme is maximal at pH 4.5 and 5.0 and ion-independent and may contribute to the reported glycolipid alterations associated with demyelinating diseases [189]. Unlikely, the elastase is present in N. fowleri and in other species that lost pathogenicity as a result of long-term axenic maintenance [187].



The enormous cytolytic activity of intact amoebae, as well as of crude extracts, against a variety of target cells, is in part attributed to naegleriapores, that in contrast to amoebapores, organize as several isoforms in a pre-promultipeptide structure, possibly to synthesize a wide variety of molecules for killing phagocytosed bacteria, or facing effector cells from the host immune system [190].



N. fowleri CPs participate in PAM progression, as demonstrated by using 34 specific inhibitors of CPs activity in cell lysates and analysing their effect on parasite viability. It also results in a significant decrease of NfCPs activity in vitro, and dead or non-dividing trophozoites [192]. The N. fowleri cathepsin B (NfCPB) and cathepsin B-like (NfCPB-L) proteins are initially transcribed as longer precursor molecules that undergo amino acids cleavage, to generate the 25 kDa and 24 kDa active forms, respectively. These proteins are localized on cell membranes, pseudopodia and food-cup structures, and may be easily secreted. Both enzymes display proteolytic activity on immunoglobulins, collagen, fibronectin, haemoglobin and albumin. Particularly, the cathepsin B gene is expressed in the trophozoite, but not in the cyst stage [193]. In addition to the aforementioned 37 kDa NfCP with mucinolytic activity, N. fowleri trophozoites also secrete a 30 kDa NfCP that produces a cytopathic effect on baby hamster kidney fibroblasts (BHK) cells [186].




3.5. Phagocytosis and Trogocytosis


N. fowleri phagocytoses and trogocytoses a variety of cultured mammalian cells, both processes related to the extension of food-cups or amoebastomes [39,177,178]. Although there is not a definitive correlation between the presence of food-cups on amoebae and in vivo pathogenicity, these structures are rarely observed in non-pathogenic N. gruberi or N. lovaniensis [194,195,196].



The N. fowleri antigen-related protein 1 (Nfa1) protein is abundant in N. fowleri pseudopodia contacting target cells, food-cups formed as phagocytic structures during ingestion of target cell debris or lysed material, and around food vacuoles, thus, associating this protein to amoebic movement and food ingestion [197]. Alternatively, cytolytic molecules may be released at the attachment site between food-cups and target cells [188].



Both, phagocytosis and trogocytosis, depend on the dynamics of cytoskeleton rearrangements. By immunofluorescence assays, myosin and tubulin have been detected in a dispersed pattern within trophozoites, whereas actin is cytosolic and also present in pseudopodia and food-cup structures [198]. The N. fowleri actin (Nfactin) shows 82% identity to the non-pathogenic N. gruberi actin corresponding sequence, and it does not have any identity to human actin. Nfactin localizes in cytoplasm, pseudopodia, and especially, food-cup structures. Moreover, N. fowleri trophozoites in co-culture with CHO cells, strongly express Nfactin on food-cup structures concerning trogocytosis. Conversely, actin polymerization inhibitors, such as cytocalasin D, or Nfactin gene silencing, reduce food-cup formation and in vitro cytotoxicity, suggesting a decreased ability of trophozoites to attach to cells, phagocyte them, and thus, to produce damage [199].




3.6. Host Immune Response


Epithelium invasion by trophozoites, induces an increasing inflammatory process with eosinophils and neutrophils participation [171,183]. Neutrophils surround parasites before killing them, by contact-dependent and independent mechanisms. TNF-α stimulates neutrophils adherence to N. fowleri and increases their activity by enhancing oxygen radical’s production. Neutrophils are also capable of destroying N. fowleri by pinching off and engulfing portions of trophozoites [200,201,202]. Selective neutrophils depletion leads to increased mortality in immunized mice, after challenges with N. fowleri, whereas no treatment produces 95% of mice survival [203]. The host inflammatory response and polymorphonuclear cell lysis contribute mainly to CNS damage [183]. Microglial cells exposed to N. fowleri lysates, release TNF-α, IL-6, and IL-1β, whereas astrocytes lead to the expression of IL-8, IL-α, and IL-6 in an ERK, c-jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK)-dependent pathways [204].



Activated macrophages kill N. fowleri trophozoites by producing NO, non-oxidative mediators, such as TNF-α and IL-1, and possibly other factors. Likewise, natural killer cells exhibit an amoebicidal activity that increases during the course of the infection, hence, enhancing parasites killing [200,205,206,207].



Meanwhile, N. fowleri evasion to the host immune response includes mucinolytic activity [176], and resistance to complement-mediated lysis [208]. Chelation of extracellular calcium enhances complement-mediated lysis of N. fowleri, suggesting a role for Ca2+ in complement resistance [209]. In addition, N. fowleri resists complement damage due to the expression of complement regulatory proteins, such as a the CD59-like surface protein [210,211], and shedding of the membrane attack complex on vesicles [212]. Indeed, the enzymatic removal of trophozoites surface components increases their susceptibility to complement-mediated lysis [212], as well as the blocking of protein kinases activity, which have been associated with complement resistance [213]. The ability of N. fowleri to internalize surface-bound antibodies also contributes to the parasite evasion of the host immune system, for instance, by capping and internalizing sIgA antibodies [181,214].





4. Acanthamoeba spp.


Once Acanthamoeba enters the eye to produce AK, it adheres to the corneal epithelium, triggering parasite-mediated cytolysis and phagocytosis, and eventually induces programmed cell death [42,215]. Pathogenesis of GAE is complex since hematogenous spread is a pre-requisite for blood brain barrier invasion by amoebae, to finally enter the CNS [30,41,216].



To produce infection, Acanthamoeba requires (i) the expression of adhesins, the production of toxins and the ability to resist the immune and environmental factors, as well as chemotherapeutic agents [40,44]; (ii) the production of food-cups or amoebostomes which help in nibbling away bits and pieces of tissue surface, similar to trogocytosis presented by E. histolytica [217,218]; and (iii) the secretion of enzymes such as phospholipases, lysosomal hydrolases, aminopeptidases, SPs, and metalloproteinases, as well as plasminogen activators [38,40,44,219,220,221] (Figure 3 and Table 3).



4.1. Adherence of Trophozoites to the Host Epithelium


Pathogenic Acanthamoeba interacts with host cells through the glycocalyx, the main carbohydrate-containing component of the cell membrane [41,44]. Thus, several adhesins including a >207 kDa adhesin [222], a mannose-binding protein (MBP) [223] and a laminin-binding protein (AhLBP) [224], contribute to trophozoites attachment by interacting with glycoproteins and glycolipids present on the corneal surface [44].



The >207 kDa adhesin, identified by adherence-associated antibodies, is a surface membrane glycoprotein that does not bind to mannose, and participates in the A. castellanii adherence to hamster corneal epithelial cells [222].



MBP (136 kDa) harbours in its N-terminal extracellular domain five N- and three O-glycosylation sites, a transmembrane domain, and a C-terminal intracellular domain. It is expressed at the trophozoites membrane and facilitates parasite adherence to mannosylated proteins at the epithelium [223,225]. Moreover, exogenous free α-mannose inhibits by 80% the binding of Acanthamoeba to the epithelium, whereas lactose, galactose and fucose do not. This inhibition correlates with an increase of the protease’s secretion, suggesting that MBP stimulates the expression and secretion of proteases. MBP is also crucial for trophozoites adherence to ECM components, such as collagen, fibronectin and laminin [226]. In agreement, A. castellanii produces a cytolytic mannose-induced protein of 133 kDa (MIP133) after exposure to the upregulated mannose-specific lectins in the ulcerated corneal epithelium, that leads to the activation and upregulation of MMPs in corneal cells [227]. In addition, MIP133 degrades both human types I and IV collagen [225].



Besides, A. healyi adhere via AhLBP (55 kDa) to the Bowman’s layer and ECM components (laminin, collagen type I), which underlie the basal lamina [224,228]. Similarly, A. polyphaga binds to laminin, collagen IV and fibronectin in a mannose- and calcium-dependent manner [229,230]. Thus, binding to laminin and collagen has been recognized as an attribute of pathogenic Acanthamoeba species [231].



Furthermore, by using cytochalasin B and latrunculin B, it has been revealed the participation of cytoskeletal filaments in A. castellanii adherence to epithelial and neuronal cells [44].




4.2. Interaction with Epithelial IJs


After adhering to the epithelium, Acanthamoeba trophozoites place close to IJs to destabilize their barrier function [232,233,234]. A. culbertsoni trophozoites isolated from a severe case of AK are introduced through the intercellular space into the MDCK monolayers, suggesting that IJs are affected. In fact, this parasite drops TEER by 40%, highlighting a disruption of TJs [235]. Interestingly, integrity of TJs is restored after amoebae cross the monolayer, suggesting a reversible effect on the junctional disruption. Moreover, A. castellanii migrates between corneal cell layers, however, no evidence of cell injury is observed. These results suggest a mechanical action of parasites promoting cellular separation, but not cell lysis at the beginning of interaction [218]. On the other hand, A. royreba also decreases TEER values close to zero after interaction with human brain microvascular endothelial cells (HBMEC), inducing a Rho-dependent reduction of occludin and ZO-1 [233]. Acanthamoeba spp. may be modifying the epithelium from the cornea and the blood brain barrier in dissimilar ways, probably due to differences in TJs composition.



Proteases also seem to be involved in TJs injury, since A. castellanii trophozoites pre-incubated with phenylmethylsulfonyl fluoride (PMSF) and E-64 (specific inhibitors for SPs and CPs, respectively) avoid the mislocalization of ZO-1 and occludin. Moreover, Acanthamoeba secretes large amounts of SPs [236] that degrade ECM components (collagen I, III and IV, elastin and fibronectin), fibrinogen, IgA, IgG, albumin, plasminogen and haemoglobin [220,237]. Indeed, extracellular proteases have been related to HBMEC monolayer disruptions, facilitating the trophozoites migration from systemic circulation to the CNS tissues. Besides, the presence of Acanthamoeba at the lamina propria in the blood brain barrier [169], suggests that this parasite may also damage AJs.




4.3. Cytolysis


Acanthamoeba spp. can destroy cells by either direct or indirect cytolysis of target cells. The exact mechanisms involved in trophozoite-mediated cytolysis are not known, but destruction of target cells occur by apoptosis [215,238]. Few parasite molecules have been related with cytolysis, such as SPs [97,239,240], CPs [97,240], metalloproteases [236], and cytotoxic proteases induced by mannose mediated adhesion [241].



The proteinases work in concert to produce a potent cytopathic effect, involving host cell killing, degradation of the epithelial basement membrane and underlying stromal matrix, and penetration into the deeper layers of the cornea [242]. Overall, several studies have implicated proteases with Acanthamoeba pathogenicity, being also salient to survival, multiplication, differentiation and cellular transformation [97,220,236,243]. Crude extracts of A. polyphaga display at least seven proteases ranging from 34 to 144 kDa, whereas those of A. castellanii exhibit at least nine different proteases from 30 to 188 kDa. By using protease inhibitors, it was demonstrated that the SPs are the most abundant, followed by the CPs [244]. Subsequent to the MBP-mediated adherence to host cells, trophozoites produce a contact-dependent metalloproteinase and several contact-independent SPs [226,242].



Acanthamoeba spp. secrete SPs of various molecular weights (12, 40, 42, 55, 70, 85, 97, 107, 130, 133 and 230 kDa), all sensitive to the PMSF inhibitor [220]. The Acanthamoeba plasminogen activator (aPA) is a SP that facilitates the invasion of A. castellanii trophozoites to the host and contributes to the pathogenesis of AK. In human corneal epithelial cells, aPA induces expression and production of IL-8 via the PARs pathway [245]. Acanthamoeba CPs are involved in the proteolytic degradation of cellular components, including iron-binding proteins, and also play important roles for encystation [243,244,246,247]. Nevertheless, so far, only three cathepsin L-like CPs, AcCP2, AhCP and AcCP, have been identified in A. culbertsoni, A. healyi and A. castellanii, respectively [246,248,249]. The metalloprotease activity against collagen I and III, elastin and plasminogen, results in the degradation of the basement membranes. Additionally, other enzymes such as collagenases and elastases are constitutively produced by pathogenic Acanthamoebae and contribute to cytolysis [220].



In the case of MBP participation in amoebic cytotoxicity, evidences remain contradictory. The inhibition of A. castellanii adherence to corneal epithelial cells by using mannose, results in the loss of trophozoites to produce cytotoxicity [226], while in another work, it is exacerbated [241].



MIP133 is secreted to facilitate the degradation or corneal layers, leading to parasite’s infiltration around the corneal nerves, causing radial neuritis and pain [225]. MIP133 induces the degradation of keratocytes, iris ciliary body cells, retinal pigment epithelial cells, corneal epithelial cells and corneal endothelial cells, and leads to apoptosis of macrophage-like cells [225,241].



In a similar way to amoebapores and naegleriapores, Acanthamoeba spp. express pore-forming proteins as part of their cytolytic armamentarium, switching from a soluble form to a membrane-inserted state. However, acanthaporins display structural differences and do not resemble the same protein folding of amoebapores and naegleriapores [250].




4.4. Phagocytosis


By phagocytosis, Acanthamoeba ingests host epithelial cells and food particles. Bound particles are surrounded by pseudopods, brought into the cytoplasm and released as phagosomes [215]. Parasite engulfment of corneal epithelial cells is mediated by food-cups or amoebastomes, structures that have been also observed and implicated in E. histolytica and N. fowleri pathogenesis [251].



During phagocytosis, actin-mediated cytoskeletal rearrangements play an important role for Acanthamoeba pathogenesis, as demonstrated by using cytocalasin D, an inhibitor for actin polymerization, and phosphatase and kinase inhibitors, which points to the tyrosine-kinase-induced actin polymerization pathway [252]. Additionally, a Rho kinase inhibitor, Y27632, which blocks stress fibber formation, partially prevents phagocytosis. Similarly, LY294002, a specific inhibitor of PI3K, inhibits Acanthamoeba phagocytosis, and inhibition of Src kinase using PP2, also hampers the phagocytic ability of A. castellanii [215,251].



Evidence, including host cell DNA laddering, chromatin condensation, membrane blebbing and formation of apoptotic bodies, has suggested that Acanthamoeba produces apoptosis in neuroblastoma cells, represent an alternative mechanism for host cell death [253]. However, whether apoptosis and phagocytosis have independent roles in Acanthamoeba pathogenesis or apoptosis is a primary process stimulated by initial binding of parasites to the host cells that eventually leads to secondary events, such as phagocytosis, remains to be determined [216,238].




4.5. Host Immune Response


Innate immune responses are considered the most important host defences against Acanthamoeba, according to histopathology of AK, which is characterized by the presence of macrophages, neutrophils, and few lymphocytes [254].



Acanthamoeba trophozoites co-cultured with microglial cells produce a variety of interleukins including IL-1α and β, and TNF. Moreover, Toll-like receptor 4 (TLR4) is upregulated in human and Chinese hamster corneal epithelial cells upon Acanthamoeba stimulation, leading to a significant increase of proinflammatory chemokines production, including chemokine (C-X-C motif) ligand 2 (CXCL2) [255]. Interleukins, together with macrophages infiltration might play a role in the clearance of Acanthamoeba by the host. Macrophage-mediated killing is probably contact-dependent. Additionally, neutrophils might release lysosomal enzymes and ROS (HOCl and H2O2) after activation by the complement, thereby killing the amoebae. However, in immunosuppressed individuals, due to the lack of T-lymphocytes and macrophages, and the impairment of cell-mediated immunity, Acanthamoeba proliferates and damages the CNS and other tissues [254,256]. Anti-acanthamoebic IgA antibodies inhibit parasite binding to host cells, block the secretion of cytotoxic substances and play a crucial role in the ultimate macrophage-mediated complement lysis, that provides protection against AK. However, pathogenic Acanthamoeba can resist macrophage-mediated complement lysis [257].



This parasite binds the C1q component of the complement pathway, which under normal conditions, provides the basis for opsonin and phagocytosis processes [258]. Additionally, trophozoites can degrade IgG and IgA antibodies, indicating their potential to interfere with the immune system, and revealing the need for developing effective therapeutic interventions [259,260].



On the other hand, superoxide dismutases (SODs) are important antioxidant defences exposed to oxygen [261]. A 50 kDa iron and a 38 kDa copper-zinc SODs have been reported as potential virulence factors for Acanthamoeba, acting as anti-oxidants and anti-inflammatory agents [262,263]. A. castellanii iron SOD may play an essential role in trophozoites survival by protecting them from endogenous oxidative stress, but also by detoxifying oxidative killing of parasites by the host immune cells [263].





5. Concluding Remarks


Pathogens causative of human disease mainly comprise viruses, bacteria and protozoa. After infection with any of them, a battle between the host immune system and the virulence mechanisms of the parasite is established. The recovery of health entails the achievement of host homeostasis, depending on the nature and severity of the infection, and the existence of prophylactic or therapeutic interventions. To invade and colonize the host, pathogens have deployed diverse tactics, such as the successful exploitation of host epithelial cells and molecules to reach target tissues, and the evasion of the host immune response.



Epithelia are the tissues most exposed to the environment and they prevent the invasion by pathogenic microorganisms and their products, acting as a mechanical barrier. Additionally, physical cleansing effects of mucous secretions and shedding of colonized cells normally contribute to protect against microorganisms. Conversely, most pathogens have developed mechanisms to disrupt epithelial layers and open their way to other tissues and organs.



This review outlines the importance of epithelia and IJs in invasion by virus, bacteria and protozoa, and focuses on events associated to the interaction of three pathogenic amoebae E. histolytica, N. fowleri and Acanthamoeba spp. with the host intestinal, olfactory or corneal epithelium, respectively. These protozoa display a high motility to achieve their progression across tissues, surmounting the barrier function to invade other organs by using several molecules. Some of them are present at the parasites surface and others are secreted by trophozoites to exert their functions efficiently.



In the case of the pathogenic amoebae, the key events leading to epithelial damage include the penetration of the mucous layer, adherence to target cells, interaction with IJs, as well as cell lysis and engulfment.



To penetrate epithelial cells, amoebae utilize the transcellular and paracellular pathways. They have evolved specific strategies for exploiting molecules present in the epithelium, mainly by contacting, dislocating and degrading IJs proteins, which protect and maintain the epithelial integrity. Moreover, some parasite proteins exhibit structural similarities to host proteins, thus mimicking them, competing and displacing them during invasion. These alterations in IJs proteins alternatively produce cytoskeleton rearrangements and trigger signalling cascades for the up- and down-regulation of effector proteins in the host, as a response to parasite virulence factors. Immediately, injured epithelial cells initiate the inflammatory response by emitting chemotactic signals that attract blood-borne host defence cells. However, this response also exacerbates cellular and tissue damage. In all these events, E. histolytica, N. fowleri and Acanthamoeba spp. express adhesins, lectins, pore-forming proteins, cysteine and serine proteases, hydrolases, glycosidases, actin-binding proteins, signaling factors and several other molecules.



Analysis of the virulence mechanisms of these amoebae and other microorganisms reinforce the fact that pathogens still continue to evolve and emerge. Arguably, the most successful strategies for parasite survival will be those that exploit their hosts without killing them. These activities are modulated by the interaction of panoply of virulence factors with their cognate host cell receptors, and signals are bidirectionally sent from the microbial pathogen to the host and from the host to the pathogen at multiple stages of the invasion process. Recent advances place us on the verge of understanding this complex process in detail, at molecular level. With the accelerated integration of tools from cell biology, biochemistry, biophysics, and genomics, in the next few years, the experimental approaches should bring unprecedented insights into the interactions of pathogenic amoebae with their host, thus, leading further to the design of novel therapeutic drugs against these parasites.
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Figure 1. Model of invasion of the intestinal epithelium by E. histolytica. (i) Representative scheme of the intestinal epithelium as a selective barrier and intercellular junctions (IJs) (tight junctions (TJs), adherens junctions (AJs) and desmosomes (DSMs)), as well as the extracellular matrix (ECM). (ii) At the beginning of contact, trophozoites penetrate the mucin layer by employing adhesins and lectins for attaching, and proteases for degrading mucin. The parasite attaches to epithelial cells, particularly at the intercellular space, opening IJs with the participation of adhesins, proteases, prostaglandin and occludin-like proteins. IJs components are selectively degraded, displaced by competition and internalized by trophozoites. (iii) Once the barrier is disrupted, epithelial cells are separated and lysed, allowing the entrance of trophozoites toward the lamina propria. In this stage, the participation of endosomal sorting complex required for transport (ESCRT) machinery components, calcium binding-proteins (EhCaBPs), small GTPases, actin binding-proteins (ABPs), E. histolytica metalloproteases (EhMMPs) and amoebapores, is crucial. In response, the host immune system recruits neutrophils and induces cytokines production. EhCPs: E. histolytica cysteine proteases; EhSPs: E. histolytica serine proteases; EhPGE2: prostaglandin E2; ZOs: zonula occludens proteins. 
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Figure 2. Model of invasion of the olfactory epithelium and blood brain barrier by N. fowleri. (A) Representative scheme of the pseudostratified olfactory epithelium invasion by trophozoites. (i) TJs fasten the supporting cells, Bowman’s glands and olfactory sensory neurons. Cell binding among them and basal cells is reinforced by AJs and DSMs. (ii) At the beginning of contact, trophozoites penetrate the mucous layer employing adhesins, lectins, CPs and mucinolytic enzymes. The parasite attaches to epithelial cells, particularly at the intercellular space, opening IJs with the participation of adhesins, glycoproteins, proteases and integrin-like proteins. IJs components are selectively degraded, displaced by competition and internalized by trophozoites. (iii) Once the barrier is disrupted, epithelial cells are separated and lysed, allowing the entrance of trophozoites toward the basal lamina, to eventually invade the CNS. In this stage, the participation of lipolytic enzymes, naegleriapores, N. fowleri antigen-related protein 1 (Nfa1), myosin and N. fowleri actin (Nfactin), is crucial. (B) Representative scheme of the blood brain barrier invasion by trophozoites. (i) Endothelial cells are joined by TJs and AJs. (ii) Trophozoites coming from the blood stream adhere to endothelial cells, particularly at the intercellular space, opening IJs. (iii) Once the barrier is disrupted, trophozoites gain access to neurons and glia cells. The parasite molecules involved in epithelial damage are the same that participate in endothelial invasion. In response, the host immune system recruits neutrophils and eosinophils, and induces cytokines production. 
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Figure 3. Model of invasion of the corneal epithelium by Acanthamoeba spp. (i) Representative scheme of the corneal stratified epithelium as an efficient barrier due to TJs displayed at the upmost layer of superficial cells. The next layers, as well as the wing and basal cells, only exhibit AJs and DSMs. (ii) Trophozoites adhere to epithelial cells, particularly at the intercellular space, opening IJs with the participation of adhesins, proteases and cytolytic mannose-induced protein of 133 kDa (MIP133). Consequently, IJs components are selectively degraded and internalized. (iii) Once the barrier is disrupted, epithelial cells are separated and lysed, allowing the entrance of trophozoites toward the basal lamina and eventually reaching the CNS. In this stage, the participation of acanthaporin, proteases, actin and superoxide dismutases (SODs), is crucial. In response, the host immune system recruits neutrophils and macrophages, and induces cytokines production. 






Figure 3. Model of invasion of the corneal epithelium by Acanthamoeba spp. (i) Representative scheme of the corneal stratified epithelium as an efficient barrier due to TJs displayed at the upmost layer of superficial cells. The next layers, as well as the wing and basal cells, only exhibit AJs and DSMs. (ii) Trophozoites adhere to epithelial cells, particularly at the intercellular space, opening IJs with the participation of adhesins, proteases and cytolytic mannose-induced protein of 133 kDa (MIP133). Consequently, IJs components are selectively degraded and internalized. (iii) Once the barrier is disrupted, epithelial cells are separated and lysed, allowing the entrance of trophozoites toward the basal lamina and eventually reaching the CNS. In this stage, the participation of acanthaporin, proteases, actin and superoxide dismutases (SODs), is crucial. In response, the host immune system recruits neutrophils and macrophages, and induces cytokines production.



[image: Genes 10 00618 g003]







[image: Table]





Table 1. Parasite molecules from E. histolytica involved in host invasion.
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	Parasite Molecules
	Host Receptor/Effector
	References





	EhGal/GalNAc lectin
	mucin, glycoproteins, ECM components, TLR-2 receptor, NF-κΒ, MAPK, cytokines, CD59
	[48,51,76]



	220 kDa lectin
	hyaluronic acid, chitin, chitotriose, N-acetyl-galactosamine, galactose
	[64,65]



	Glycosidases (sialidase, N-acetyl-galactosamidase, N-acetyl glucosaminidase)
	mucin
	[50]



	EhCPADH
	occludin, claudin-1, ZO-1, ZO-2, E-cadherin, β-catenin, desmoplakin I/II
	[72,82]



	EhADH
	97 kDa putative receptor
	[100]



	EhCP112
	mucin, gelatine, collagen, fibronectin, haemoglobin, occludin, claudin-1, claudin-2, ZO-1, ZO-2, E-cadherin, β-catenin, desmoglein-2, desmoplakin I/II
	[54,72]



	EhCP1
	villin, collagen, C3, IgG, pro-IL-18, pro-IL-1β, cathelicidins
	[85,89,97,151,169]



	EhCP2
	villin, collagen, IgA, IgG, chemokines, C3, pro-IL-18
	[90]



	EhCP4
	villin
	[85,89]



	EhCP5
	mucin, collagen, IgA, pro-IL-18, haemoglobin, fibrinogen, BSA, α5β1 and αvβ3 integrins, NLRP3, cytokines, pro-MMP3
	[55,62,103]



	EhSPs
	villin, ZO-1, ZO-2
	[85]



	EhROM1
	unknown host transmembrane or peripheral proteins
	[78]



	EhPGE2
	EP4 receptor, claudin-4, IL-8, ROS, NO
	[86]



	Occludin-like protein
	occludin
	[87]



	KERP1
	unknown
	[66,79]



	PFO
	unknown
	[80]



	Amoebapores A, B and C
	host cell membranes
	[96]



	EhTMKs (EhTMK39, EhTMKB1-9, EhPATMK)
	unknown
	[120]



	EhMSP-1
	unknown
	[122]



	ABPs (ARPC1, NCABP166, myosin IB)
	unknown
	[170]



	EhCaBPs
	unknown
	[113]



	Small GTPases (EhRabA, EhRabB, EhRab5, EhRab7A, EhRab7B, EhRab8A, EhRab11B, p21RacA)
	unknown
	[114,125]



	ESCRT-III (EhVps2, EhVps20, EhVps24, EhVps32)
	unknown
	[115]



	EhVps4
	unknown
	[136]



	Phosphoinositides (PtdIns[3]P, PtdIns[4])
	unknown
	[117]



	Cholesterol
	unknown
	[59]



	Lysobisphosphatidic acid
	unknown
	[137]



	Fe-SOD 29 kDa peroxiredoxin
	ROS
	[67,152,153]







EhGal/GalNAc: E. histolytica d-galactose and N-acetyl-d-galactosamine; EhCP112: E. histolytica 112 kDa cysteine protease; EhADH: E. histolytica adhesin; EhCPADH: E. histolytica complex formed by EhCP112 and EhADH; EhCP: E. histolytica cysteine protease; EhSPs: E. histolytica serine proteases; EhROM1: EhCP: E. histolytica rhomboid protein 1; EhPGE2: E. histolytica prostaglandin E2; KERP1: lysine and glutamic acid enriched protein; PFO: pyruvate:ferredoxin oxidoreductase; EhTMKs: E. histolytica transmembrane kinase family proteins; EhPATMK: E. histolytica phagosome-associated TMK96 protein; EhMSP-1: E. histolytica metallosurface protease 1; ABPs: actin binding proteins; ARPC1: actin-related protein 2/3 complex subunit 1; NCABP166: 166 kDa nucleocytoplasmic actin-binding protein; EhCaBPs: E. histolytica calcium binding proteins; ESCRT-III: endosomal sorting complex required for transport; EhVps: E. histolytica vacuolar protein sorting; SOD: superoxide dismutase; ECM: extracellular matrix; TLR-2: Toll-like receptor 2; MAPK: p38 mitogen-activated protein kinase; CD59: host cluster of differentiation 59 protein; ZOs: zonula occludens proteins; C3: complement factor 3; Ig: immunoglobulins; IL: interleukin; BSA: bovine serum albumin; NLRP3: NACHT, LRR and PYD domains-containing protein 3; pro-MMP3: pro-matrix metalloproteinase 3; EP4: prostaglandin E2 receptor 4; ROS: reactive oxygen species; NO: nitric oxide.
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