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Abstract: Heat-labile toxin I (LT-I), produced by strains of enterotoxigenic Escherichia coli (ETEC),
causes profuse watery diarrhea in humans. Different in vitro and in vivo models have already
elucidated the mechanism of action of this toxin; however, their use does not always allow for more
specific studies on how the LT-I toxin acts in systemic tracts and intestinal cell lines. In the present
work, zebrafish (Danio rerio) and human intestinal cells (Caco-2) were used as models to study the
toxin LT-I. Caco-2 cells were used, in the 62nd passage, at different cell concentrations. LT-I was
conjugated to FITC to visualize its transport in cells, as well as microinjected into the caudal vein of
zebrafish larvae, in order to investigate its effects on survival, systemic traffic, and morphological
formation. The internalization of LT-I was visualized in 3 x 10* Caco-2 cells, being associated with
the cell membrane and nucleus. The systemic traffic of LT-I in zebrafish larvae showed its presence
in the cardiac cavity, yolk, and regions of the intestine, as demonstrated by cardiac edema (100%), the
absence of a swimming bladder (100%), and yolk edema (80%), in addition to growth limitation in
the larvae, compared to the control group. There was a reduction in heart rate during the assessment
of larval survival kinetics, demonstrating the cardiotoxic effect of LT-I. Thus, in this study, we provide
essential new depictions of the features of LT-1.

Keywords: heat-labile toxin; Caco-2 cells; zebrafish; systemic effects; cardiotoxic effect

Key Contribution: Two experimental models were evaluated for the first time; using fluorophore-
conjugated LT-I. Zebrafish is transparent, allowing for the systemic traffic observation of LT, as
well as enabling its use as an experimental model for adjuvant studies. The use of intestinal cells
permitted the validation of the LT-I pathway, as has already been observed in adrenal cells.

1. Introduction

Bacterial toxins have been increasingly recognized as important virulence factors in a
variety of pathogenic bacteria, being responsible for the symptoms associated with several
important diseases such as diarrhea [1,2].

Heat-labile toxin I (LT-I) is one of the two toxins produced by enterotoxigenic Es-
cherichia coli (ETEC) strains, a pathotype responsible for approximately 10 million cases of
diarrhea per year worldwide, mainly affecting children under five years old in low-income
areas of developing countries [3,4]. It is also considered the main pathotype that causes
“traveler’s diarrhea,” which is associated with visitors in transit through some settings in
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developing countries—mainly Latin America, the Caribbean (i.e., Haiti and the Dominican
Republic), South Asia, the Middle-East, and Africa [3-5].

LT-1is an oligomeric bacterial enterotoxin with an ABs-type structure, composed of an
A sub-unit formed of two domains (A; and Ajy) connected by a disulfide bridge: A; is the
enzymatically active portion and A; serves as a support, which is non-covalently linked to
the pentameric B sub-unit [6-8]. Its internalization occurs mainly through the binding of
the B sub-unit to the GM; ganglioside receptor present in the intestinal epithelium, which
is responsible for enabling the internalization of the enzymatically active A sub-unit of the
toxin [6-8].

The active A sub-unit is allosterically activated by ADP ribosylation factors (ARFs) [9,10].
The active A portion of the LT catalyzes the ADP ribosylation of the heterotrimeric GTPase
Gsa, consequently activating adenylate cyclase [11]. This results in an increase in cAMP,
leading to the activation of cAMP-dependent protein kinase A (PKA) which, in turn, phos-
phorylates multiple serine residues within the R-domain of CFIR [12], allowing for ATP
hydrolysis and gating of the chloride channel [13].

In addition to their performance in the intestinal lumen, LT-I and its sub-families
(LT-IIa, LT-IIb, and LT-IIc) have also been described as potent mucosal and systemic
adjuvants [14,15]. Although the cellular and molecular events which promote such im-
munomodulatory properties have not yet been fully elucidated and described, it has been
suggested that the physical interactions generated by the binding of the B pentameric
sub-unit with ganglioside receptors located on the surface triggers one or more types of
immunocompetent cells [15-17].

To observe the action and effects of the LT-I toxin as an adjuvant, different models
have been (and/or are) used. The most widespread methodology for observing the effect
of the LT-I toxin in vivo is carried out using a loop attached to the intestines of adult rabbits,
where a bacterial culture of ETEC or the toxin itself is inoculated into the animals through
surgical techniques, generating fluid accumulation in the intestine [18]. Newborn mice
have also been used, with the percutaneous injection or oral administration of the bacterial
culture supernatant, followed by the removal of the intestine for analysis [19-21]. In studies
carried out with LT-I and LT-II sub-families as adjuvants, the murine model is the most
widespread, in which both enteral and parenteral routes have been employed [14,15,22].
These methodologies are extremely laborious and, at present, are often incompatible with
the rules of the committees that regulate ethics in the use of animals.

In this context, the zebrafish (Danio rerio) is a vertebrate species with several ad-
vantageous characteristics filling the gap between cell cultures and rodents, allowing for
early in vivo validation, as well as several human pathogen studies [23-29], in addition to
studies evaluating the neutralization of toxins by antibodies [30], efficiency of molecules
as vaccine adjuvants [31-33], and vaccine efficacy and safety tests [34]. Zebrafish genes
show 70% similarity to those of humans [35], as well as other advantageous characteris-
tics, when compared to models already established in rodents, such as the optical clarity
of embryos and larvae, ease of creation and manipulation, high reproductive rate, and
rapid development, among others [26,28]. Additionally, zebrafish have a fully functional
digestive system that is visible for five days after fertilization, as well as high homology
with superior vertebrate organisms, in terms of cell composition [36,37]. Furthermore,
the presence of GM; ganglioside receptors has been observed [38]. Considering these
advantageous characteristics, combined with the limitations of current animal models used
for LT-I toxin studies, the zebrafish presents itself as an interesting model for potential use
in studies concerned with LT-I produced by ETEC.

Concerning studies of LT-I in vitro models, adrenal cell lines Y-1 and CHO epithelial
cells (Chinese Hamster Ovary) are usually used, enabling several studies, such as those
aimed at their detection [39,40], neutralization by antibodies [41], or elucidation with
respect to the type II secretion system (T2 SS) [42], among others. In adjuvant studies
assessing the mode of action and effect on the immune system by the LI-I toxin, the human
cell line derived from colorectal adenocarcinoma (Caco-2) has been widely used [43,44].
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This line presents several advantageous characteristics, such as spontaneous differentiation
into enterocytes (under normal culture conditions), maintaining the morphological and
functional characteristics of the mature cement, and the expression of GM; ganglioside
receptors [45,46]. Thus, as a human cell line, Caco-2 cells have characteristics closer to the
real target of the toxin LT-I than adrenal and epithelial cells of murine origin do, for use as
an in vitro model for the detection and neutralization of the LT-I toxin. Herein, we assessed
the analysis of the LT-I toxin pathway employing zebrafish as a substitute for mammal
models, as well as human intestinal Caco-2 cells, for validating the in vitro fate of LT-IL.

2. Results
2.1. Toxin and Caco-2 Cell Interaction

Different concentrations of Caco-2 cells were evaluated, and 3 x 10* cells per well
was determined as a suitable concentration for all experiments, as higher cell numbers
impaired the assay (data not shown).

Rhodamine phalloidin and DAPI fluorophores at 1:200 dilutions allowed for micro-
scopic visualization (Figure 1), where the efficiency of labeling the toxin LT-I with FITC
(LT-I/FITC) was confirmed by a fluorescence assay of the interaction of the toxin and
Caco-2 cells (Figure 2), and visualizing its internalization in both the cell membrane and
the nucleus, thus showing its retrograde transport (Figure 2f).

(a) (b) (c) (d)

Figure 1. Fluorescence microscopy at the concentration of 3 x 10* Caco-2 cells per well: (a) Caco-2 cells, phase contrast;
(b) Cell nucleus stained with DAPI, in blue; (c) Actin of the cell wall stained with rhodamine-phalloidin, in red; (d) Overlay

of all fluorescence images.

2.2. Systemic Distribution of LT-I Toxin in Zebrafish

The systemic traffic of the LT-I/FITC toxin was monitored in 24 hpf zebrafish larvae
for up to 96 hpi. Through fluorescence analysis, internalization of the toxin and its evi-
dent presence in the cardiac, yolk, and intestine regions were observed (Figure 3e-h). In
contrast to that observed in the larvae, the results obtained with the fluorophore FITC
(negative controls, Figure 3a—d) suggest the traffic of LT-I through the intestinal tract and
its subsequent elimination.

The traffic of LT-I across the intestinal tract was well-defined in in zebrafish intestine
(Figure 4), as, at 24 hpi, the toxin was located in the intestinal bulb; at 48 and 72 hpi, the
toxin was present in the mid intestine; and, at 96 hpi, LT-I was encountered in the posterior
intestine, which was completely different from the FITC control, in which it was located in
the intestinal bulb throughout the analyses.
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Figure 2. Fluorescence microscopy of LT-I-/FITC interaction with Caco-2 cells for 7 h, visualized with magnification of 63x:
(a) Caco-2 cells, phase contrast; (b) Cell nucleus stained with DAPI, in blue; (c) Actin of the cell wall stained with rhodamine
phalloidin, in red; (d) LT-I/FITC toxin; (e) Overlay of all fluorescence images; (f) Orthogonal analysis of LT-I/FITC toxin in
Caco-2 cells, visualizing the toxin marked with FITC (—) associated with both the cell membrane and the nucleus; (g) 3D
analysis of LT-I/FITC toxin in Caco-2 cells, evidencing the presence of toxin marked with FITC (—) in the cell membrane

and nucleus.

Figure 3. Fluorescence microscopy of systemic traffic of LT-I toxin in zebrafish larvae up to 96 hpi, visualized at 40x
magnification: (a—d) FITC (control) by fluorescence microscopy—(a) 24 hpi; (b) 48 hpi; (c) 72 hpi; (d) 96 hpi; (e-h) LT-I/FITC
by fluorescence microscopy—(e) 24 hpi; (f) 48 hpi; (g) 72 hpi; and (h) 96 hpi. Visualized using a Lumar V12 stereomicroscope
with Axiocam MRC REV 3. Fluorescence deconvolved using the AxioVision® software (Carl Zeiss, Germany), using the
following calibration parameters: 0.8 x lenses, 52 x magnification, —0.10 brightness, 5.78 contrast, and gamma 2.20.
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Figure 4. Diagram of zebrafish intestine, showing intestinal bulb, mid intestine, and posterior intestine.
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2.3. Phenotypic Assessment in Zebrafish Larvae Exposed to LT-I Toxin
Compared to the control (FITC), 64% of the larvae exposed to LT-I/FITC survived in

the 96 hpi (Figure 5a); however, they presented malformation events after 24 hpi (Figure 6;
cardiac edema). At 96 hpi, 100% of the larvae showed no swimming bladder, while
pericardial and yolk edema also occurred in 100% and 80% of the larvae, respectively, when
compared to the control group (Figure 5b). The deaths observed in the control group (20%)
within the first 24 h were within the normal range, according to the literature, as were the
malformations observed in the spine and tail (which were within the limit of 30%) [47].

100
mm FITC

mm LT-FITC

-+ FITC

LT-FITC 80

60
40

Malformation (%)

2

o O

Figure 5. Survival kinetics and malformation events of zebrafish larvae microinjected with the toxin LT-I (n = 31) and FITC
(n = 12) (control): (a) Larvae survival kinetics; and (b) Malformation events observed at 96 hpi in zebrafish larvae with

LT-I toxin.

The macroscopic morphology visualized under a magnifying lens showed that the
LT-I toxin induced significant pericardial and yolk edema in the larvae, compared to the
control group. Qualitative measurement of these malformations showed that the LT-I toxin
caused yolk edema in the larvae, thus showing significance at 96 hpi, compared to the
control group larvae (Figure 7a). Furthermore, it also influenced larval growth, showing a
significant decrease, in relation to control larvae, at all analyzed times (Figure 7b).
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Figure 6. Malformation events observed in larvae injected with the LT-I/FITC toxin and FITC (as

control) at different times. Visualized using a Leica M205C LASV 4.11 with software magnification

of 28x and 80x: (a-d) Larvae microinjected with FITC at (a) 24 hpi; (b) 48 hpi; (c) 72 hpi; and

(d) 96 hpi; and (e-h) larvae microinjected with LT-I/FITC at (e) 24 hpi; (f) 48 hpi; (g) 72 hpi; and

(h) 96 hpi. Yellow dotted: heart; light blue dotted: yolk; purple dotted: larva length; and dark blue
.

dotted: intestine.
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Figure 7. Measurement of heart circumference, yolk, and length of zebrafish larvae injected with toxin LT-I (n = 31) and
FITC (n = 12) (control) at different times of analysis: (a) yolk circumference, (b) larval length, and (c) heart circumference.
All values express the mean + SEM. The differences were considered statistically significant when * p < 0.01, as determined
using the GraphPad Prism software (GraphPad Software, v6.02, 2013, La Jolla, CA, USA).
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The cardiac region of all larvae treated with the toxin showed an expressive increase
and a statistically significant difference during all periods, compared to the larvae treated
only with the FITC control (Figure 7c). The edema in the pericardial area of all larvae
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treated with the toxin was reflected by cardiac dysfunction, as evidenced by the reduction
in heart rate over the analyzed periods, mainly at 96 hpi (Figure 8).
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Figure 8. Heart rate at different times of microinjection of zebrafish larvae with toxin LT-I/FITC (n = 31) and FITC (control-
n =12). (a) 24 hpi; (b) 48 hpi; (c) 72 hpi; (d) 96 hpi. All values express the mean + SEM. The differences were considered
statistically significant when p < 0.01 as calculated using the GraphPad Prism (Graph Pad Software, v6.02, 2013, La Jolla,

CA, USA).

3. Discussion

The purpose of the current study was to analyze the LT-I pathway in Caco-2 cells and
the feasibility of the use of a zebrafish model in determining the transdermal and systemic
fate of this toxin. Significant advances in elucidating the pathway and mechanism of LT
in vitro cell lines were employed [40—42], with Caco-2 cells having been employed among
them. These cells express most transporters, drug-metabolizing enzymes, and normal
epithelial receptors, including the ganglioside GM; [45,46]. Its expression in Caco-2 cells is
dependent on an increase in the number of cell culture passages [46]. Thus, in this study,
we were able to visualize the internalization of the LT-FITC using the same concentration
previously employed [41,42]. The analysis was performed by confocal microscopy in the
62nd passage of cells, with a concentration of 3 x 10* cells/well. Orthogonal analysis
corroborated the presence of the LT-FITC toxin to be associated with the cell membrane
and nucleus. Hence, from these studies, it is clear that toxin translocation from the apical
to the basolateral surface of the epithelial cell requires endocytosis and processing in one
or more intracellular compartments, as has already been described elsewhere [22,48-50].

Animal models have been used to examine the colonization and pathogenesis [18,19,21,51]
of disease or immunogenicity and efficacy of ETEC vaccine candidates, including intranasal
and orogastric adult mouse models [52-55], an infant mouse challenge model [56], a rat
model [57], a rabbit ileal loop (RIL) model [21], and a reversible intestinal tie adult rabbit
diarrhea (RITARD) model [58]. These models do not adequately mimic the full spectrum of
the disease observed with human ETEC infection and are further limited, as they are difficult
to reproduce, or require surgery and/or death as an endpoint. An ideal model requires
the absence of antibiotics or surgical intervention, incorporates an orogastric challenge of
bacteria, and demonstrates intestinal colonization, diarrheal disease, and the development of
protective immunity.

The zebrafish model emerged to overcome such biases, as it has a fully functional
digestive system, which is visible five days after fertilization, as well as high homology
with superior vertebrate organisms, in terms of cell composition [36,37]. This has allowed
for several studies of gastrointestinal pathologies in larvae and adult fish, such as that
observed in studies carried out with Vibrio cholera [59-61], evidencing the potential of
this animal model for intestinal colonization analysis using this type of bacteria. This
model, in addition to intestinal colonization, also allows for the specific study of virulence
factors produced by diarrheagenic bacteria, having, as an example, the cholera toxin (CT)
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produced by Vibrio cholera—a toxin with which LT-I shares structural elements, affinity
for the GM; receptor in eukaryotic cells, and enzyme activity [3,6,7,62]. In a recent study,
intoxication of zebrafish embryos by transdermal CT absorption—using the Fish Embryo
Acute Toxicity test (FET) [63]—made it possible to assess the role of two proteins in CT
retro-translocation, after internalization in the intestinal epithelium [38].

Thus, these and other studies using the zebrafish model were successful, due to their
several advantages, in relation to other mammals; mainly consisting of their small size,
high fertility, rapid development, and transparency, thus allowing for the capture of images
in real-time [26,28]. Although zebrafish can connect the gap between assays based on cell
cultures and biological validation in higher vertebrate animals, they provide a far more
distant model from humans than other animals, such as rodents; for example, its physiology
is not identical to that of humans and several human disorders are difficult to reproduce in
this model. In addition, some genes appear as two copies; therefore, it is more difficult to
determine functional roles in this species [47,64-68]. As such, the zebrafish model does not
replace the use of rodent animals—as these provide data that are more easily extrapolated
to humans—but it may serve as an important screening tool for therapeutic biomolecules,
drugs, and vaccine candidates, among others, in order to complement tests based on
rodents or cells, helping to predict the safety of such biopharmaceuticals and, consequently,
reducing the overall costs of biological validation [26-28,47,64,67].

In this context, in a trial employing a FET test [63] 24 h after fertilization in ze-
brafish embryos submitted to transdermal absorption of different concentrations of the LT-1
toxin [38], the sensitivity of the embryos was dependent on the increase in concentration of
the LT-I toxin. Although the lethality of embryos during survival kinetics analysis was low,
evident phenotypes of edema were observed in the cardiac cavity and in the yolk, curvature
of the spine, and caudal vein, and loss of pigmentation in the larvae were demonstrated at
the highest concentration (see Supplementary Figure S1).

Given this sensitivity, combined with the transparency advantage of zebrafish larvae,
the systemic traffic of the LT-I/FITC toxin was analyzed by microinjection into the caudal
vein of zebrafish larvae (see Supplementary Video S1). An expressive presence of the LT-I
toxin in the cardiac cavity, yolk, and intestine was observed through use of fluorescence
microscopy. These results lead us to suggest that the toxin LT-I may have an action on the
pericardium of the animals, causing edema and cardiac dysfunction; meanwhile, with its
later displacement, it acts on the GM; receptors in the intestine, triggering distension of
the yolk region, thus increasing it in volume and compressing the intestinal region. Its
presence in these regions corroborates the phenotypes observed due to its toxic action
(both in the preliminary FET test and in the microinjection test) of cardiac edema, yolk, and
intestinal region. It is noteworthy that the transdermal absorption of LT-I by FET test and
the systemic inoculation (through the caudal vein) showed similar phenotypes during the
development of the zebrafish embryos and larvae, suggesting the same traffic of the toxin,
regardless of its inoculation route.

Moreover, in terms of enterotoxicity, LT-I and CT (commonly known as HTL) have
been shown to be involved in the strengthening of immune responses to co-administered
antigens, as extensively reviewed by [15,16,69]. While it is evident that HTL are potent
adjuvants, their inherent toxicities have precluded their use as adjuvants in human vac-
cines [16]. This omission is particularly relevant for mucosal vaccines. Mouse models have
demonstrated that HTL, when administered by the intranasal route, efficiently binds to
the nasal neuroepithelium and is subsequently trafficked, by retrograde transport, along
the underlying olfactory nerves to the olfactory bulbs in the brain [70,71]. Such retrograde
transport might exert an inflammatory effect on brain tissues. Furthermore, they are highly
inflammatory when injected into mice dermis or in subcutaneous tissues. Upon injection,
they elicit self-limited local erythema and swelling at the site of injection, which may persist
for weeks and eventually resolve without sequelae [72].

In an attempt to produce an HLT in which the potentially serious toxicities were
abrogated, recombinant engineering has been employed to produce non-toxic forms of
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HTL. For this purpose, mutant holotoxins were engineered, which targeted single-point
amino acid substitutions at amino acids in the A polypeptides considered to be critical
for ribosylation activity [15]. Furthermore, the use of LT-IIb and LI-Ilc as adjuvants
induced less edema, cellular infiltrates, and general inflammation at the site of intradermal
injection [14].

Except from cardiotoxicity after the systemic inoculation of LT-I in zebrafish (see
Supplementary Videos S2 and S3), the other effects described in rodents, in spite of the
employed routes, the toxicity of LT-I were similar, as established for the first time herein in
a zebrafish model. Mortality and clinical signs are usually analyzed, in order to evaluate
the innate (non-specific) or adaptive (specific) immune system response. Zebrafish also
have a well-maintained adaptive immune system, composed of T- and B-lymphocytes
that develop from the thymus and kidneys, respectively [43]. Hence, in the present work,
besides serving as a prototype for enterotoxicity, we present Danio rerio as an excellent
experimental model for studies on the safety of new formulations of HTL as adjuvants,
highlighting improvements in both time and cost reduction in research and analyses, as
well as the use of Caco-2 cell lines as tools for future efficient analyses concerning the
LT-I toxin.

4. Materials and Methods
4.1. LT Toxin

The LT toxin type I (LTh Lot # 14004) used in this study was obtained from a hybrid
toxin, which was purified and lyophilized [43]. It was provided to us by Dr. Elizabeth B.
Norton and Dr. John D Clements of the Department of Microbiology and Immunology,
Tulane University, New Orleans, Louisiana, United States of America. For the conjugation
of the toxin with fluorescein isothiocyanate (FITC; Sigma-Aldrich, Darmstadt, Germany),
a concentration of 0.001 g/mL was used; for in vitro and in vivo tests, concentrations of
2.5 and 1.5 pg/mL were used, respectively [38,41].

4.2. Caco-2 Cell

Caco-2 cells at the 62nd passage were thawed and cultured in 75 mm? culture flasks
(Techno Plastic Products, Switzerland, CH) in DMEM containing 4.5 g/mL glucose (Cul-
tilab, Campinas, SP, Brazil) and 10% fetal bovine serum (FBS; Gibco, Thermo Fischer,
Waltham, MA, USA), at 37 °C and with 5% CO,, until reaching 70% confluence. To prepare
the plates, the cells were removed from the bottle with the addition of 2 mL of trypsin
and neutralized with 2 mL of DMEM containing 10% FBS after the observation of cell
detachment. The cells were transferred to a 50 mL polypropylene tube for centrifugation
at 259 x g for 5 min at 4 °C. Then, the supernatant was discarded and the precipitate was
resuspended in 5 mL of DMEM containing 10% FBS medium. Cell concentrations were
adjusted after counting in a Neubauer chamber.

4.3. Conjugation of LT with FITC Fluorophore

Conjugation was performed, as previously described [73], using a standardized
volume of 0.05 mL of the LT-I toxin at a concentration of 0.001 g/mL, incubated with
0.25 mL of FITC (Sigma-Aldrich, Darmstadt, Germany) and 0.30 mL of HEPES buffer (N-(2-
hydroxyethyl) piperazine-N’-(2-ethane sulfonic acid; Sigma-Aldrich, St. Louis, MO, USA)
at pH 5.5 for 3 h at a temperature between 2 and —2 °C. The solution was homogenized
every 30 min, and 0.60 mL of ammonium chloride solution was added after 3 h. The con-
tents were transferred to a Vivaspin 2 10,000 MWCO column (Sigma-Aldrich, Darmstadt,
Germany), and 0.5 mL of HEPES pH 8.3 buffer was added as washing buffer. Then, they
were centrifuged at 5.975x g for 5 min at 19 °C and five washes were performed with 1 mL
of HEPES pH 5.5 buffer, followed by centrifugation at 5.975x g for 5 min at 19 °C. The
excess of free FITC was removed from the column and stored at —20 °C.
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4.4. Fluorescence

Caco-2 cells were cultured, detached from the bottle with trypsin, and distributed on
13 mm-diameter sterile glass coverslips contained in 24-well cell culture plates. In order to
standardize the cell concentration for better visualization, the concentrations of 1 x 102,
3 x 10%,1 x 104, 3 x 104, and 2 x 10° cells/well were analyzed. For fixation, paraformalde-
hyde solution (PFA) with Triton X-100 (4% PFA, 5% sucrose diluted in PHEM buffer) was
added for 5 min at room temperature. Washing was carried out with pH 6.9 PHEM buffer
(2 mM HEPES, 10 mM EGTA, 2 mM MgCl,, and 60 mM PIPES) plus glycine (100 mM) for
5 min. Then, PFA solution was added for 15 min, followed by another cycle of washing
with PHEM-glycine buffer for 10 min. For the visualization of actin filaments and the
nucleus, cells were incubated for 30 min with rhodamine phalloidin (Invitrogen, Thermo
Fischer Scientific, Carlsbad, CA, USA) and DAPI (Sigma-Aldrich, Darmstadt, Germany) in
dilutions of 1:200 and 1:500, respectively, diluted in PHEM-glycine buffer. The coverslips
were coupled to slides added with Vectashield (Vector Laboratories, Burlingame, CA, USA),
dried, and subsequently stored at —20 °C. After standardization of cell concentration, the
tests were carried out with the addition of LT-I/FITC. For this, the steps mentioned above
were performed and, after 18 h of incubation, a volume of 1 mL/well-containing 2.5 pg/mL
of the LT-I toxin in DMEM (Cultilab, Campinas, SP, Brazil) containing 2% FBS was added
to the cells and incubated at 37 °C, with 5% CO, for 7 h. The fixation and staining steps for
the actin filaments and the nucleus, with rhodamine phalloidin and DAPI, respectively,
were conducted using the standardized dilution. The coverslips were coupled to the slides
added with Vectashield (Vector Laboratories, Burlingame, CA, USA), dried, and subse-
quently stored at —20 °C. Visualization of the assay was performed using a Confocal Laser
Scanning Microscope (Confocal TCS, SP8, Leica, Germany). All experiments were executed
independently three times.

4.5. Zebrafish Husbandry

The experiments were carried out on the Zebrafish Platform of the Butantan Institute
(CeTICs/FAPESP), with adult zebrafish (<18 months of age) of the AB strain (International
Zebrafish Resource Center, Eugene, OR) under the following conditions: Room temper-
ature, 28 °C; dark cycle, 14/10 h; and groups separated by sex and raised in individual
aquariums present in a specific rack (ALESCO, Monte Mor, SP, Brazil), in order to maintain
water throughout the system (60 pg mL~! instantaneous sea salts from the ocean).

4.6. Zebrafish Embryo Toxicity Assay (Fet Test OECD 236)

Zebrafish embryo toxicity assays were realized according to the OECD guideline
No. 236: Fish Embryo Acute Toxicity (FET) Test. Assays were conducted in 24-well
plates (Costar® 24-Well Cell Culture Cluster, Corning Incorporated, NY, USA) with five
embryos (4- to 32-cell stage) per treatment/concentration at 28 °C. Embryos were exposed
to different concentrations of LT-I toxin diluted in E2 medium, and the experiment was
performed in quadruplicate. After treatment, embryos and larvae were monitored with a
Leica M205C fluorescence stereomicroscope and/or collected at several time points (24,
48, 72, and 96 hpi), where each individual embryo was scored for mortality (embryo
coagulation) and morphological malformations.

4.7. Microinjection into Zebrafish Larvae

Zebrafish embryos were collected in spawning traps, and larvae, 24 h post-fertilization
(hpf) (final n = 43), were transferred to a petri dish (100 x 25 mm) with 5 mL of E2
0.5 x medium (7.5 mM KH,POy, 2.5 mM Na,HPOy, 15 mM NaCl, 0.5 mM KCl, 1 mM
MgSOy4 + 7 HyO, 1 mM CaCl, + 2 H;0O, and 0.7 mM NaHCOj3) and 0.4% tricaine (ethyl-
3-aminobenzoate, #MS5-222, Sigma Chemical Co. St. Louis, MO, USA). Under anesthesia,
the larvae were placed in another Petri dish with E2 medium and Pronase enzyme (Sigma
Chemical Co., St. Louis, MO, USA) at a concentration of 0.02 mg/mL, until the chorions
were removed, and observed using a Leica M205 C stereomicroscope (Leica Microsystems,
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Newmarket Rd, Cambridge, UK). After decorionization, the embryos were washed and
kept in E2 medium until the beginning of the experiment.

Larvae with 24 hpf (n = 43) were individually injected into the tail vein with 1.5 ug/mL
of LT-I/FITC (n = 31) or 0.5 ug/mL (n = 12) of FITC (as a control) using microcapillaries (#
5242952008 femtotips 930,000,043 with 0.5-0.7 um, Eppendorf, Hamburg-Nord, Germany)
coupled to an Injectman® 4 pneumatic microinjector (Eppendorf, Hamburg-Nord, Ger-
many) pressurized to 2-3 nL (Video S2). The embryos were kept in an oven at 28 °C and
analyzed for survival kinetics and malformations after 24 (larvae with 48 hpf), 48 (larvae
with 72 hpf), 72 (larvae with 96 hpf), and 96 h (larvae with 120 hpf). The microinjection
was performed under a Leica M205 C stereomicroscope and images of each larva (n = 43),
at each time, were obtained under anesthesia using a Lumar V12 stereomicroscope with
Axi-ocam MRC REV 3. Fluorescence was observed using the Axio software Vision® (Carl
Zeiss, One North Broadway, NY, USA).

4.8. Phenotypic Analysis

During the survival kinetics analysis, 96 hpi larva malformation phenotypes, such as
larval growth, malformation of the spine and tail, yolk, and pericardial edema, and the
absence of a natural bladder, were observed using a Leica M205 C stereomicroscope.

The analysis of the larval length, circumference of the cardiac region, and yolk, was
performed at 24, 48, 72, and 96 hpi in the LT-I/FITC toxin group and the control group
(FITC). With the larvae on a glass plate in the lateral position, with the aid of a Leica
M205 C stereomicroscope and the Leica Application Suite software (LAS v4.11, Leica
Application Suite software, EUA), measurements were performed, emphasizing that the
total body length was measured from the head to the tip of the tail. To assess the possible
cardiotoxicity of the LT-I toxin, the heartbeats of both groups were recorded at 24, 48, 72,
and 96 hpi, under 12.5 x magnifications, for 15 s using the Image]J software (v.1.8.0_172,
Leica Application Suite software, EUA).

4.9. Zebrafish Euthanasia

The euthanasia of zebrafish larvae was carried out at the end of the experiments, with
their immersion in a 4% tricaine solution diluted in 0.5 x E2 medium. Then, the absence
of a heartbeat was confirmed using a Leica stereomicroscope (M205 C), after which a 10%
bleach solution was added.

4.10. Statistical Analysis

All values are expressed as the mean = SEM. The data were obtained using the
analysis of variance (ANOVA) and multiple comparison tests. Differences were considered
statistically significant when p < 0.01, as determined using the GraphPad Prism software
(Graph Pad Software, v6.02, La Jolla, CA, USA, 2013).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/toxins13060419/s1, Figure S1: Malformations observed in zebrafish embryos in the Fish
Embryo Toxicity (FET) test performed with the toxin LT, Video S1: Microinjection technique through
the caudal vein of zebrafish, Video S2: Heartbeat of zebrafish larvae microinjected with FITC (control
group), Video S3: Heartbeat of zebrafish larvae microinjected with LT-I/FITC.

Author Contributions: Conceptualization, methodology, software, validation, original draft prepa-
ration, investigation, formal analysis, data curation, project administration, C.H.; methodology,
software, formal analysis, investigation, writing—review and editing, M.A.P.F.; methodology, investi-
gation, writing—review and editing, L.D.A.P,; methodology, writing—review and editing, A.L.A.M.,
C.L. and T.M.; methodology, resources, writing—review and editing, S.C.S.; methodology, resources,
visualization, supervision, writing—review and editing, M.L.-F,; conceptualization, methodology,
validation, investigation, resources, visualization, supervision, project administration, funding ac-
quisition, writing—review and editing, R M.EP. All authors have read and agreed to the published
version of the manuscript.


https://www.mdpi.com/article/10.3390/toxins13060419/s1
https://www.mdpi.com/article/10.3390/toxins13060419/s1

Toxins 2021, 13, 419 12 of 15

Funding: This work was supported by Sao Paulo Research Foundation (FAPESP-2017/17213-8 to
R.M.EP and Cetics/FAPESP 2013 /07467-1). C.H. was a recipient of a fellowship from Coordenacao de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES) and currently she is recipient of a fellowship
from FAPESP (2017/17213-8).

Institutional Review Board Statement: The study was conducted according to the laws of the Na-
tional Council for Animal Experiment Control (CONCEA) and approved by the Butantan Institute’s
Animal Use Ethics Commission (CEUAIB 8592060918). Approval date is 4 October 2019.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors. The data are not publicly available due to raw data are not available in the
repository of the Butantan Institute (https:/ /repositorio.butantan.gov.br/ (accessed on 14 May 2021)).

Acknowledgments: To Elizabeth B. Norton and John D Clements, Department of Microbiology
and Immunology, Tulane University, New Orleans, Louisiana, United States of America for kindly
providing purified LT-I toxin. To Alexsander Seixas de Souza, confocal microscopy technician at
the Cell Biology Laboratory of the Butantan Institute, for the analysis of confocal microscopy of
fluorescence. To Aline Ingrid Andrade de Barros and Wilton Queiroz de Souza from the Applied
Toxinology Laboratory (LETA) responsible for the Zebrafish Platform for mating and making embryos
available for experimentation. To Luis Felipe Loureiro with the organization of the figures.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schaechter, M.; Medoff, G.; Eisenstein, B.I. Mechanisms of Microbial Disease, 2nd ed.; Williams and Wilkins: Baltimore, MD, USA,
1993; pp. 162-175.

2. Schmitt, C.K.; Meysick, K.C.; O'Brien, A.D. Bacterial toxins: Friends or foes. Emerg. Infect. Dis. 1999, 5, 224-234. [CrossRef] [PubMed]

3. Spangler, B.D. Structure and Function of Cholera Toxin and the Related Escherichia coli Heat-Labile Enterotoxin. Microbiol. Rev.
1992, 56, 622—647. [CrossRef] [PubMed]

4. Fleckenstein, ].M.; Kuhlmann, M. Enterotoxigenic Escherichia coli Infections. Curr. Infect. Dis. Rep. 2019, 21, 1-9. [CrossRef] [PubMed]

5. Mirhoseini, A.; Amani, ].; Nazarianb, S. Review on pathogenicity mechanism of enterotoxigenic Escherichia coli and vaccines
against it. Microb. Pathog. 2018, 117, 162-169. [CrossRef] [PubMed]

6. Duan, Q; Xia, P; Nandre, R.; Zhang, W.; Zhu, G. Review of Newly Identified Functions Associated with the Heat-Labile Toxin of
Enterotoxigenic Escherichia coli. Front. Cell. Infect. Microbiol. 2019, 9, 292. [CrossRef]

7. Villamil, ].S.; Navarro-Garcia, F. Role of virulence factors on host inflammatory response induced by Diarrheagenic Escherichia coli
pathotypes. Future Microbiol. 2015, 10, 1009-1033. [CrossRef]

8.  Lanata, C.F; Fischer-Walker, C.L.; Olascoaga, A.C.; Torres, C.X.; Aryee, M.].; Black, R.E. Global Causes of Diarrheal Disease
Mortality in Children, 5 Years of Age: A Systematic Review. PLoS ONE 2013, 8, €72788. [CrossRef]

9.  Horstman, A.L.; Kuehn, M.]. Enterotoxigenic Escherichia coli Secretes Active Heat-labile Enterotoxin via Outer Membrane Vesicles.
J. Biol. Chem. 2000, 275, 12489-12496. [CrossRef]

10. Horstman, A.L.; Kuehn, M.]. Bacterial Surface Association of Heat-labile Enterotoxin through Lipopolysaccharide after Secretion
via the General Secretory Pathway. J. Biol. Chem. 2002, 277, 32538-32545. [CrossRef]

11. Moss, J.; Richardson, S.H. Activation of adenylate cyclase by heat-labile Escherichia coli enterotoxin. Evidence for ADP-
ribosyltransferase activity similar to that of choleragen. J. Clin. Investig. 1978, 62, 281-285. [CrossRef]

12.  Cheng, S.H,; Rich, D.P; Marshall, J.; Gregory, R.J.; Welsh, M.].; Smith, A.E. Phosphorylation of the R domain by cAMP-dependent
protein kinase regulates the CFTR chloride channel. Cell 1991, 66, 1027-1036. [CrossRef]

13.  Sheppard, D.N.; Welsh, M.]. Structure and Function of the CFTR Chloride Channel. Physiol. Rev. 1999, 79, S23-545. [CrossRef]

14. Hu, J.C.; Mathias-Santos, C.; Greene, C.J.; King-Lyons, N.D.; Rodrigues, J.F.; Hajishengallis, G.; Ferreira, L.C.S.; Connell, T.D.
Intradermal Administration of the Type II Heat-Labile Enterotoxins LT-IIb and LT-IIc of Enterotoxigenic Escherichia coli Enhances
Humoral and CD8" T Cell Immunity to a Co-Administered Antigen. PLoS ONE 2014, 9, e113978. [CrossRef]

15.  Connell, T.D. Cholera toxin, LT-I, LT-IIa and LT-IIb: The critical role of ganglioside binding in immunomodulation by Type I and
Type II heat-labile enterotoxins. Expert Rev. Vaccines 2007, 6, 821-834. [CrossRef] [PubMed]

16. Hajishengallis, G.; Arce, S.; Gockel, C.; Connell, T.; Russell, M. Immunomodulation with Enterotoxins for the Generation of
Secretory Immunity or Tolerance: Applications for Oral Infections. J. Dent. Res. 2005, 84, 1104-1116. [CrossRef] [PubMed]

17. Arce, S.; Nawar, H.F; Muehlinghaus, G.; Russell, M.W.; Connell, T.D. In Vitro Induction of Immunoglobulin A (IgA)- and
IgM-Secreting Plasma Blasts by Cholera Toxin Depends on T-Cell Help and Is Mediated by CD154 Up-Regulation and Inhibition
of Gamma Interferon Synthesis. Infect. Immun. 2007, 75, 1413-1423. [CrossRef]

18. Evans, D.G,; Silver, R.P; Chase, D.G.; Gorbach, S.L. Plasmid-controlled colonization factor associated with virulence in Escherichia

coli enterotoxigenic for humans. Infect. Immun. 1975, 12, 656-667. [CrossRef]


https://repositorio.butantan.gov.br/
http://doi.org/10.3201/eid0502.990206
http://www.ncbi.nlm.nih.gov/pubmed/10221874
http://doi.org/10.1128/MR.56.4.622-647.1992
http://www.ncbi.nlm.nih.gov/pubmed/1480112
http://doi.org/10.1007/s11908-019-0665-x
http://www.ncbi.nlm.nih.gov/pubmed/30830466
http://doi.org/10.1016/j.micpath.2018.02.032
http://www.ncbi.nlm.nih.gov/pubmed/29474827
http://doi.org/10.3389/fcimb.2019.00292
http://doi.org/10.2217/fmb.15.17
http://doi.org/10.1371/journal.pone.0072788
http://doi.org/10.1074/jbc.275.17.12489
http://doi.org/10.1074/jbc.M203740200
http://doi.org/10.1172/JCI109127
http://doi.org/10.1016/0092-8674(91)90446-6
http://doi.org/10.1152/physrev.1999.79.1.S23
http://doi.org/10.1371/journal.pone.0113978
http://doi.org/10.1586/14760584.6.5.821
http://www.ncbi.nlm.nih.gov/pubmed/17931161
http://doi.org/10.1177/154405910508401205
http://www.ncbi.nlm.nih.gov/pubmed/16304439
http://doi.org/10.1128/IAI.01367-06
http://doi.org/10.1128/IAI.12.3.656-667.1975

Toxins 2021, 13, 419 13 of 15

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Dean, A.G.; Ching, Y.-C.; Williams, R.G.; Harden, L.B. Test for Escherichia coli Enterotoxin Using Infant Mice: Application in a
Study of Diarrhea in Children in Honolulu. J. Infect. Dis. 1972, 125, 407—411. [CrossRef]

Smith, H.; Hall, W.S. Observations by the ligated intestinal segment and oral inoculation methods on Escherichia coli infections in
pigs, calves, lambs and rabbits. J. Pathol. Bacteriol. 1963, 93, 449-529. [CrossRef]

De, S.N.; Bhattacharya, K.; Sarkar, ] K. A study of the pathogenicity of strains of bacterium coli from acute and chronic enteritis.
J. Pathol. Bacteriol. 1956, 71, 201-209. [CrossRef]

Guidry, J.].; Cardenas, L.; Cheng, E.; Clements, ].D. Role of receptor binding in toxicity, immunogenicity, and adjuvanticity of
Escherichia coli heat-labile enterotoxin. Infect. Immun. 1997, 65, 4943-4950. [CrossRef] [PubMed]

Varas, M.; Ortiz-Severin, J.; Marcoleta, A.E.; Diaz-Pascual, F.; Allende, M.L.; Santiviago, C.A.; Chavez, EP. Salmonella Ty-
phimurium induces cloacitis-like symptomsin zebrafish larvae. Microb. Pathog. 2017, 107, 317-320. [CrossRef]

Jim, KK,; Engelen-Lee, J.; van der Sar, A.M.; Bitter, W.; Brouwer, M.C.; van der Ende, A.; Veening, J.-W.; van de Beek, D.;
Vandenbroucke-Grauls, C.M.J.E. Infection of zebrafish embryos with live fluorescent Streptococcus pneumoniae as a real-time
pneumococcal meningitis model. J. Neuroinflamm. 2016, 13, 1-13. [CrossRef] [PubMed]

Saralahti, A.; Rdmet, M. Zebrafish and Streptococcal Infections. Scand. . Immunol. 2015, 82, 174-183. [CrossRef]

Basu, S.; Sachidanandan, C. Zebrafish: A Multifaceted Tool for Chemical Biologists. Cher. Rev. 2013, 113,7952-7980. [CrossRef] [PubMed]
Lieschke, G.J.; Currie, P.D. Animal models of human disease: Zebrafish swim into view. Nat. Rev. Genet. 2007, 8, 353-367.
[CrossRef] [PubMed]

Kari, G.; Rodeck, U.; Dicker, A.P. Zebrafish: An Emerging Model System for Human Disease and Drug Discovery. Clin. Pharmacol.
Ther. 2007, 82, 70-80. [CrossRef] [PubMed]

Langheinrich, U. Zebrafish: A new model on the pharmaceutical catwalk. BioEssays 2003, 25, 904-912. [CrossRef]

Melo, B.D.S.; Fernandes, B.H.V.; Lopes-Ferreira, M.V.A.; Henrique, C.; Piazza, RM.F; Luz, D. Zebrafish embryo sensitivity test as
in vivo platform to anti-Shiga toxin compound screening. Braz. ]. Microbiol. 2020, 51, 1021-1027. [CrossRef] [PubMed]
Kavaliauskis, A.; Arnemo, M.; Speth, M.; Lagos, L.; Rishovd, A.-L.; Estepa, A.; Griffiths, G.; Gjeen, T. Protective effect of a
recombinant VHSV-G vaccine using poly(I:C) loaded nanoparticles as an adjuvant in zebrafish (Danio rerio) infection model. Dev.
Comp. Immunol. 2016, 61, 248-257. [CrossRef]

Kavaliauskis, A.; Arnemo, M.; Kim, S.-H.; Ulanova, L.; Speth, M.; Novoa, B.; Dios, S.; Evensen, &.; Griffiths, G.W.; Gjoen, T. Use
of Poly(I:C) Stabilized with Chitosan As a Vaccine-Adjuvant Against Viral Hemorrhagic Septicemia Virus Infection in Zebrafish.
Zebrafish 2015, 12, 421-431. [CrossRef] [PubMed]

Liu, X.; Zhang, H.; Gao, Y.; Zhang, Y.; Wu, H.; Zhang, Y. Efficacy of chitosan oligosaccharide as aquatic adjuvant administrated
with a formalin-inactivated Vibrio anguillarum vaccine. Fish Shellfish Immunol. 2015, 47, 855-860. [CrossRef]

Bailone, R.L.; Fukushima, H.C.S,; Fernandes, B.H.V.; De Aguiar, L.K,; Corréa, T.; Janke, H.; Setti, P.G.; Ro¢a, R.D.O.; Borra, R.C. Ze-
brafish as an alternative animal model in human and animal vaccination research. Lab. Anim. Res. 2020, 36, 1-10. [CrossRef] [PubMed]
Howe, K.; Clark, M.D.; Torroja, C.F; Torrance, J.; Berthelot, C.; Muffato, M.; Collins, J.E.; Humphray, S.; McLaren, K,;
Matthews, L.; et al. The zebrafish reference genome sequence and its relationship to the human genome. Nature 2013, 496,
498-503. [CrossRef] [PubMed]

Zhao, X.; Pack, M.T. Modeling intestinal disorders using zebrafish. In The Zebrafish Disease Models and Chemical Screens, 4th ed.;
Zon, LI, Westerfield, HM., Detrich, W., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; Volume 148, pp. 241-270. [CrossRef]
Flores, EM.; Nguyen, A.T.; Odem, M.A; Eisenhoffer, G.T.; Krachler, A.M. The zebrafish as a model for gastrointestinal tract—
microbe interactions. Cell. Microbiol. 2020, 22, €13152. [CrossRef]

Saslowsky, D.E.; Cho, J.A.; Chinnapen, H.; Massol, R.H.; Chinnapen, D.]J.-F.; Wagner, ].S.; De Luca, H.E.; Kam, W.; Paw, B.H.;
Lencer, W.I. Intoxication of zebrafish and mammalian cells by cholera toxin depends on the flotillin/reggie proteins but not
Derlin-1 or -2. J. Clin. Investig. 2010, 120, 4399-4409. [CrossRef]

Donta, S.T.; Moon, H.W.; Whipp, S.C. Detection of Heat-Labile Escherichia coli Enterotoxin with the Use of Adrenal Cells in Tissue
Culture. Science 1974, 183, 334-336. [CrossRef] [PubMed]

Guerrant, R.L.; Brunton, L.L.; Schnaitman, T.C.; Rebhun, L.I; Gilman, A.G. Cyclic Adenosine Monophosphate and Alteration
of Chinese Hamster Ovary Cell Morphology: A Rapid, Sensitive In Vitro Assay for the Enterotoxins of Vibrio cholerae and
Escherichia coli. Infect. Immun. 1974, 10, 320-327. [CrossRef]

Ozaki, C.Y,; Silveira, C.R.E;; Andrade, EB.; Nepomuceno, R;; Silva, A.; Munhoz, D.D.; Yamamoto, B.B.; Luz, D.; Abreu, PAE,;
Horton, D.S.P.Q.; et al. Single Chain Variable Fragments Produced in Escherichia coli against Heat-Labile and Heat-Stable Toxins
from Enterotoxigenic E. coli. PLoS ONE 2015, 10, e0131484. [CrossRef]

Dorsey, F.C.; Fischer, ].E; Fleckenstein, ].M. Directed delivery of heat-labile enterotoxin by enterotoxigenic Escherichia coli. Cell.
Microbiol. 2006, 8, 1516-1527. [CrossRef]

Bowman, C.C.; Clements, ].D. Differential Biological and Adjuvant Activities of Cholera Toxin and Escherichia coli Heat-Labile
Enterotoxin Hybrids. Infect. Immun. 2001, 69, 1528-1535. [CrossRef]

Lopes, L.M.; Maroof, A.; Dougan, G.; Chain, B.M. Inhibition of T-cell Response by Escherichia coli Heat-Labile Enterotoxin-Treated
Epithelial Cells. Infect. Immun. 2000, 68, 6891-6895. [CrossRef] [PubMed]


http://doi.org/10.1093/infdis/125.4.407
http://doi.org/10.1002/path.1700930211
http://doi.org/10.1002/path.1700710126
http://doi.org/10.1128/IAI.65.12.4943-4950.1997
http://www.ncbi.nlm.nih.gov/pubmed/9393780
http://doi.org/10.1016/j.micpath.2017.04.010
http://doi.org/10.1186/s12974-016-0655-y
http://www.ncbi.nlm.nih.gov/pubmed/27542968
http://doi.org/10.1111/sji.12320
http://doi.org/10.1021/cr4000013
http://www.ncbi.nlm.nih.gov/pubmed/23819893
http://doi.org/10.1038/nrg2091
http://www.ncbi.nlm.nih.gov/pubmed/17440532
http://doi.org/10.1038/sj.clpt.6100223
http://www.ncbi.nlm.nih.gov/pubmed/17495877
http://doi.org/10.1002/bies.10326
http://doi.org/10.1007/s42770-020-00305-1
http://www.ncbi.nlm.nih.gov/pubmed/32449119
http://doi.org/10.1016/j.dci.2016.04.010
http://doi.org/10.1089/zeb.2015.1126
http://www.ncbi.nlm.nih.gov/pubmed/26509227
http://doi.org/10.1016/j.fsi.2015.10.012
http://doi.org/10.1186/s42826-020-00042-4
http://www.ncbi.nlm.nih.gov/pubmed/32382525
http://doi.org/10.1038/nature12111
http://www.ncbi.nlm.nih.gov/pubmed/23594743
http://doi.org/10.1016/bs.mcb.2016.11.006
http://doi.org/10.1111/cmi.13152
http://doi.org/10.1172/JCI42958
http://doi.org/10.1126/science.183.4122.334
http://www.ncbi.nlm.nih.gov/pubmed/4587905
http://doi.org/10.1128/IAI.10.2.320-327.1974
http://doi.org/10.1371/journal.pone.0131484
http://doi.org/10.1111/j.1462-5822.2006.00736.x
http://doi.org/10.1128/IAI.69.3.1528-1535.2001
http://doi.org/10.1128/IAI.68.12.6891-6895.2000
http://www.ncbi.nlm.nih.gov/pubmed/11083810

Toxins 2021, 13, 419 14 of 15

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lea, T. Caco-2 Cell Line. In The Impact of Food Bioactives on Heath: In Vivo and Ex Vivo Models, 1st ed.; Verhoeckx, K., Cotter, P.,
Lopez-Exposito, I, Kleiveland, C., Lea, T., Mackie, A., Requena, T., Swiatecka, D., Wichers, H., Eds.; Springer Open: New York,
NY, USA, 2015; pp. 103-111. [CrossRef]

Jahn, K.A,; Biazik, ].M.; Braet, F. GM1 Expression in Caco-2 Cells: Characterisation of a Fundamental Passage-dependent
Transformation of a Cell Line. J. Pharm. Sci. 2011, 100, 3751-3762. [CrossRef] [PubMed]

Kimmel, C.B.; Ballard, W.W.; Kimmel, S.R.; Ullmann, B.; Schilling, T.F. Stages of embryonic development of the zebrafish. Dev.
Dyn. 1995, 203, 253-310. [CrossRef] [PubMed]

Cieplak, W.; Messer, R.J.; Konkel, M.E.; Grant, C.C.R. Role of a potential endoplasmic reticulum retention sequence (RDEL) and
the Golgi complex in the cytotonic activity of Escherichia coli heat-labile enterotoxin. Mol. Microbiol. 1995, 16, 789-800. [CrossRef]
Lencer, W.I; Constable, C.; Moe, S.; Jobling, M.G.; Webb, H.M.; Ruston, S.; Madara, J.L.; Hirst, T.R.; Holmesll, R K. Targeting of
cholera toxin and Escherichia coli heat labile toxin in polarized epithelia: Role of COOH-terminal KDEL. J. Cell Biol. 1995, 131,
951-962. [CrossRef]

Lencer, W.I; Moe, S.; Rufo, P.A.; Madara, J.L. Transcytosis of cholera toxin subunits across model human intestinal epithelia. Proc.
Natl. Acad. Sci. USA 1995, 92, 10094-10098. [CrossRef]

Evans, D.G.; Evans, D.J; Pierce, N.F. Differences in the Response of Rabbit Small Intestine to Heat-Labile and Heat-Stable
Enterotoxins of Escherichia coli. Infect. Immun. 1973, 7, 873-880. [CrossRef]

Allen, K.P; Randolph, M.M.; Fleckenstein, ]. M. Importance of Heat-Labile Enterotoxin in Colonization of the Adult Mouse Small
Intestine by Human Enterotoxigenic Escherichia coli Strains. Infect. Immun. 2006, 74, 869-875. [CrossRef]

Byrd, W.; Cassels, EJ. Mucosal immunization of BALB/c mice using enterotoxigenic Escherichia coli colonization factors CFA /I
and CS6 administered with and without a mutant heat-labile enterotoxin. Vaccine 2003, 21, 1884-1893. [CrossRef]

Byrd, W.; Mog, S.R.; Cassels, FJ. Pathogenicity and Immune Response Measured in Mice following Intranasal Challenge with
Enterotoxigenic Escherichia coli Strains H10407 and B7A. Infect. Immun. 2003, 71, 13-21. [CrossRef]

Bolick, D.T.; Medeiros, PH.Q.S.; Ledwaba, S.E.; Lima, A.A.M.; Nataro, ].P.; Barry, E.M.; Guerrant, R.L. Critical Role of Zincin a
New Murine Model of Enterotoxigenic Escherichia coli Diarrhea. Infect. Immun. 2018, 86. [CrossRef]

Luiz, W.B.; Rodrigues, J.E.; Crabb, ].H.; Savarino, S.J.; Ferreira, L.C.S. Maternal Vaccination with a Fimbrial Tip Adhesin and
Passive Protection of Neonatal Mice against Lethal Human Enterotoxigenic Escherichia coli Challenge. Infect. Immun. 2015, 83,
4555-4564. [CrossRef]

Klipstein, F.A.; Engert, R.E; Clements, ].D. Protection in rats immunized with Escherichia coli heat-stable enterotoxin. Infect.
Immun. 1981, 34, 637-639. [CrossRef]

Spira, WM,; Sack, R.B.; Froehlich, ].L. Simple adult rabbit model for Vibrio cholerae and enterotoxigenic Escherichia coli diarrhea.
Infect. Immun. 1981, 32, 739-747. [CrossRef]

Nag, D.; Mitchell, K; Breen, P.; Withey, ].H. Quantifying Vibrio cholerae Colonization and Diarrhea in the Adult Zebrafish Model.
J. Vis. Exp. 2018, 137, €57767. [CrossRef]

Manneh-Roussel, J.; Haycocks, J.R.J.; Magan, A.; Perez-Soto, N.; Voelz, K.; Camilli, A.; Krachler, A.-M.; Grainger, D.C. cAMP
Receptor Protein Controls Vibrio cholerae Gene Expression in Response to Host Colonization. mBio 2018, 9. [CrossRef]

Runft, D.L.; Mitchell, K.C.; Abuaita, B.H.; Allen, J.P;; Bajer, S.; Ginsburg, K.; Neely, M.N.; Withey, ].H. Zebrafish as a Natural Host
Model for Vibrio cholerae Colonization and Transmission. Appl. Environ. Microbiol. 2013, 80, 1710-1717. [CrossRef]

Dubreuil, ].D. Antibacterial and Antidiarrheal Activities of Plant Products against Enterotoxinogenic Escherichia coli. Toxins 2013,
5,2009-2041. [CrossRef]

OECD. OECD Guidelines for the Testing of Chemicals, Section 2 Test No. 203: Fish, Acute Toxicity Test; OECD Publishing: Paris, France,
2013. [CrossRef]

Ali, S.; Champagne, D.L.; Spaink, H.P,; Richardson, M.K. Zebrafish embryos and larvae: A new generation of disease models and
drug screens. Birth Defects Res. Part C Embryo Today Rev. 2011, 93, 115-133. [CrossRef]

Grunwald, D.J.; Eisen, ].S. Headwaters of the zebrafish—Emergence of a new model vertebrate. Nat. Rev. Genet. 2002, 3, 717-724.
[CrossRef] [PubMed]

Gerlai, R.; Lahav, M.; Guo, S.; Rosenthal, A. Drinks like a fish: Zebra fish (Danio rerio) as a behavior genetic model to study alcohol
effects. Pharmacol. Biochem. Behav. 2000, 67, 773-782. [CrossRef]

Tanguay, R.L.; Reimers, M.J. Analysis of Ethanol Developmental Toxicity in Zebrafish. Adv. Struct. Saf. Stud. 2008, 447,
63-74. [CrossRef]

Dahm, R.; Geisler, R. Learning from Small Fry: The Zebrafish as a Genetic Model Organism for Aquaculture Fish Species. Mar.
Biotechnol. 2006, 8, 329-345. [CrossRef] [PubMed]

Liang, S.; Hajishengallis, G. Heat-Labile Enterotoxins as Adjuvants or Anti-Inflammatory Agents. Immunol. Investig. 2010, 39,
449-467. [CrossRef]

Van Ginkel, EW.,; Jackson, R.J.; Yoshino, N.; Hagiwara, Y.; Metzger, D.J.; Connell, T.D.; Vu, H.L.; Martin, M.; Fujihashi, K;
McGhee, J.R. Enterotoxin-Based Mucosal Adjuvants Alter Antigen Trafficking and Induce Inflammatory Responses in the Nasal
Tract. Infect. Immun. 2005, 73, 6892—-6902. [CrossRef]

Van Ginkel, EW.; Jackson, R.J.; Yuki, Y.; McGhee, ].R. Cutting Edge: The Mucosal Adjuvant Cholera Toxin Redirects Vaccine
Proteins into Olfactory Tissues. . Immunol. 2000, 165, 4778—4782. [CrossRef]


http://doi.org/10.1007/978-3-319-16104-4_10
http://doi.org/10.1002/jps.22418
http://www.ncbi.nlm.nih.gov/pubmed/21739432
http://doi.org/10.1002/aja.1002030302
http://www.ncbi.nlm.nih.gov/pubmed/8589427
http://doi.org/10.1111/j.1365-2958.1995.tb02440.x
http://doi.org/10.1083/jcb.131.4.951
http://doi.org/10.1073/pnas.92.22.10094
http://doi.org/10.1128/IAI.7.6.873-880.1973
http://doi.org/10.1128/IAI.74.2.869-875.2006
http://doi.org/10.1016/S0264-410X(03)00014-8
http://doi.org/10.1128/IAI.71.1.13-21.2003
http://doi.org/10.1128/IAI.00183-18
http://doi.org/10.1128/IAI.00858-15
http://doi.org/10.1128/IAI.34.2.637-639.1981
http://doi.org/10.1128/IAI.32.2.739-747.1981
http://doi.org/10.3791/57767
http://doi.org/10.1128/mBio.00966-18
http://doi.org/10.1128/AEM.03580-13
http://doi.org/10.3390/toxins5112009
http://doi.org/10.1787/9789264203709
http://doi.org/10.1002/bdrc.20206
http://doi.org/10.1038/nrg892
http://www.ncbi.nlm.nih.gov/pubmed/12209146
http://doi.org/10.1016/S0091-3057(00)00422-6
http://doi.org/10.1007/978-1-59745-242-7_5
http://doi.org/10.1007/s10126-006-5139-0
http://www.ncbi.nlm.nih.gov/pubmed/16670967
http://doi.org/10.3109/08820130903563998
http://doi.org/10.1128/IAI.73.10.6892-6902.2005
http://doi.org/10.4049/jimmunol.165.9.4778

Toxins 2021, 13, 419 15 of 15

72.  Zoeteweij, ].P; Epperson, D.E.; Porter, ].D.; Zhang, C.X.; Frolova, O.Y.; Constantinides, A.P.; Fuhrmann, S.R.; El-Amine, M.;
Tian, J.-H.; Ellingsworth, L.R.; et al. GM1 Binding-Deficient Exotoxin Is a Potent Noninflammatory Broad Spectrum Intradermal
Immunoadjuvant. J. Immunol. 2006, 177, 1197-1207. [CrossRef]

73.  Rigoni, M.; Paoli, M.; Milanesi, E.; Caccin, P; Rasola, A.; Bernardi, P.; Montecucco, C. Snake Phospholipase A2 Neurotoxins Enter
Neurons, Bind Specifically to Mitochondria, and Open Their Transition Pores. ]. Biol. Chem. 2008, 283, 34013-34020. [CrossRef]


http://doi.org/10.4049/jimmunol.177.2.1197
http://doi.org/10.1074/jbc.M803243200

	Introduction 
	Results 
	Toxin and Caco-2 Cell Interaction 
	Systemic Distribution of LT-I Toxin in Zebrafish 
	Phenotypic Assessment in Zebrafish Larvae Exposed to LT-I Toxin 

	Discussion 
	Materials and Methods 
	LT Toxin 
	Caco-2 Cell 
	Conjugation of LT with FITC Fluorophore 
	Fluorescence 
	Zebrafish Husbandry 
	Zebrafish Embryo Toxicity Assay (Fet Test OECD 236) 
	Microinjection into Zebrafish Larvae 
	Phenotypic Analysis 
	Zebrafish Euthanasia 
	Statistical Analysis 

	References

