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Introduction
Cholera is a type of gastrointestinal infection caused by 
Vibrio cholerae serogroups O1 or O139, and is transmitted 
through the consumption of contaminated water and 
food. The cholera disease affects approximately 4 million 
individuals annually, leading to ~143 000 fatalities.1 It 
is mainly symptomized by abdominal pain, vomiting 
and excessive watery diarrhea leading to dehydration, 
followed by electrolyte imbalance, mucosal dryness and, 
if untreated, even coma and death.2 Despite being readily 
treatable, cholera remains a high-risk global health 
concern, ranking as the second leading cause of death 
among children under the age of 5.3 Developing countries, 
particularly in Asia and Africa, bear the highest incidence 
and prevalence of the disease due to limited access to clean 

water and inadequate sanitation and hygiene practices.4,5 
The cholera toxin (CT), toxin-coregulated pilus (TCP) 

and outer-membrane protein W (OmpW) are known 
as the three major virulence factors of Vibrio cholerae. 
Cholera pandemics, particularly those caused by O1 and 
O139 strains, are primarily attributed to the constitutive 
expression of the cholera toxin, setting them apart from 
other V. cholerae strains.6 Belonging to AB toxin family, 
the cholera toxin comprises an active heterodimer catalytic 
A-subunit linked to a homopentameric B-subunit. The 
B-subunit is responsible for binding to GM1 ganglioside 
on intestinal epithelial cells upon toxin secretion, whereas 
the A-subunit serves as the toxic factor activating adenylate 
cyclase and increasing cyclic AMP (cAMP) level, followed 
by secretory diarrhea and severe dehydration.6,7
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Abstract
Introduction: Vibrio cholerae, the 
etiologic pathogen of diarrheal disease, 
prevails mainly in developing countries, 
transmitted through contaminated water 
or food. The unique genetic makeup and 
remarkable competency has prompted 
intensive research to unravel the 
bacterium virulence properties. Egg yolk 
immunoglobulins (IgY) have emerged as 
innovative biotherapeutics for both passive immunotherapy and prophylactic strategies.
Methods: In the present study, we generated avian antibodies against a chimeric recombinant protein 
comprising OmpW-TcpA-CtxB (OTC) antigens from V. cholerae, and examined its efficacy against 
bacterial toxins and infection. The chimeric protein was expressed in E. coli BL21 (DE3) and purified 
using Ni-NTA affinity chromatography. Leghorn chickens were intramuscularly immunized with the 
recombinant protein and the purity of extracted IgYs was assessed through SDS-PAGE analysis. The 
immunoreactivity and specificity of anti-OTC-IgYs were evaluated through protein and whole-cell 
ELISA, and their ability to neutralize cholera toxin (CT) of V. cholerae was evaluated in Y1 cell line. 
Finally, the protective efficacy of orally administered anti-OTC-IgY was investigated in V. cholerae-
infected infant mice.
Results: Anti-OTC-IgY successfully neutralized the cytotoxic effects of CT at a concentration of 
250 µg/mL. Oral administration of two 100 µg doses of anti-OTC-IgY and resulted in 60% and 20% 
survival rates in suckling mice infected with LD and 10 LD of V. cholerae, respectively.
Conclusion: The anti-OTC-IgY antibodies exhibited significant immunoreactivity, toxin-neutralizing 
potency, and protective effects, establishing their potential as promising antimicrobials against the 
bacterial pathogenicity through passive immunotherapy.
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The TCP, which belongs to the type IV pilus family, is 
acknowledged as the primary colonization factor crucial for 
V. cholerae pathogenicity by enhancing bacterial adhesion 
to enterocytes via its major subunit, TcpA.8 Furthermore, 
antibodies generated against certain purified OMPs of V. 
cholerae have demonstrated the ability to offer protection 
through inhibition of intestinal colonization in infant 
mouse models, serving as potent vaccine candidates.9 The 
OmpW sequence represents a highly conserved gene on 
chromosome II of V. cholerae encoding a 22kDa surface 
protein10 involved in transportation of small hydrophobic 
molecules and iron.11

The World Health Organization (WHO) has issued 
warnings regarding the escalating emergence of antibiotic-
resistant V. cholerae in epidemic regions.12 Currently, a 
few commercially available oral cholera vaccines are based 
on killed or attenuated bacteria and the CTB subunit. 
However, their limited immunogenicity, low efficacy 
and the restriction on use for infants under six months 
underscores the pressing need for novel prophylactic and 
therapeutic approaches against cholera.13

Among various alternatives, passive immunotherapy 
using egg yolk immunoglobulins stands out as one 
of the most innovative and cost-effective strategies 
for preventing and treating numerous problematic 
pathogens without posing the risk of inducing 
multidrug resistance.14 IgY antibodies present several 
advantages over their mammalian IgG counterparts 
garnering significant scientific interest as potential novel 
immunotherapeutic agents. The higher hydrophobicity of 
IgY immunoglobulin, resulting from a larger Fc fragment, 
allows for its preferential accumulation in the lipid-
rich egg yolk.15 Consequently, the aggressive antibody 
sampling inherent in mammalian IgGs is simply replaced 
by the non-invasive collection of eggs in IgYs, profiting 
animal welfare concerns. The substantially higher 
production yield, greater phylogenetic distance and the 
non-reactive nature of IgY antibodies toward components 
of the mammalian immune system presents them as 
more functional alternatives for use in mammalian hosts 
in comparison to IgG immunoglobulins.15 On the other 
hand, the elevated content of sialic acid in IgY has been 
reported to extend the shelf life of IgY-based drugs, 
and its tolerance to acidic pH facilitates its use in oral 
immunotherapy approaches.16

A few studies have affirmed the preventive and 
therapeutic efficacy of anti-V. cholerae-IgYs against 
infection. The protective potential of IgYs raised against 
V. cholerae lipopolysaccharide (LPS) was assessed in an 
infected suckling mouse model, where the anti-LPS-
IgYs demonstrated the ability to neutralize the infection 
through inhibiting the bacterial gut colonization.17 
Barati et al evaluated the prophylactic potency of avian 
antibodies raised against the recombinant CTB subunit, 
reporting high survival rates in oral challenges with V. 

cholera in suckling infant mice.18 
Chimeric proteins offer multiple advantages over 

subunit antigens composed of individual proteins. These 
proteins are produced as a unified product with the purity 
level of any single-antigen recombinant protein produced 
in the same expression system. Unlike subunit vaccines 
containing multiple separate recombinant proteins mixed 
together, chimeric antigens require administering a single 
antigenic dose, resulting in lower levels of contaminating 
proteins, followed by decreased risk of adverse reactions 
in vaccinated animals. Additionally, chimeric proteins 
can incorporate several immunodominant fragments of 
parasite proteins into a single protein, making production 
and purification more cost-effective.19 In our recent 
research, we assessed the protective efficacy of IgY 
antibodies generated against recombinant CtxB, TcpA 
and OmpW immunogens in both single and combined 
antigenic formulations against V. cholera infection.20 In 
the current study, we endeavored to design a chimeric 
gene comprising OmpW, TcpA and CtxB (OTC) and 
developed IgY targeting the corresponding chimeric 
recombinant protein to evaluate its protective capacity in 
suckling mice against cholera.

Material and Methods
Bacterial strains and culture media
The desired single and chimeric genes, including CtxB, 
OmpW and OTC in pET28a, and TcpA in pET32a, 
were previously cloned into corresponding expression 
vectors by our research team.11,21 These vectors were then 
transferred into E. coli BL21 (DE3). The Vibrio cholerae 
O1 serotype Inaba strain (ATCC 39315) was acquired 
from the Shahed University culture collection center. 
Transformed bacteria were cultured in Luria-Bertani 
(LB) medium (Merck, Germany) supplemented with 
kanamycin (70 µg/mL, for clones in pET28a vector) or 
ampicillin (100 µg/mL, for the clone in pET32a vector) 
(Sigma, USA).

Animal experiments
Twenty-week-old White Leghorn laying hens were 
purchased from an industrial aviculture. Two-day-old 
BALB/c infant mice weighing 2.5 ± 0.5 g, were supplied by 
the Shahed University Animal House and were employed 
for animal challenges. 

Expression and purification of recombinant proteins
Transformed bacteria expressing single and chimeric 
recombinant proteins were inoculated into LB broth 
medium supplemented with appropriate antibiotics and 
incubated overnight with constant shaking (37° C, 170 
rpm). Cultures were inoculated at 1% (v/v) into fresh LB 
media to reach an optical density at 600 nm (OD600) of 
∼0.6. The expression of recombinant protein was induced 
by adding isopropyl-β-D-thiogalactopyranoside (IPTG) 



Naghash Hoseini et al

   BioImpacts. 2025;15:30292 3

at a final concentration of 1 mM for CtxB, OmpW and 
OTC proteins, followed by incubation at 37 °C for 5 
hours. The expression of the TcpA protein was induced 
using 0.75 mM IPTG at 28 °C for 18 h.

Bacterial cells were harvested by centrifugation at 
4000 × g for 10 minutes at 4 °C. The pellets were then 
resuspended in 2 mL of TE buffer (10 mM Tris-HCl [pH 
8], 1 mM EDTA) and lysed through sonication (45-second 
intervals, 75 Amp, 0.5 cycle) on ice. The resulting 
transparent solutions were centrifuged (20 minutes, 
13000 × g, 4 °C) and the sediments were dissolved in B 
buffer (100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea, 
pH 8). Recombinant proteins were analyzed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Nickel-nitrilotriacetic acid (Ni-NTA) affinity 
chromatography (Qiagen) was employed for protein 
purification under denaturing conditions. The resulting 
fractions were loaded onto a 12% SDS-PAGE gel (Bio-
Rad, USA) to assess protein purity. Pure recombinant 
proteins were then dialyzed against PBS buffer plus 6, 4, 
2 and 0 M urea to restore normal protein folding. The 
concentration of recombinant proteins was determined 
using the Bradford quantification assay.

Western blotting
The recombinant chimeric protein was verified through 
western blot analysis as follows: 3-5 µg of the purified 
protein was subjected to electrophoresis on a 12% SDS-
PAGE gel and then transferred onto a nitrocellulose 
paper. The paper was immersed in blocking buffer 
[0.05% PBS-Tween20 (PBST) + 5% skimmed milk] for 16 
hours, followed by probing with mouse HRP-conjugated 
anti-His-tag antibody (ab18184, Abcam, Cambridge, 
MA, USA, diluted 1:10000) for 2 hours. The membrane 
was washed thrice with PBST and then treated with 3, 
3´-diaminobenzidine (DAB) reagent (Sigma-Aldrich, St. 
Louis, MO, USA) as the chromogenic substrate. Finally, 
the membrane was submerged in distilled water to stop 
the reaction.

Hen immunization
The hens (n = 2) were intramuscularly immunized with 
100 µg of the recombinant chimeric protein in Montanide 
ISA 70 VG (Seppic, Paris, France) at a ratio of 30:70 (v/v) 
in a total volume of 1 mL. The hens received three booster 
injections with 2-week intervals. The control group was 
administered PBS instead of the chimeric antigen. Eggs 
were collected daily starting one week after each injection 
and stored at 4° C until further use.

IgY purification
Egg yolk immunoglobulins were extracted using a 
simple high-yield method22 with minor modifications as 
previously described.20 The yolks were gently separated 
from the white sac and vitelline membrane, then diluted 

sevenfold in distilled water. The pH was adjusted to 5 
using 0.5 M HCl, and the mixture was frozen at -20° C for 
three days. The frozen solution was slowly thawed over 
a four-layered Whatman cellulose filter paper (Sigma-
Aldrich) at room temperature (RT) to remove lipid 
content. Sodium chloride (8.8% w/v) was added to the 
filtered solution, followed by pH adjustment to 4 using 
0.5 M HCl and stirring for 2 hours at 4° C. The cloudy 
solution was then centrifuged at 3380 × g for 20 min at 4 
°C. The resulting white sediment was dissolved in sterile 
PBS (pH 7.4), and the purity of the extracted IgY was 
assessed on a 9% (w/v) SDS-PAGE gel (Bio-Rad, USA).

IgY immunoreactivity
Indirect ELISA was employed to assess the 
immunoreactivity of the generated IgY antibodies. A 
checkerboard ELISA was initially conducted to determine 
the optimized amounts of reaction components. Ninety-
six-well microtiter plates (Nunc, USA) were coated with 
100 µL of the antigenic mixture [5 µg/well recombinant 
OTC protein or 107 colony forming units (CFUs)/well 
Vibrio cholerae O1 Inaba] in coating buffer (15 mM 
Na2CO3, 35 mM NaHCO3 [pH: 9.5]) in triplicate, and 
incubated at 4 °C for 18 hours. The wells were washed 
with PBST and blocked with 5% skimmed milk (Sigma-
Aldrich) for 1 hour. IgY antibodies (5 µg/well) were added 
to the wells for 2 hours at 37 °C after three washings. 
Then, 100 µL of 1:7000-diluted horseradish peroxidase 
(HRP)-conjugated rabbit anti-IgY antibody (A9046, 
Sigma-Aldrich) was added to each well for 1 hour at 37 
°C after five washings. Finally, 100 µL TMB substrate 
(Sigma-Aldrich) was added to each well, the reaction was 
terminated using 3N H2SO4 and the optical density (OD) 
at 450 nm was recorded by an ELISA reader (Sunrise 
Absorbance Reader, Tecan).

Toxin neutralization assay in Y-1 mouse adrenal cells
The AKI-SW method was employed to extract CT toxin 
from the O1 Inaba strain.23 Approximately, 107 bacterial 
CFUs were inoculated into 10 mL of sterilized AKI 
medium (5 g/L sodium chloride, 4 g/L yeast extract, 15 
g/L peptone, pH: 7.4, supplemented with freshly prepared, 
filter-sterilized 3% v/v NaHCO3 in cold autoclaved 
medium). The tubes were incubated at 37 °C for 4 hours, 
and their contents were then transferred to 100 mL fresh 
AKI medium in an Erlenmeyer flask at 37 °C for 20 hours 
with shaking at 200 rpm. The medium was centrifuged 
at 14000 × g at 4 °C for 20 minutes, and the supernatant 
was collected, filter-sterilized and stored at -70° C until 
further use.

The Y1 mouse adrenal cell line was utilized to assess 
the neutralization potency of specific IgYs against CT. 
Y1 cells were cultured in a 75-cm2 flask containing 
DMEM (Dulbecco’s Modified Eagle Medium, Invitrogen, 
Australia) in a 5% CO2 incubator. For cytotoxicity assays, 



Naghash Hoseini et al

BioImpacts. 2025;15:302924

105 Y1 cells were seeded in 96-well cell culture plates and 
incubated overnight at 37° C with 5% CO2. After gentle 
washing with PBS, the cells were incubated with 50 µL 
of serially diluted CT (1, 1/2, … to 1/40) in PBS for 30 
minutes at 37 °C. Then, 150 μL of 2% fetal bovine serum 
(FBS)-supplemented DMEM was added per well and 
incubated for 12 hours. All experiments were performed 
in triplicate and the cytotoxic effect was assessed through 
microscopy. The toxin titer was defined as the reciprocal 
of the maximum dilution inducing cytopathic effect on at 
least 50% of the cells in each well (CD50/mL).

For neutralization assay, different IgY concentrations 
(100, 250, 400, 550, 700, 850, and 1000 μg/mL) were 
incubated with a predetermined appropriate dose of toxin 
at 37 °C for 1 hour with gentle shaking. Fifty microliters 
of the mixtures were then added to coated Y-1 cells. 
The neutralization assay was continued as previously 
described.24,25

Animal challenge
The LD50 and LD of Vibrio cholerae O1 serotype Inaba 
in infant mice were calculated as previously described.26 
Briefly, a fresh bacterial culture with an OD600 of 0.583 
was centrifuged to harvest the cells. The pellet was 
washed twice and resuspended in PBS. Eighteen naive 
food-deprived BALB/c infant mice were separated from 
their mothers and divided into three groups (n = 6). 
Different doses of bacteria (6-8 Log10 CFU), prepared in 
sterile PBS, were orally administrated. The mice groups 
were maintained in a 30 °C incubator to be provided with 
appropriate humidity and temperature, and their survival 
was monitored for 24 hours.

Mice challenges were carried out as previously 
described27 with slight modifications. In both challenges, 
the infant mice were categorized into five groups (n = 5). 
Three test groups were gavaged with three different LD 
coefficients of bacteria (50 LD, 10 LD and LD). Two other 
groups served as control groups and were challenged with 

an LD of bacteria. One group received PBS instead of IgY, 
and the other group received the C-IgY in the same dose 
and at the same time intervals as the test groups in each 
challenge. In the first challenge, the mice in the test and 
control IgY groups received 50 µg of anti-OTC-IgY orally 
one hour after the bacterial infection. The survival rate 
was monitored for 24 hours. The second challenge was 
designed and implemented by increasing the dose and 
frequency of IgY delivery. The infant mice in the test and 
control IgY groups received 100 µg of corresponding IgYs 
orally one hour after being infected, followed by the same 
dose one hour thereafter. 

Statistical analyses
All statistical analyses were carried out using SPSS 25.0 
software (SPSS Inc., Chicago, Illinois, USA), and graphs 
were generated using GraphPad Prism 8 (La Jolla, 
California, USA). The independent samples t test and 
Duncan's multiple range test were employed to determine 
the significant differences in the ELISA assay. Survival 
results were analyzed through the Mantel-Cox log-rank 
test. All results are presented as the mean ± standard error 
of mean (SEM), and a p-value of < 0.05 was considered 
statistically significant.

Results
Evaluation of the recombinant protein and the anti-
OTC-IgY
One liter of induced media returned 35 mg of purified 
chimeric protein. Western. SDS-PAGE analysis was 
employed to assess protein expression. A corresponding 
band with the expected size of about 61/5 kDa, absent 
in the non-induced sample, was observed (Fig. 1A). The 
recombinant protein was further confirmed through 
western blot analysis (Fig. 1B). Additionally, the efficiency 
of IgY purification approach was examined through SDS-
PAGE analysis under reducing conditions. Purification of 
avian antibodies yielded 1.1 g IgY per 100 g of egg yolk. 

Fig. 1. SDS-PAGE (A) and western blot analyses (B) of the recombinant protein, and the SDS-PAGE analysis of generated IgYs (C). A; 1: None-IPTG induced 
sample in B buffer; 2: IPTG-induced sample in B buffer, revealing the corresponding band with a molecular weight of ∼61.5 kDa; 3: None-IPTG induced sample 
in TE buffer (second wash); 4: IPTG-induced sample in TE buffer (second wash); 5: None-IPTG induced sample in TE buffer (first wash). 6: IPTG-induced 
sample in TE buffer (first wash); loaded on a 12% SDS-polyacrylamide gel. B; 1: Negative control; 2: ∼61.5 kDa-sized recombinant OTC protein. C; 1: anti-
OTC-IgY; 2: C-IgY, loaded on a 9% (w/v) SDS-polyacrylamide gel under reducing condition, M: PM2600 pre-stained protein molecular weight marker.
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As depicted in Fig. 1, C, two major bands of ~25 kDa and 
~65 kDa, respectively belonging to light and heavy chains 
of the antibody, were observed. 

ELISA results
The ELISA results indicated a rising antibody reactivity 
for anti-OTC-IgY group after each immunization step 
against antigens (Fig. 2). The generated anti-OTC-IgY 
exhibited high reactivity against both the recombinant 
chimeric protein (Fig. 2A) and any of the single antigens 
(Fig. 2B-D) in protein ELISA assays. The results were 
further confirmed through the whole-cell ELISA output 
(Fig. 2E). Among single antigens, the anti-OTC-IgY 
showed a significantly higher immunoreactivity towards 

the OmpW recombinant protein after the first booster 
injection (Fig. 2F). The specific anti-OTC-IgY showed 
robust immunoreactivity against the chimeric and whole-
cell antigens up to ten weeks after the last injection (Fig. 
2A and E). The anti-OTC-IgY showed a significantly 
higher reactivity against all antigens in comparison to 
C-IgY (Fig. 2A-E).

The inhibitory efficacy of anti-OTC IgY against cholera 
toxin in Y1 cells
The morphology of Y1 mouse adrenal cell line changed 
to a round shape when treated with CT toxin present in 
bacterial culture supernatant (Fig. 3A). A 1:5 dilution of 
the extracted toxin was sufficient to induce cytopathic 

Fig. 2. ELISA results. Immunoreactivity of anti-OTC-IgY against OTC chimeric (A), and single OmpW (B), TcpA (C) and CtxB (D) recombinant proteins, 
as well as whole-cell Vibrio cholerae (E); Mean comparison of anti-OTC-IgY reactivity against different coated antigens in comparison to C-IgY in each 
time point, in terms of absorbance (450 nm), using Tukey’s multiple comparisons test, as well as mean comparison of anti-OTC-IgY reactivity against all 
recombinant antigens at each time point in terms of absorbance (450 nm), using Duncan’s multiple range test. Different letters among columns at each time 
point denote significant differences, while sharing letters implies non-significant differences. Arrows indicate the immunization weeks (0, 2, 4 and 6). Values 
represent the mean of three independent triplicate experiments ± standard error of mean (SEM), **** P ≤ 0.0001.
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effect in at least 50% of the cells (Fig. 3B). While 700 μg/
mL of the C-IgY failed to neutralize the cytotoxicity (Fig 
3C), 250 μg/mL of anti-OTC-IgY exhibited complete 
neutralization efficacy against CT (Fig 3D).

The infant mice challenge 
Based on animal experiments, the LD and LD50 were 
determined 107 and 106 CFUs, respectively. The first 
challenge, conducted using one 50 μg dose of the anti-OTC-
IgY, demonstrated 20% protection against an LD of bacteria 
(Fig. 4A). Increasing the dose and frequency of the specific 
IgY led to enhanced protectivity in the second challenge. 
The mice gavaged with two 100 μg doses showed 60% and 
20% survival rates against LD and 10 LD of V. cholerae, 
respectively (Fig. 4B). All the PBS-, and C-IgY-treated mice 
died after the bacterial gavage within 24 hours (Fig. 4).

Discussion
Cholera remains a significant infectious disease in 
developing nations.27 Among the approximately 130 
serotypes of Vibrio cholerae, O1 and O139 are responsible 
for the majority of epidemics and pandemics. The key 
measures for preventing cholera include improving 
sanitation and refining drinking water to eliminate 
pathogenic bacteria. The primary treatment approach 
is rehydration, typically achieved through the use of 
oral rehydration solution (ORS).28 Antibiotics play an 
important role in treating cholera through shortening 
the duration of diarrhea. Treatment with antibiotics can 
begin after initial rehydration.29,30 Tetracycline and the 
quinolone groups are the most commonly used antibiotics 
for cholera.28 However, due to the rising emergence 
of antibiotic resistance in epidemic areas, antibiotic 
treatment is currently not recommended.30

Scientists have been motivated to develop IgYs for use 
in passive immunotherapy due to the increasing rate 
of antibiotic-resistant infections and the advantages of 
passive immunotherapy. Passive immunotherapy is an 
alternative treatment for infectious diseases that works in 
collaboration with the immune system, without the side 
effects associated with vaccination.14 IgY is well tolerated 
because eggs are a natural part of the human diet. It can 
also be used in patients with egg allergies since pure IgY 
does not contain albumin, which is known to trigger the 
allergic reactions in consumers. Unlike vaccination, IgY 
immunotherapy can even be used in immunodeficient 
patients.31 The efficacy of avian antibodies as therapeutics 
in enteric infectious disease has been reported in several 
studies.32 Specific egg yolk antibodies have been found 
to prevent rotavirus-induced diarrhea in mice33 and 
enterotoxigenic Escherichia coli (ETEC) infection through 
binding inhibition to intestinal mucosa in animals.34 
Recently, chicken egg yolks (IgY) antibodies against 
SARS CoV-2 have been developed using the phage display 
method and are being utilized for the rapid diagnosis and 
immunotherapy of COVID-19.35 

Fig. 3. The cytotoxicity neutralization effect of anti-OTC-IgY on CT-
treated Y1 cells. The CT toxin made All (A) and half (B) Y1 cells rounded 
in 1 and 1:5 concentrations. While 700 μg/mL of  the C-IgY showed no 
inhibitory effect (C), the toxin was unable to change the morphology of 
the cells to spherical in the presence of anti-OTC-IgY at 250 μg/mL (D).

Fig. 4. The protective efficacy of anti-OTC-IgY against lethal Vibrio cholerae infection in infant mice. One 50 µg dose of the anti-OTC-IgY provided 20% 
protection against a lethal dose of bacteria in the first challenge (A). The second challenge with an increased dose and frequency, two 100 µg doses of the 
anti-OTC-IgY, enhanced the survival percent and provided 60% and 20% protection against the LD and 10 LD of the bacteria, respectively, with no significant 
differences (B). Survival was monitored in infected infant mice for 24 hours, and the results were analyzed using the Mantel-Cox log-rank test (* P < 0.05).
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Cholera toxin (CT) is a major cause of cholera and is 
produced by certain strains of Vibrio cholera.7 Cholera 
pandemics are primarily caused by O1 and O139 strains, 
and their pathogenesis is attributed to the expression of 
cholera toxin and TCP.36,37 The ability of pathogenic V. 
cholerae to adhere to and move on the surface of intestinal 
epithelial cells is crucial for causing disease. Strains that 
can produce toxins but lack the ability to adhere and move 
on intestinal cells do not cause illness.36 TCP plays a vital 
role in the colonization of bacteria in the small intestine of 
humans and infant mice.38 TcpA, located on the bacterial 
surface, is susceptible to the immune system and can be 
a potential target for developing immunity against the 
disease.8 Another factor aiding bacterial colonization in 
the small intestine is OM porins (OMPs).9 These outer 
membrane proteins form channels composed of 12-22 
antiparallel β-strands, facilitating nutrient uptake.39 The 
OmpW/AlkL family is a family of small β-barrel foreign 
membrane proteins involved in transmission. The 
OmpW, a member of the OmpW/AlkL family found in all 
V. cholerae strains, is highly immunogenic and considered 
for vaccine development.40

The immunogenicity of the recombinant chimeric 
protein was reported in our previously published study.11 
The chimeric antigen elicited a significant immune 
response and increased antibody titers in vaccinated mice 
compared to the control group.11 In this current study, 
we used the recombinant OmpW-TcpA-CTxB chimeric 
protein to generate specific avian antibodies, and their 
efficacy was examined through passive immunotherapy 
approaches. The anti-OTC-IgY demonstrated significant 
inhibition of bacterial adhesion in animal intestine 
models and reversed the cytotoxic effects of CT in in-
vitro assay. Each subunit in the chimeric protein acted 
as an immunogen, presenting its epitopes (Fig. 2B-D), 
and the OTC chimeric protein functioned as a multi-
epitope. However, the anti-OTC-IgY showed higher 
immunoreactivity against OmpW in comparison to 
CtxB and TcpA antigens after the second injection 
in ELISA assays (Fig. 2F). This could be attributed to 
the higher antigenicity of OmpW, as observed in our 
previously published report.20 However, the inclusion 
of CtxB and TcpA in the chimeric protein significantly 
increased antibody titers in mice.21 The results of whole 
cell ELISA confirmed the high immunoreactivity of the 
anti-OTC-IgY towards V. cholerae, highlighting the 
inhibitory potency of the generated IgYs against bacterial 
colonization and pathogenicity (Fig. 2E). Despite the 
weak reactivity of C-IgY against antigens (Fig. 2A-E), 
the results of other conducted assays confirmed its non-
specific essence. The C-IgY was unable to neutralize the 
toxin effects in cell cytotoxicity assay (Fig. 3C), did not 
prevent bacterial colonization, and offered no survival 
benefits in animal challenges (Fig. 4). 

The oral administration of IgY represents an effective 

approach to prevent and treat gastrointestinal infections 
in animals.41,42 As in consistence with our observations, 
multiple administration of IgY has been reported to 
provide an enhanced therapeutic efficacy compared to 
single dose.42 The anti-OTC-IgY provided a very lower 
survival percent when used once at 50 µg in comparison 
to two 100 µg doses in infected suckling mice (Fig. 4A-
B). While a single 50 µg dose provided 20% protection in 
mice infected with a LD of bacteria (Fig. 4A), two 100 µg 
doses provided 60% and 20% survival percent in suckling 
mice challenged with LD and 10LD of bacteria (Fig. 
4B). These results surpass our previous research, which 
showed only 20% protection by either IgYs raised against 
single OmpW and CtxB antigens in the same doses and 
challenge conditions.20

Additionally, the anti-OTC-IgY offered 20% higher 
protection in comparison to IgY raised against a 
combination of three recombinant antigens in the same 
dose and challenge conditions.20 Even a higher dose of 
IgY raised against the admixture of antigens (two 150 µg 
doses) provided a lower survival rate by 10%.20 Although 
the admixture of IgYs raised against single antigens 
(two doses of 50 + 50 + 50 µg of anti-single antigen IgYs) 
provided 66% protection, the observed difference was not 
statistically significant.20 These findings clearly indicates 
that the IgY developed towards antigens in a chimeric 
formulation elicits a better response than a mixture of 
individual antigens used for hen immunization, or an 
admixture of anti-single antigen IgYs. This could be 
attributed to a more suitable immunogenic dose and a 
better antigen presentation. Considering that IgYs have 
shown better survival rates for therapeutic purposes 
compared to prophylaxis strategies,18.42 we focused on 
examining the therapeutic effects of the generated IgYs in 
our study.

The anti-V. cholerae-IgY has provided a higher 
protection in comparison to anti-CTxB-IgY in suckling 
mice.42 Thus, the elimination of bacteria from the intestine 
seems more important than neutralizing the toxin effects. 
The anti-OTC-IgY was able to neutralize the cytotoxic 
effects at a minimum dose of 250 µg/mL (Fig. 3D). These 
results confirm the protective efficacy of anti-OTC-IgY in 
protecting against V. cholerae infection.

Conclusion
Our findings confirm that chimeric antigens with their 
multiple epitopes seem more effective in stimulating 
the immune response and the generated anti-OTC-IgY 
showed a greater therapeutic potency than any of the 
avian antibodies raised against single or an admixture 
of antigens. In addition to their therapeutic benefits, 
chimeric antigens offer advantages such as cost-effective 
production and purification, the ability to administer 
multiple antigens in a single dose, and time saving. 

Our study also demonstrates that that the anti-OTC-
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IgY is effective against V. cholerae infections in infant 
mice challenged with even ∼100-fold LD50 of bacterial 
cells. This suggests that oral administration of IgY has the 
potential to provide protective efficacy through passive 
immunotherapy approaches to treat cholera in humans. 
This can be achieved by using IgY powder in dairy 
products or in oral rehydration solution formulations.
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