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Abstract
Shigellosis is a significant type of diarrhea that causes 160,000 deaths annually in a global scale. The mortality occurs mainly in
children less than 5 years of age. No licensed vaccine is available, and conventional efforts for developing an effective and safe
vaccine against shigellosis have not been succeeded yet. The reverse vaccinology is a novel promising method that screens
genome or proteome of an organism for finding new vaccine candidates. In this study, through reverse vaccinology approach,
new vaccine candidates against Shigella flexneri were identified and experimentally evaluated. Proteomes of S. flexneri were
obtained from UniProt, and then outer membrane and extracellular proteins were predicted and selected for the evaluation of
transmembrane domains, protein conservation, host homology, antigenicity, and solubility. From 103 proteins, 7 high-scored
proteins were introduced as novel vaccine candidates, and after B- and T-cell epitope prediction, the best protein was selected for
experimental studies. Recombinant protein was expressed, purified, and injected to BALB/c mice. The adhesion inhibitory effect
of sera was also studied. The immunizedmice demonstrated full protection against the lethal dose challenge. The sera remarkably
inhibited S. flexneri adhesion to Caco-2 epithelial cells. The results indicate that identified antigen can serve for vaccine
development against shigellosis and support reverse vaccinology for discovering novel effective antigens.

Key points
• Seven Shigella new antigens were identified by reverse vaccinology (RV) approach.
• The best antigen experimented demonstrated full protection against lethal dose.
• In vivo results verified RV analyses and suggest FimG as a new potent vaccine candidate.
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Introduction

Diarrhea is a global health-threatening disease that causes ap-
proximately 1.3 million deaths annually and has the second
mortality rate in children under 5 years old, mostly in devel-
oping countries. Terribly, each year 500,000 young children
are deceased by diarrhea, and Shigella is one of the major
component to this burden (Chen and Kotloff 2016; Bakera
and Thea 2018). The Global Enteric Multicenter Study

(GEMS), from 22 diarrheal pathogens, considered rotavirus,
Shigella, enterotoxigenic Escherichia coli (ETEC), and
Cryptosporidium responsible for 70% of moderate-to-severe
(MSD) diarrhea cases in 0–4-year-olds (Anderson et al.
2019a). World Health Organization (WHO) on African and
the Eastern Mediterranean regions reported ETEC and
Shigella as substantial global health problems (Anderson
et al. 2019b).

Shigellosis or bacillary dysentery is a type of bacterial di-
arrhea caused by gram-negative genus Shigella, especially in
developing countries. Shigellosis causes acute inflammation
of the distal sections of the colon and the rectum (Okafor
2018), leading to 160,000 deaths annually, of which one-
third are young children (Bakera and Thea 2018). Shigella is
transmitted by fecal-oral route and has a low infectious dose of
10–100 bacteria to initiate disease (Chitradevi et al. 2016).
Most of the shigellosis cases occur in low hygienic regions
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through infected water and food or direct personal contacts.
The infants and aged ones are the most vulnerable groups to
shigellosis (Okafor 2018).

Shigella is a pathovar of Escherichia coli including four
serogroups with more than 50 serotypes (Anderson et al.
2016; Chitradevi et al. 2016). Based on the diversity of O-
antigen structures of outer membrane lipopolysaccharide
(LPS), Shigella is categorized to serogroup A: Shigella
dysenteriae (12 serotypes), Serogroup B: Shigella flexneri (6
serotypes), Serogroup C: Shigella boydii (23 serotypes), and
Serogroup D: Shigella sonnei (1 serotype) (Okafor 2018).
S. flexneri is the widespread species around the world and in
charge of most cases in the developing nations, but S. sonnei is
more prevalent in industrialized states and developed coun-
tries (Kotloff et al. 2013).

The infection cycle of Shigella begins with bacterial inva-
sion to the colonic epithelium. Following the entrance of bac-
teria to the small intestine, the early symptoms of diarrhea
come up (Ashida et al. 2013), but Shigella mainly affects the
colonic epithelium and leads to main symptoms like fever,
abdominal cramps, and bloody or mucoid diarrhea
(Chitradevi et al. 2016). To overcome host microbiota,
Shigella secretes colicin, a small cytotoxic protein. In addi-
tion, mucus combination altered by enzymes such as
mucinase and neuraminidase is produced by all 4 Shigella
species (Anderson et al. 2016). The three main steps of
Shigella pathogenesis include adherence to the host cell, in-
vasion and entry to epithelial cells, and spread within the
colonic epithelium (Mattock and Blocker 2017). A 220-kb
virulence plasmid has an important role in Shigella pathogen-
esis (Morris et al. 2013).Most of the Shigella virulence factors
are located in 20–30 kb part of virulence plasmid, termed the
“entry region.” The type III secretion system (T3SS) is a mac-
romolecular needle-shaped complex that is necessary for in-
vasion and escape of autophagy and is encoded by entry re-
gion. In addition, T3SS delivers effectors to host cell cyto-
plasm to manipulate cellular activities and induce apoptosis
(Mattock and Blocker 2017).

For treatment of shigellosis, the antibiotic therapy can be
effective. Ciprofloxacin is the first-line prescribed antibiotic,
and the second preferences are pivmecillinam and ceftriaxone.
Most of these antibiotics are expensive and with no pediatric
formulation (Williams and Berkley 2018). Also, due to the
emergence of globally antibiotic resistance against Shigella,
preventive measures are needed. Currently, there is no li-
censed vaccine against shigellosis, while numerous vaccine
candidates are in different trial steps (Frenck Jr et al. 2018;
Gilavand et al. 2020; Medeiros et al. 2020).

In recent years, improvement of numerous databases, and
development of a plethora of in silico algorithms and statisti-
cal methods, expanded the sequence-based approaches in vac-
cine research and development (Schussek et al. 2014).
Reverse vaccinology (RV) is a systematic detection of entire

potential antigens for developing a theoretically effective and
safe vaccine against pathogens (Mora et al. 2003). Reverse
vaccinology, unlike traditional vaccinology, virtually iden-
tifies all putative antigens and also uncultivable pathogens.
In addition in RV, among the novel identified antigens, the
most conserved and immunogenic vaccine candidates can be
selected (Sette and Rappuoli 2010).

The first successful experience of reverse vaccinology ap-
proach was used for the detection of vaccine candidates
against Neisseria meningitidis serogroup B (MenB) and led
into a universal MenB vaccine (Bambini and Rappuoli 2009).
This achievement encouraged the researchers to use the ap-
proach for a variety of other pathogens such as
Staphylococcus aureus (Oprea and Antohe 2013),
Pseudomonas aeruginosa (Rashid e t a l . 2017) ,
Streptococcus pneumoniae (Talukdar et al. 2014),
Acinetobacter baumannii (Chiang et al. 2015), Helicobacter
pylori (Naz et al. 2015), Brucella melitensis (Vishnu et al.
2017), Rickettsia prowazekii (Caro-Gomeza et al. 2014), and
Histophilus somni (Madampage et al. 2015).

An efficient Shigella vaccine must be prepared for multiple
serotypes to induce broad-spectrum immunity. The identified
vaccine candidate should also provoke both systemic and mu-
cosal immune systems (Okafor 2018). In this study, in order to
identify novel conserved antigens for vaccine development,
high-throughput screening of S. flexneri surface proteins was
performed. The immunogenicity and protectivity of the new
vaccine candidate were verified experimentally.

Material and methods

Subcellular localization and topology evaluation

Proteomes of S. flexneri 2awere retrieved from UniProtKB in
FASTA format and then imported to CELLO v.2.5 and
PSORTb v.3.0.2 online servers for subcellular localization.
Surface-exposed proteins, due to their close contacts with host
cells, and hence immune system stimulations are appropriate
subunit vaccine targets. Thus, in this study and as a starting
step, the outer membrane and extracellular proteins that were
predicted in both CELLO and PSORTb programs were select-
ed. PSORTb v.3.0 is a precise and wide-used online program
that utilizes multiple analytical modules for the identification
of known biological features related to proteins’ subcellular
locations (Yu et al. 2010). Query proteins, which were pre-
dicted as outer membrane or extracellular proteins with prob-
ability value more than 0.9 (cut-off 9), were selected. CELLO
is based on multi-class support vector machines (SVMs) and
has a prediction accuracy of 89% localized bacterial proteins
(Yu et al. 2006). In CELLO, predicted outer membrane or
extracellular proteins with the highest reliability score were
selected for subsequent analyses.
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Due to difficulty in cloning and expression of pro-
teins with transmembrane domains > 1, these proteins
were identified and ruled out. The TMHMM v.2.0 by
searching hydrophobic amino acids and HMMTOP v.2.0
with a maximum divergence of amino acid composition,
using default values of their parameters, were used to
determine the number of transmembrane domains in
outer membrane and extracellular proteins (Krogh
et al. 2001; Tusnády and Simon 2001).

Homology analyses

To prevent auto-immune response, the homology of selected
proteins with human (taxid: 9606) and mouse (taxid: 10088)
proteins was evaluated by the online BLAST server, provided
by NCBI database (Talukdar et al. 2014). BLASTp was per-
formed against non-redundant protein sequences, and proteins
with identity and query cover > 30% were defined as homol-
ogous proteins and were eliminated (blast was performed with
default values of their parameters) (Altschul et al. 1990;
Rashid et al. 2017). An applicable vaccine candidate should
be protective against different species and strains, to be used
as a broad-spectrum vaccine (Kim et al. 2015), and therefore,
the determination of protein conservation is necessary. To
determine orthologous proteins, FASTA sequences aligned
against non-redundant proteins of genus Shigella (taxid:620),
and proteins with identity and query cover more than 80% and
with E-value threshold of 10−6 in all 4 species of Shigellawere
selected.

Antigenicity and solubility prediction

FASTA sequences of preselected proteins were submitted to
VaxiJen server for the prediction of protein antigenicity.
VaxiJen, with an alignment-free method using only the phys-
iochemical properties of amino acid sequences, is the first
software that predicts antigenicity via machine learning meth-
od (Flower et al. 2017). To increase the reliability of antige-
nicity prediction, the ANTIGENpro online tool, which uses a
large non-redundant microarray dataset, was employed to pre-
dict antigenicity (Magnan et al. 2010). Proteins with predic-
tion scores more than 0.7 in both VaxiJen and ANTIGENpro
were selected as probable antigens, and then, the solubility of
these proteins was predicted. Efficient expression of heterol-
ogous proteins in E. coli leads to the successful production of
protein in active form. PROSO II is an online software that
employs two-layered classification method and Parzen win-
dow model for the prediction of protein solubility
(Smialowski et al. 2012). Protein-Sol is also a web tool that
by sequence-based properties like amino acid compositions,
isoelectric pH, fold propensity, and sequence entropy predicts
protein solubility (Hebditch et al. 2017). Proteins with calcu-
lated scores more than 0.6 and 0.45 in PROSO II and Protein-

Sol, respectively, were considered as soluble proteins and
listed for next analyses.

Epitope mapping

The shortlisted proteins from the above analyses, after litera-
ture screening, were introduced as potential novel antigens,
and for the selection of the best protein for experimental stud-
ies, B- and T-cell epitopes were predicted. To increase predic-
tion reliability, different programs with different methods
were used. Immune Epitope Database (IEDB) based on ex-
perimental data (Vita et al. 2019), BCPred by support vector
machine (SVM) method (El-Manzalawy et al. 2008), BcePred
using different physicochemical properties (Saha and
Raghava 2004), and ABCpred based on the recurrent neural
networkmethod (Saha and Raghava 2006) with default values
of their parameters were used for the calculation of new anti-
gens’ epitope density (the ratio between the summation of B-
epitope scores and the protein length) (Oprea and Antohe
2013; Meunier et al. 2016). T cells are the other part of the
adaptive immune system and have a crucial role in human
immunogenicity. In IEDB database, high-affinity binding epi-
topes with IC50 and percentile rank < 5 nm and for full HLA
reference set (54 alleles in MHC-I and 27 alleles in MHC-II)
were determined. Also, NetMHC 4.0, which utilizes artificial
neural network method, was used for the prediction of strong
binders (percent rank < 0.5) for all the 81 human MHC alleles
with 8–14 amino acid length (Andreatta and Nielsen 2016).
MHCPred v.2.0, based on a quantitative structure-activity re-
lationship (QSAR) method, is another T-epitope prediction
tool (Hattotuwagama et al. 2004) and was used for the predic-
tion of strong binders’ T-cell epitopes (IC50 < 50 nm) in all 25
alleles, which were provided by the server. Shigella belongs to
intracellular bacterial pathogens and provokes cytotoxic T
lymphocytes (CTLs) (Cossart and Helenius 2014; Mak and
Saunders 2006). Therefore, NetCTL v.1.2 was employed for
CTL epitope prediction on 12 MHC super types, with a
threshold value of 0.75 (Larsen et al. 2007). Then, T-epitope
density was calculated as the number of high-affinity-
predicted T-epitopes divided by protein length. The results
of epitope prediction for selected proteins, in addition to anti-
genicity and solubility scores, were listed and ranked, and
ultimately, the best protein with the overall highest score (in
different methods) was selected and characterized for the ex-
perimental phase.

Characterization of newly identified vaccine
candidate

For the examination of virulence function of selected protein,
VirulentPred online server, by means of cascade support vec-
tor machine, was used (Garg and Gupta 2008). The MOTIF is
one of the GenomeNet database tools that, by searching
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sequence similarity against major motif libraries, determines
protein motifs from amino acid sequence (Kanehisa et al.
2002). ProtParam is one of the online ExPASy tools and, on
the basis of pK and N-end rule, determines the special prop-
erties of proteins (Gasteiger et al. 2005). SignalP 5.0 server
based on deep neural network method predicts signal peptide
(SP) sequences and discriminates between three main types of
SPs (Almagro Armenteros et al. 2019). Signal sequences are
cleaved during protein translocation through the cell mem-
brane (Coleman et al. 1985). Thus, signal peptide sequence
was predicted by SignalP server and removed from the com-
plete protein sequence. The website addresses of the servers
used in this article are presented in Table 1.

Bacterial strains and growth conditions

S. flexneri (DDBCC1000, http://www.wfcc.info/ccinfo/
collection/by_id/1185), E. coli BL21-DE3, and E. coli
DH5α were obtained from the bacterial collection center of
research division of Shahed University, Tehran, Iran. The
virulence potency of the S. flexneri was previously verified
by the Sereny test (Sereny 1955). All bacterial strains were
grown in a Luria-Bertani (LB) medium at 37 °C. Bacteria
containing recombinant plasmids were cultured by the addi-
tion of ampicillin (100 μg/mL) or kanamycin (70 μg/mL) to
the growth medium.

Gene cloning and protein expression

After in silico analyses and selection of the best protein as a
vaccine candidate, the selected gene was optimized by Gene
Designer software (https://www.atum.bio/eCommerce/login)
according to codon bias of E. coli and synthesized in pUC57
vector (Biomatic, Canada). The gene was subcloned into pET-
28a and transferred into E. coli BL21-DE3.

Protein expression was induced by the auto-induction
method (Studier 2005). After 18 h of incubation at 37 °C,
the bacteria were harvested by centrifugation at 4000×g for
30 min. The pellet was suspended in a Tris-EDTA (TE) buffer
and lysed by an ultrasonic disintegrator at ice-cold tempera-
ture and intermittent bursts of 1 min. The cell lysate was cen-
trifuged at 10,000×g for 20 min, and the pellet was washed in
a TE buffer and recollected. The pellet was finally solubilized
in 8 mM urea and centrifuged at 10,000×g for 20 min and
supernatant was collected. As a negative control, all the above
steps were carried out for an uninduced BL21 harboring re-
combinant plasmid. Fractions were analyzed on SDS-PAGE
for protein expression.

Protein purification was carried out by Ni-NTA affinity
chromatography. The column was eluted with different con-
centrations of imidazole, and fractions were analyzed on SDS-
PAGE and verified with western blotting using HRP-
conjugated anti-histidine antibody. The concentration of

Table 1 Online servers used in
this study Function Program Web address

Proteome acquisition UniProtKB www.uniprot.org

Subcellular localization CELLO v.2.5 www.cello.life.nctu.edu.tw

Subcellular localization PSORTb v.3.0.2 www.psort.org/psortb

Transmembrane prediction TMHMM v.2.0 www.cbs.dtu.dk/services/TMHMM

Transmembrane prediction HMMTOP v.2.0 www.enzim.hu/hmmtop

Homology analyses BLASTp www.blast.ncbi.nlm.nih.gov/Blast

Antigenicity prediction VaxiJen v.2.0 www.ddgpharmfac.net/vaxijen

Antigenicity prediction ANTIGENpro www.scratch.proteomics.ics.uci.edu

Solubility prediction PROSO II www.mbiljj45.bio.med.unimuenchen.de

Solubility prediction Protein-Sol www.protein-sol.manchester.ac.uk

B-cell epitope IEDB B-cells www.tools.iedb.org/main/bcell

B-cell epitope BCPred www.ailab.ist.psu.edu/bcpred

B-cell epitope BcePred www.webs.iiitd.edu.in/raghava/bcepred

B-cell epitope ABCpred www.webs.iiitd.edu.in/raghava/abcpred

T-cell epitope IEDB T-cells www.tools.iedb.org/main/tcell

T-cell epitope MHCPred v.2.0 www.ddg-pharmfac.net/mhcpred

T-cell epitope NetMHC v.4.0 www.cbs.dtu.dk/services/NetMHC

T-cell epitope NetCTL v.1.2 www.cbs.dtu.dk/services/NetCTL

Motif prediction MOTIF www.genome.jp/tools/motif

Protein characterization ProtParam www.web.expasy.org/protparam

Signal peptide prediction signal v.5.0 www.cbs.dtu.dk/services/SignalP

Virulence factor prediction VirulentPred http://203.92.44.117/virulent
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purified protein was estimated with the Bradford method
(Bradford 1976).

Immunization assay

The female BALB/c mice (5–6 weeks old) were procured
from Razi Institute, Karaj, Iran, and maintained under stan-
dard unstressed and pathogen-free conditions at an animal
care center at Shahed University. Test and control groups of
mice (n = 5/group) were injected intraperitoneally (IP) on days
0, 14, and 28. Test mice were immunized with 20 μg of pure
protein emulsified with complete Freund’s adjuvant (Sigma),
and the control group received only PBS and adjuvant. In the
subsequent inoculations, incomplete Freund’s adjuvant was
administered in the same way. One week after each injection,
blood was collected by puncturing of the supraorbital plexus
in both test and control groups, and blood sera were stored at
− 20 °C for further analyses.

Immunogenicity assay (ELISA)

The antibody response to injected protein was examined by
indirect ELISA. Moreover, 100 μL coating buffer containing
2 μg of purified protein was added to 96-well micro-titer
plates in duplicate repeats and incubated for 16 h at 4 °C.
The plate was incubated in 37 °C. Wells were washed three
times with 400 μL of PBST (PBS containing 0.05% Tween
20). The wells were blocked with 150 μL of 5% skim milk in
PBS for 1 h. Wells were washed and added with serial dilu-
tions of serum in PBST (1:250 to 1:64000), and after 2 h of
incubation at 37 °C, wells were washed, and 100 μL of diluted
(1/15000) HRP-conjugated anti-mouse IgG was added to
wells and incubated for 2 h. TMB (100 μL) as a substrate
was added to wells, and the reaction was terminated with 3N
H2SO4 after color development. The optical density was quan-
tified at 450 nm using TECAN ELISA reader. To evaluate the
accuracy of the process, two types of negative control were
applied (Ag−, without protein and only coating buffer, and
Ab−, without serum and only PBST).

The bacteria whole-cell ELISA was also performed with
106 CFU/mL active S. flexneri suspended in 100 μL coating
buffer and placed in micro-plate wells. The other steps were
performed similarly to that of indirect ELISA aforementioned.

Protectivity challenge

LD50 determination A total of 100 μL of the overnight culti-
vated bacteria was added to 100 mL LB broth medium and
incubated under steady conditions. The optical density of
growing bacteria was calculated at different times at 600 nm
and simultaneously diluted and cultured on an LB agar. All
the steps were repeated three times under completely sterile

conditions. Finally, the standard growth curve was prepared
by plotting the optical density against bacteria viable count.

The 50% lethal dose (LD50) was determined by intraperi-
toneal injection of different doses of bacteria (105–109) to
groups of adult female BALB/c mice (n = 7/group).

Active immunity experiments From an overnight LB culture,
100 μL was added to 100 mL LB broth and incubated to grow
to mid-log phase. Bacterial cells were harvested by centrifu-
gation at 8000×g, for 20 min, and the pellets were washed
with PBS to remove impurities. The resulted sediment was
suspended exactly in PBS to adjust inoculum concentration.
Furthermore, 100 μL of three doses corresponding to 2 ×
LD50, 4 × LD50, and 6 × LD50 was intraperitoneally adminis-
tered to the test and control groups of vaccinated mice (n = 5/
group). Mortality and morbidity were monitored and recorded
daily for 1 week after the challenge.

Passive immunity experiments The sera stored at − 20 °C
were thawed in room temperature, and the complement sys-
tem was inactivated by keeping them under 56 °C for 30 min.
Moreover, 100 μL sera from the test and control mice groups
were injected intravenously to 5–6-week-old female mice
(n = 5/group). After 3 hours, 100 μL inoculum, equivalent to
2 × LD50 bacteria, was injected intraperitoneally and mortality
in the mice was recorded for 1 week.

Adhesion assay

The inhibitory effect of sera on bacterial adhesion to epithelial
cells was evaluated by Caco-2 human colon epithelial cell
lines. Caco-2 cells were cultured in a DMEM medium con-
taining 10% fetal bovine serum (FBS) without any antibiotic.
Cells were grown in a fresh medium, in a humidified atmo-
sphere with 5% CO2 at 37 °C. After 7–10 days, the culture
medium was discarded and cell layer was washed with PBS
and detached with 25% trypsin in PBS. Dispersed cells were
then harvested and counted by an inverted microscope, and
105 cells were sub-cultured in 24-well tissue culture plates
with DMEM containing 10% FBS and 1% penicillin/strepto-
mycin. The plates were incubated for 48 h at the above-
mentioned conditions.

The sera complement systemwas inactivated and diluted in
PBS to a final concentration of 1:250 and then added to
107 CFU/mL S. flexneri for 1 h. The Caco-2 cell layer was
washed with PBS and then infected with 500 μL of pretreated
bacteria (containing 5 × 106 bacteria and 1:250 serum) for 2 h.
The Caco-2 cells were detached with 1% (v/v) trypsin-PBS
and cultured in LB agar plates. The number of colonies for
S. flexneri pretreated with immunized and control mice sera
and also S. flexneriwithout serum were counted, and then, the
percentages of bacteria-binding inhibition to Caco-2 cells sub-
jected to immunized and control mice sera were calculated.
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Statistical analyses

The GraphPad Prism 8 software was used for statistical anal-
yses. The statistical differences between antibody responses of
immunized and non-immunized mice and the significance of
differences in inhibition of adhesion assay test were analyzed
by Student’s t-test. Experiments were performed in duplicate,
and P-values less than 0.05 were considered significant.

Results

Subcellular localization and topology analyses

In UniProt database, there is only 1 reference proteome of
S. flexneri that contains 4103 proteins (serotype 2a, strain
301, UP000001006). Standard and full proteome of
S. flexneri 2a strain 2457T that is a highly virulent strain and
has been extensively used for clinical researches, including
3786 proteins with 99.3% data completeness, was selected
(UP000002673). In S. flexneri 2a strain 301, 108 and 76 outer
membrane proteins and 107 and 42 extracellular proteins were
predicted in CELLO and PSORTb, respectively. Also, in
S. flexneri 2a strain 2457T, 129 and 72 outer membrane and
141 and 37 extracellular proteins were predicted in CELLO
and PSORTb, respectively. In S. flexneri 2a strain 301, 54
outer membrane and 26 extracellular proteins were predicted
by both CELLO and PSORTb, and in S. flexneri 2a strain
2457T, 57 outer membrane and 29 extracellular proteins were
predicted by both CELLO and PSORTb. Finally, by removing
repetitive proteins in S. flexneri 301 and 2457T strains, overall
103 proteins (69 outer membrane and 34 extracellular pro-
teins) were selected for next analyses (Table 2). Out of these
103 proteins, 4 and 10 proteins with transmembrane do-
mains > 1 were predicted with TMHMM and HMMTOP, re-
spectively, and then removed from the proteins list (Table 2).

Homology analyses

From 89 proteins obtained, 7 proteins with homology to hu-
man and mouse by BLASTp were identified and hence re-
moved. Also, 12 non-conserved proteins among Shigella ge-
nus species were identified and eliminated, and 70 proteins
were remained to be analyzed in the next step (Table 2).

Antigenicity and solubility prediction

Out of 70 proteins, 23 proteins with antigenicity score > 0.7
were predicted by both VaxiJen and ANTIGENpro programs,
and from these, 7 proteins were predicted as soluble proteins
in both PROSO II and Protein-Sol programs (Table 2). By
screening literatures, none of the selected 7 vaccine candidates
were used previously for the development of vaccines against

shigellosis, and therefore, these proteins were introduced as
novel vaccine candidates. The subtractive pathway for the
selection of these proteins is explained in Table 3.

Epitope mapping

The detailed results related to epitope prediction are exhibited
in Table 4. Out of 13 different servers, minor fimbrial protein
G (FimG) in 6 servers achieved the highest score
(ANTIGENpro, PROSO, Protein-Sol, BcePred, MHCPred,
and IEDB Class-II T-epitope tool) and also in other servers
with a high score was better than other proteins and thus se-
lected as the best vaccine candidate for experimental studies
(Table 4).

Characterization of newly identified vaccine
candidate

FimG was predicted as a virulence factor in the VirulentPred
server (score: 1.0163). Submission of FimGFASTA sequence
to MOTIF database leads to the identification of bacterial
immunoglobulin-like domain in protein structure (Pfam ID:
Big_3_5, family accession: PF16640, i-Evalue: 0.022). Also,
signal peptide sequence in FimG was identified by SignalP
program (1–23 amino acids). Physicochemical properties of
FimG protein were determined in ProtParam server, as dem-
onstrated in Table 5.

Protein expression and purification

The FimG gene was optimized (gene accession number:
MW_252166) and synthesized in the pUC57 vector (the op-
timized gene and other data are available in article Online
Resource).Then, the gene was subcloned into pET-28a vector
and expressed in E. coli BL21-DE3. The expression results
were analyzed by 15% SDS-PAGE, and a 17 kd protein band
appeared correctly on the gel (Fig. 1a). The protein was puri-
fied under denatured condition by Ni-NTA affinity chroma-
tography and confirmed by western blotting with anti-His-tag
and HRP antibody (Fig. 1b).

Immunogenicity evaluation

The immunogenicity of immunized mice with FimG was ex-
amined by ELISA test. Ten days after each immunization, sera
were collected and antibody levels were determined. After
second and third administrations, the IgG level significantly
increased compared to the control group (Fig. 2a). After third
immunization, the murine antibody reaction with S. flexneri
was also evaluated in whole-cell ELISA and demonstrated
significant sera reaction in comparison with control mice
(Fig. 2b). ELISA results from immunized mice after 5-
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Table 2 The subtractive process for the selection of outer membrane and extracellular proteins as new potential vaccine candidates

Bacterial proteome CELLO PSORT Both
CELLO and PSORT

OM EC OM EC OM EC

S. flexneri 2a str. 301 (4103 proteins) 108 (2.63%) 107 (2.61%) 76 (1.85%) 42 (1.02%) 54 (1.32%) 26 (0.63%)

S. flexneri 2a str.2457T (4103 proteins) 129 (3.41%) 141 (3.72%) 72 (1.90%) 37 (0.98%) 57 (1.51%) 29 (0.77%)

S. flexneri 2a OM and EC proteins, predicted by CELLO and PSORT 69 34

Number of removed proteins with TMD>1, predicted by TMHMM and HMMTOP 9 0

Number of removed proteins with TMD>1, predicted by HMMTOP 5 5

Proteins with TMD≤1 60 29

Number of removed proteins with host homology determined by BLASTp 7 0

Number of removed non-conserved proteins determined by BLASTp 8 4

Conserved proteins without host homology 45 25

Number of removed proteins with antigenicity scores<0.7 predicted by VaxiJen and ANTIGENpro 31 16

Probable antigenic proteins 14 9

Number of removed insoluble proteins predicted by PROSO and Protein-Sol 10 6

Predicted soluble proteins (novel identified vaccine candidates) 4 3

EC: FimG (NP_839596.1), FliC (NP_837536.1), YejO (NP_837803.1)

OM: Pal (NP_706493.2), OmpF (NP_836635.1), S3194 (NP_838478.1), S3195 (NP_838479.1)

The highlighted bands represent the resulted proteins after each step

The 7 new identified vaccine candidates with their accession numbers are shown in the last table row

OM outer membrane, EC extracellular, TMD transmembrane domain

Table 3 The outer membrane and extracellular proteins that were eliminated in each step

BamA BamE BglH BtuB Caf1a_2 CrcA CsgB CsgF FadL FepA

FhuA FimA FimA_1 FimF FimG FimI FlgD FlgE FlgG FlgH

FliC FliD HcpC HofQ Imp IutA LamB LpfA LpfC LptD

MdtP MdtQ MipA MLaA MLtA NanC NlpD NmpC OmpA OmpD_2

OmpF OmpW OmpX OmpX_2 PagP Pal Pet PhoE Pic PldA

PpdD S0247 S0751 S0754 S0756 S0757 S1007 S1008 S1128 S1289

S1625 S1887 S1950 S2105 S2270 S3067 S3194 S3195 S3342 S4810

SfmA SigA SlyB TolC Tsx UidC VacJ YaeT YbeQ YbgD

YbgQ YbhC YcbS YcgV YchP YciD YddB YeaF YehB YejO

YfgL YhjM YhjY YiaD YiaD_2 YibP YieC YjbE YjbH YjhA

YlcB YmcA YtfM

The proteins with transmembrane domains > 1 predicted in TMMHM and HMMTOP.

The non-conserved proteins or host -homologous proteins determined by BLASTp.

The proteins with aAntigenicity score < 0.7 in VaxiJen and ANTIGENpro.

The insoluble proteins predicted by PROSO and Protein-Sol.

White table cells are remaining 7 proteins, selected for epitope mapping (FimG, FliC, OmpF, Pal, S3194, S3195, YejO)

Eeach protein name was hyperlinked to protein record in NCBI database. Additional data are presented in Online Resource ESM.xlsx
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month post-immunization periods showed the high stability of
produced antibody.

Protectivity challenge

After the injection of different doses of S. flexneri to mice
groups, LD50 was determined to be 1.5 × 108 CFU/mL and
used for survival challenge. Before the injection, no abnormal-
ities and diseases were observed in immunized mice.
Intraperitoneal injection of 2-, 4-, and 6-fold LD50 doses of
S. flexneri to control and immunized mice resulted in full
protection of immune mice up to 4-fold LD50 and 66% pro-
tection against 6LD50 (Fig. 3a). Passive immunity in mice
with 2 × LD50 led to 65% survival of challenged mice. The
bacteria-infected mice were monitored for 1 week for mortal-
ity and morbidity and finally euthanized. The results of
protectivity experiments are presented in (Fig. 3b).

Adhesion assay

The results of S. flexneri adhesion to Caco-2 cells demonstrat-
ed that bacterial adhesion was impaired by produced antibod-
ies against recombinant FimG protein. In comparison to con-
trol wells that were treated by control mice sera, immunized
mice sera inhibited 29.31% of bacterial adhesion to Caco-2
epithelial cell lines (Fig. 4). Also, the flowchart of reverse
vaccinology approach, adopted in this study, is demonstrated
in Fig. 5.

Discussion

Shigellosis with high mortality and increased multi-drug-
resistant strains currently has no reliable vaccine, and studies
are ongoing for the identification of new vaccine targets. The
first effort to identify Shigella vaccine candidates was

Table 4 The results of antigenicity, solubility, and epitope prediction in 7 new vaccine candidates

Protein Name FimG FliC OmpF Pal S3194 S3195 YejO

Amino acids 167 550 362 173 297 706 836

VaxiJen 0.872 0.844 0.757 0.916* 0.892 0.882 0.720

ANTIGENpro 0.970 0.938 0.862 0.864 0.964 0.911 0.931

PROSO 0.814 0.629 0.627 0.648 0.792 0.654 0.652

Protein-Sol 0.701 0.637 0.614 0.696 0.541 0.452 0.606

ABCpred 1.282 1.288 1.166 1.103 1.279 1.223 1.329

BCpred 0.337 0.501 0.496 0.535 0.429 0.330 0.500

BcePred 0.398 0.103 0.268 0.179 0.143 0.150 0.191

IEDB B-epitopes 0.212 0.396 0.248 0.296 0.455 0.392 0.435

MHCPred 2.156 1.975 1.983 1.827 1.875 1.948 1.992

NetMHC 1.629 0.753 2.268 1.243 0.697 1.525 1.461

IEDB Class-I T-epitopes 5.251 4.785 6.166 5.064 3.589 4.589 5.154

IEDB Class-II T-epitopes 0.754 0.582 0.541 0.694 0.579 0.551 0.487

NetCTL 0.365 0.222 0.384 0.301 0.162 0.249 0.275

*The underlined number in each column is the highest score predicted by the server

The detailed data are accessible in Online Resource ESM.xlsx

Table 5 FimG properties

Protein accession NP_839596.1 Protein length 167 AA

Gene accession MW_252166 Protein note Minor fimbrial subunit protein

Subcellular localization Extracellular Transmembrane domain 1 (before AA 29)

Homology in host 0% Conservation S. flexneri, S. sonnei, S. boydii, S. dysenteriae

Aignal peptide N-terminal 1–23 Functional domain Pfam ID: Big_3_5 (Ig-like domain)

VirulentPred score 1.016 (virulent) Molecular weight 17,335.39 Da

Theoretical pI 5.48 (slightly acidic) Instability index 18.97 (stable)

Hydropathicity 0.063 (hydrophobe) Aliphatic index 84.19 (thermostable)
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performed by Ying et al. in 2005. On the basis of
immunoproteomics methods, out of 126 marked spots in 2-
dimensional electrophoresis, 87 outer membrane (OM) and
extracellular (EC) proteins were identified (Ying et al.
2005). Immunoproteomics-based methods were then used
by Jennison et al. (Jennison et al. 2006) in 2006 and Pore
and Chakrabarti (2016) in 2016. These methods include pro-
tein isolation, 2-D electrophoresis, immunoblotting, peptide

mass fingerprinting, and sequence analyzing and therefore
are time-consuming methods. Advancement of in silico
methods and bioinformatic databases now paved the way for
the identification of vaccine candidates, more precise than
before. In 2016, Maggiore, in an innovative procedure
(GMMA), used genetically modified Shigella extremely pro-
ducing outer membrane vesicles (OMV) and identified 40
surface protein, common in both S. flexneri and S. sonnei

Fig. 1 SDS-PAGE (15%) andwestern blotting results. Recombinant FimG
protein containing His-tagged residues was expressed in E. coli BL21
(DE3), followed by purification byaffinity chromatography using Ni-
NTA Agarose matrix. Protein expression was evaluated by SDS-PAGE

and Coomassie blue staining (a) and was confirmed by western blotting
using conjugated antibodies against His tag (b). (Lane 1: negative control
result from non-induced bacteria, Lane 2: recombinant protein expression,
Lane 3: purified recombinant protein Lane 4: negative control lysate)

Fig. 2 ELISA analyses of antibody response against recombinant FimG
protein. a Indirect ELISA: The sera from the test and control mice groups
(n = 5/group) were prepared and tested in duplicate. The results indicated
that in the second booster, the immunized mice (test group administered
with FimG+ adjuvant) in comparison with non-immunized mice (control

group administered with PBS + adjuvant) produced significantly higher
titer of IgG antibody. The error bars represent standard deviation from
two separate experiments. b Antibodies raised against recombinant pro-
teins as determined by whole-cell ELISA
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(Maggiore et al. 2016). In a recent study of Leow et al. in
2020, outer membrane proteins of S. flexneri by reverse
vaccinology method were evaluated and 5 OM proteins as
new vaccine candidates were identified and characterized
(Leow et al. 2020). In comparison to our work, they only
evaluated OM proteins, and the EC proteins that are as impor-
tant as OM proteins were ignored and not selected in their
studies. In addition, using multiple analytical servers with
high selection threshold increased the reliability of our study.
Above all, our in silico results were verified experimentally.
The 5 identified OM proteins by Leow et al. did not qualify
our parameters and were eliminated in our subtractive process.

The first step in routine RV approach is subcellular local-
ization of a set of organism proteins or its proteome. Outer
membrane (OM) and extracellular (EC) proteins, due to their
direct interaction to host cells and immune system stimulation,
are significant immunogenic factors that are employed in
many vaccine developments, like Lyme disease and pertussis
(Pore and Chakrabarti 2013). These surface-exposed proteins
play important roles in bacterial pathogenesis like adhesion,
invasion, biofilm formation, effector secretion, and cell-to-cell
dissemination (Liao et al. 2009). Shigella outer membrane
proteins, such as VirG (IcsA) and OmpA, have been studied
as vaccine candidates (Barnoy et al. 2010; Pore and
Chakrabarti 2013). Also, Ipa as a Shigella extracellular protein
is used for the generation of Invaplex vaccine against Shigella
(Riddle et al. 2011).In this study, the OM and EC proteins of
S. flexneri were bioinformatically predicted and selected. In
silico protein subcellular localization methods are established
on three main approaches as sequence homology evaluation,
signal peptide recognition, and analyses of total protein prop-
erties like amino acid composition. PSORTb program based
on all of these three approaches and by different analytical
modules is a reliable predictive tool (Yu et al. 2006).
PSORTb emphasizes specificity (precision) over sensitivity
(recall) and has 98.3% accuracy in gram-negative bacterial
subcellular localization, but cannot detect multi-location pro-
teins correctly (Yu et al. 2010). Therefore, CELLO as a com-
plementary program (with 89% accuracy) was used for sub-
cellular localization, and proteins, which were predicted in
both CELLO and PSORTb programs, were selected for sub-
sequent analyses.

It has been reported previously that among 600 vaccine
candidates of N. meningitides B, 250 proteins, with more than
1 transmembrane domain (TMD), had unsuccessful cloning

Fig. 3 a Survival plot of actively immunized mice with intraperitoneal
administration of recombinant FimG. After 2 weeks of third
administration, the mice (n = 5/group) were challenged with 2 × LD50,
4 × LD50, and 6 × LD50 of S. flexneri through intraperitoneal route and
continuously monitored for 168 h (7 days). The immunized mice
demonstrated full protection against 4 × LD50 dose of bacteria. b
Survival plot of passive immunization. The mice (n = 5/group) received

100 μl of immunized or non-immunized mice sera through intravenous
route and, after 3 h, intraperitoneally challenged with 2 × LD50 of
S. flexneri. The mice were monitored for 168 h post challenge for mor-
tality and morbidity. The passively immunized mice were significantly
protected against 2 × LD50 of bacteria (survival rate 66%). Survival rates
were analyzed using the non-parametric log-rank test (P < 0.001)

Fig. 4 Adhesion assay results. Column A and B represents the colony
numbers of S. flexneri pretreated with immunized and non-immunized
mice sera, respectively, and demonstrate the remarkable sera effect on
bacteria binding to Caco-2 cell lines (29.31%) (percentage of serum in-
hibitory effect on S. flexneri adhesion onto Caco-2 cell = (1 - (176/
249)) × 100 = 29.31%)
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and expression (Talukdar et al. 2014). Thus, from predicted
OM and EC proteins, only proteins with TMD ≤ 1 were
selected.

Proteins with homology to human proteins induce auto-
immune response and were eliminated from our preselected
proteins. In studies carried out by Rashid et al. in 2017 (Rashid
et al. 2017) and Vishnu et al. in 2017 (Vishnu et al. 2017),
homologous proteins were defined as proteins with more than
40% and 35% identity to human proteins, respectively. We
eliminated proteins with more than 30% identity and query
cover from shortlisted proteins. Shigella genus has more than
40 serotypes, and an effective vaccine must generate immuni-
ty to almost all the serotypes. Thus, to develop a broad-
spectrum vaccine against a variety of Shigella strains, the con-
served proteins in all the Shigella species must be selected.
Caro-Gomeza considered proteins with identity and query
cover more than 60% as conserved proteins (Caro-Gomeza
et al. 2014). Meunier selects homologous proteins with iden-
tity and query cover more than 80 and 50%, respectively
(Meunier et al. 2016). Here and among Shigella species, pro-
teins with identity and query cover more than 80%, in all
species, were selected.

Expression of recombinant protein in E. coli usually leads
to insoluble proteins, and solubilization processes can impair
protein activity. Thus, only predicted soluble proteins were
selected (Esmailnia et al. 2020; Smialowski et al. 2012).

The host immune responses to S. flexneri include innate,
humoral, and cellular immunity (Jennison and Verma

2004).The up-regulation of a series of cytokines is the major
innate immune response against Shigella (Ashida et al. 2015;
Jennison and Verma 2004). Studies demonstrated that in pa-
tients suffering from shigellosis, T cells were proliferated
against S. flexneri antigens. Humoral immune response plays
a key role in protectivity against shigellosis (Jennison and
Verma 2004). Therefore B- and T-cell epitopes were predicted
to estimate immunogenic potency of 7 newly identified pro-
teins. To compare these 7 proteins, epitope density regarding
protein length and summation of epitope scores was defined
and calculated. According to protein scores in different pro-
grams, FimG acquired the highest overall score and must be
validated in experimental trials.

FimG belongs to type 1 fimbriae family (T1f), which is one
of the mos t f requen t bac te r i a l adhes ins in the
Enterobacteriaceae family (Psonis and Thanassi 2019).
Wang et al. in 2019 studied the distribution of virulence fac-
tors in 15 clinical strains of S. flexneri and demonstrated that
pili proteins are highly conserved virulence factors in these
strains (Wang et al. 2019). Also, our blast results showed that
FimG is conserved in all Shigella species, E. coli (identity >
97% and query cover 100%), and in other Enterobacteriaceae
family members. Fimbrial proteins are present in copious
numbers per cell and are involved in bacterial adhesion to host
cells, invasion, and colonization on specific tissues (Coleman
and Smith 2014). During bacterial infection process, fimbria
expression increases and leads to connect bacteria for biofilm
formation. They are critical virulence factors and are

Fig. 5 The workflow of selection
and experimental confirmation of
selected vaccine candidate
(FimG). At the end of the process,
the vaccine candidate was verified
as a potent vaccine candidate and
therefore supports reverse
vaccinology approach as an
effective method for the
development of new vaccines
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appropriate vaccine targets (Psonis and Thanassi 2019). For
instance, FimA and FimH have been employed for vaccine
development in E. coli (Asadi Karam et al. 2013; Ma et al.
2018; Pore and Chakrabarti 2013). FimG in VirulentPred,
predicted as a virulence factor and MOTIF server results, in-
dicates that FimG has immunoglobulin-like (Ig-like) domain
that takes part in bacterial adhesion to epithelial cells.
Similarly, this phenomenon was also found in intimin, a crit-
ical virulence factor in EHEC and EPEC that belongs to Ig-
like family and plays significant role in bacterial attachment to
cell surface (Khare et al. 2010; Son et al. 2002). Sera produced
against FimG, in comparison to control mice sera, inhibited
bacterial binding to Caco-2 epithelial cells. The adhesion as-
say results exhibited high inhibitory effect of produced anti-
body against bacterial adhesion to epithelial cells. These re-
sults indicate that FimG is a conserved adhesion protein and
therefore validate its virulence function. Moreover, the stabil-
ity of antibody production, 5 months after the last immuniza-
tion, was studied and verified by indirect ELISA. This result
suggests FimG as a durable and conserved virulence factor.

The humoral immune response against Shigella involves
both systemic and mucosal responses. Secretory IgA (sIgA)
transcytoses into the intestine, binds to the mucosal layer of
the epithelium, and prevents bacterial attachment to mucosal
coating (Corthésy 2013; Jennison and Verma 2004).
Although IgG and IgM are present in Shigella-infected pa-
tients’ serum, the role of IgG, and probably IgM, in the pro-
tection against Shigella in mice models is reported. IgA-
deficient mice were fully protected against Shigella challenge,
indicating that IgG or IgM can provide immunity (Jennison
and Verma 2004). In this study, after the third administration,
the ELISA test with anti-IgG was carried out. The results
showed a high antibody titer of the test mice groups compared
to the control groups. Also, whole-cell ELISA results revealed
the antibody reaction to native FimG protein on bacterial sur-
face. Therefore, it can be implied that both native and in vitro
expressed FimG stimulate the immune system almost equally,
and protein immunogenic regions are exposable.

The first bottleneck in vaccinology studies is the determi-
nation of an appropriate animal model. Human is the only
reservoir of Shigella, and no animal model resembles human
immune response perfectly. Primate models like Aotus
nancymaae have the most similarity to human immune mech-
anisms. Due to high-cost effect and handling difficulties, pri-
mate models are rare models. Sereny test or keratoconjuncti-
vitis model in guinea pig eyes properly imitates Shigella in-
vasion and intracellular dissemination. This model examines
early innate immunity and, due to spontaneous recovery of
mice after a few days, cannot validate vaccine efficacy and
safety (Gregory et al. 2014; Marteyn 2016). Mice are wide-
spread used models in Shigella vaccine studies. Pulmonary
pneumonia model by intranasal bacterial injection is a mostly
used model. However, the lung environment is significantly

different from the colonic lumen. Adult mice also do not de-
velop shigellosis in oral bacterial administration (Barnoy et al.
2017; Marteyn 2016).

It is demonstrated that intraperitoneal injection of Shigella
leads to shigellosis and colonic invasion. The dissemination
route is not clearly understood. Administration of different
doses of virulent Shigella through intranasal and intraperito-
neal route led to successful induction of intraperitoneal injec-
tion, whereas, in nasal routes, mild inflammatory symptoms
were observed (Sharma et al. 2017). Intraperitoneal injection
of Shigella also leads to various pathological symptoms (Yang
et al. 2014). In our study, the intraperitoneally immunized
mice toward 4 × LD50 dose of bacteria showed full protection,
and passive immunization brought about 60% survival rate.
The higher protection in active immunization over passive
immunization could be due to other immune system pathways
and effectors present in active immunity and is in accordance
with other reports. Taking into account all these in silico and
experimental results, FimG is suggested as a novel and potent
vaccine candidate.

In conclusion, experimental results exhibit higher efficien-
cy of FimG as a novel vaccine candidate against shigellosis.
These results are in compliancewith in silico results and verify
the accuracy of our subtractive method and totally the reverse
vaccinology method. Therefore, the other identified vaccine
candidates introduced in this study can be examined for vac-
cine development. Also, reverse vaccinology approach as a
precise and cutting-edge method can be used for the identifi-
cation of novel vaccine targets against other pathogens.
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