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A B S T R A C T   

Background: Shigellosis is one of the significant causes of diarrhea in Bangladesh. It is a global health problem; 
approximately 1.3 million people die yearly from Shigellosis. The current treatment method, using different 
antibiotics against Shigellosis is ineffective. Moreover, it becomes a worrying situation due to the emergence of 
antibiotic-resistant pathogenic microbes responsible for these diarrheal diseases. 
Methodology: Previous immunoinformatics study predicted a potential peptide from the Ferric enterobactin 
protein (FepA) of Shigella spp. In this study, we have chemically synthesized the FepA peptide. As a highly 
immunogenic, FepA peptide conjugated with KLH has been tested in mice model with complete and incomplete 
adjuvants as a vaccine candidate. 
Results: Immunological analysis showed that all vaccinated mice were immunologically boosted, which was 
statistically significant (P-value 0.0325) compared to control mice. Immunological analysis for bacterial 
neutralization test result was also statistically significant (P-value 0.0468), where each ELISA plate was coated 
with 1 × 107 S. flexneri cells. The Challenge test with 1 × 1012 S. flexneri cells to each vaccinated and controlled 
mice showed that 37.5 % of control (non-vaccinated) mice died within seven days after the challenge was given 
while 100 % of vaccinated mice remained strong and stout. The analyses of the post-challenge weight loss of the 
mice were also significant (P-value 0.0367) as the weight loss percentage in control mice was much higher than 
in the vaccinated mice. The pathological and phenotypic appearances of vaccinated mice were also clearly 
differentiable compared with control mice. Thus all these immunological analysis and pathological appearances 
directly supported our FepA peptide as a potential immune booster. 
Conclusion: This study provides evidence that the FepA peptide is a highly immunogenic vaccine candidate 
against S. flexneri. Therefore, these findings inspire future trials for the evaluation of the suitability of this vaccine 
candidate against Shigellosis.   

Introduction 

Shigella is a Gram-negative, facultatively anaerobic, non-motile, 
nonsporulating, and rod-shaped true Enterobacteria family that can 
invade hosts via spoiled food or contaminated water. They can survive in 
the stomach with extreme acidic conditions and create diarrheal dis-
eases like Shigellosis [1–3]. 

Four species of Shigella, i.e. S. dysenteriae, S. flexneri, S. boydii, and 
S. sonnei, are responsible for Shigellosis that created a global human 
health problem [4–6]. All these four species are subdivided into sero-
types based on O-specific polysaccharides of the lipopolysaccharides 

(LPS). They may be associated with life-threatening complications like 
bloody mucoid stools, abdominal pain, abdominal cramps, loose stools 
washing away essential minerals, and dehydration [4,7,8]. They may 
multiply within colonic epithelial cells, form colonies in the intestinal 
epithelium, and cause cell death. In chronic conditions, they may kill 
adjacent epithelial cells causing mucosal ulcers, internal bleeding, and 
inflammation that may lead to patients’ death. All over the world, about 
1.3 million people die every year due to shigellosis [4,9]. 

In developing countries like ours (Bangladesh), diarrheal diseases are 
one of the significant causes of mortality among not only children but 
also adult people. The mortality and disability of diarrheal disease are 
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ranked fourth as the subject of death and second as a productive life lost 
every year [10,11]. The annual burden of Shigella or Shigellosis world-
wide was predicted to be 164.7 million cases and 163.2 million cases in 
developing countries [12]. Million people die (approximately 1.3) 
worldwide every year; among them, more than 95,000 children < 5 
years old die due to shigellosis in Bangladesh [9,13]. Shigellosis is not 
only a significant health problem in poor and developing counties but 
also for developed countries. Different studies have shown that S. sonnei 
has been mainly responsible for dysentery in developed countries 
worldwide. Phylogenetic analysis shows that modern-day S. sonnei 
populations arose from a common ancestor about 500 years ago and 
diversified into several lineages with identical characteristics [14]. The 
predominance of this diversification occurred in Europe and other 
developed countries. On the other hand, S. flexneri is now emerging as a 
problem in the developing world, affecting public health and economic 
development [14,15]. 

Under consideration of different parameters like affecting rate, 
mortality, and clinical and economic losses, it can be said that Shigel-
losis is one of the significant health problems in the world. They become 
more challenging day to day as Shigella become resistant to commonly 
used antibiotics like ampicillin, tetracycline, streptomycin, nalidixic 
acid, and sulfamethoxazole-trimethoprim [16,17]. Currently, third- 
generation antibiotic ciprofloxacin and fluoroquinolone have been 
used to treat shigellosis and dysentery, especially in the case of children. 
But when S. flexneri exhibits resistance against this third-generation 
antibiotic, the medical health care system will be broken, and they 
will no longer help treat diarrheal diseases. We should take alternative 
measures to cope with the more powerful S. flexneri. Vaccine develop-
ment is a possible way that can elicit long-term immunological re-
sponses to fight against Shigella. To develop a safe and effective vaccine, 
it is essential to understand the pathogen’s structure, types, and path-
ogenesis. It is also required to analyze their pathogenesis in animal 
models replicating human symptoms [18,19]. Ferric enterobactin pro-
tein (FepA) is a membrane transport protein found in E. coli O157 and 
Shigella spp. The outer membrane protein FepA in Shigella is highly 
immunogenic, and FepA protein may be tested on mice models to 
identify its immunogenicity against S. flexneri [20]. Highly immuno-
genic recombinant FepA peptide can be designed to evaluate immunity 
against E. coli and S. flexneri. 

Our previous immunoinformatics study has developed a modified 
FepA peptide form a 746 amino acid containing protein, which can be 
used as a vaccine candidate. The modified FepA peptide, as a peptide 
vaccine, was tested on adult mice as they are readily available, inex-
pensive, easy to handle, and have a short life cycle. Although, as 
nonhuman primates, rats, guinea pigs, rabbits, and macaques, monkeys 
can be used as animal models that replicate humans [21,22]. 

Many approaches and attempts were taken to develop Shigella vac-
cines. Although some of them elicit immune responses, they have some 
potential risks. Unfortunately, there is no experimental vaccine avail-
able so far. As far as our knowledge, no report suggests using FepA 
peptide as a vaccine candidate for trial on animal models to identify its 
immunogenicity against S. flexneri. [23]. 

This study demonstrated the potential application of in silico 
designed FepA peptide vaccine against S. flexneri and targeted FepA 
protein as one of the best vaccine candidates covering all the S. flexneri 
throughout the world. 

Materials and methods 

Mice Collection 

Four to six weeks old male Swiss albino mice were collected from the 
animal house of the International Centre for Diarrheal Disease Research, 
Bangladesh. They were nourished in a controlled environment with 
appropriate feeding. After one week, these mice were grouped into three 
groups (Experimental-A: The experimental group A mice were injected 

with our synthesized FepA peptide with complete and incomplete 
adjuvant; Control-B: The control group B mice were injected with PBS +
complete/incomplete adjuvant; and Neutral Control-C: The neutral 
control group C mice were injected nothing). The neutral control group 
was used to observe if the weight loss of the mice occurred for other 
environmental factors. Each group consisted of eight mice. As this study 
included animals, the guidelines of this study were approved by the 
ethical review committee of the Mawlana Bhashani Science and Tech-
nology University (Approval no: MBSTU/ ERC/ ECC/157/04/2022). 

Synthesis of FepA peptide 

We have synthesized FepA peptide by Fmoc-solid phase peptide 
synthesis (Fmoc-SPPS) methodology [24,25]. We incorporated a 
cysteine residue in the sequence that has reactive free thiol group suit-
able for conjugation with maleimide activated mcKLH. 

Conjugation of the peptide with KLH 

At first, 2 mg of sulfhydryl-containing FepA peptide had been dis-
solved in 400 µl conjugation buffer. Then, 400 µl water had been added 
to 2 mg of maleimide activated mcKLH to make a 10 mg/ml solution. 
The peptide and activated mcKLH had been mixed immediately and 
allowed to react for 2 h at room temperature. mcKLH forms a suspension 
that typically appears translucent to whitish blue. Conjugate was puri-
fied by gel filtration to remove EDTA. Because, an anti-coagulant, EDTA, 
should not be injected into laboratory animals [26,27]. Zeba Spin 
Desalting Columns (Thermo scientific; Product No. 89889) have been 
used for gel filtration. The sample has been applied on top of the resin 
and centrifuged at 1000 × g for 2 min. A precipitate was formed during 
conjugation that has been centrifuged. Only the supernatant was 
collected that had been purified. Finally, the clarified supernatant was 
combined with the precipitate [28]. 

Final hapten preparation with adjuvant 

After purification, the total amounts of conjugate (800 µl where 400 
µl hapten and 400 µl mcKLH) were divided into four centrifuged tubes 
that can be injected in 3 booster dose. We injected 50 µl of conjugated 
peptide in each mouse (consisting 50 µg peptide). The conjugated pep-
tide was mixed with equal amount of complete and incomplete adju-
vants (0.425g/ml). The complete adjuvant (Imject™ Freund’s Complete 
Adjuvant) was injected in first dose and incomplete adjuvant (Imject™ 
Freund’s Incomplete Adjuvant) formulation was injected in the booster 
doses. 

PBS preparation with adjuvant (Placebo) 

450 µl PBS dissolved with equal amount of complete or incomplete 
adjuvants. 

Immunization of mice and serum collection 

The final immunogen with an adjuvant is ready for injection in 
experimental (Group-A) mice. Before injecting, the pre-immune blood 
had been collected from each group of mice as a blank for the ELISA 
experiment. Then for each mouse, 50 µg of immunogen containing an 
equal amount of complete adjuvant was injected into the intraperitoneal 
space. After seven days, the first immunized blood had been collected 
from the mice’s facial veins. Serum was collected from clotted blood 
sample and stored in a separate microcentrifuge tube at − 80 ◦C. Like-
wise, 2nd, 3rd, and 4th dose of vaccine mixed vigorously with incom-
plete adjuvant (booster dose) were injected 14th, 28th, and 42nd day 
after 1st dose. The serum samples were collected on the 21st, 35th and 
49th day. At the same time, Group-B mice were injected with PBS 
containing complete and incomplete adjuvant. The Group-C mice were 
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kept as a neutral control, injected nothing only caring them with 
appropriate feeding and controlled environment like Group-A and B 
mice. 

Collection of bacterial strain 

S. flexneri was collected from the microbiology laboratory of the 
Department of Biotechnology and Genetic Engineering, MBSTU, and 
confirmed by Biochemical test and further confirmed by PCR amplifying 
the wzy gene. 

Biochemical test 

To find out S. flexneri different kinds of well-isolated NLF single 
colonies from MacConkey’s agar were subjected to varying types of 
biochemical tests such as Kligler Iron Agar (KIA), Motility-Indole-Urease 
(MIU), and Citrate were performed [29]. 

Polymerase chain reaction (PCR) 

Template DNA was prepared according to the heat and shock 
method, where 1 ml of each enriched broth was centrifuged at 13000 
rpm for 7 min and washed with 1 ml of normal saline/ PBS [30]. Then 
the pellet was mixed with 200 µl of distilled water, boiled at 100 ◦C for 
15 min, and cooled down immediately on ice for 10 min to disrupt the 
cells. Bacterial debris was removed by centrifugation at 13000 rpm for 
10 min, and the supernatant was collected, which was stored at − 20 ◦C. 
The PCR primer used in this study to amplify the ‘wzy/rfc’ gene for 
detecting S flexneri is shown in table S1 [31]. 

Assessment of IgG antibody in the mice sera by immunological analysis 

An enzyme-linked immunosorbent assay was performed to deter-
mine the FepA-specific antibody response in experimental and control 
mice serum samples. The ELISA plate wells were incubated overnight 
with 100 µl coating buffer at 4 ◦C, where 100 ng of FepA peptide was 
present. The plate wells were washed thrice with PBS for 5 min and 
blocked with 5 % skimmed milk in PBS for 1–2 h at room temperature. 
After washing thrice with PBS, the antigen (FepA peptide) coated each 
well was incubated with 100 µl of appropriate diluted (100 times) of 
respective test sera for 1 h at 30 ◦C. After proper washing, each well was 
incubated with optimally diluted 100 µl of secondary antibody for 1 h at 
30 ◦C. After washing, 100 µl of TMB with peroxide solution was added 
and reacted for 30 min. The reaction was stopped with 100 µl of 2 M 
H2SO4. The absorbance of each well has been measured at 450 nm. The 
result has been assessed for statistical significance using Graph pad 
prism version 8. The paired t-test was performed for the OD of vacci-
nated mice in comparison to control mice. 

Antibody titer determination 

To evaluate antibody titer, the final vaccinated serum samples were 
diluted to 100 to 1600 times. The FepA peptide (100 ng/well) was used 
to coat the ELISA plate. And the titer is defined as the maximum dilution 
of final serum samples where the absorbance value was 0.2, after sub-
tracting the average value of the blank wells [32]. 

Immunized serum bactericidal assay (SBA) 

At first baby rabbit complement (BRC) was prepared by incubating 
the serum of a one-month-old baby Rabbit in the water bath at 56 ◦C for 
30 min. Serum bactericidal assay was performed by adding 217.5 µl of 
diluted target bacteria (~105 CFU/ml), 30 µl (12.5 % final concentra-
tion) of diluted heat-inactivated baby rabbit complement, and 2.5 µl of 
experimental immunized serum (100 times diluted) in a culture tube. 
We have used a control for this experiment that consist of the well 

contained only bacteria and baby rabbit complement (BRC); no test 
serum was added to these culture wells. Then all these reaction mixtures 
were incubated for 2 h at 37 ◦C. Then 10 µl of reaction mixture from each 
well was spotted on LB agar media. Then the agar plates were incubated 
overnight at 29 ◦C. Next day, 100 µg/ml triphenyl tetrazolium chloride 
(TTC) containing agar overlaid on the culture plates and incubated 
additional 2 h at 37 ◦C. Due to the activity of TCC, the bacterial colony 
turns red color. Then the bacterial colonies were counted manually [33]. 

Confirmation of Shigella specific antibody in the mice sera 

Each well of ELISA plate was coated with 1 × 107 bacteria and 
incubate overnight at 4 ◦C following the strategy used in a previous 
study [34]. The bacterial count was performed by spread plate method 
and used a spectrophotometer to measure the OD of the liquid culture 
broth. Then a standard Enzyme-Linked Immunosorbent Assay was per-
formed to confirm Shigella-specific antibody in the mice sera. 

S. flexneri challenge test 

The mice were challenged by Shigella isolate at the intraperitoneal 
route after three weeks of vaccination. So, the approximate age of these 
mice was 12–14 weeks during the challenge study. For the challenge, 
mice (vaccinated and non-vaccinated) were injected with 1 × 1012 

S. flexneri bacterial cells in their peritoneal space. After the challenge, all 
the grouped mice were monitored carefully for about ten days [35]. 

Results 

Selection of the peptide and formulation 

We have selected the peptide candidate from the whole FepA protein 
of Shigella from our previous immunoinformatics study [36]. Where T- 
cell epitopes of FepA protein were predicted by the NetCTL and IEDB 
server using a previously utilized protocol [37]. A 15aa epitope of FepA 
has 99.0 % population coverage based on MHC class I and MHC class II 
and is significantly non-toxic, non-allergic, and immunogenic [36]. This 
epitope was also shown to have B-cell inducing ability shown bio-
informatically. These in-silico studies have boosted our encouragement 
for a wet-lab experiment with the proposed FepA peptide as a vaccine 
candidate against S. flexneri. 

Fig. 1. A graph showing the absorbance in different immunization for experi-
mental and control mice. Based on optical density (OD) in ELISA, (i) FepA 
immunized mice showed increasing immune response with respect to the 
increased number of booster doses; (ii) Control mice injected with PBS showed 
a steady state immune response. The immune response in pre-vaccinated mice 
and control mice was almost similar. Upon vaccination, FepA immunized mice 
showed a significant (P-value 0.0325) immune response concerning the con-
trol mice. 
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Assessment of IgG titer in the vaccinated mice 

Immunological analysis was performed to identify the produced 
antibody against the FepA peptide. Immunological analysis shows that 
the antibody response against FepA peptide gradually increased after 
hapten’s 1st, 2nd, 3rd, and 4th dose with complete/incomplete adjuvant 
in experimental mice. At the same time, the antibody response in control 
mice (PBS) was not gradually increased, although they were injected 
with PBS containing adjuvant without hapten of interest. There is a 
significant relationship (P-value 0.0325) between the immunizations of 
immunized mice against control mice. That means the FepA peptide had 
a significant role in boosting antibody response against S. flexneri. The 
average absorbance in experimental serum was 0.336 ± 0.07 (pre- 
bleed), 0.655 ± 0.19 (1st dose), 0.793 ± 0.246 (2nd dose), 0.980 ±
0.293 (3rd dose), and 1.235 ± 0.286 (4th dose) and in control serum the 
mean absorbance was 0.318 ± 0.066 (pre-bleed), 0.326 ± 0.056 (1st 
dose), 0.316 ± 0.048 (2nd dose), 0.371 ± 0.054 (3rd dose), 0.348 ±
0.066(4th dose) (Fig. 1). The final vaccinated 800 times diluted serum 
samples show the antibody titers (absorbance 0.2) after performing a 
titration experiment of these sera. 

Confirmation of the S. flexneri specific antibody in mice sera 

Immunological analysis was also performed to determine the exact 
antibody against whole bacterial cells (S. flexneri). The immunological 
analysis showed that the antibody response was gradually increased 
against whole bacterial cells. The serum collected after the 4th boosting 
of hapten with incomplete adjuvant in experimental mice was given the 
highest OD against bacterial cells. In addition, the antibody response in 
control mice (PBS) was also gradually increased, although their immu-
nization rate was significantly lower than in experimental mice (paired 
t-test between experimental and control mice; P-value 0.0468). The 
average OD in experimental serum was 0.386 ± 0.07 (pre-bleed), 0.497 
± 0.0496 (1st dose), 0.663 ± 0.089 (2nd dose), 0.896 ± 0.307 (3rd 
dose), and 1.105 ± 0.238 (4th dose) in comparison to the control serum 
the mean OD was 0.384 ± 0.077 (pre-bleed), 0.467 ± 0.115 (1st dose), 
0.527 ± 0.089 (2nd dose), 0.598 ± 0.0719 (3rd dose), 0.670 ± 0.094 

(4th dose) (Fig. 2). 

Serum bactericidal assay to measure the inhibition by FepA peptide-specific 
antibody 

The control reaction mixtures containing only BRC showed 150–180 
CFU per spot (10 µl). While, the FepA peptide immunized serum con-
taining reaction mixtures showed bacterial (S. flexneri) counts of 65–68 
CFU/per spot (10 µl). Therefore, the immunized serum containing BRC 
inhibits more bacterial growth than the control reaction mixture con-
taining only BRC. Thus we can conclude that the 100 times diluted FepA 
immunized serum reduce the growth of S. flexneri on average 59.69 % 
than the control reaction mixture. 

Identification of S. flexneri by biochemical test 

In Kliger’s Iron Agar S. flexneri showed an alkaline slant and acidic 
butt condition. In Motility Indole Urease test S. flexneri showed non- 
motility pattern. They neither utilized Simmon’s citrate nor produced 
H2S gas and did not utilize urea. The results of the biochemical analysis 
are shown in (Table 1). Based on the biochemical test S. flexneri was 
confirmed. 

Molecular detection of S. flexneri 

S. flexneri was further confirmed through PCR analysis using a spe-
cific primer for S. flexneri. A 538 bp band was generated by amplifying 
the “wzy” gene that confirmed the collected bacterial strain as S. flexneri 
(Fig. 3). 

Fig. 2. A graph showing the recognition of bacterial isolate by the immunized 
serum. Each ELISA plate well was sensitized with 1 × 107 S. flexneri cells. Based 
on optical density (OD) in ELISA, the antibody response was gradually 
increased against whole bacterial cells in both vaccinated and control mice. 
Here the antibody response in the serum of vaccinated mice was significantly 
(P-value 0.0468) higher than the control mice. 

Table 1 
Biochemical characteristics of Shigella isolate used in this study.  

KIA MIU Citrate 

Slant Butt Gas Motility Indole Urease Slant Butt 

K A 0 0 0 0 0 0 

*KIA: Kliger Iron Agar; MIU: Motility-Indole-Urease; K: Alkaline; A: Acidic. 

Fig. 3. Amplification of “wzy” gene (538 bp) for detecting S. flexneri isolates. L: 
1kbp DNA ladder. The same sample was undergone with S. sonnei (Ss) and 
S. dysenteriae (Sd) specific PCR reaction, but the result was negative. That 
indirectly confirmed that the collected isolated was not contaminated with 
other Shigella strains (Ss & Sd). 
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Physical abnormalities of the mice after post-vaccination challenge test 

After vaccination, both immunized and control mice were injected 
with 1 × 1012 S. flexneri isolates. In response to this challenge, the 
control mice were seriously ill & weak and infection occur with diarrhea 
having loose stool (Table 2, Fig. 4). On the other hand, the immunized 
mice were much more regular in physical behavior, although they were 
observed a little weak after the following days of the given challenge 
(Table 3, Fig. 5). Sickness and food reluctance resulted in decreased 
bodyweight of both groups of mice (control and experimental) as shown 
in Fig. 4, and Fig. 5. The neutral control mice were not given challenge 
with S. flexneri strains, and there was no weight loss observed as 
observed in the experimental mice. Though all the vaccinated mice were 
alive after the challenge with a lethal dose of S. flexneri, 37.5 % of the 
control mice died within seven days after the challenge (Fig. 6). 

However, immunized and control mice gradually lost weight in 
response to S. flexneri infection (Table S2, and S3). But the weight loss 
percentage was higher in control mice than in vaccinated mice. Statis-
tical analysis shows a positive relationship (P-value 0.0367) between 
control and immunized mice weight loss percentage (Figure S1). 

Confirmation of infection by S. flexneri 

We collected stool from mice after challenge with S. flexneri. The 
stool samples were subjected to bacteriological and molecular study 
(PCR) and found positive (Figure S2). So, the infection happened all the 
control mouse due to the challenge of S. flexneri. 

Discussion 

As Shigellosis is a fast-spread and fatal disease, there is an immediate 
need to develop a safe and effective vaccine against S. flexneri. It is 
alarming that more than 160 million cases are reported worldwide per 
year, affected mainly children below five years old, adults, military 
personnel, tourists, and pilgrims who are also susceptible to Shigella 
infection [38]. Despite several recent attempts, no licensed vaccine is 
available that prevents Shigellosis. Shigellosis mainly infects lower and 
middle-class people, resulting in many deaths and a high disease burden 
in poor and middle-income countries like ours [39]. Vaccination offers 
the greatest hope of improving this miserable condition as an effective 
and substantial strategy against Shigellosis. There is an urgent need to 

Table 2 
Anthropometric and behavioral changes occurred in the control unvaccinated 
mice after challenge with S. flexneri strain.  

Days Weight 
Gm ± SD 

Body 
temp. 

Heart 
rate 

Sleeping 
hours 

Daily activities 

Day0 36.85 ±
5.442 

36.9 ±
0.5 

400 – 
600/m 

12–14 Normal 

Day1 34.6 ±
4.980 

36.9 ±
0.5 

400 – 
600/m 

12–14 Seriously ill & 
weak 

Day2 34.44 ±
5.342 

36.9 ±
0.5 

400 – 
600/m 

12–14 Seriously ill & 
weak (1 dead) 

Day3 34.07 ±
5.947 

36.9 ±
0.5 

400 – 
600/m 

12–14 Seriously ill & 
weak 

Day4 35.76 ±
8.120 

36.9 ±
0.5 

400 – 
600/m 

12–14 Seriously ill & 
weak 

Day5 34.96 ±
6.591 

36.9 ±
0.5 

400 – 
600/m 

12–14 Weak 

Day6 35.51 ±
6.824 

36.9 ±
0.5 

400 – 
600/m 

12–14 Weak 

Day7 39.34 ±
3.616 

36.9 ±
0.5 

400 – 
600/m 

12–14 Moderate (2 dead) 

Day8 39.56 ±
3.614 

36.9 ±
0.5 

400 – 
600/m 

12–14 Moderate 

Day9 39.5 ±
3.777 

36.9 ±
0.5 

400 – 
600/m 

12–14 Normal 

Day10 39.58 ±
3.509 

36.9 ±
0.5 

400 – 
600/m 

12–14 Normal 

*The dead mice have been excluded from calculation 

Fig. 4. Graphical representation of weight loss among S. flexneri injected control mice. L means marked on the left ear; R means marked on the right ear, and 0–3, is 
the number of markings; (eight mice used in each group). (i) each line of the graph represent the percent of weight loss of non-vaccinated control mice after challenge 
given; (ii) incomplete lines represent the death of mice due to challenge by Shigella. 

Table 3 
Anthropometric and behavioral changes occurred in the vaccinated mice after 
challenge with S. flexneri strain.  

Days Weight 
Gm ± SD 

Body 
temp. 

Heart rate Sleeping 
hours 

Daily 
activities 

Day0 42.93 ±
7.202 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Normal 

Day1 41.23 ±
7.115 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Weak 

Day2 40.94 ±
7.252 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Weak 

Day3 41.05 ±
6.954 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Moderate 

Day4 40.93 ±
6.705 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Normal 

Day5 41.76 ±
6.932 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Normal 

Day6 42.36 ±
7.162 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Normal 

Day7 42.46 ±
7.289 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Normal 

Day8 42.48 ±
7.296 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Normal 

Day9 42.71 ±
7.295 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Normal 

Day10 43.83 ±
7.639 

36.9 ±
0.5 

400 – 600/ 
m 

12–14 Normal  
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develop a broad-spectrum vaccine that will be effective in all serotypes 
of Shigella spp. To develop a vaccine, we must identify any candidate 
that will be highly immunogenic and elicit a long-term immunological 
response. From this point of view, we selected the Ferric enterobactin 
protein (FepA), a membrane transport protein found in Escherichia coli 
O157 and Shigella spp., [40] as a vaccine candidate using the Bioinfor-
matics tool. The FepA protein (outer membrane protein) in Shigella is 
highly immunogenic [41,43], with some modification and incomplete/ 
complete adjuvant FepA hapten as a vaccine candidate tested on mice 
model to determine its immune responses against S. flexneri. Our pre-
vious study on multi-epitope-based synthetic vaccines also showed to 
produce neutralizing antibodies on Vero-2 cell culture against SARS- 
CoV-2 [42]. 

For experimental mice, FepA hapten with complete/incomplete 
adjuvant was given four sequential doses, and for control mice, PBS with 
adjuvant was sequentially injected. The immunological analysis showed 
that the immune response in experimental mice was much higher than in 
control mice, making the experiment statistically significant (P-value 

0.0325). The highest OD in experimental mice serum was 0.445 (pre- 
bleed), 0.936 (1st dose), 0.966 (2nd dose), 1.526 (3rd dose), and 1.669 
(4th dose) and in control serum the highest OD was 0.423 (pre-bleed), 
0.412 (1st dose), 0.404 (2nd dose), 0.46 (3rd dose), 0.458 (4th dose) 
respectively (Fig. 1). This experiment shows that FepA hapten elicits B- 
cell immune response. Then we perform another immunological anal-
ysis using whole bacterial (S. flexneri) cells to sensitize each well of 
ELISA plate. The immunological profile showed that the antibody 
response against bacterial cells gradually increases with the increase of 
dosing rate. The serum collected after 4th boosting was given the highest 
OD against bacterial cells. But due to the naïve immune response, the 
antibody response in control mice (PBS) was also gradually increased. 
However, their immune response rate was significantly (P-value 0.0468) 
lower than the experimental mice. The highest OD in experimental 
serum was 0.4742 (pre-bleed), 0.548 (1st dose), 0.751 (2nd dose), 
1.2295 (3rd dose), and 1.3756 (4th dose) and in control serum the mean 
OD was 0.5002 (pre-bleed), 0.5911 (1st dose), 0.6033 (2nd dose), 
0.7004 (3rd dose), 0.7908 (4th dose), respectively (Fig. 2). So, it has 

Fig. 5. Graphical representation of weight loss among S. flexneri injected vaccinated mice. L means marked on the left ear; R means marked on the right ear; 0–3 is 
the number of markings; (eight mice used in each group). (i) each line of graph represents the percent of weight loss of vaccinated mice after challenge given. 

Fig. 6. Survival rate of the control and vaccinated mice after challenging with lethal dose of S. flexneri. (i) After challenge, 100% vaccinate mice were survived (red 
line) (ii) among non-vaccinated control mice, 37.5% of them died within seven days after the challenge (blue line). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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been clearly shown that the antibody generated against the FepA pep-
tide can recognize the bacterial cell. This is evidence that the small 
synthetic peptide can elicit a specific immune response in mice. The 
immune response is not as vigorous as a big protein; however, a specific 
immune response might be more important than the non-specific 
vigorous immune response to combat the pathogenic effects of bacte-
ria. Serum bactericidal assay also showed that FepA peptide-specific 
antibody containing serum inhibit more than 59.69 % of S. flexneri 
bacterial growth. 

From these experiments, it was clear that the FepA peptide has the 
potential to stimulate an immune response against S. flexneri. So post- 
vaccination challenge test was performed to determine the physiolog-
ical effects of experimental and control mice. For this purpose, the 
immunized and control mice were injected with PCR confirmed 1 × 1012 

S. flexneri cells. Not surprisingly, the control mice were seriously ill and 
weak and affected with diarrhea, heavy loose stool, reduced food and 
water intake and thereby loss the body weight (Fig. 4). Moreover, 37.5 
% of mice died within seven days after the challenge was given (Fig. 6). 
On the other hand, after giving the challenge the vaccinated mice only 
lost their body weight, however, their survival rate was 100%, respec-
tively (Figs. 5 and 6). The stool samples of infected mice were micro-
biologically analyzed and found S. flexneri isolated that we used for 
challenge responsible for their diarrhea (Figure S2). 

At the same time, the immunized mice were moderate in physical 
behavior; although they were observed to be a little bit weak the 
following days after the challenge was given, they returned to normal 
condition very quickly. However, immunized and control mice gradu-
ally lost weight in response to the S. flexneri challenge, but the immu-
nized mice regained their weight quickly and effectively. The frequency 
of weight loss percentage in control mice was much higher than in the 
immunized mice, which is statistically significant (P-value 0.0367) 
(Figure S1). 

Therefore, this study strongly supports the FepA peptide as a highly 
immunogenic candidate for S. flexneri and may be considered a potential 
vaccine that can also be included in a multi-epitope-based vaccine. So 
FepA peptide can be used as a potential vaccine against Shigellosis and 
may also elicit protection against all Shigella spp. 

Conclusion 

FepA peptide vaccinated mice were well tolerated against the given 
challenge (1012 S. flexneri), confirming its immune-modularity activity 
and were statistically significant. In conclusion, we predict that re-
combinant FepA peptide may serve as a potent vaccine molecule as it has 
revealed its immunogenic and protective efficacy against S. flexneri. As it 
is highly conserved in other strains, it should also be effective against 
S. dysenteriae, S. boydii, and S. sonnei. To develop the FepA peptide as an 
effective vaccine, further studies, such as different immunization pro-
cedures with human-compatible adjuvants, cross-immunity, and addi-
tional clinical trials, should be required to make the FepA peptide 
applicable in humans and large animals. So we roseate that many sci-
entists will come forward and further research will be performed to 
make our FepA peptide a potential vaccine candidate against Shigellosis. 
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