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The gram-negative bacterium Vibrio cholerae causes the life-threatening diarrheal disease cholera, which is spread through the ingestion of contaminated food or water. Cholera epidemics occur largely in developing countries that lack proper infrastructure to treat sewage and provide clean water. Numerous vertebrate fish species have been found to be natural V. cholerae hosts. Based on these findings, zebrafish (Danio rerio) have been developed as a natural host model for V. cholerae. Diarrheal symptoms similar to those seen in humans are seen in zebrafish as early as 6 hours after exposure. Our understanding of basic zebrafish immunology is currently rudimentary, and no research has been done to date exploring the immune response of zebrafish to V. cholerae infection. In the present study, zebrafish were infected with either pandemic El Tor or non-pandemic, environmental V. cholerae strains and select immunological markers were assessed to determine cellular immunity and humoral immunity. Significant increases in the gene expression of two transcription factors, T-bet and GATA3, were observed in response to infection with both V. cholerae strains, as were levels of mucosal related antibodies. Additionally, the cytokine IL-13 was shown to be significantly elevated and paralleled the mucin output in zebrafish excretions, strengthening our knowledge of IL-13 induced mucin production in cholera. The data presented here further solidify the relevancy of the zebrafish model in studying V. cholerae, as well as expanding its utility in the field of cholera immunology.
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Introduction

Vibrio cholerae is a gram-negative bacterium that causes the diarrheal disease cholera. Endemic to warmer climates such as Southeast Asia, Latin America, and parts of Africa, V. cholerae can be found in aquatic environments including fresh, salt or brackish water (Baker-Austin et al., 2013; Ali et al., 2015). Roughly 3-5 million people per year become infected with cholera, leading to estimates of ~140,000 deaths, with half of those being children aged 5 years or younger (Ali et al., 2015). With current advancements of climate change and warming temperatures, the spread of V. cholerae to new geographical areas leads to the urgent need for research furthering our understanding of this pathogen (Vezzulli et al., 2016; Deeb et al., 2018).

Strains of Vibrio cholerae that can cause pandemics and the disease cholera are those categorized in the O1 or O139 serogroups, while the majority of V. cholerae are “non-O1/O139” environmental strains that may or may not cause some form of gastroenteritis (Baker-Austin et al., 2018). V. cholerae strains that do cause cholera can be differentiated from other strains by the production of cholera toxin (CT) and toxin coregulated pilus (TCP) (Faruque et al., 1998). The disease is characterized by symptoms such as the classical profuse-watery diarrhea, known as “rice-water stool”, that leads to extreme dehydration, shock, and eventual death (Legros, 2018). This watery diarrhea is flecked with mucus, intestinal epithelial cells, and bacteria. A normal functioning mucus gel layer covering intestinal epithelial cells serves many functions, including as a dynamic defensive barrier against microbes both resident and foreign (Gaskins, 1997). The secretion of this mucus gel layer is the primary function of a specialized group of cells lining mucosal tissue, called goblet cells (Birchenough et al., 2015). Alteration of mucin production is hypothesized to occur in one of two ways: 1) by microbial factors that either modulate the secretion and synthesis of mucin, or by altering the chemical composition of this mucin, or 2) host factors that are released by local epithelial cells or immune cells in response to intestinal microbes (Belley et al., 1999; Mack et al., 1999). Large secretions of mucus are one result of V. cholerae infection and partially due to the effects of CT that lead to a release of massive amounts of mucin via a cAMP-dependent mechanism (Yardley et al., 1972; Lencer et al., 1990). V. cholerae has also been shown to penetrate mucus layers using its flagellum, while nonmotile Vibrios are significantly less efficient at colonization or even avirulent (Jones, 1977). Another study reported that V. cholerae outer membrane vesicles (OMVs) led to the priming of CD4+ T cells toward an inflammatory T helper 2 (Th2) response and led to expression of the cytokines IL-4, IL-13, and IL-17, all of which have been shown to lead to an upregulation in the production of mucin (Dabbagh et al., 1999; Shim et al., 2001; Chen et al., 2003; Chatterjee and Chaudhuri, 2013).

The effect of V. cholerae and cholera toxin on cellular immunity appears to be one that leads to CD4+ T cell differentiation to both Th1 and Th2 cell lineages, while Th2 cell types may be favored. Stimulation of T cells by intracellular bacteria generally leads to differentiation towards the Th1 cell lineage and a cellular-mediated response, which is characterized by activating phagocytes such as macrophages and cytotoxic T cells (CD8+ T cells), rather than antibody production. Th2 cells, on the other hand, are generally activated by extracellular pathogens and lead to a humoral immune response, characterized by B cell activation and immunoglobulin production (Zhu and Paul, 2008). In a report documenting T cell responses in Bangladeshi children, naturally infected cholera patients were shown to have elevated levels of both Th1 and Th2 cells, while those vaccinated had more modest increases in Th1 cells, indicating that both age as well as route of immunization likely play a factor in T cell populations (Arifuzzaman et al., 2012). Meanwhile, Xu-Amano et al. showed that oral immunization with CT preferentially led to the induction of Th2 cells, with some Th1-type cells still being detected (Xu-Amano et al., 1994).

As previously mentioned, one cytokine produced by Th2 cells is IL-13. A major effect of IL-13 is in inducing goblet cell differentiation, resulting in the production of excess mucus, a well characterized result of cholera disease (Wynn, 2003). One report by Bhuiyan et al. documented increases in this cytokine after stimulating lymphocytes isolated from hospitalized cholera patients. However, to date, work investigating Th2 cell production of IL-13 during V. cholerae infection is lacking (Bhuiyan et al., 2009). Another effect of Th2 cell responses is ultimately in B cell activation and immunoglobulin production. In humans, V. cholerae infection has been shown to lead to increases in IgM, IgG, and IgA (Levine et al., 1981; Yang et al., 2019). In the present study, we utilized a well-established V. cholerae zebrafish model. Though the zebrafish and human immune systems are largely the same, differences in immunoglobulins are present, as fish lack homologues of IgG and IgE (Gomez et al., 2013). Despite this, the mucosal tissue associated antibodies IgM and IgA (termed IgZ in zebrafish) are still present in fish, and likely have roles in teleost defense against V. cholerae infection.

While much research has gone into understanding cholera immunology and V. cholerae pathogenesis, many questions remain in the field. Perhaps the most important question remains how to create more efficacious cholera vaccines, as current vaccine efficacies are only ~60% (Shaikh et al., 2020). Because Th1 and Th2 responses are antagonistic, with cytokines from one preventing the development of the other, fully understanding the V. cholerae factors that elicit a Th1 vs. Th2 mediated response are therefore essential in improving vaccine efficacy (Rosenthal and Zimmerman, 2006). Our current understanding of CD4+ T cell responses is lacking, as is knowledge of the downstream cytokines and effector functions produced by these cells during cholera.

Furthermore, the zebrafish model is still in its infancy in characterizing and understanding the immune response to V. cholerae infection. Defining cell-mediated and humoral antibody responses will add to the cholera immunology knowledge base as a whole and will open the door for the fish model to be used in answering other unresolved questions in immune responses to V. cholerae infection.

In this work, we define key parts of the zebrafish immune response to V. cholerae, including cell mediated and humoral immunity, as well as a potential cytokine source of mucus production. Our results provide evidence for use of the zebrafish model as a tool for further immunological studies with the ultimate goal of developing more efficacious cholera vaccines.



Materials and Methods


Bacterial Strains and Culture Conditions

V. cholerae environmental strain 25493 (Smr [100 µg/ml]) and V. cholerae El Tor strain E7946 (Smr [100 µg/ml]) were used in this study. Bacterial strains were frozen in 15% glycerol in Luria-Bertani (LB) broth (Difco, NJ, USA) at -80°C. For experimentation, each strain was then grown in LB broth (Difco, NJ, USA) at 37°C under shaking conditions (180 rpm) or on plates in LB agar (Difco, NJ, USA) with the appropriate antibiotic(s). Thiosulfate-citratebile-sucrose (TCBS) agar (Difco, NJ, USA) was used as selective media for V. cholerae.



Zebrafish

Wild-type AB zebrafish were used for all experiments. Zebrafish were housed in an automated recirculating tank system (Aquaneering, CA, USA) using water filtered by reverse osmosis and maintained at pH 7.0 to 7.5. The tank water was conditioned with Instant Ocean salt (Aquarium Systems, OH, USA) to a conductivity of 600 to 700 S. Zebrafish were euthanized in 100 ml of 32-µg/ml Tricaine-S (tricaine methane sulfonate; MS-222 [Western Chemical, WA, USA]) for a minimum of 25-30 min after cessation of opercular movement. All animal protocols were approved by the Wayne State University IACUC.



Adult Zebrafish Infection Procedure

For experimental groups, 4-5 zebrafish were placed into a 400 ml beaker with perforated lids, containing 200 ml of tank water (autoclaved ddH2O with 60 mg/liter of Instant Ocean aquarium salts). Bacterial cultures were grown in LB broth at 37°C for 16 to 18 h with aeration. Bacteria were then washed once in phosphate-buffered saline (PBS) and diluted to a concentration of 109 CFU/ml by measuring the OD at 600 nm. PBS diluted bacteria were then added directly to beakers to an infection concentration of 2.5 x 107 CFU/ml and plated using serial dilutions for verification. Control fish were exposed to 1 ml of 1X PBS. Beakers containing fish were then placed in a glass-front incubator at 28°C for the duration of the experiment.



Intestinal Colonization Assessment

At specified time points, fish were euthanized using tricaine as described above. Intestines were aseptically removed and placed in homogenization tubes (2.0 ml screw-cap tubes; Sarstedt, Nümbrecht, Germany) with 1.5 g of 1.0 mm glass beads (BioSpec Products, Inc., Bartlesville, OK) and 1 ml of 1x PBS, and held on ice. Homogenization tubes were loaded into a Mini-Beadbeater-24 (BioSpec Products, Inc.). Serial dilutions of homogenized tissue were performed using 1X PBS and the dilutions were plated onto LB agar plates with appropriate antibiotics.



RNA Isolation and qRT-PCR

Intestinal tissue was homogenized in 1 ml 1x PBS using homogenization beads as described above. RNA was then extracted using Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany). Total RNA was resuspended in RNase-free water and quantified using a NanoDrop. cDNA was then synthesized using Invitrogen SuperScript III First-Strand Synthesis System cDNA kit (Invitrogen, Waltham, MA) from a specific amount of RNA. qRT-PCR was performed using SYBR green on a 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA). Quantification of gene expression was determined using the comparative ΔΔCT method. Gene expression was normalized to the endogenous reference β-actin level and was reported as fold change relative to the reference gene. qPCR primer sequences for control and genes of interest are as follows: β-actin (F: 5’ TGCTGTTTTCCCCTCCATTG 3’) (R: 5’ TTCTGTCCCATGCCAACCA 3’), T-bet (F: 5’ AAATCCAGGAGCATGGACAG 3’) (R: 5’ TGAGACTGGATGTGGGTTTG 3’), GATA3 (F: 5’ CTGATAGGTGGGTCCTCTTC 3’) (R: 5’ CCGTTCATCTTGTGGTAAAG 3’), IL-13 (F: 5’ GTAGAGGAGGAGTCGGACTG 3’) (R: 5’ TCTAGTCCTCAGTGCGACGA 3’), IgM (F: 5’ GAAGCCTCCAATTCTGTTGG 3’) (R: 5’ CCGGGCTAAACACATGAAG 3’), IgZ (F: 5’ GAACCAAACTCAGGGTTGGA 3’) (R: 5’ CACCCAGCATTCTACAGCAA 3’).



Mucin Determination via Microtiter PAS Assay

Mucin concentrations from excreted water were determined as previously described (Pukatzki et al., 2006; Nag et al., 2018). 100 µl/well of blank or mucin standards were loaded in a 96-well plate (Corning Costar; Corning, NY, USA), along with triplicates of samples. 0.1% periodic acid solution was added at 50 µl/well and mixed, then covered and incubated for 1 hr in a 37°C incubator. The plate was allowed to cool to room temperature, then 100 µl/well of Schiff’s reagent (Sigma-Aldrich) was added, mixed, and shaken for 15 minutes. Absorbance was then read at O.D. = 560 nm (Tecan Spectra Fluor plus; Tecan, Männedorf, Switzerland). The effective OD of test samples was calculated by subtraction of the PBS controlled (uninfected) fish excreted water OD from the test (infected) fish excreted water OD.



Statistical Analysis

Experiments were performed in triplicate on separate occasions, unless otherwise specified. Data shown are presented as the mean ± standard deviation (SD). All statistical analyses, t-tests and two-way ANOVAs were performed using Prism version 7.0 for Windows (GraphPad Software, La Jolla, CA).




Results


Cell-Mediated Immune Response

With V. cholerae infection occurring extracellularly along the villi of the intestinal tract, we hypothesized that a Th2 mediated response would be seen in the zebrafish model, followed by a humoral-mediated response resulting in antibody production. To assess the zebrafish immune response to V. cholerae, we inoculated five fish via immersion using 2.5x107 CFU/ml of either pandemic O1 strain E7946 (labelled “El Tor”) or environmental strain 25493 (labelled “non-O1”). Fish were then incubated and sacrificed at 24 h post infection (hpi), 72 hpi, or 120 hpi. After euthanasia, RNA was isolated from fish intestines and qPCR was used to assess the gene expression of transcription factors T-bet and GATA3 for each of these cell types. At all three time points after infection both T-bet and GATA-3 gene expression were significantly increased in zebrafish infected with either of the V. cholerae strains as compared to uninfected control fish (Figure 1). These data would support previous reports indicating that both Th1 and Th2 types of CD4+ T helper cells respond during V. cholerae infection.




Figure 1 | Adaptive immune responses in zebrafish against V. cholerae infection. WT zebrafish (n=5) were infected with E7946 (El Tor) or 25493 (non-O1) strains of V. cholerae at 2.5 x 107 CFU/mL and then sacrificed at the indicated time points. (A) T-bet expression in fish infected with El Tor strain E7946. (B) T-bet expression in  fish infected withnon-O1 strain 25493. (C) GATA3 expression in fish infected with El Tor strain E7946. (D) GATA3 expression in fish infected with non-O1 strain 25493. T-bet and GATA3 gene expression levels in zebrafish mRNA were determined through qRT-PCR. Gene expression was normalized against β-actin and expressed as fold change. Error bars indicate standard deviation. Data shown is from three experiments. *P < 0.05 as compared to control, **P < 0.05 as compared to 24 h infection.





IL-13 Associated Mucin Production

We next wanted to explore if Th2 associated cytokine responses correlated with increased levels of mucin production. To investigate this, we first measured the intestinal colonization and mucin output from infected zebrafish tank water using the previously described microtiter PAS assay. We then chose to assess the Th2 associated cytokine IL-13, which has been shown to be elevated in response to V. cholerae infection and is well documented to induce goblet cell differentiation and mucin production (Bhuiyan et al., 2009; Chatterjee and Chaudhuri, 2013). Five fish were inoculated with 2.5×107 cfu/ml of either El Tor or non-O1 V. cholerae via bath inoculation, followed by enumeration of V. cholerae in the intestinal tract 24 h, 72 h and 120 h post infection. For both strains the colonization levels were ~2×105, 1×105 and 5×104 after 24, 72 and 120 hpi respectively (Figure 2A). The non-O1 strain showed slightly higher gut colonization than the El tor strain. Mucin output was elevated in fish infected with both strains, with the highest level of mucin output observed at 24 h. However, mucin levels were roughly 2.5 times higher in the El Tor strain as compared to the environmental non-O1 strain (Figure 2B).




Figure 2 | Mucin and IL-13 levels increase during V. cholerae infection. WT zebrafish (n=5) were infected with E7946 (El Tor) or 25493 (non-O1) strains of V. cholerae at 2.5 x 107 CFU/mL and then sacrificed at the indicated time points, or water was taken during indicated time points. (A) CFU of the indicated V. cholerae strain taken from zebrafish intestines. (B) Mucin levels in the water of zebrafish infected with the indicated V. cholerae strain. (C) IL_13 expression in fish infected with El Tor strain E7946. (D) IL-13 levels in fish infected with non-O1 strain 25493. Mucin levels were determined via microtiter PAS assay. mRNA levels were determined through qRT-PCR. Gene expression was normalized against β-actin and expressed as fold change. Error bars indicate standard deviation. Data shown is from three experiments. *P < 0.05 as compared to control, **P < 0.05 as compared to 24 h infection.



Levels of mRNA expression for the cytokine IL-13 were significantly increased for all three time points by both V. cholerae strains, with 24 h being the time point of highest expression, then decreasing and plateauing at 72 h and 120 h, following the same pattern as mucin measurements (Figures 2C, D). Relative IL-13 gene expression was roughly 2 times higher in fish infected with the El Tor strain as compared to the environmental strain, which paralleled mucin measurements. Though IL-13 is not the only documented molecule that may influence mucin production, these results indicate that IL-13 patterns appear to correlate with mucin measurements in the same strain and when compared across strains to higher levels of IL-13 mRNA and mucin output both in the El Tor strain.



Humoral Immune Response

Finally, we wanted to assess the humoral response of the zebrafish to V. cholerae infection by measuring relevant antibody responses. Three immunoglobulins are present in the zebrafish, which are homologues of human IgM, IgD, and IgA, the latter known as IgZ/T in fish. Currently, the role of IgD is not well understood in teleosts, and current knowledge of human IgD indicates it likely does not play a large role in V. cholerae immunity. Therefore, mRNA levels of IgM and IgZ were measured in the zebrafish model during V. cholerae infection. Because IgM is well known to be an early responding immunoglobulin, we hypothesized that our model would show increases in this antibody first, with mRNA levels increasing slightly at 24 h, and reaching significantly increased levels by 72 h (Figures 3A, B). By 120 h, mRNA of IgM had fallen to baseline levels, and these patterns held true for fish infected with either V. cholerae strain. IgZ, the mucosal homologue of mammalian IgA, was significantly increased at 72 hpi and 120 hpi. However, 72 hpi IgZ levels were much lower in fish infected with the El Tor strain than in fish infected with the environmental non-O1 strain (Figures 3C, D). These data support previously documented immunoglobulin responses in humans, indicating that IgM and mucosal antibodies are important adaptive responses during V. cholerae infection.




Figure 3 | IgM and IgZ levels increase during V. cholerae infection. WT zebrafish (n=5) were infected with E7946 (El Tor) or 25493 (non-O1) strains of V. cholerae at 2.5 x 107 CFU/mL and then sacrificed at the indicated time points. (A) IgM expression in  fish infected with El Tor strain E7946. (B) IgM expression in  fish infected with non-O1 strain 25493. (C) IgZ expression in  fish infected with El Tor strain E7946. (D) IgZ expression in  fish infected with non-O1 strain 25493. mRNA levels were determined through qRT-PCR. Gene expression was normalized against β-actin and expressed as fold change. Error bars indicate standard deviation. Data shown is from three experiments. *P < 0.05 as compared to control.






Discussion

Previous reports have indicated that there may be roles for both Th1 and Th2 cells in response to V. cholerae infection, while other reports have favored a stronger Th2 response (Xu-Amano et al., 1994; Zhu and Paul, 2008; Arifuzzaman et al., 2012). It has been well documented that Th2 responses generally occur during extracellular pathogenic infections. Additionally, Th2 cells are known activators of humoral immunity resulting in immunoglobulin production, and mucosal antibodies as well as IgG have been shown to be present in cholera patients (Xu-Amano et al., 1994; Zhu and Paul, 2008; Arifuzzaman et al., 2012). T-bet and GATA3 act through distal elements to control expression of immune regulator genes. The transcription factor T-bet is essential for Th1 cell mediated responses whereas GATA3 is responsible for both Th1 and Th2 cell mediated immune responses. In the V. cholerae zebrafish model, mRNA gene expression of both T-bet and GATA3 was significant increased at all three time points after V. cholerae infection, suggesting that both pandemic and non-pandemic V. cholerae strains (El Tor and non-O1) can induce Th1 and Th2 cell mediated adaptive immune responses following infection (Figure 1).

While some evidence in the literature does exist indicating Th2 cell lineages are favored in response to cholera, there is far from a consensus on cell mediated immunity. Many reports of CT being an immunomodulatory agent that favors Th2 cell differentiation are available. A study from Lavelle et al. shows that in mice, CT modulates dendritic cell (DC) cytokine production to promote Th2 and regulatory type 1 T cells (Tr1), which ultimately inhibit Th1 cell differentiation (Lavelle et al., 2004). Meanwhile, Mattsson et al. reported that DCs primed CD4+ T cells independent of Th1 associated cytokines, and resulted in a substantial generation of Th1, Th2, and Th17 cells (Mattsson et al., 2015). Other reports such as those by Chatterjee et al. indicate that other V. cholerae associated molecules, such as OMVs, favor a Th2 mediated response (Chatterjee and Chaudhuri, 2013). While the strain of V. cholerae causing infection and subsequently the virulence factors utilized during the infection may influence the CD4+ differentiation, data presented here do not indicate differences in responses, as one major difference between the strains used is the presence of CT. Zebrafish homologues to human dendritic cells have only recently been identified and are amongst the least investigated and understood immunological cell type in zebrafish to date (Lugo-Villarino et al., 2010). Future work documenting DC and Th17 cell responses in zebrafish may further the understanding of these cell types and provide clarity as to cholera cell mediated responses.

One hallmark symptom of cholera is profuse-watery diarrhea. This rice-water stool is mucus laden - partially a function of CT, which leads to increases in intracellular cAMP, leading to intestinal goblet cells activating cAMP response element binding protein (CREB) and ultimately massive amounts of mucin secretion (Yardley et al., 1972; Lencer et al., 1990). Previously, the zebrafish model has been shown to produce diarrhea and replicate the infectious cycle of cholera. Mitchell at al. reported increases in mucin filled goblet cells, as well as increases in mucin and diarrhea in fish infected with either El Tor or environmental non-O1 strains of V. cholerae (Mitchell et al., 2017). High colonization levels by two V. cholerae strains was observed up to 120 hpi in the current study. We were able to relate the production of mucin in the zebrafish gut with the degree of colonization using both an El Tor and an environmental non-O1 strain (Figures 2A, B). In addition, mRNA levels of the cytokine IL-13 were significantly increased at all three time points (Figures 2C, D).

Though mucin production is well known to occur during V. cholerae infection, and IL-13 production is established as an inducer of goblet cell differentiation and mucus secretion, evidence linking these together during cholera is currently lacking. While IL-13 levels have been assessed, these studies are generally done in investigations of CD4+ cell responses to cholera. In this study, data document an increase in both mucin production and the IL-13 gene expression level in the zebrafish, allowing for further investigation into this relationship using this model. One way the zebrafish model is uniquely suited to exploring these questions is by using genetic knockdowns in zebrafish. Morpholinos (MO) have been widely used to mediate gene knockdowns in many zebrafish models. Techniques such as these will enable experiments that determine IL-13 and other Th2 associated cytokines such as IL-4 or IL-17 involvement in mucus production.

In humans, the immunoglobulins IgM, IgG, and IgA have been shown to be elevated either during initial V. cholerae infection, or during secondary challenge (Levine et al., 1981; Yang et al., 2019). While zebrafish lack IgG, they possess homologues of the important mucosal antibodies IgM and IgA that play a vital role in defense of gastrointestinal pathogens like V. cholerae (Gomez et al., 2013). IgM is known as the first responding antibody, while it also has the ability to bind to the polyimmunglobulin receptor (pIgR), leading to its secretion into mucosal surfaces such as the lumen of the gut. In zebrafish infected with V. cholerae, IgM mRNA levels were slightly elevated at 24 hpi, significantly elevated at 72 hpi, and returning to baseline by 120 hpi (Figures 3A, B). For IgZ, the zebrafish mucosal immunoglobulin homologue of human IgA, mRNA gene expression was significantly increased at both 72 hpi and 120 hpi for fish infected with either V. cholerae strain (Figures 3C, D). Because Th2 responses ultimately lead to a humoral mediated immune response, elevations in mucosal associated immunoglobulins were expected based on significantly increased Th2 responses in the zebrafish (Figures 1C, D).

The data presented here further solidify the zebrafish model as a useful tool in the study of V. cholerae infection. By documenting the basic immune response of fish to V. cholerae, larger, more pressing questions can be answered. Currently, the literature tells a conflicting story of the nature of cell mediated immune responses during cholera. This work adds to that story by indicating that both Th1 and Th2 cells likely have a role in cholera defense. Future work documenting the zebrafish dendritic cells, as well as Th17 cells, may provide further clarity to the convoluted nature of this problem. In addition, this study provides a direct link between excess mucus production during cholera and IL-13 cytokine responses. By establishing this link, future experiments involving genetically modified zebrafish may prove useful in unearthing the role IL-13 and other Th2 associated cytokines play in excess mucus secretion. Finally, immunoglobulin responses in this work may aid understanding long term immunity and mucosal defenses that occur during cholera.

In sum, this study lays the groundwork for the use of the zebrafish as a relevant model for studying immunological questions in the cholera field. Use of this model will aid in answering looming immunology questions in pursuit of developing more efficacious cholera vaccines.
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