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Gastropod Molluscs rely exclusively on the innate immune system to protect from pathogens, defending their embryos through maternally transferred effectors. In this regard, Pomacea snail eggs, in addition to immune defenses, have evolved the perivitellin-2 or PV2 combining two immune proteins into a neurotoxin: a lectin and a pore-forming protein from the Membrane Attack Complex/Perforin (MACPF) family. This binary structure resembles AB-toxins, a group of toxins otherwise restricted to bacteria and plants. Many of these are enterotoxins, leading us to explore this activity in PV2. Enterotoxins found in bacteria and plants act mainly as pore-forming toxins and toxic lectins, respectively. In animals, although both pore-forming proteins and lectins are ubiquitous, no enterotoxins have been reported. Considering that Pomacea snail eggs ingestion induce morpho-physiological changes in the intestinal mucosa of rodents and is cytotoxic to intestinal cells in culture, we seek for the factor causing these effects and identified PmPV2 from Pomacea maculata eggs. We characterized the enterotoxic activity of PmPV2 through in vitro and in vivo assays. We determined that it withstands the gastrointestinal environment and resisted a wide pH range and enzymatic proteolysis. After binding to Caco-2 cells it promoted changes in surface morphology and an increase in membrane roughness. It was also cytotoxic to both epithelial and immune cells from the digestive system of mammals. It induced enterocyte death by a lytic mechanism and disrupted enterocyte monolayers in a dose-dependent manner. Further, after oral administration to mice PmPV2 attached to enterocytes and induced large dose-dependent morphological changes on their small intestine mucosa, reducing the absorptive surface. Additionally, PmPV2 was detected in the Peyer's patches where it activated lymphoid follicles and triggered apoptosis. We also provide evidence that the toxin can traverse the intestinal barrier and induce oral adaptive immunity with evidence of circulating antibody response. As a whole, these results indicate that PmPV2 is a true enterotoxin, a role that has never been reported to lectins or perforin in animals. This extends by convergent evolution the presence of plant- and bacteria-like enterotoxins to animals, thus expanding the diversity of functions of MACPF proteins in nature.
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INTRODUCTION

The innate immune system is a protective line of defense toward foreign organisms present, to some extent, in all multicellular organisms. Mollusks, like all other invertebrates, rely exclusively on the innate immune system, using both cellular and humoral defense lines (1). Among the humoral effectors are reactive oxygen species, lectins, antimicrobial peptides, proteases, protease inhibitors, and pore-forming proteins, many of which are awaiting functional characterizations (2). In addition to protecting the adults, it has been shown that several of these compounds are also maternally transferred to eggs where they would provide immunity to the developing embryos. For instance, recent proteomic studies revealed the presence of many proteins with defensive roles in the egg fluid—referred to as perivitelline fluid (PVF)—of several snail species including Biomphalaria glabrata, Marisa cornuarietis, Pomacea diffusa, P. canaliculata, and P. maculata (3–7). Among these proteins, called perivitellins, an evolutionary novelty arose in the eggs of some Pomacea species, in which two immune effectors, a perforin from the Membrane Attack Complex and Perforin (MACPF) family and a tachylectin, combined and formed a neurotoxin, the perivitellin-2 or PV2 (8, 9). This binary structure is unique among animals and resembles those of bacterial and plant AB toxins, where a ¨B¨-moiety acts as a delivery unit of a toxic ¨A¨-moiety (10, 11). Unlike AB toxins from bacteria or plants, snail PV2 contains a unique arrangement of two AB toxins in a head-to-tail fashion (12). Interestingly, many of these AB toxins, such as the cholera toxin (CT), heat labile toxin (LT), and shiga toxins (Stxs) from bacteria and the type-2 ribosome inactivating proteins (RIPs) from plants, act as enterotoxins (11), an unexplored function in PV2.

Enterotoxins are a group of toxic proteins that target the digestive system. In many bacteria they intervene in pathogenic processes (13, 14) and most of them are cytotoxic to intestinal cells usually by forming pores in the plasma membrane hence known as pore-forming toxins (PFTs) (13, 15, 16). On the other hand, plant enterotoxins are mostly toxic lectins, particularly abundant in seeds, that play a role in the defense against herbivory (17–19). Both bacteria and plant enterotoxins adversely affect gut physiology and/or morphology usually by cytotoxicity on intestinal cells, disruption of the brush border, and changes in the digestive, absorptive, protective or secretory functions, that could eventually lead to death (14, 17, 19). Moreover, some bacterial enterotoxins elicit inflammatory processes and immune system activation in mammals (14, 15).

Remarkably, no enterotoxins have been reported in animals, although both pore-forming proteins and lectins are widely distributed (20, 21). Even more, when these animal proteins act as toxins they always target other systems (8, 9, 21, 22). This lack of enterotoxins is surprising given that plant and animal embryos are often exposed to similar selective pressures by predators and pathogens alike. However, recent studies in Pomacea snails have reported egg defensive compounds targeting the digestive system suggesting the presence of enterotoxins. For instance, ingestion of P. canaliculata PVF decreases rat growth rate, induces morphological changes in the small intestine mucosa, and decreases the absorptive surface in mice and rats (9, 23, 24). This PVF also showed cytotoxic effects on intestinal cells of the Caco-2 line (23). Moreover, the gastrointestinal tract of mice exposed to P. canaliculata PVF increases the permeability of the digestive barrier (24). Although the compounds responsible of these enterotoxic effects were unknown, some perivitellins with non-toxic defensive properties targeting the digestive system were isolated from Pomacea eggs such as protease inhibitors and non-digestible storage proteins (24–28). However, as PV2 is a toxin with the same structural domains as plant and bacteria enterotoxins, we wondered if it would be responsible for the enterotoxic effects observed for the Pomacea PVF.

Thus, the aim of this work was to evaluate the enterotoxic capacity of PmPV2. Using in vitro and in vivo approaches, we evaluated the ability of PmPV2 to resist enzymatic proteolysis and extreme pH, as well as its cytotoxicity, capacity to bind to intestinal cells, disrupt cell monolayers, cause morphological changes and traverse the intestinal barrier inducing adaptive immunity via oral. We found that PmPV2 was able to withstand a wide range of pHs and gastrointestinal proteases both in vitro and in vivo. Then, it binds to enterocytes which is followed by necrosis. Mice fed with the toxin showed strong morphological changes in their small intestine and a reduction of the absorptive surface. Additionally, PmPV2 was detected in the Peyer's patches where it induced cell apoptosis. PmPV2 triggered oral immunization indicating it can reach the circulatory system. All these results provide the first evidence that PmPV2, an animal PFT, besides neurotoxicity, exerts enterotoxicity when ingested further potentiating the multiple defenses of Pomacea eggs.



RESULTS

Stability at Physiologically Relevant PHs and Gastrointestinal Environments

A selective pressure faced by a defensive egg protein when ingested by a predator is the gastrointestinal tract pH and proteases. Therefore, stability of PmPV2 in a wide range of pH was analyzed by fluorescence, small angle X-ray scattering (SAXS) and circular dichroism (CD) spectroscopies. Fluorescence spectra did not change significantly between pH 4.0–10.0, while a change in emission spectra at extreme pH values, 2.0 and 12.0, was observed (Figure 1A). Likewise, SAXS analysis showed no significant changes in gyration radius (Rg) between pH 6.0 and 10.0 and protein denaturation was only evident at extreme pH values (Figure 1B). However, Rg increased from 53.7 nm (at pH 6.0) to 67.0 nm (at pH 4.0), together with its maximum intramolecular distance (Dmax), which went from 108 to 134 nm, at pH 6.0 and 4.0, respectively (Figure S1); molecular mass only increased slightly (Figure S1), indicating the protein expanded without oligomerization or aggregation. Far-UV CD spectra region showed structural stability in the pH range 4.0–8.0 (Figure 1C). These results indicate remarkable structural stability of the protein in a wide range of pH values and an expansion event at pH 4.0.
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FIGURE 1. PmPV2 is structurally stable in a wide range of pH and resists in vitro gastrointestinal digestion. (A–C) PmPV2 stability at different pH values. Stability was measured following the changes in: (A) Trp environment from pH 2.0 to pH 12.0, depicted as center of mass (CM) and fluorescence intensity at 280 nm (I280); (B) gyration radii (Rg) obtained by SAXS; (C) secondary structure by CD spectra in the far-UV region at pH 4.0 (solid line), pH 6.0 (dashed line) and pH 8.0 (dotted line). (D) Gastric phase (a). PmPV2 exposed for 0, 60 and 120 min to pepsin at pH 2.5. MWs: molecular weight standard (kDa); Duodenal phase (b). PmPV2 exposed for 0, 60, and 120 min to trypsin at pH 8.5 after 120 min of gastric phase. Positive control (C+): BSA with enzyme, negative control (C–): BSA without enzyme.


In addition, the susceptibility of PmPV2 to protease activity in silico and in vitro was also evaluated. In silico digestion showed that both PmPV2 subunits have putative cleavage sites for both pepsin and trypsin, indicating it is potentially susceptible to proteases. In particular, pepsin has 48 and 23 cleavage sites for the heavy (PmPV2-67) and light subunit (PmPV-31), respectively, while trypsin has 151 cleavage sites in PmPV2-67 and 76 in PmPV2-31. However, in vitro digestion assay showed that PmPV2 was able to withstand both gastric and duodenal phases with only minor protein degradation in the latter (Figure 1D). This result agreed with the immunodetection of PmPV2 attached to intestinal mucosae after oral administration to mice (see below).



Binding to Intestinal Cells and Effects on Cell Morphology and Small Intestinal Mucosa

Toxins that enter the predator's body by ingestion have first to bind to epithelial cells to be internalized to reach its target or exert its functions. In this regard, we analyzed PmPV2 binding to Caco-2 cells and enterocytes from the small intestine mucosa. Whereas, Caco-2 cells treated with Alexa-BSA showed no label (Figure 2A), after the incubation with Alexa-labeled PmPV2 the surface of some of these cells was marked, indicating that the toxin attaches to the cell membrane, particularly to round-shaped and partially detached cells (Figure 2B). These morphological changes were presumably caused by the toxin since the cells that remained attached to the surface showed mild or no labeling. Accordingly, most Caco-2 cells treated with BSA remained attached and conserved a flat shape (Figure 2C) whereas PmPV2-treated cells showed an increased level of detached, rounded-shape cells (Figure 2D). In the same way, PmPV2 was immunodetected bound to the enterocyte surface of small intestine (Figures 2E,F), indicating that the toxin withstands gastrointestinal digestion in vivo and reaches the small intestine in an active form.
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FIGURE 2. PmPV2 binds to intestinal cells. (A,B) PmPV2 binding to intestinal cells in culture. Caco-2 cells were incubated for 1 h with Alexa-488 labeled BSA as control (A) or with PmPV2 (B). PmPV2 attached to cell surface is highlighted with arrowheads. Bar 25 μm. (C,D) Same sections of BSA (C) and PmPV2 (D) treatments shown in A and B under bright field. Bar 25 μm. (E,F) Immunolocalization of PmPV2 at brush border intestinal mucosae of mice fed on a diet without (E) and with (F) 400 μg PmPV2 (PmPV2 location appears as yellowish regions). Bar 50 μm.


After having determined that PmPV2 binds to intestinal cell surfaces, we evaluated its effects on cell morphology and small intestinal mucosa. The alterations of Caco-2 cells were evaluated by quantifying changes on their surface with AFM. Whereas control cells were oval-shaped, with a maximum diameter of ~35 μm and well-defined cell limits (Figure 3A), cells exposed to PmPV2 showed irregular form, granulated aspect and diffuse cell limits (Figure 3B). Additionally, small rounded structures of ~1.8 μm of an unknown nature were observed on treated cells. Under greater magnification cell membranes showed a more homogeneous surface in control cells (Figure 3C) than in treated cells (Figure 3D). An important increase in membrane roughness was observed in PmPV2-treated cells: Roughness of 25 μm2 sections was 40% higher in treated than in control cells as reflected in their Rq and Ra parameters (Figures 3E,F), while the ISAD increased ~200% in treated cells (Figure 2F).


[image: Figure 3]
FIGURE 3. PmPV2 affects Caco-2 and small intestine morphology. (A–D) AFM images obtained in tapping topography. Gross morphology of control cells (A,C) and PmPV2-treated Caco-2 cells (B,D) (A,B: 45 × 45 μm2, C,D: 15 × 15 μm2). Ring-like structures are highlighted with arrows. (E) 3D AFM topography images of control and PmPV2-treated Caco-2 cells at 10 x 10 μm2 showing cell surface details. (F) Ra, Rg and Image Surface Area Difference values for control and PmPV2-treated Caco-2 cells. (G–I) Intestinal sections stained with HE of control mice (G) and mice treated with one (H) or four (I) doses of 400 μg of PmPV2. Inset: tongue-like fused villi (asterisks). (J–L) Intestinal sections stained with PAS. Globet cells are positively stained (some highlighted with arrowheads) in both control mice (J) and mice treated with one (K) and four (L) doses of 400 μg of PmPV2 each. Bars 100 μm.


In addition to cell-level alterations, oral administration of PmPV2 caused notable morphological changes in the small intestinal mucosae of mice (Figures 3G–L). In comparison with control animals (Figure 3G), treated mice showed shortening and widening of villi, which were already evident after one dose of PmPV2 (Figure 3H) and even more evident in animals receiving four doses (Figure 3I). In the latter group, fused “tongue-like” villi were also observed. Besides, duodenal mucosae of treated animals showed a higher number of goblet cells (Figures 3K–L) than that of the control group (Figure 3J).

We calculated the effect of PmPV2 on the absorptive surface using the parameter of Kisielinski et al. (29). Control groups have a mucosal-to-serosal amplification ratio (M) of 14.5 ± 1.5 (mean ± SD). Mice treated with PmPV2 showed a decrease of this ratio with a reduction of 10 and 12% in animals fed with one dose (M = 13.11 ± 1.66) and four doses (M = 12.82 ± 1.62), respectively (1 dose of PmPV2: P < 0.001; 4 doses of PmPV2: P < 0.0001, vs. control mice).



Cytotoxicity and Cell Monolayer Disruption

We tested the effect of PmPV2 on cultured intestinal absorptive cells and intestinal cell monolayers, which the toxin would encounter when ingested by a predator. For this, we tested Caco-2 cells, widely used as a model of the intestinal epithelia that we knew showed reduced viability when exposed to P. canaliculata PVF (23). These cells were much affected by the PmPV2 toxin in a dose-dependent manner, with 0.11 mg/mL PmPV2 inducing 80% of cell death after 24 h (Figure 4A). The effect of PmPV2 on Caco-2 cells was also analyzed measuring its capacity to alter differentiated cells in a highly attached monolayer by measuring the transepitelial electric resistance (TEER) at three toxin concentrations (Figure 4B). Cell monolayers exposed to PmPV2 showed a decrease in TEER in <1 h at the highest toxin concentration (2 g/L). At the intermediate concentration (0.2 g/L), the TEER showed a progressive decrease between 3 and 10 h; after 10 h the lower TEER value was sustained until the end of the experiment. The lowest toxin concentration (0.02 g/L) showed no effect on TEER within the duration of the experiment. Together these results pointed out that PmPV2 is responsible for the effect of snail eggs on digestive cells.
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FIGURE 4. PmPV2 is toxic to Caco-2 cells and disrupts enterocyte monolayers. (A) Cytotoxic effect of PmPV2 on Caco-2 cells evaluated using MTT assay. (B) Capacity of PmPV2 to disrupt a enterocyte monolayers (TEER assay) at three concentrations. Results are expressed as Mean ± SEM of three replicates. *P<0.05, **P < 0.01, ***P <0.001. (C) Flow cytometry analysis showing type of cell death caused by PmPV2. Cells were doubly-labeled with anexin V-FICT/propidium iodide (PI), without (control, blue box) and with 0.05 mg/mL PmPV2 (orange box) at 0.5, 1, 3, 12 and 24 h. Viable cells: FICT−/PI−; Apoptotic cells: FICT+/PI−; Necrotic cells: FICT−/PI+ and FICT+/PI+. (D) percentage of apoptotic (dashed line) and necrotic (full line) cells obtained in (C). Blue lines: control; orange lines: treated with PmPV2.


We, therefore, analyzed whether cell death was caused by lytic or non-lytic mechanisms (i.e., necrosis or apoptosis). To evaluate the toxic mechanism, cells with or without treatment with PmPV2 were analyzed by flow cytometry and changes in cell populations were quantified. The control group showed a basal level of apoptotic cells (<2%) and necrotic cells (around 35%), while most cells remained viable (Figures 4C,D). PmPV2 exposed group showed an increase in necrotic cells with the concomitant decrease in viable cells, while the apoptotic cell population showed no significant changes (Figures 4C,D). In PmPV2-treated cells, necrotic cell population showed two subpopulations of high and low propidium iodide labeling intensities (Figure 4C). Necrotic cells were evident after 30 min of exposure and 50% of lethality was reached in ~70 min (Figure 4D). In any case, apoptotic cells were always below 2%.



Fate and Internalization in the Intestinal Mucosa

As the content and proportion of gut proteases differ among organs and species, the ability of PmPV2 to withstand proteolytic activity in vivo was standardized using BSA as a control. In agreement with the in vitro resistance of PmPV2 to proteases, after oral administration at 2 and 6 h, higher amounts of PmPV2 were detected in the small intestine (2 h: P < 0.0001 6 h: P = 0.0291 vs. BSA-administered mice). Moreover, at 2 and 6 h the ratio of PmPV2:BSA was 2.84 and 4.95, respectively, while at 8 h, only a slight difference in the amount of PmPV2 vs. BSA was observed (Figure 5A).
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FIGURE 5. PmPV2 fate, internalization and immune response after oral ingestion in mice. (A,B) Fate and internalization of fluorescently-labeled PmPV2 in mice intestine (A) and Peyer's patches (B) at different times after ingestion. Results are expressed as the Mean ± SEM of A.U./effi.mol (n = 3) and are representative of two independent experiments. Right panels: PmPV2:BSA ratio of values from left panel. *P<0.05; **P<0.01. (C,D) Peyer's patches of control mouse (C) and PmPV2-treated mouse (D). Cumuli of apoptotic cells are highlighted with arrows. Bar 100 μm. Insets: IHC using mouse IgG anti-Caspase 3 antibodies (1:200). Mice treated with PmPV2 showed positive reaction; Caspase-3 location appears as yellowish regions. Apoptotic bodies were also evident in treated mice (red circle). Bar 50 μm. (E,F) Mice oral immunization against PmPV2. (E) Dot blot analysis of sera from mice gavaged with PBS (Control) or with 800 μg PmPV2 (PmPV2). (F) Effect of lethal (1 mg) i.p. dosis of PmPV2 on control and immunized mice survival (n = 3). Please note graph does not include error bars because all of the three immunized animals survived and all of the three control animals died after the intraperitoneal injection.


To understand the cytotoxic effect and the mechanism of entry of PmPV2, we studied whether internalization was occurring on inductive sites of the intestinal mucosa, the Peyer's patches (PPs). Interestingly, 2 h after inoculation a high amount of PmPV2 was detected in PPs (P = 0.027 vs. BSA administered mice), while at 6 h a non-significant increase was observed. As in the small intestine experiment, the PmPV2:BSA ratio was 3.6 and 7.8 at 2 and 6 h after administration, respectively, indicating that at these time periods a significant amount of PmPV2 was internalized in PPs (Figure 5B). In concordance with this latter result, PmPV2 effects on PPs in vivo were observed. Whereas, control animals showed regular, non-reactive lymphoid follicles (Figure 5C), treated animals had lymphoid follicles with pallid germinal center indicating induction of immune reaction (Figure 5D). In these secondary lymphoid follicles, cumuli of apoptotic bodies reactive to caspase-3 antibodies were observed (Figure 5D,inset), indicating that PmPV2 could also be toxic through apoptosis in some cell populations.



Oral Immunization

In agreement with PmPV2 internalization and detection in lymphoid follicles of the PPs, anti-PmPV2 IgG was detected in the sera of mice gavaged with 0.8 mg of PmPV2 (Figure 5E). Further, all the immunized mice survived to an i.p. injection of 1 mg of PmPV2 which is about 200% of its reported LD50 without any signs of intoxication (Figure 5F). Control groups showed no reaction to IgG detection and, when injected with PmPV2, all of the neurological signs previously reported were observed and all mice died after 48 h.




DISCUSSION

Eggs are usually an unattended life-cycle stage in gastropods and depend entirely on the defensive compounds maternally transferred that ensure embryos normal development and protection against pathogens. Notably, two distinctive immune-related polypeptides were found in the eggs of two Pomacea species, P. canaliculata and P. maculata: a tachylectin (PV2-31) and a MACPF-containing protein (PV2-67) (4, 5), which are combined into the perivitellin PV2 complex (8, 9). Comparative genomic analysis together with expression patterns and proteomic validation showed that although these lectin and MACPF are present in the genomes of four species of the family, as well as in the genomes of other Mollusks, only in Pomacea these two proteins experienced extensive gene expansion by tandem duplication and neofunctionalization into the PV2 complex, which is expressed as such only in an accessory gland of females and transferred to eggs (30). Although the immune role of these two proteins are largely unexplored in snails, a PV2-67-like protein found in the kidney of the snail Littorina littorea showed overexpression when infected with a trematode parasite (31), indicating a putative immune function in the common ancestor of mollusks MACPF (12). In addition to their immune role, another prominent role of animal MACPFs is in the embryonic development of several organisms, ranging from sea urchins to mammals (32). Similar to those proteins PmPV2 is maternally transferred to the eggs, where it is massively accumulated during the early developing stages, before the embryo consumes it (33). However, PV2 structure lacks some key structural features described in developmental MACPFs, such as absence of ancillary domains and shorter TMH1 (12, 32). Finally, a less-extended group of animal MACPFs also act as toxins such as those from some cnidarians and the stone fish, where they play a role in prey capture (22, 34). The co-option of PV2 into Pomacea eggs and its neurotoxicity to mice locates it within the group of MACPF toxins, although here it plays a defensive role against terrestrial predators (30). The novelty found in this work is that PV2 also exerts enterotoxic effects, a role never ascribed to MACPFs.

These Pomacea eggs have also other biochemical defenses targeting the digestive system, notably perivitellins that lower the nutritional value (i.e., antinutritive or indigestible) and others with antidigestive properties (i.e., digestive enzyme inhibitors) (9, 23, 27, 28, 35, 36). These noxious proteins, advertised by a warning (aposematic) pink-reddish coloration, seems to be an effective passive defense system since eggs have virtually no predators, except for the fire ant, Solenopsis geminata (37). Here we report a novel enterotoxic role for PV2, previously described as a neurotoxin (8).

Akin to other perivitellins, we found that PmPV2 is highly stable at pH values ranging from 4.0 to 10.0, a range that includes most digestive system environments of animals (38, 39). The increases in Rg and Dmax without changes in mass or secondary structure observed at pH 4.0 may be explained as a partial quaternary unfolding of some protein domains; a behavior already documented on model proteins like BSA using SAXS (40). In this regard, several reports in other pore-forming proteins (PFPs) suggest that the acidic microenvironment found at the membrane vicinity partially denatures the pore-forming domain to a more flexible state, leading to the conformational changes needed for membrane insertion (41–45). Moreover, it is worth to mention that the small intestine of mice has an acidic pH (<5.2) relatively close to this experimental condition (46). However, whether these structural changes associated with pH are related with the PmPV2 function needs to be confirmed. We also demonstrate that it is resistant to the proteolytic activity of common digestive enzymes in vitro, and to gastrointestinal tract enzymes in vivo (see below), indicating that it is refractive to digestion and assimilation by predators. The non-digestible property of PV2, not only contributes to lower the nutritional value of eggs for a predator, but also allows PV2 to reach its intestinal tract in an active form to exert its toxic effect. The effects of the purified toxin on the gut are similar to those reported for diets supplemented with P. canaliculata PVF (23, 24), indicating that the PV2s are responsible, at least of some of the reported gut alterations. After reaching the intestinal lumen, oral toxins must either traverse the intestinal barrier to reach their target cells or exert its toxicity on the gut. In this regard, we provide evidence that PmPV2 does both. First it binds to intestinal cells and then induces strong morphological changes and cell detachment in a similar way as bacteria Cholera toxins (CT), Shiga toxins (Stxs) and heat-labile (LT) enterotoxins do (47). Then PmPV2 has a cytotoxic effect triggered by its structural components, because, like the above-mentioned bacterial toxins (10, 11, 13), PV2s have an AB-toxin structure, with a ¨B¨ lectin unit that delivers a toxic MACPF ¨A¨ module to the target cell (9, 12). Among the morphological changes that PmPV2 causes on Caco-2 cells, a notorious increase in plasma membrane roughness was observed by AFM. According to the bibliography, this increase could be due to three main reasons: (1) the formation of holes produced by the insertion of protein molecules into the membrane, as was observed for this and other PFPs (12, 48); (2) membrane vesiculation during protein internalization, a process commonly observed in AB toxins (10, 11, 49); (3) membrane and cytoskeleton reorganization as usually displayed by host cells in response to membrane damage (50–52). Further analyses are needed to confirm which of these processes -alone or combined- are triggered by PV2 toxins.

The ability of PmPV2 to bind to and kill enterocytes suggested a putative enterotoxic role for this toxin. Cytotoxic enterotoxins kill target cells through either lytic or non-lytic mechanisms by inducing necrosis or apoptosis, respectively (13, 47). Here, we demonstrate that PmPV2 triggers necrosis in Caco-2 cells, the same cell death pathway reported for bacterial pore-forming toxins such as alpha hemolysin (HlyA), staphylococcal alpha-toxin, pneumolysin, streptolysin-O and leukotoxin PFTs (15, 53). Interestingly, cells treated with PmPV2 showed two subpopulations of necrotic cells, which can be interpreted as different stages of cell damage. It has been reported that permeated living cells -which become transiently defective before total loss of the ability to exclude the dye- showed moderate labeling in comparison to the intensive labeling of dead cells (54). Besides necrosis, when using a rodent as a predator model, apoptotic bodies were also observed in lymphoid follicles after incorporation of the toxin indicating that another toxic mechanism is also present, an observation that requires future research to clarify.

In the present work, we were also able to detect orally ingested PmPV2 attached to the enterocyte glycocalyx of small intestine, indicating that the toxin reaches the intestinal mucosa in an active form. Binding to the mucosal surface may further protect this egg toxin from luminal digestive proteases as reported for plant enterotoxins (19). After binding, PmPV2 induced strong morphophysiological changes in the small intestine mucosa in <24 h. Several of these effects resemble those caused by plant seed dietary lectins, where toxicity is mainly attributed to interference with the digestive process and to anatomic abnormalities after binding to cell surface glycans on enterocytes (55, 56). We also demonstrate that PmPV2 not only causes morphological changes but also increases the permeability of enterocyte monolayers, indicating that it is able to disrupt the intestinal barrier. This provides an explanation of previous reports showing that oral administration of P. canaliculata PVF induced an increase of total absorption rate affecting both paracellular (i.e., between enterocytes) and transcellular (i.e., through enterocytes) pathways (24). This increased intestinal permeability may generate an uncontrolled income of dietary macromolecules (57, 58) further contributing to PV2 toxicity. Besides, the presence of high amounts of PmPV2 in the Peyer's patches suggests that it may also be entering the predator's body through a different pathway. Results suggest it may traverse the barrier through M cells, cells involved in the modulation of mucosal and systemic immune responses (59). In fact, lymphoid follicle activation was observed in treated mice. Independently of the mechanism through which PmPV2 traverses the intestinal barrier, ingestion of minute amounts (~0.8 mg) stimulated the immune system of mice. This small amount of PV2 is biologically relevant if we consider that a single egg-clutch contains ~67 mg PV2 (26). The immune response generated by PmPV2 was characterized by the presence of specific IgG antibodies that protected mice from an otherwise lethal injection of PV2, and also by the presence of apoptotic immune cells in the Peyer's patches. Remarkably, a similar response has been described for both invasive bacterial enterotoxins and plant dietary lectins ingested by mice and rats (14, 15, 19, 60, 61), pointing to a convergent mechanism among plant, bacteria, and animals' proteinaceous toxins. The resemblance between Pomacea eggs and plant seed defenses could be understood from an ecological point of view: both seeds and eggs are usually unattended life stages that are often exposed to similar selective pressures by predators and pathogens.

As a whole, these results indicate that PmPV2 not only affects the nervous system but also targets the digestive system. To our knowledge, there is no report of animal toxins with such dual effect. Furthermore, toxins having enterotoxic and neurotoxic activities at the same time were only reported in one bacterium, Stxs from Shigella dysenteriae (62). However, it is notable that the oral administration of PmPV2 did not cause the neurological signs observed when it is intraperitoneally injected. This absence of neurotoxicity through oral administration could be due to many causes still unclear.

Nowadays, there is an increasing biomedical interest on molecules capable of withstanding the harsh gastrointestinal environment and inducing immune responses to be used as adjuvants for oral vaccination (61, 63). Currently, bacterial enterotoxins (like CT from Vibrio cholerae and LT from Escherichia coli) or their attenuated derivatives are mostly used for this purpose (64–66). The results gathered here indicate that PmPV2 is a good candidate to be tested as an adjuvant for oral vaccine design.

It is interesting to recall that other species of the Pomacea genus that lack PV2 enterotoxin have evolved different protective perivitellins such as the lectin PsSC from P. scalaris whose ingestion affects gut morphology but in a non-cytotoxic way (36). This suggests that it is likely that there are still other enterotoxic compounds yet to be discovered within the well-protected eggs of this rapidly diversifying group.



CONCLUSION

Avoiding attack is essential for survival and, under this selective pressure organisms have evolved a plethora of mechanisms to deter predators. In this study we unveiled part of the multiple defenses of Pomacea snails that suggest that the cooption of new functions in immune related egg proteins confer an advantage for survival and, even, diversification and spread of this highly invasive species.

By combining a lectin and a pore-forming protein, Pomacea PV2s have acquired enterotoxic properties, a role that has never been ascribed to lectins or perforin protein families in animals. This is also the first example of a eukaryotic toxin having both neuro- and enterotoxic activities. Finally, this work provides the first description of a true animal enterotoxin, extending by convergent evolution the presence of plant- and bacteria-like enterotoxins to unattended reproductive stages in animals and expanding the varied roles of MACPF in nature.



METHODS

Purification and Fluorescent Labeling of PmPV2

PmPV2 was purified from newly laid P. maculata egg clutches as previously described (8). Total protein was quantified following the method of Lowry et al. (67) using a standard curve prepared with bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA). The protein was labeled using the Alexa Fluor 488 Protein Labeling Kit (Life Technologies-Molecular Probes, Eugine, OR, USA) following manufacturer instructions. Labeled BSA (Life Technologies-Molecular Probes, Eugine, OR, USA) was employed as negative control.



Cell Culture

For experimental analysis, we used the Caco-2 line of human colorectal adenocarcinoma cells, commonly used as a model of intestinal physiology and toxicology (68). Caco-2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 0.45% (w/v) D-glucose and supplemented with 10% (v/v) newborn calf serum, penicillin/streptomycin, amino acids and vitamins (Life Technologies-Invitrogen, Gaithersburg, MD, USA). Cells were cultured at 37°C in a humidified atmosphere of 5% CO2. The culture medium was replaced every 2 days. After reaching 95% confluence, cells were subcultured by trypsinization. Cell viability was checked by trypan blue exclusion assay (69). Passages from 80 to 105 were used, with a window no higher than 10 passages within each experiment. All experiments were conducted with a confluence of cells above 90%.



Mice

BALB/c AnN mice, Mus musculus Linnaeus, 1758 (body mas = 20.2 ± 1.7 g), were obtained from the Experimental Animals Laboratory of the School of Veterinary Science, UNLP. All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals (70) and were approved by the Comité Institucional de Cuidado y Uso de Animales de Experimentación (CICUAL) of the School of Medicine, UNLP (Assurance No. P08-01-2013).



PmPV2 Resistance to in silico and in vitro Gastrointestinal Digestion

Before the in vitro assay, we analyzed the protein digestibility in silico using the amino acid sequences of both PmPV2 subunits already published (5). The number of putative cleavage sites of pepsin and trypsin was determined using the PeptideCutter server (https://web.expasy.org/peptide_cutter/) (71).


Gastric Phase

A simulated gastrointestinal digestion of PmPV2 was performed using the method described by Moreno et al. (72) with some modifications (9, 27). Briefly, PmPV2 in Mili-Q water was dissolved in simulated gastric fluid (0.15 M NaCl, pH 2.5) to a final concentration of 0.5 μg/μL. The gastric phase was conducted at 37°C in the presence of porcine pepsin (Sigma-Aldrich) at an enzyme:substrate ratio of 1:20 (w/w). Aliquots of 5 μg protein were taken at 0, 60 and 120 min after the addition of the pepsin. The reaction was stopped by increasing the pH with 150 mM Tris-HCl buffer pH 8.5.



Intestinal Phase

For in vitro duodenal digestion, 100 μL of the 120 min gastric digest was used as starting material. The pH of the digests was adjusted to 8.5 with 0.1 M NaOH and the following were added: 22.8 μL of 0.15 M Tris/HCl buffer (pH 8.5) and 4.17 μL of 0.25 M sodium taurocholate (Sigma-Aldrich) solution. The simulated duodenal digestion was conducted at 37°C using bovine pancreas trypsin (Sigma-Aldrich) at an enzyme:substrate ratio of 1:2.8 (w/w). Aliquots were taken at 0, 60, and 120 min.



Electrophoretic Analysis

Samples taken from both gastric and duodenal phases were immediately boiled for 10 min in SDS electrophoresis buffer with β-mercaptoethanol (4%) and analyzed by SDS-PAGE using 4–20% gradient gels prepared following the Laemmli (73) method. Gels were stained with Coomassie Brilliant Blue G-250 (Sigma-Aldrich). BSA (Sigma-Aldrich) in the presence and in absence of enzymes was used as positive and negative controls, respectively.




Structural Stability Against pH

Structural stability against pH was determined in PmPV2 (65 μg/mL) at pH values ranging from 2.0 to 12.0. Buffers of the desired pH were prepared using sodium phosphate salts and citric acid buffers (74). After overnight incubation, samples were analyzed by fluorescence spectroscopy, CD, and SAXS as follows.


Fluorescence

Fluorescence emission spectra of PmPV2 (65 μg/mL) in PBS buffer (1.5 mM NaH2PO4, 8.1 mM Na2HPO4, 140 mM NaCl, 2.7 mM KCl, pH 7,4) were recorded in scanning mode in a Perkin-Elmer LS55 spectrofluorometer (Norwalk). Protein was exited at 280 nm (4 nm slit) and emission recorded between 275 and 437 nm. Fluorescence measurements were performed in 10 mm optical-path-length quartz-cells. The temperature was controlled at 25 ± 1°C using a circulating-water bath.



Circular Dichroism

Spectra of PmPV2 (70–140 μM) were recorded on a Jasco J-810 spectropolarimeter using quartz cylindrical cuvettes of 1-mm or 10-mm path lengths for the far-UV (200–250 nm) and near-UV (250–310 nm) regions, respectively. Data were converted into molar ellipticity [θ]M (deg.cm2. dmol−1) using a mean residue weight value of 115.5 g/mol for PmPV2.



Small-Angle X-Ray Scattering (SAXS)

Synchrotron SAXS data from solutions of PmPV2 at different pH values (74) were collected on the SAXS2 beamline at the Laboratório Nacional de Luz Sincrotron (Campina, Brazil) using MAR 165 CDD detector at a sample-detector distance of 1.511 m and at a wavelength of λ = 0.155 nm (I(s) vs. s, where s = 4πsinθ/λ, and 2θ is the scattering angle). Protein concentrations ranging between 0.8 and 2 mg/mL were measured at 20°C; BSA (Sigma-Aldritch) was measured as a molecular mass standard. Five successive 300-s frames were collected. The data were normalized to the intensity of the transmitted beam and radially averaged; the scattering of the solvent-blank was subtracted. Radius of gyration (Rg), molecular mass and maximum intraparticle distance (Dmax) were estimated from the final curves using ATSAS 3.0.1 (r12314) (75). Molecular mass was estimated from intensity at s = 0 (I0) of the sample and reference (BSA) calculated by the software.




PmPV2 Interaction With Caco-2 Cells


Binding Assay

Caco-2 cells were seeded on a 24-well plate (Greiner Bio-One, Monroe, NC, USA) and were incubated at 37°C for 48 h. Then, cells were washed twice with PBS (1.5 mM NaH2PO4, 8.1 mM Na2HPO4, 140 mM NaCl, 2.7 mM KCl pH 7.4) and incubated with Alexa488-labeled PmPV2 or BSA in PBS (0.4 mg/mL) for 1 h at 37°C. Cells were observed in an inverted fluorescence microscope (Olympus IX-71).



Effect of PmPV2 on Cell Morphology

Changes in Caco-2 cell morphology and membrane roughness was determined by atomic force microscopy (AFM) following the protocol of Cattaneo et al. (76). Cells were cultured on slide covers and incubated at 37°C for 24 h. Then, the medium was replaced by a PmPV2 solution in DMEM (0.05 μg/μL) and incubated at 37°C for 24 h. After treatment cells were washed twice with PBS and fixed using an ethanol dehydration train (35°, 45°, 55°, 75°, 85°, 96°, and 100°) at room temperature and air-dried (77). Cells were photographed before and after fixation to check any morphological effect due to this step. Six different cell samples (three controls and three treated) were analyzed by AFM in air, using a MultiMode Scanning Probe Microscope (Veeco Instruments Inc., Santa Barbara, CA, USA) coupled with a Nanoscope V controller (Veeco Instruments Inc.). Measurements were obtained with Tapping® mode, using probes doped with silicon nitride (RTESP, Veeco Instruments Inc., with tip nominal radius of 8–12 nm, 271–311 kHz, force constant 20–80 N/m). The typical scan rate was 0.5 Hz. The analysis was performed on either a large area (50 × 50 μm) or a smaller area of the cell surface of 15 × 15 μm2 and 5 × 5 μm2. Membrane roughness was evaluated in 5 × 5 μm2 sections taking into consideration the Ra, Rq and Image Surface Area Difference (ISAD) parameters determined using the Nanoscope Analysis 1.5 software package. The parameter Ra is the arithmetic mean of the deviations in height from the roughness mean value, Rq is the root mean square of the height distribution, and ISAD is the difference between the tridimensional area and the bidimensional area.



Cytotoxicity

The cytotoxic effect of the PmPV2 on enterocytes was evaluated on Caco-2 human colorectal adenocarcinoma cells following the method described in Dreon et al. (23). In brief, once cell cultures reached the desired confluence, 50 μl/well of a 2-fold serial dilution of PmPV2 (0.111 mg/mL) in PBS were added and incubated at 37°C for 24 h. Control wells were prepared with 50 μL/well of PBS. Cell viability was measured using the 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (78), in a microplate Multimode Detector DTX-880 (Beckman Coulter, Inc., CA, USA). Cell viability was expressed as control percentage: % Viability = (OD treated cells/OD control cells) × 100.



Apoptosis vs. Necrosis Assay

Knowing that the PmPV2 was cytotoxic to Caco-2 cells we performed an assay to determine whether the toxin induces apoptosis or necrosis. Caco-2 cells were cultured in 6-well plates (Greiner Bio-One) and incubated at 37°C for 24 h. Then 100 μL of a PBS solution containing 100 μg of PmPV2 was added 24, 12, 3, 1, 0.5, and 0.25 h before trypsinization; 100 μL of PBS buffer was used as control. After harvest, cell suspensions were washed two times and resuspended in binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2 pH 7.4) at 2 × 106 cells/mL. Next, 5 μL of annexin V-FICT (BD Biosciences, San Jose, CA, USA) and 10 μL of propidium iodide (PI, BD Biosciences) solutions were added to 100 μL of each cell suspension and incubated at room temperature for 15 min in the dark. After adding 300 μL of binding buffer and stirring, cell fluorescence was determined immediately using a BD FACSCalibur flow cytometer (BD Biosciences) and data were analyzed with Flowing Software v. 2.5.1. The percentage of apoptosis was taken as the percentage of only annexin V-positive (FICT+/PI−), the percentage of necrosis was either double-positive (FICT+/PI+) or only PI-positive cells (FICT−/PI+), while percentage of viable cells was double-negative cells (FICT−/PI−).



Transepithelial Electric Resistance (TEER) Assay

A volume of 500 μL of a Caco-2 cell suspension was cultured in 8.4 mm ThinCert transwell system of 0.4-μm pore size (Greiner Bio-One) for 24-well plates. Two milliliters of medium were added to each well. The medium was changed every 2 days in both compartments. Changes in TEER were followed by measuring the culture every 24 h using an EVOM-Epithelial voltohmmeter (World Precision Instruments Inc., Sarasota, FL, USA) until resistance reached a constant value (i.e., the monolayer was completely formed). Then, 100 μL of a 10-fold serial dilution of PmPV2 (2 mg/mL) in PBS was added. TEER was measured at different times within 96 h post-treatment. Data were expressed as percentage of TEER relative to the starting value at 0 h.




PmPV2 Interaction With Mice Intestine


Histological Analysis

Small intestine morphology was analyzed in three groups of treated mice, six animals each (three males and three females). One group was gavaged with a single dose of 300 μL of PBS containing 400 μg (<1% of the amount found in one clutch) of PmPV2 (1-dose group). Another group of mice was gavaged with doses of 300 μL of the same solution every 24 h during 4 days before intestine extraction (4-dose group). The control group (6 mice) received the equivalent volume of PBS. Oral gavage was performed using a winged needle infusion set and was completed within 30 s. Twelve hours after the single or last dose the intestines of the mice were removed and cylindrical tissue samples were fixed and analyzed as previously reported (24). Samples were stained using hematoxylin-eosin or PAS. PmPV2 binding to intestinal mucosae was analyzed by immunohistochemistry (IHC) using rabbit IgG anti-PcPV2 antibodies following previous reports (9). Apoptosis was also detected by IHC using mouse IgG anti-Caspase 3 monoclonal antibodies diluted 1:100 in PBS buffer (Santa Cruz Biotechnologies Inc., Santa Cruz, CA, USA).



Fate and Internalization of PmPV2 in vivo

To evaluate PmPV2 fate and internalization Alexa488-labeled PmPV2 and BSA in PBS were used. Three sets of nine mice (females and males) each were gavaged with (i) PBS, (ii) Alexa488-labeled BSA (75 μg) as control, or (iii) Alexa488-labeled PmPV2 (75 μg). At 2, 6 and 8 h post-administration three mice of each treatment were sacrificed and Peyer's patches (PPs) (9 PPs/mice) and the remaining small intestine (SI) were aseptically removed. SI was homogenized with 5 mL of PBS in a Potter type homogenizer OS-40 Pro (DLAB Scientific Inc., Riverside, CA, USA). Single-cell suspensions were prepared (79) from PPs and washed twice in PBS solution in order to remove extracellular labeled protein. Cell suspensions were resuspended in 5 mL of PBS. Then 100 μL of homogenate or cell suspensions were seeded in 96-well, flat-bottom, black microplate (Corning Inc., Corning, NY, USA) and fluorescence was measured in a microplate reader Multimode Detector DTX-880 (Beckman Coulter Inc., Brea, CA, USA). Arbitrary fluorescence units (A.U.) were corrected by labeling efficiency (effi) and molarity (A.U./effi.mol).




Oral Immunization

Groups of three female mice each were gavaged with two boosters of 100 μL of PBS containing 800 μg of PmPV2 with 19 days between each other; mice gavaged with 100 μL of PBS were used as control (n = 3). Immunization was determined by measuring IgG anti-PmPV2 in serum and by analyzing mice resistance to PmPV2 lethal toxic effect. Three days after the second boost blood was sampled by cheek puncture and serum obtained as previously described (9) and kept at −70°C until used. Spots of 0.05 μg of PmPV2 were pipetted onto nitrocellulose membranes (GE Healthcare-Amersham Biosciences Inc., Piscataway, NJ, USA) and membranes blocked with 5% (w/v) non-fat milk in PBS with 0.05% (v/v) Tween 20 (Anedra S.A., San Fernando, BA, Argentina) (PBST) at 4°C overnight. Then membranes were incubated with anti-sera solutions (1:100) in 3% (w/v) non-fat milk in PBST. After washing 5 times with PBST for 5 min each time, the presence of anti-PmPV2 antibodies was detected using anti-mouse IgG horseradish peroxidase conjugate (1:3,000, Bio-Rad Laboratories Inc., Hercules, CA, USA). Membranes were washed as above and revealed by chemiluminescence. Twelve days after the second boost, mice were intraperitoneally (i.p.) injected with 200 μL of a PBS solution containing 22.4 μg of PmPV2 (i.e., 1 mg/kg), a dose 4 times higher than the reported LD50, 96 h (8). Animals were observed every day for 4 days to check for neurological signs and survival.



Statistical Analysis

Statistical analyses were conducted with GraphPad PRISM v. 5.03 software and results expressed as mean ± 1 SEM. Mucosal-to-serosal amplification ratio (M), TEER and absorption parameters were determined by one-way analysis of variance (one-way ANOVA) with post-hoc Bonferroni's test. The significance level selected to accept difference for all statistical analysis performed was α < 0.05.




DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by Comité Institucional de Cuidado y Uso de Animales de Experimentación (CICUAL) of the School of Medicine, National University of La Plata (Assurance No. P08-01-2013).



AUTHOR CONTRIBUTIONS

AI, HH, SI, and MG designed the research. AI, PF, SI, MG, EP, and MD performed research. AI, PF, SI, EP, MD, MG, and HH analyzed data and revised the draft. AI, MG, and HH drafted the article.



FUNDING

This work was supported by a grant from Agencia Nacional de Promoción Científica y Tecnológica (PICT 2014-0850 to HH).



ACKNOWLEDGMENTS

MG, SI, AI, EP, and HH are members of CONICET, Argentina. MD is member of CIC, Buenos Aires, Argentina. PF is member of National University of La Plata, Argentina. We thank N. Scelsio for her help with the histological techniques and L. Bauzá for help in PmPV2 purification. We thank Dr. W. Karasov for valuable comments on a draft of the ms and Dr. G. Docena for his help on the flow cytometry experiments.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.00428/full#supplementary-material



ABBREVIATIONS

MACPF, Membrane Attack Complex/Perforin; PFT, pore-forming toxin; PVF, perivitelline fluid; PV2, perivitellin-2; SAXS, small angle X-ray scattering; CD, circular dichroism; BSA, bovine serum albumin; ISAD, image surface area difference; TEER, transepithelial electric resistance; PPs, Peyer's patches; i.p, intraperitoneally; CT, cholera toxin; Stxs, Shiga toxins; LT, heat-labile enterotoxin; HlyA, alpha-hemolysin; PsSC, scalarin.



REFERENCES

 1. McCormack R, Podack ER. Perforin-2/Mpeg1 and other pore-forming proteins throughout evolution. J Leukoc Biol. (2015) 98:761–8. doi: 10.1189/jlb.4MR1114-523RR

 2. Loker ES. Gastropod immunobiology. In: Söderhäll K, editor. Invertebrate Immunity. New York, NY: Landes Biocience and Springer Science+Business Media (2010). p. 27.

 3. Hathaway JJ, Adema CM, Stout BA, Mobarak CD, Loker ES. Identification of protein components of egg masses indicates parental investment in immunoprotection of offspring by Biomphalaria glabrata (Gastropoda, Mollusca). Dev Comp Immunol. (2010) 34:425–35. doi: 10.1016/j.dci.2009.12.001

 4. Sun J, Zhang H, Wang H, Heras H, Dreon MS, Ituarte S, et al. First proteome of the egg perivitelline fluid of a freshwater gastropod with aerial oviposition. J Proteome Res. (2012) 11:4240–8. doi: 10.1021/pr3003613

 5. Mu H, Sun J, Cheung SG, Fang L, Zhou H, Luan T, et al. Comparative proteomics and codon substitution analysis reveal mechanisms of differential resistance to hypoxia in congeneric snails. J. Proteomics. (2018) 172:36–48. doi: 10.1016/j.jprot.2017.11.002

 6. Ip JCH, Mu H, Zhang Y, Heras H, Qiu J-W. Egg perivitelline fluid proteome of a freshwater snail (Caenogastropoda): insight into the transition from aquatic to terrestrial egg deposition. Rapid Commun Mass Spectrom. (2019) 34:e8605. doi: 10.1002/rcm.8605

 7. Ip JCH, Mu H, Zhang Y, Sun J, Heras H, Chu KH, et al. Understanding the transition from water to land: insights from multi-omic analyses of the perivitelline fluid of apple snail eggs. J Proteomics. (2019) 194:79–88. doi: 10.1016/j.jprot.2018.12.014

 8. Heras H, Frassa MV, Fernández PE, Galosi CM, Gimeno EJ, Dreon MS. First egg protein with a neurotoxic effect on mice. Toxicon. (2008) 52:481–8. doi: 10.1016/j.toxicon.2008.06.022

 9. Dreon MS, Frassa MV, Ceolin M, Ituarte S, Qiu JW, Sun J, et al. Novel animal defenses against predation: a snail egg neurotoxin combining lectin and pore-forming chains that resembles plant defense and bacteria attack toxins. PLoS ONE. (2013) 8:e63782. doi: 10.1371/journal.pone.0063782

 10. Falnes P, Sandvig K. Penetration of protein toxins into cells. Curr Opin Cell Biol. (2000) 12:407. doi: 10.1016/S0955-0674(00)00109-5

 11. Odumosu O, Nicholas D, Yano H, Langridge W. AB toxins: a paradigm switch from deadly to desirable. Toxins. (2010) 2:1612–45. doi: 10.3390/toxins2071612

 12. Giglio ML, Ituarte S, Milesi V, Dreon MS, Brola TR, Caramelo JJ, et al. Exaptation of two ancient immune proteins into a new dimeric pore-forming toxin in snails. bioRxiv [Preprint]. (2019). doi: 10.1101/2019.12.23.880021

 13. Lin C-F, Chen C-L, Huang W-C, Cheng Y-L, Hsieh C-Y, Wang C-Y, et al. Different types of cell death induced by enterotoxins. Toxins. (2010) 2:2158–76. doi: 10.3390/toxins2082158

 14. Taylor SL. Disease processes in foodborne illness. In: Dodd C, Aldsworth T, Stain R, Cliver D, Riemann H, editors. Foodborne Diseases. London: Stein Academic Press (2017). p. 576.

 15. Bhakdi S, Bayley H, Valeva A, Walev I, Walker B, Weller U, et al. Staphylococcal alpha-toxin, streptolysin-0, and Escrerichia coli hemolysin: prototypes of pore-forming bacterial cytolysins. Arch Microbiol. (1996) 165:73–9. doi: 10.1007/s002030050300

 16. Rosado CJ, Kondos S, Bull TE, Kuiper MJ, Law RH, Buckle AM, et al. The MACPF/CDC family of pore-forming toxins. Cell Microbiol. (2008) 10:1765–74. doi: 10.1111/j.1462-5822.2008.01191.x

 17. Chrispeels MJ, Raikhel NV. Lectins, lectin genes, and their role in plant defense. Plant Cell. (1991) 3:1–9. doi: 10.1105/tpc.3.1.1

 18. Peumans WJ, Van Damme EJ. Lectins as plant defense proteins. Plant Physiol. (1995) 109:347–52. doi: 10.1104/pp.109.2.347

 19. Vasconcelos IM, Oliveira JT. Antinutritional properties of plant lectins. Toxicon. (2004) 44:385–403. doi: 10.1016/j.toxicon.2004.05.005

 20. Vasta GR, Ahmed H. Animal Lectins: A Functional View. Boca Raton: CRC Press (2008). doi: 10.1201/9781420006971

 21. Anderluh G, Kisovec M, Krasevec N, Gilbert RJ. Distribution of MACPF/CDC proteins. Subcell Biochem. (2014) 80:7–30. doi: 10.1007/978-94-017-8881-6_2

 22. Ellisdon AM, Reboul CF, Panjikar S, Huynh K, Oellig CA, Winter KL, et al. Stonefish toxin defines an ancient branch of the perforin-like superfamily. Proc Natl Acad Sci USA. (2015) 112:15360–5. doi: 10.1073/pnas.1507622112

 23. Dreon MS, Fernández PE, Gimeno EJ, Heras H. Insights into embryo defenses of the invasive apple snail Pomacea canaliculata: egg mass ingestion affects rat intestine morphology and growth. PLoS Negl Trop Dis. (2014) 8:e2961. doi: 10.1371/journal.pntd.0002961

 24. Giglio ML, Garro C, Caviedes-Vidal E, Heras H. Egg perivitelline fluid of the invasive snail Pomacea canaliculata affects mice gastrointestinal function and morphology. PeerJ. (2018) 6:e5314. doi: 10.7717/peerj.5314

 25. Dreon MS, Ituarte S, Heras H. The role of the proteinase inhibitor ovorubin in apple snail eggs resembles plant embryo defense against predation. PLoS ONE. (2010) 5:e15059. doi: 10.1371/journal.pone.0015059

 26. Giglio ML, Ituarte S, Pasquevich MY, Heras H. The eggs of the apple snail Pomacea maculata are defended by indigestible polysaccharides and toxic proteins. Can J Zool. (2016) 94:777–85. doi: 10.1139/cjz-2016-0049

 27. Pasquevich MY, Dreon MS, Qiu JW, Mu H, Heras H. Convergent evolution of plant and animal embryo defences by hyperstable non-digestible storage proteins. Sci Rep. (2017) 7:15848. doi: 10.1038/s41598-017-16185-9

 28. Ituarte S, Brola TR, Dreon MS, Sun J, Qiu J-W, Heras H. Non-digestible proteins and protease inhibitors: implication for defense of the colored eggs of the freshwater apple snail Pomacea canaliculata. Can J Zool. (2019) 97:9. doi: 10.1139/cjz-2018-0210

 29. Kisielinski K, Willis S, Prescher A, Klosterhalfen B, Schumpelick V. A simple new method to calculate small intestine absorptive surface in the rat. Clin Exp Med. (2002) 2:131–5. doi: 10.1007/s102380200018

 30. Sun J, Mu H, Ip JCH, Li R, Xu T, Accorsi A, et al. Signatures of divergence, invasiveness, and terrestrialization revealed by four apple snail genomes. Mol Biol Evol. (2019) 36:1507–20. doi: 10.1093/molbev/msz084

 31. Gorbushin AM. Membrane attack complex/perforin domain-containing proteins in a dual-species transcriptome of caenogastropod Littorina littorea and its trematode parasite Himasthla elongata. Fish Shellfish Immunol. (2016) 54:254–6. doi: 10.1016/j.fsi.2016.04.015

 32. Johnson TK, Henstridge MA, Warr CG. MACPF/CDC proteins in development: insights from drosophila torso-like. Semin Cell Dev Biol. (2017) 72:163–70. doi: 10.1016/j.semcdb.2017.05.003

 33. Heras H, Garín CF, and Pollero RJ. Biochemical composition and energy sources during embryo development and in early juveniles of the snail Pomacea canaliculata (Mollusca: Gastropoda). J. Exp. Zool. (1998) 280:375–83. doi: 10.1002/(SICI)1097-010X(19980415)280:6<375::AID-JEZ1>3.0.CO;2-K

 34. Podobnik M, Anderluh G. Pore-forming toxins in Cnidaria. Semin Cell Dev Biol. (2017) 72:133–41. doi: 10.1016/j.semcdb.2017.07.026

 35. Hayes KA, Burks RL, Castro-Vazquez A, Darby PC, Heras H, Martín PR, et al. Insights from an integrated view of the biology of apple snails (Caenogastropoda: Ampullariidae). Malacologia. (2015) 58:245–302. doi: 10.4002/040.058.0209

 36. Ituarte S, Brola TR, Fernandez PE, Mu H, Qiu JW, Heras H, et al. A lectin of a non-invasive apple snail as an egg defense against predation alters the rat gut morphophysiology. PLoS ONE. (2018) 13:e0198361. doi: 10.1371/journal.pone.0198361

 37. Yusa Y. Predation on eggs of the apple snail Pomacea canaliculata (Gastropoda: Ampullariidae) by the fire ant Solenopsis geminata. J Mollus Stud. (2001) 67:275–9. doi: 10.1093/mollus/67.3.275

 38. Randall D, Burggren W, French K. Energy acquisition: feeding, digestion and metabolism. In: Randall D, Burggren W, French K, editors. Eckert Animal Physiology. Mechanisms and Adaptations. 4th ed. New York, NY: Freeman (1997). p. 683–724.

 39. Nation JL. Digestion. In: Nation JL, editor. Insect Physiology and Biochemistry. Boca Raton: CRC press (2002). p. 27–64.

 40. Yeh YQ, Liao KF, Shih O, Shiu YJ, Wu WR, Su CJ, et al. Probing the acid-induced packing structure changes of the molten globule domains of a protein near equilibrium unfolding. J Phys Chem Lett. (2017) 8:470–7. doi: 10.1021/acs.jpclett.6b02722

 41. van der Goot FG, Lakey JH, Pattus F. The molten globule intermediate for protein insertion or translocation through membranes. Trends Cell Biol. (1992) 2:343–8. doi: 10.1016/0962-8924(92)90184-O

 42. Ptitsyn OB. Molten globule and protein folding. Adv Protein Chem. (1995) 47:83–229. doi: 10.1016/S0065-3233(08)60546-X

 43. Vecsey-Semjen B, Mollby R, van der Goot FG. Partial C-terminal unfolding is required for channel formation by staphylococcal alpha-toxin. J Biol Chem. (1996) 271:8655–60. doi: 10.1074/jbc.271.15.8655

 44. Vecsey-Semjen B, Lesieur C, Mollby R, van der Goot FG. Conformational changes due to membrane binding and channel formation by staphylococcal alpha-toxin. J Biol Chem. (1997) 272:5709–17. doi: 10.1074/jbc.272.9.5709

 45. Bortoleto RK, Ward RJ. A stability transition at mildly acidic pH in the alpha-hemolysin (alpha-toxin) from Staphylococcus aureus. FEBS Lett. (1999) 459:438–42. doi: 10.1016/S0014-5793(99)01246-6

 46. McConnell EL, Basit AW, Murdan S. Measurements of rat and mouse gastrointestinal pH, fluid and lymphoid tissue, and implications for in-vivo experiments. J Pharm Pharmacol. (2008) 60:63–70. doi: 10.1211/jpp.60.1.0008

 47. Keusch GT, Donta ST. Classification of enterotoxins on the basis of activity in cell culture. J Infect Dis. (1975) 131:58–63. doi: 10.1093/infdis/131.1.58

 48. Liu Y, Zhang T, Zhou Y, Li J, Liang X, Zhou N, et al. Visualization of perforin/gasdermin/complement-formed pores in real cell membranes using atomic force microscopy. Cell Mol Immunol. (2019) 16:611–20. doi: 10.1038/s41423-018-0165-1

 49. Yoshida A, Sakai N, Uekusa Y, Imaoka Y, Itagaki Y, Suzuki Y, et al. Morphological changes of plasma membrane and protein assembly during clathrin-mediated endocytosis. PLoS Biol. (2018) 16:e2004786. doi: 10.1371/journal.pbio.2004786

 50. Pi J, Li B, Tu L, Zhu H, Jin H, Yang F, et al. Investigation of quercetin-induced HepG2 cell apoptosis-associated cellular biophysical alterations by atomic force microscopy. Scanning. (2016) 38:100–12. doi: 10.1002/sca.21245

 51. Mesquita FS, Brito C, Cabanes D, Sousa S. Control of cytoskeletal dynamics during cellular responses to pore forming toxins. Commun Integr Biol. (2017) 10:e1349582. doi: 10.1080/19420889.2017.1349582

 52. Brito C, Cabanes D, Sarmento Mesquita F, Sousa S. Mechanisms protecting host cells against bacterial pore-forming toxins. Cell Mol Life Sci. (2019) 76:1319–39. doi: 10.1007/s00018-018-2992-8

 53. Karakelian D, Lear JD, Lally ET, Tanaka JC. Characterization of Actinobacillus actinomycetemcomitans leukotoxin pore formation in HL60 cells. Biochim Biophys Acta. (1997) 1406:175–87. doi: 10.1016/S0925-4439(98)00002-7

 54. Darzynkiewicz Z, Juan G, Li X, Gorczyca W, Murakami T, Traganos F. Cytometry in cell necrobiology: analysis of apoptosis and accidental cell death (necrosis). Cytometry. (1997) 27:1–20. doi: 10.1002/(SICI)1097-0320(19970101)27:1<1::AID-CYTO2>3.0.CO;2-L

 55. Cooper HS, Farano P, Coapman RA. Peanut lectin binding sites in colons of patients with ulcerative colitis. Arch Pathol Lab Med. (1987) 111:270–5.

 56. Marzo F, Alonso R, Urdaneta E, Arricibita FJ, Ibanez F. Nutritional quality of extruded kidney bean (Phaseolus vulgaris L. var Pinto) and its effects on growth and skeletal muscle nitrogen fractions in rats. J Anim Sci. (2002) 80:875–9. doi: 10.2527/2002.804875x

 57. Menard S, Cerf-Bensussan N, Heyman M. Multiple facets of intestinal permeability and epithelial handling of dietary antigens. Mucosal Immunol. (2010) 3:247–59. doi: 10.1038/mi.2010.5

 58. Perrier C, Corthesy B. Gut permeability and food allergies. Clin Exp Allergy. (2011) 41:20–8. doi: 10.1111/j.1365-2222.2010.03639.x

 59. Cirkovi C, Veličković T, Gavrović-Jankulović M. Intestinal permeability and trnsport of food antigens. In: Cirković T, Veličković Gavrović-Jankulović M, editors. Food Allergens. Biochemistry and Molecular Nutrition. Servia: Springer, (2014). p. 29–56.

 60. Tchernychev B, Wilchek M. Natural human antibodies to dietary lectins. FEBS Lett. (1996) 397:139–42. doi: 10.1016/S0014-5793(96)01154-4

 61. Lavelle EC, Grant G, Pusztai A, Pfuller U, O'Hagan DT. Mucosal immunogenicity of plant lectins in mice. Immunology. (2000) 99:30–7. doi: 10.1046/j.1365-2567.2000.00932.x

 62. Eiklid K, Olsnes S. Animal toxicity of Shigella dysenteriae cytotoxin: evidence that the neurotoxin, enterotoxin, and cytotoxic activities are due to one toxin. J Immunol. (1983) 130:380–4.

 63. Davitt CJ, Lavelle EC. Delivery strategies to enhance oral vaccination against enteric infections. Adv Drug Deliv Rev. (2015) 91:52–69. doi: 10.1016/j.addr.2015.03.007

 64. Freytag LC, Clements JD. Mucosal adjuvants. Vaccine. (2005) 23:10. doi: 10.1016/j.vaccine.2004.11.010

 65. Hill DR, Ford L, Lalloo DG. Oral cholera vaccines: use in clinical practice. Lancet Infect Dis. (2006) 6:361–73. doi: 10.1016/S1473-3099(06)70494-7

 66. Norton EB, Lawson LB, Freytag LC, Clements JD. Characterization of a mutant Escherichia coli heat-labile toxin, LT(R192G/L211A), as a safe and effective oral adjuvant. Clinical and Vaccine Immunology. (2011) 18:546–51. doi: 10.1128/CVI.00538-10

 67. Lowry OH, Rosenbrough NJ, Farr AL, Randall R. Protein measurement with the folin phenol reagent. J Biol Chem. (1951) 193:265–75.

 68. Pinto M, Robine-Leon S, Appay MD, Kedinger M, Triadou N, Dussaulx E, et al. (1983). Enterocyte-like differentiation and polarization of the human colon carcinoma cell line Caco-2 in culture. Biol. Cell. 47:8.

 69. Mishell BB, Shiigi SM, Henry C, Chan EL, North J, Gallily R, et al. Determination of viability by trypan blue exclusion. In: Mishell BB, Shiigi SM, editors. Selected Methods in Cellular Immunology. San Francisco, CA: W H Freeman and Company (1980) p. 124–37.

 70. Council NR. Guide for the Care and Use of Laboratory Animals. (2011). Washington, DC: National Academies Press

 71. Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins MR, Appel RD, et al. Protein identification and analysis tools on the ExPASy server. In: Walker JM, editor. The Proteomics Protocols Handbook. Totowa, NJ: Humana Press (2005). p. 571–607.

 72. Moreno FJ, Maldonado BM, Wellner N, Mills EN. Thermostability and in vitro digestibility of a purified major allergen 2S albumin (Ses i 1) from white sesame seeds (Sesamum indicum L.). Biochim Biophys Acta. (2005) 1752:142–53. doi: 10.1016/j.bbapap.2005.07.022

 73. Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature. (1970) 227:680–5. doi: 10.1038/227680a0

 74. Deutscher MP. Section II. General methods for handling proteins and enzymes. In Deutscher MP, editors. Guide to Protein Purification Methods in Enzymology. New York, NY: Academic Press (1990). p. 19–92.

 75. Franke D, Petoukhov MV, Konarev PV, Tuukkanen A, Mertens HDT, Kikhney AG, et al. ATSAS 2.8: a comprehensive data analysis suite for small-angle scattering from macromolecular solutions. J Appl Crystallogr. (2017) 50:1212–5. doi: 10.1107/S1600576717007786

 76. Cattaneo ER, Prieto ED, Garcia-Fabiani MB, Montanaro MA, Guillou H, Gonzalez-Baro MR. Glycerol-3-phosphate acyltransferase 2 expression modulates cell roughness and membrane permeability: an atomic force microscopy study. PLoS ONE. (2017) 12:e0189031. doi: 10.1371/journal.pone.0189031

 77. Lara-Cruz C, Jimenez-Salazar JE, Ramon-Gallegos E, Damian-Matsumura P, Batina N. Increasing roughness of the human breast cancer cell membrane through incorporation of gold nanoparticles. Int J Nanomed. (2016) 11:5149–61. doi: 10.2147/IJN.S108768

 78. Denizot F, Lang R. Rapid colorimetric assay for cell growth and survival Modifications to the tetrazolium dye procedure giving improved sensitivity and reliability J Immunol Meth. (1986) 89:271–7. doi: 10.1016/0022-1759(86)90368-6

 79. Sheridan BS, Lefrancois L. Isolation of mouse lymphocytes from small intestine tissues. Curr Protoc Immunol. (2012) 99:3.19.1–11. doi: 10.1002/0471142735.im0319s99

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Giglio, Ituarte, Ibañez, Dreon, Prieto, Fernández and Heras. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-11-00428-g005.gif





OPS/images/fimmu-11-00428-g003.gif
g o






OPS/images/fimmu-11-00428-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Novel Role for Animal Innate Immune Molecules: Enterotoxic Activity of a Snail Egg MACPF-Toxin



		Introduction



		Results



		Stability at Physiologically Relevant PHs and Gastrointestinal Environments



		Binding to Intestinal Cells and Effects on Cell Morphology and Small Intestinal Mucosa



		Cytotoxicity and Cell Monolayer Disruption



		Fate and Internalization in the Intestinal Mucosa



		Oral Immunization







		Discussion



		Conclusion



		Methods



		Purification and Fluorescent Labeling of PmPV2



		Cell Culture



		Mice



		PmPV2 Resistance to in silico and in vitro Gastrointestinal Digestion



		Gastric Phase



		Intestinal Phase



		Electrophoretic Analysis









		Structural Stability Against pH



		Fluorescence



		Circular Dichroism



		Small-Angle X-Ray Scattering (SAXS)









		PmPV2 Interaction With Caco-2 Cells



		Binding Assay



		Effect of PmPV2 on Cell Morphology



		Cytotoxicity



		Apoptosis vs. Necrosis Assay



		Transepithelial Electric Resistance (TEER) Assay









		PmPV2 Interaction With Mice Intestine



		Histological Analysis



		Fate and Internalization of PmPV2 in vivo









		Oral Immunization



		Statistical Analysis







		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Novel Role for Animal Innate
Immune Molecules: Enterotoxic
Activity of a Snail Egg MACPF-Toxin





OPS/images/fimmu-11-00428-g001.gif
»

s
(w3

(o] () W

o

1






OPS/images/fimmu-11-00428-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





