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Achromobacter xylosoxidans is a rod-shaped Gram-negative bacterium linked with
causing several infections which mostly includes hematological malignancies. It has been
recently reported to be associated with the development and progression of lung cancer
and is an emerging respiratory disease-causing bacterium. The treatment of individuals
infected with A. xylosoxidans bacteremia is difficult due to the fact that this pathogen has
both intrinsic and acquired resistance mechanisms, typically resulting in a phenotype of
multidrug resistance (MDR). Efforts are needed to design effective therapeutic strategies
to curtail the emergence of this bacterium. Computational vaccine designing has proven
its effectiveness, specificity, safety, and stability compared to conventional approaches of
vaccine development. Therefore, the whole proteome of A. xylosoxidans was screened
for the characterization of potential vaccine targets through subtractive proteomics
pipeline for therapeutics design. Annotation of the whole proteome confirmed the three
immunogenic vaccine targets, such as (E3HHRB6), (EBHHO04), and (EBHWA2), which were
used to map the putative immune epitopes. The shortlisted epitopes, specific against
Cytotoxic T Lymphocytes, Helper T-cell Lymphocytes, and linear B-Cell, were used
to design the mRNA and multi-epitopes vaccine (MEVC). Initial validations confirmed
the antigenic and non-allergenic properties of these constructs, followed by docking
with the immune receptor, TLR-5, which resulted in robust interactions. The interaction
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Khan et al.

Vaccines Against Acromobacter Xylosoxidans

pattern that followed in the docking complex included formation of 5 hydrogen bonds,
2 salt bridges, and 165 non-bonded contacts. This stronger binding affinity was also
assessed through using the mmGBSA approach, showing a total of free binding energy
of —34.64 kcal/mol. Further validations based on in silico cloning revealed a CAl score
of 0.98 and an optimal percentage of GC contents (54.4%) indicated a putatively higher
expression of the vaccine construct in Escherichia coli. Moreover, immune simulation
revealed strong antibodies production upon the injection of the designed MEVC that
resulted in the highest peaks of IgM+ IgG production (>3,500) between 10 and 15
days. In conclusion the current study provide basis for vaccine designing against the
emerging A. xylosoxidans, which demands further experimental studies for in vitro and
in vivo validations.

Keywords: Achromobacter xylosoxidans, lungs cancer, vaccine targets, mRNA-based vaccines, immune

simulation

INTRODUCTION

Achromobacter xylosoxidans is a motile, oxidase++-, aerobic,
and gram-negative rod-shaped bacterium extensively dispersed
in the environment and reported to be associated with
healthcare infection particularly the hematological malignancies
(1). This bacterium has been reported to be associated with
bacteremia in patients suffering from cystic fibrosis (2). The
emerging bacterium is also associated with lung disease severity
in children and lung inflammation in patients (3, 4). The
bacterium mainly colonizes in the patient’s airway and follows
a complex mechanism of evolutionary dynamics related with
host/pathogen interactions (5). It was originally isolated from
patients with otitis media, where associated complications
including pharyngitis, pneumonia, peritonitis, and urinary tract
infections (6). Moreover, A. xylosoxidans has been recently
reported to be associated with the development and progression
of lung cancer. It is also reported as an emerging respiratory
disease-causing bacterium (7). Infection in the lungs, with
A. xylosoxidans, has been linked to a variety of health
complications, notably IgM deficiency and acute myelogenous
leukemia (AML) (8, 9).

The treatment of individuals infected with A. xylosoxidans
bacteremia is difficult due to the fact that this pathogen has both
intrinsic and acquired resistance mechanisms, typically resulting
in a phenotype of multidrug resistance (MDR) (10). It is resistant
to all the aminoglycosides and rifampin, as well as trimethoprim-
sulfamethoxazole, ciprofloxacin, and other quinolones,
with varying resistance to trimethoprim-sulfamethoxazole,
ciprofloxacin, and other quinolones. Carbapenems and
antipseudomonal penicillin are typically effective against
most isolates (11-13). However, there is no specific treatment
for this multi-disease-causing bacterium. Efforts are needed to
design effective therapeutic strategies to curtail the emergence
of this bacterium. Designing small molecule inhibitors is a
time taking process, however, vaccination has been used to
prevent and to cure a range of microbial infections, with the
goal of generating adaptive immune responses by delivering
antigenic components to the immune system (14). Classical
vaccines, like inactivated pathogens, subunit vaccines, and

live attenuated provide long-lasting protection, but they limit
quick and large-scale production possibilities (15). The use
of computational tools has significantly reduced the cost and
time of developing peptides-based therapeutics. Computational
vaccine designing has proven its effectiveness, specificity, safety,
and stability compared to the conventional approaches of vaccine
development (14, 16-19). Immunoinformatic strategy has been
adopted for designing vaccine against a number of pathogens
including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), Mayaro virus, human norovirus, and Shigella
spp (14, 16-18, 20).

Computational methods are of great interest in exploring
biological mechanisms and designing therapeutics against the
emerging pathogens (21, 22). This also involves the application
of computational vaccinology approaches to design vaccine
therapeutics. In this scientific study, screening of the whole
proteome for vaccine targets prioritization, followed by mapping
of cytotoxic T-cell Epitopes, helper T-cell epitopes, and linear
B cell epitopes, extracted from the antigenic proteins of A.
xylosoxidans, was performed. The shortlisted proteins selected
from the extracellular membrane are reported to be involved
in attachment, pathogenesis, replication, and disease severity.
Antigenicity, immunogenicity, and allergenicity of the selected
epitopes were predicted to design a potent peptide vaccine
composed of potential antigenic messenger RNA (mRNA) and
peptides-based multi-epitopes vaccines. The current findings
will aid the development of potential peptides-based vaccine
candidate. This research could pave the way for the development
of a dynamic and efficient multi epitopes-based vaccine that
contain a unique mix of numerous A. xylosoxidans-derived
antigenic peptides with different roles during the A. xylosoxidans
infection. Overall, this may also advance the therapeutics
research to combat the emerging pathogen.

METHODOLOGY

Proteome Subtraction

The total proteome (UniProt ID: UP000006876) of A.
xylosoxidans was accessed and the chromosome region
(Genome accession: CP002287) coding 6,445 proteins was
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downloaded from UniProtKB (https://www.uniprot.org/)
(23). The whole proteome sequences were then subjected to
subtractive proteomics approach for the identification of target
proteins to design putative vaccine candidates against the
target proteins of A. xylosoxidans. Firstly, each protein was
screened on the basis of a subcellular localization with the
utility of an online server, CELLO (http://cello.life.nctu.edu.tw/)
(24). The predictions of this integrated server are based on a
two-level support vector machine (SVM) system to determine
the protein localization. Secondly, to exclude pathogen and
human host (Homo sapiens, ID: 9606) homologous proteins;
BLASTYD tool with default parameters (e-value: 10-5) was utilized.
This was performed to remove homologous proteins and to
further process the non-homologous proteins in vaccine target
prioritization (25). Furthermore, the Cluster Data Base with
High Tolerance (CD-HIT) suite (http://weizhongli-lab.org/cd-
hit/) (26) was utilized to exclude overlapping protein sequences
in the whole proteome. This analysis based on an improved
clustering algorithm was performed to remove duplicated
proteins with a cut-off value of 0.8 representing 80% identity
(27). Moreover, shortlisting of immunogenic target proteins
was performed with the utility of two web servers, VaxiJen
(http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html)
(28) and Algpred2 (https://webs.iiitd.edu.in/raghava/algpred2/)
(29). The analysis was deployed to characterize the pathogenic
proteins on the basis of antigenicity and allergenicity status.
Finally, the shortlisted three target proteins were analyzed during
additional investigations.

Epitopes Prioritization in A. xylosoxidans

Proteome

The process of putative epitopes screening was initiated with the
utility of NetCTL 1.2 (http://www.cbs.dtu.dk/services/NetCTL/)
server (30) to predict Cytotoxic T-lymphocytes. The method,
trained on 886 known MHC class I ligands and 12 super-types,
helps to predict the CTL epitopes based on TAP (Transport
Associated with Antigen Processing). This was followed by
prediction of HTL epitopes using the IEDB online server (http://
www.iedb.org/) by using seven reference alleles set of human
HLAs (31). The server predicts and characterizes the HTL
epitopes based on binding affinity by depicting percentile ranks,
whereas an epitope with a lower percentile rank indicates a higher
binding affinity. Furthermore, to investigate the interferon-
gamma producing helper T lymphocyte (HTL), epitopes were
screened using an IFN- epitope (http://crdd.osdd.net/raghava/
ifnepitope/) server (32). The analysis was performed with the
utility of server integrated algorithms, which classifies the HTL
epitopes based on SVM scores to differentiate between IFN-
positive (inducing) and IFN-negative (non-inducing) epitopes
(32). This was proceeded with prediction of linear B-cell epitopes
with the utility of ABCPred online server (https://webs.iiitd.
edu.in/raghava/abcpred/) (33). These investigations are based on
comparative analysis with experimentally proved continuous B
cell epitopes with higher accuracy (34). Additionally, the final
shortlisting of these epitopes for inclusion in vaccine designs were
preceded by antigenic and allergenic potential evaluation. The

highly antigenic and non-allergenic epitopes were included in the
process of in silico vaccine designing.

Proteome-Wide mRNA-Based Vaccine
Design

The selected highly antigenic epitopes that are predicted for each
target protein were then utilized in the design of an mRNA-based
vaccine against A. xylosoxidans. Herein, 2 T-cell epitopes from
each target protein were selected and a total of 6 CTL epitopes
were included in the final whole proteome specific nRNA-based
vaccine design (35). Similarly, a total of 6 HTL and 6 B-cell
epitopes were included in the final mRNA vaccine candidate.
Furthermore, an addition of 5 m7G Cap, 5 untranslated region
(UTR), Kozak sequence, signal peptide, and linked epitopes with
suitable linkers (AAY, PMGLP, and GGGGS) was consecutively
performed (36). A stop codon was then added before the 3 UTR
region and was followed by the poly A Tail. The same assembly
of epitopes was used in the design of multi-epitopes-based and
proteome-wide peptides-based vaccine design.

Proteome-Wide Peptides-Based Vaccine
Assembly and Three-Dimensional
Structure Modeling

The final multi-epitopes-based putative vaccine candidate against
A. xylosoxidans was designed based on the same assembly of
the highly antigenic and non-allergenic 6 CTL, 6 HTL, and
6 B-cell epitopes. The three different classes of epitopes were
added with a suitable adjuvant and were linked together by using
different linkers (EAAK, sAAY, GPGPG, and KK, respectively)
(16, 22, 37). This addition of linkers and adjuvant is important
to retain the independent immunogenic activity of epitopes and
to prevent differentiation after inclusion in the vaccine construct
(38). After finalizing the assembly of the whole proteome-based
vaccine construct, Robetta online server (http://robetta.bakerlab.
org) (39) was utilized for modeling of the 3D structure. The
server is capable of modeling multi-chain complexes by using the
integrated RoseTTAFold or comparative modeling approach to
model (3D) the input amino acid sequences.

Validation of the Peptides-Based Vaccine
Design

To validate the accuracy of the 3D structure design, several
protein structure validation servers were employed. This
included the utility of proSA-web (https://prosa.services.came.
sbg.ac.at/prosa.php) (40) server to predict the Z-score of the
3D model. The deviations in Z-score from the normal range
are indicative of errors in the tertiary structure of modeled
proteins. Additionally, ERRAT online server (https://www.
doe-mbi.ucla.edu/errat/) was utilized to predict the quality
factor based on the atomic bonding contacts. Finally, the
available online server, PROCHECK (https://servicesn.mbi.ucla.
edu/PROCHECKY/) (41), was used to assess the stereo-chemical
properties and to predict the overall structure geometry
through Ramachandran Plot analysis (42, 43). Finally, the
different physiochemical properties of the peptides-based vaccine
construct were evaluated by using the ProtParam online tool
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Periplasmic
Outer Membrane

Inner Membrane
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FIGURE 1 | Distribution of proteins based on the location inside the cell. Periplasmic (green) are 7.32%, outer membrane (light blue) 1.72%, inner membrane (yellow)
6.94%, extracellular (gray) 0.45%, while cytoplasmic proteins are 23.66%, respectively.

Total

TABLE 1 | The prioritized outer-membrane target proteins with antigenicity scores

of >0.8.

UniProt Target outer membrane protein Antigenicity scores

accession

E3HHR6 Uncharacterized protein 0.80

E3HHO4 Quter membrane transport protein 0.85
OMPP1/FadL/TodX family protein

ESHWA2 Filamentous hemagglutinin family 0.88

N-terminal domain protein 1

(http://web.expasy.org/protparam/) (44). This was performed to
depict several topographies of the constructed vaccine including
molecular weight, theoretical PI, instability index, and other
related properties.

Docking and Interaction Analysis of the

Vaccine

To identify the interacting patterns, molecular docking of the
proposed vaccine with human TLR-5 (Toll-like receptor-5) (45)
was performed using the HawkDock server (http://cadd.zju.
edu.cn/hawkdock/). This server, by deploying a hybrid docking
method, efficiently provides information about the binding
interactions of the complex (42). Additionally, the server also
offers an mm-GBSA analysis for binding free energy calculations.
The structure of TLR-5, utilized in the docking complex, was
retrieved from RCSB using the Accession ID: 3jOa. The structure
of TLR-5 was visualized and was prepared in PyMOL before
docking with the proposed vaccine.

In silico Cloning of the MEVC

The in silico cloning analysis were initiated with the acquisition
of reverse-translated optimized DNA sequence for the peptides-
based vaccine construct. This was performed with the utility of

Java codon adaptation tool (JCat tool) to ensure the production
of the multi-epitope subunit vaccine in an appropriate expression
host (43). After selecting appropriate host (E. coli strain K-12) for
the proposed vaccine, the GC content and the CAI score of the
optimized DNA sequence were also determined. Furthermore,
the optimized DNA sequence, after choosing two restriction
enzyme sites (Xhol and EcoRI), was inserted in the pET-28a
(4) expression vector to obtain the cloned plasmid by using the
Snapgene software.

Immune Simulation

The validation of potential immunogenic response induced by
the proposed peptides-based vaccine against the A. xylosoxidans
was also performed. This was achieved with the utility of
immune simulation approach by using C-ImmSim (http://
150.146.2.1/C-IMMSIM/index.php) (46). The server is capable
of depicting putative immune responses against the desired
antigenic protein constructs. Several machine learning methods,
with scoring matrix PSSM-based systems, are deployed to
forecast antibody responses. This evaluation includes counts
of antibodies, cytokines, and interferons produced against an
injected antigen (47). The method is widely deployed to depict
the experimental feasibility of computationally designed vaccines
against the target organisms.

Molecular Dynamics Simulation

Molecular dynamics (MD) simulation of the vaccine-TLR
complex was performed to check the stability of the complex
using AMBER20 simulation package for 20ns (48, 49). The
parameters were used as previously used by Abbas et al. (50, 51).
For stability and residual flexibility estimation, CPPTRAJ and
PTRAJ modules were used (52).
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TABLE 2 | The shortlisted immune epitopes with antigenicity and allergenicity status evaluated for each target protein.

Target protein Type of Total shortlisted Epitope sequences Antigenicity Antigenicity Allergenicity

accession ID epitopes epitopes scores status

ESHHR6 CTL 2 SVDVNTLVY 1.2 Antigenic Non-allergenic
TLGSAIWFY 1.1

ESHHR6 HTL 2 VGTNIAGYMAGLRS 0.5 Antigenic Non-allergenic
FAWEPFVWAPVGRYD 0.7

ESHHRG B-cell 2 EVEIYGRNTDWHGQTL 0.7 Antigenic Non-allergenic
PGMAGDHQTGIGDVTL 1.1

E3HHO4 CTL 2 TTLDVGYTY 0.4 Antigenic Non-allergenic
NASGLGNAY 0.9

E3HHO4 HTL 2 YDSNAHILGIQLSSR 0.9 Antigenic Non-allergenic
ALGANYKFAPNWKWK 2

ESHHO4 B-cell 2 TGLGGSRPTGGNGGDA 2.3 Antigenic Non-allergenic
SWTGWSSIPNLKIRNS 0.5

ESHWA2 CTL 2 ETSPITPTY 0.4 Antigenic Non-allergenic
QSDASMTLQ 1.1

ESHWA2 HTL 2 AGALRSNQGNRIEAG 1 Antigenic Non-allergenic
GSAAQLQSSKGMTLS 1.1

ESHWA2 B-cell 2 PGTIEVRSDKDSGRDS 1.5 Antigenic Non-allergenic
GGSIVHGGTSLAGKDL 0.6

TABLE 3 | The full-length peptides-based MEVC design with explored physiochemical properties.

Vaccine type Proteome wide peptides based MEVC Number Molecular Theoretical pl Aliphatic HydropathicityAntigenicity

Construct of
amino
acids

weight
(kd)

Antigenicity Allergenicity

index score status

(GRAVY)

mRNA based
vaccine

SVDVNTLVYAAYTLGSAIWFYAAYTTLDVG
YTYAAYNASGLGNAYAAYETSPITPTYAA
YQSDASMTLQGPGPGVGTNIIAGYMAGL
RSGPGPGFAWEPFVWAPVGRYDGPGPG
YDSNAHILGIQLSSRGPGPGALGANYKFA
PNWKWKGPGPGAGALRSNQGNRIEAGG
PGPGGSAAQLQSSKGMTLSKKEVEIYGR
NTDWHGQTLKKPGMAGDHQTGIGDVTL
KKTGLGGSRPTGGNGGDAKKSWTGWS
SIPNLKIRNSKKPGTIEVRSDKDSGRDSKK
GGSIVHGGTSLAGKDL

MRVLYLLFSFLFIFLMPLPGVFGGIGDPVT
CLKSGAICHPVFCPRRYKQIGTCGLPGTK
CCKKPEAAKSVDVNTLVYAAYTLGSAIWF
YAAYTTLDVGYTYAAYNASGLGNAYAAYE
TSPITPTYAAYQSDASMTLQGPGPGVGT
NIAGYMAGLRSGPGPGFAWEPFVWAPVG
RYDGPGPGYDSNAHILGIQLSSRGPGPG
ALGANYKFAPNWKWKGPGPGAGALRSN
QGNRIEAGGPGPGGSAAQLQSSKGMTL
SKKEVEIYGRNTDWHGQTLKKPGMAGD
HQTGIGDVTLKKTGLGGSRPTGGNGGDA
KKSWTGWSSIPNLKIRNSKKPGTIEVRSD
KDSGRDSKKGGSIVHGGTSLAGKDL

297 30 kd

Peptides 37 kd
based

vaccine

365

9.54 62.53 —0.465 1 Antigen Non-allergen

9.65 67.70 —0.283 1 Antigen Non-allergen

RESULTS

Cellular Localization and Immunogenic
Potential Based Protein Targets

Prioritization
The whole proteome sequence of pathogenic A. xylosoxidans
was subjected to the mining of the therapeutic targets. This was

performed to shortlist the novel protein targets for computational
vaccine designs. The approach is widely utilized to identify the
genome-wide therapeutic targets in several diseases (53). Herein,
subtractive proteomics pipeline was followed to shortlist putative
vaccine targets against A. xylosoxidans. This was initiated with
the screening of subcellular localization for the whole proteome,
which contains a total of 6,445 proteins. The screening was
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FIGURE 2 | Topological representation of the designed vaccines. (A) Final mRNA vaccine construct with an organized order of elements from left (N-terminal) to right
(C-terminal). Each structural element, such as 5 cap, 5" UTR, Kozak Sequence, Signal protein, CTL epitopes, HTL epitopes, B-cell epitopes, 3° UTR, and a Poly A
tail, is represented by a different color scheme. (B) shows the final peptides-based vaccine construct with the adjuvant attached at N terminal and different epitopes

are linked by EAAK, AAY, GPGPG and KK linkers.

e

e

Wowwmt o

FIGURE 3 | The 3D structural model and validation of the final multi-epitopes-based vaccine design against A. xylosoxidans. (A) The Robetta generated 3D model of
the vaccine construct, (B) the ProSA-web that generated a Z-score graph, and (C) the PROCHECK-generated Ramachandran-plot for validation of the structure.
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performed through the online available protein localization
tool “CELLO” (http://cello.life.nctu.edu.tw/). This resulted in a
proteome-wide localization for each individual protein classified
as periplasmic, inner membrane, and outer-membrane proteins,
as shown in Figure 1. This helped in the shortlisting of 185
outer membrane proteins as the prioritized vaccine targets
which are processed in further analysis (54, 55). These proteins
were then screened for removal of human homologous proteins
through using BLASTp tool, followed by paralogs screening
using CD-HIT. Furthermore, the shortlisted proteins were also
screened for antigenicity and allergenicity profiles, to remove
non-antigenic and allergenic proteins. This characterization
resulted in the selection of the highly immunogenic three
target proteins with antigenicity score of >0.8. These highly
antigenic targets included an outer membrane transport protein,
an uncharacterized protein, and a Filamentous hemagglutinin

family N-terminal domain protein, as shown in Table 1. Same
protein targets were then analyzed to screen putative immune
epitopes (T-Cell epitopes, HTL epitopes, and B-Cell epitopes) for
inclusion in the final vaccine designs.

Prioritization of Highly Immunogenic
Epitopes for Each Target Protein

The identification of immune epitopes through advanced
computational approaches ultimately aids in designing the highly
antigenic vaccine designs against the pathogenic organisms. The
selection of the target proteins was followed by screening of
putative immunogenic epitopes (CTL, HTL, and B-cell). The
analysis was initiated with identification of CTL epitopes in
each target protein sequence. These epitopes are the essential
factors involved in the recognition through MHC molecules
for production of immune response. Similarly, the antigenic
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FIGURE 4 | Shows the docking complex of the vaccine structure and human TLR-5. (A) The docking complex with human TLR-5 structure represented in surface
view (marine blue color), while the multi-colored attached structure represents the designed MEVC. (B) The binding patterns formed in the docking complex between
the two interacting partners.

HTL and B-cell epitopes recognition by the host immune  designed by targeting the three highly antigenic target proteins.
system are also vital in mediating adaptive immunity. Next, the =~ The assembly of final mRNA vaccine construct comprised
shortlisted three proteins of A. xylosoxidans were also screened  of a total of 18 immune epitopes (6 CTL epitopes, 6 HTL
for identification of HTL epitopes with an IFN induction epitopes, and 6 linear B-cell epitopes). This was initiated with
potential. This was followed by the identification of B-cell the N terminal 5m7G cap followed by NCA-7d (5 UTR),
epitopes for each target protein. During the screening of T-Cell ~ Kozak sequence, and a signal peptide tPA (tissue Plasminogen
Epitopes, a total of 9, 10, and 70 MHC-I binders were identified ~ Activator). The assembly of mRNA vaccine also includes the
for each target protein, respectively; whereas the number of  addition of a stop codon, S27a4+R3U (3° UTR) sequence, and a
identified HTL epitopes were 1,953, 2,982, and 1,070 while B-  Poly (A) tail (120 nucleotides long). The graphical representation
Cell epitopes were 31, 47, and 540, respectively, characterized  and arrangement of the mRNA vaccine design is shown in
for each of the three target proteins. Additionally, the epitopes  Figure 2A. The peptides-based whole proteome-wide vaccine
selected among the identified immune epitopes was subjected to  construct against A. xylosoxidans of length 365 amino acids was
further analysis for antigenicity and allergenicity potential before  also evaluated for different physiochemical properties, along with
the inclusion in the final vaccine designs. The final shortlisted  antigenic and allergenic potential to ensure its application in
epitopes after immunogenic potential evaluation based on high  further experimental designs (Figure 2B).

antigenicity scores are given in Table2. All the shortlisted

epitopes (CTL, HTL, and B cell) from Table 2 were included in  gtpyctural Modeling and Validation of MEVC

the MEVC designs against A. xylosoxidans. Structural vaccinology approaches, by using computationally

L. . redicted epitopes, have been already deployed in several
Designing mRNA- and Peptides-Based Experimentalljm(f)dels (56,57). Here, in th}; wh(fle }Zroteome-wide,
MEVC final peptides-based MEVC construct of length 365 amino acids,
The proteome-wide identification of putative targets and the involving 18 immune epitopes joined through linkers and N-
mapping of vital epitopes was followed by mRNA and by terminal adjuvant, was constructed. Next, the 3D structure of the
peptides-based vaccine designing. The highly antigenic epitopes,  final vaccine construct was generated with the utility of Robetta
joined together through different linkers, were then used in the  server as shown in Figure 3A. The best 3D predicted model
full-length mRNA- and peptides-based MEVC design shown in ~ was visualized using PyMOL software and was then validated
Table 3. The mRNA-based vaccine against A. xylosoxidans was  through two different servers to finalize the most accurate model.
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FIGURE 5 | The designed plasmid map for the proposed vaccine construct by using restriction enzymes (Xnol and ECOR1) in the pet28a (+) vector.

This model validation was performed with the use of ProSA-web
and PROCHECK servers. The ProSA-web analysis revealed a Z-
score of—3.8 (Figure 3B) and the ERRAT predicted high quality
scores that indicated the validity of the predicted 3D structure.
Moreover, PROCHECK resulted in the Ramachandran-plot that
showed 72.5% of the residues in the most favored regions and
only 0.7% in the dis-allowed region (Figure 3C).

Docking Complex Analysis of MEVC-TLR5

and Interaction Analysis

To evaluate the MEVC-TLR5 interactions, we utilized the
HawkDock server to generate several docking models with
docking complex scores. The best docking complex (Figure 4A)
with lowest acquired energy scores (—5673.28) were then
subjected to interaction analysis by utilizing PDBsum. This
was performed to calculate the number of different binding
interactions including hydrogen bonds, salt bridges, and non-
bonding contacts in the docking complex as shown in Figure 4B.
The interaction pattern, followed in the docking complex,

included formation of 5 hydrogen bonds, 2 salt bridges, and
165 non-bonded contacts. Furthermore, the MM-GBSA analysis
was also performed to reveal the total and individual binding
free energies involved in the regulation of the formation of the
docking complex. The energies are as follows: Van der Waals
energy (—103.99 kcal/mol), Electrostatic energy (—1833.88
kcal/mol), Gibbs free energy (1915.62 kcal/mol), Surface Area
(—12.39 kcal/mol), and the total binding energy —34.64 kcal/mol,
which shows that robust binding of the vaccine to the TLR-5.

In silico Cloning Design of WP-MEVC

The constructed peptides-based vaccine design was also subjected
to the acquisition of an improved DNA sequence for the
expression in the E. coli strain K-12 with the utility of Jcat server.
The optimized nucleotide sequences with a calculated higher CAI
score of 0.98 and an optimal percentage of GC contents (54.4%)
indicated a putatively higher expression of the vaccine construct
in E. coli. This was followed by the selection of the restriction
enzymes (Xhol and ECORI) used in the cloning of the optimized
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FIGURE 6 | The immune simulation graphs showing immune response produced against the antigenic peptides-based vaccine design. (A) The graph showing
antigen count/ml/day plotted against Ab titers. (B) The production of cytokines and interleukins against the whole proteome-wide peptides-based vaccine design.
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FIGURE 7 | RMSD and RMSF graphs of the vaccine-TLR complex over the
simulation time. (A) RMSD and (B) RMSF of the complex.

DNA sequence in pET28a (+) vector. The insertion of the desired
vaccine sequence, followed by designing of pET28a (+) plasmid,
was performed in Snapgene (Figure 5).

Immune Simulation of the Proposed

Vaccine

Finally, the immune response induction potential of the designed
vaccine was also evaluated for the highly antigenic MEVC
construct during the in silico immune simulation. The analysis
revealed a strong induction of antibodies production against
the vaccine construct as an antigen. This analysis showed a
higher antigen counts of >600,000 between days 1-2 and were
completely neutralized until the 5th day. This was followed
with an increasing trend of antibodies produced against the
antigenic vaccine, achieving the highest peaks (>3,500) of
IgM+ IgG production between 10 and 15 days (Figure 6A).
Similarly, higher immunoglobulins (IgM, IgGl, and IgG2),
specific antibody titers, were also observed during the same
time period. These results reflected the putative immunogenic

potential of the designed MEVC to trigger an enhanced
immune response against A. xylosoxidans. Additionally, the
peptides-based vaccine design was also evaluated for production
of different Interleukins (IL), Interferon (IFN), transforming
growth factors (TGF), and transforming necrosis factor (TNF).
The highest among these factors, produced against the antigenic
vaccine, was IFN-g with the highest peak (>400,000) observed
during 10 to 15 days. The concentrations of different cytokines
and interleukins produced are presented in Figure 6B. However,
an advanced experimental analysis of the designed vaccine
candidate and its potential to produce adaptive immunity against
human pathogenic A. xylosoxidans may be clarified through
further in vitro and in vivo demonstrations.

MD Simulation

Molecular dynamics (MD) simulation of the vaccine-TLR
complex was performed to check the stability and flexibility
of the complex. The stability of the complex was calculated
as room mean square deviation (RMSD), which revealed the
stable behavior of the complex over the simulation time. The
RMSD graph of the complex is given in Figure 7A. On the
hand the residual flexibility was calculated as room mean square
fluctuation (RMSEF), which revealed different flexibility index
of each residue (Figure 7B). Overall, the flexibility level is well
acceptable and demonstrates the favorable dynamic behavior.

CONCLUSIONS

In conclusion, the whole proteome of A. xylosoxidans was
studied to shortlist the three putative vaccine targets. This was
followed by the prediction of different immune epitopes (CTL,
HTL, and B-cell) for each of the target protein. The highly
immunogenic peptides were then topographically arranged
to design a proteome-wide mRNA and MEVC. The final
vaccine construct was then subjected to a 3D modeling and
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structural validation. The evaluations of the vaccine structure
and exploration of physiochemical features also reflected the
ability of a potential immunization. Moreover, strong interaction
patterns (more hydrogen bonds), through molecular docking
and experimental feasibility, were confirmed through in silico
cloning and immune simulations. The study provides new
insights into target specific immune epitopes identification, and
its utility in mRNA and peptides-based vaccine designs. This
also suggests further experimental validation of the proposed
vaccine designs. However, the experimental processing may
face challenges including protein expression solubility during
synthesis. Still, the vaccine designs may serve as pre-validated
therapeutic option with a potential utility against A. xylosoxidans.
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Escherichia coli (E. coli) is a Gram-negative bacterium that belongs to the family
Enterobacteriaceae. While E. coli can stay as an innocuous resident in the digestive tract,
it can cause a group of symptoms ranging from diarrhea to live threatening complications.
Due to the increased rate of antibiotic resistance worldwide, the development of an
effective vaccine against E. coli pathotypes is a major health priority. In this study, a
reverse vaccinology approach along with immunoinformatics has been applied for the
detection of potential antigens to develop an effective vaccine. Based on our screening
of 5,155 proteins, we identified lipopolysaccharide assembly protein (LptD) and outer
membrane protein assembly factor (BamA) as vaccine candidates for the current studly.
The conservancy of these proteins in the main E. coli pathotypes was assessed through
BLASTp to make sure that the designed vaccine will be protective against major E. coli
pathotypes. The multitope vaccine was constructed using cytotoxic T lymphocyte (CTL),
helper T lymphocyte (HTL), and B cell lymphocyte (BCL) epitopes with suitable linkers
and adjuvant. Following that, it was analyzed computationally where it was found to
be antigenic, soluble, stable, and non-allergen. Additionally, the adopted docking studly,
as well as all-atom molecular dynamics simulation, illustrated the promising predicted
affinity and free binding energy of this constructed vaccine against the human Toll-like
receptor-4 (hTLR-4) dimeric state. In this regard, wet lab studies are required to prove the
efficacy of the potential vaccine construct that demonstrated promising results through
computational validation.
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INTRODUCTION

According to its pathogenicity in humans, E. coli can be classified
into an extraintestinal infection-causing E. coli (primarily
uropathogenic E. coli, UPEC, and neonatal meningitis E. coli,
NMEC) and strains that cause enteric infections (divided into 6
pathotypes; enteropathogenic E. coli [EPEC], enterohemorrhagic
E. coli [EHEC], enteroaggregative E. coli [EAEC], enteroinvasive
E. coli [EIEC], enterotoxigenic E. coli [ETEC] and diffusely
adherent E. coli [DAEC]). Additionally, two further pathotypes
have emerged recently; adherent invasive E. coli [AIEC] that is
predicted to be associated with Crohn’s disease and does not
produce any toxins, while the other pathotype, Shiga toxin-
producing enteroaggregative E. coli [STEAEC], causes food
poisoning due to the action of Shiga toxin and was reported to
be the causative agent for the 2011 Germany E. coli outbreak (1).
People can be easily infected with E. coli by swallowing a small
amount of it in water, vegetables, or meat where the fecal-oral
route is the major way of transmission (2). Another common
way of categorizing E. coli is by serotype through detection of
surface antigens O and H. Currently, more than 190 serogroups
have been identified (3).

Currently, pathogenic E. coli is a major public health
concern because of possessing a low infectious dose and simple
transmission through food and water (4). Excessive usage of
different classes of antibiotics, especially in cases that do not
require this form of treatment, contributed largely to the
appearance of antibiotic resistance in bacterial strains that were
previously sensitive even for the traditional classes of antibiotics
(5). Antibiotic resistance of E. coli is extensively studied for
two major reasons; firstly, it represents the most common
infective Gram-negative pathogen for humans (6), secondly,
resistant E. coli can affect other bacteria in the gastrointestinal
tract through transferring antibiotics resistance determinants (7).
The resistance rates are demonstrating continuous inclement
throughout the last few years (8). An alternative solution to fight
against this pathogen is designing an effective vaccine against its
common pathotypes. While this solution was adopted by many
research groups around the world, there is no officially approved
vaccine against pathogenic E. coli in the market (9).

Many trials have been performed to generate an effective
vaccine for various E. coli pathotypes. Regarding intestinal E.
coli, Shiga toxin-based vaccine (10), attenuated bacteria-based
vaccine (11), and polysaccharide-based vaccine (12) have been
proposed for EHEC while autotransporter-based vaccine (13)
and adhesion based vaccine (14) were proposed for ETEC.
Moving to extraintestinal E. coli, capsular-based vaccine (15)
and iron scavenger receptors-based vaccine (16) were designed.
The previous approaches for designing an effective vaccine
are based mainly on studying the virulence properties for
each pathotype of E. coli and as we mentioned above none
of these vaccines have been approved by FDA yet. In the
current study, we planned to merge two advanced approaches,
reverse vaccinology and immunoinformatics for a vaccine design
where these approaches would be applied on conserved protein
candidates in various E. coli pathotypes to generate a vaccine with
possible cross-reactivity.

Reverse vaccinology is a novel approach for vaccine designing
that demonstrated a great development in the last few years
as a result of the revolution in sequencing techniques and the
data availability in highly organized databases. Additionally,
computational tools that can deal with this large amount of
data and translate it to valuable outcomes that can be used in
applied research also showed great progress (17). This approach
for vaccine design has been utilized for a protein-based vaccine
design against viral, bacterial, and fungal infectious agents
(18-20). Moreover, it was also applied to design an effective
vaccine for animals against ETEC, a common pathotype of E.
coli that leads to post-weaning diarrhea in pigs (21). Recent
studies showed that multitope vaccines had superiority over
single-component ones regarding their effectiveness (22). In the
current study, we aim to investigate the whole proteome of E.
coli and select potential protein candidates through the reverse
vaccinology approach. Following that, immunogenic epitopes
from these candidates would be mapped and gathered to initiate a
multitope vaccine that would be assessed computationally for its,
physicochemical, chemical, and immunological characteristics to
be nominated as a potential vaccine candidate against pathogenic
E. coli.

MATERIALS AND METHODS

We divided the current study into two main stages (Figure 1)
wherein the first stage we handled the proteome of E. coli
with successive filtration steps of reverse vaccinology approach
to nominate protein candidates for vaccine design while in
the second stage we constructed, analyzed, and assessed the
multiepitope vaccine that was created based on B and T cell
epitopes of protein candidates from the first stage.

Data Retrieval

The amino acid sequences of the whole proteome of E. coli
O157:H7 str. Sakai was retrieved with Genbank assembly
accession No: GCF_000008865.2. This strain was selected as it
represents the reference pathogenic E. coli strain on NCBI.

Prediction of Essential Exoproteome and
Secretome

Living organisms cannot survive without their essential genes
(23). Therefore, the first filtration step was detecting these
genes using Geptop 2.0, where a list of essential proteins
was detected out of 5,155 proteins (the complete proteome of
the studied strain) (24). The default essentiality score cutoff
(0.24) was used for this process. Following that, PSORTDb v3.0.2
online server (25) was employed to predict the subcellular
localization of the filtered genes. The overall result of this
filtration phase was a list of exoproteome and secretome
essential proteins.

Prediction of Virulence Protein
Essential exoproteome and secretome were
virulenpred (26) to estimate the virulence potential.

applied to
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Stage one: Proteome filtration

Retrieval the whole proteome of E. coli O157:H7
Prediction of essential exoproteome and secretome e

Prediction of protein virulence and human homologs Eamrs
Prediction of transmembrane helices and protein
molecular weight estimation
i —>

Protein antigenicity and conservancy estimation

Stage two: Multitope vaccine construction and
assessment

T and B-cell epitope prediction for filtered vaccine candidates

Multitope vaccine construction
Physicochemical characterization and secondary structure prediction

Tertiary structure prediction, refinement, and validation
Docking with TLR4 receptor and molecular dynamics simulation

) 3

FIGURE 1 | Graphical representation of the methodology employed for the multi-epitope vaccine design against E. coli.

Determination of Human Homologs

Protein list from the above stage was analyzed against human
proteome on NCBI using BLASTp to check for human homologs,
and those with >35% identity were removed from our list.

Prediction of Transmembrane Helices and

Protein Molecular Weight Estimation
The presence of transmembrane helices and proteins’ molecular
weight estimation were detected through TMHMM (27),

and Expasy tool (28), respectively. Those with molecular
weight <110 kDa and had <1 transmembrane helix
were selected for antigenicity assessment in the next
step (29).

Protein Antigenicity Analysis

Protein Antigenicity was detected by Vaxijen V 2.0 (30),
where proteins with antigenicity score more than 0.4 were
considered antigenic.
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Analysis of Protein Conserved Identity With

Various E. coli Pathotypes

Recommended proteins from previous steps were assessed for
their conservation among 10 E. coli strains where BLASTp
analysis was performed for each protein against a representative
strain of each E. coli pathotype to confirm that the designed
vaccine will have the ability to act against any pathogenic E.
coli which is a major aim of this study. Proteins with a sharing
percentage <90% were eliminated and considered not conserved.

T-Cell and B-Cell Epitope Prediction

After completing the whole reverse vaccinology filtration steps,
successful candidates were transferred to the epitope mapping
stage where the filtered proteins were submitted to SignalP-
5.0 Server to anticipate the location of signal peptides. Moving
to the next step, the mature polypeptides were mapped for
B and T cell epitopes through the online server of the
Immune Epitope Database (IEBD) (31). The first epitopes to
be predicted were CTLs, which were anticipated against HLA
allele reference set that provided more than 97% in terms of
population coverage (32). Secondly, HTLs were also predicted
against HLA reference set to cover more than 99% in terms of
population coverage (33). Moreover, HTL epitopes were analyzed
for their ability to induce y-INF vs. other cytokines through
the webserver (http://crdd.osdd.net/raghava/ifnepitope/), IL-4
induction ability was estimated through the webserver (https://
webs.iiitd.edu.in/raghava/il4pred/), while IL-10 induction ability
was assessed through the webserver (https://webs.iiitd.edu.in/
raghava/ill0pred/). For both HTLs and CTLs, the affinity of the
filtered peptides toward respective alleles was assessed where the
peptide 3D structure was estimated via PEP FOLD 3 webserver
(34); concurrently, the 3D structure of HLA-B*44:03 (PDB ID
4JQX) and HLA-DRB1*04:01 (PDB ID 5JLZ) was retrieved
from the protein data bank to act as receptors for MHC-I
and MHC-II epitopes, respectively, and the docking study was
performed through AutoDock Vina (35). The final assessment
for HTLs and CTLs was the conservancy prediction where the
web-based tool from IEDB analysis resources was employed for
this process (36). The last set of epitopes, BCLs were finally
estimated through IEBD. After prediction, several characteristics
for every single epitope were predicted to nominate the best
candidates that would be used for the multitope construct.
These characteristics were the population coverage, conservancy
profile, antigenicity score, allergenicity, and toxicity probabilities;
where IEDB analysis tools, Vaxijen, AllerTOP, and ToxinPred
were employed, respectively, for these assessments.

Multitope Vaccine Construction

In order to construct a potential multitope vaccine, the best
six candidates of CTL, HTL, and BCL epitopes from the step
of epitope mapping were linked through GGGS, GPGPG, and
KK amino acid linkers, respectively, where these linkers were
incorporated to provide in vivo separation of the assembled
epitopes (37). Apart from the epitopes, PADRE sequence and
defensin adjuvant were added to finalize the designed vaccine
construct. This potential vaccine construct was assessed for its
immunogenicity score, allergenicity, and toxicity probabilities

through the same servers that were employed previously for
single epitopes estimation.

Physicochemical Features, Protein
Solubility Assessment, and Secondary

Structure Prediction

ProtParam, a tool available on Expasy server (28) was employed
to assess the physicochemical properties of the designed potential
vaccine. The propensity upon overexpression in E. coli and the
protein secondary structure of the multitope construct were
anticipated via SOLpro server (38) and PSIPRED 4.0 webserver
(39) respectively.

Tertiary Structure Prediction, Refinement,

and Validation

It is essential to predict the potential vaccine 3D structure
to be able to assess its binding with a toll-like receptor. The
current study utilized 3Dpro webserver (40) for this purpose.
Computational estimation of a protein tertiary structure is
performed through a molecule bending and twisting to create
a structure with the least possible energy and maximum state
of stability where the employed server runs this process via
an analysis of the structural similarity between the protein
sequence under prediction and the data available on PDB.
Following tertiary structure prediction, GalaxyRefine server (41)
was employed to perform refinement for the generated structure
in terms of stability and protein-energy, and the enhanced
structures vs. the original one were assessed by Ramachandran
plot analysis (42) and ProSA (43).

Conformational B-Cell Epitope Prediction
The conformational B-cell epitopes were analyzed for the
multitope design after 3D structure prediction and refinement.
The ElliPro Server (http://tools.iedb.org/ellipro), which is a
reliable tool for detection of B cell epitopes against a specific
antigen, was employed for this prediction (44).

Disulfide Engineering of the Designed

Vaccine

Prior to initiating a docking study for the constructed potential
vaccine, it was recommended to enhance the stability of the 3D
format of the designed construct. Disulfide bonds were proved
to enhance protein geometric conformation and consequently
elevate its stability. Disulfide by Design 2.0 (45) was assigned for
this process.

Docking of Designed Vaccine With hTLR-4

The current study employed molecular docking as a prediction
tool for assessment of preferred orientation of the ligand, the
current study vaccine construct, to its corresponding receptor
and estimate the binding affinity (46). Inflammations triggered
by E. coli are involved mainly with TLR-4 (47). Hence, the
hTLR-4 (PDB id: 4G8A) was chosen as a receptor for the
potential epitope-based constructed vaccine, the ligand, and
ClusPro 2.0 server (48) was utilized to run this docking study.
This server predicts the best docking models by performing
billions of conformations, clustering of the 1,000 lowest energy
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structures generated and removing steric clashes. The 2 PDB files
were uploaded to ClusPro server and the docking process was
performed using default parameters.

Dihedral Coordinate-Based Normal-Mode

Analyses

The iMODS server was employed to investigate and analyze the
collective flexibility as well as motion functions of the constructed
epitope vaccine in relation to the bound hTLR-4 protein target
since the latter server possesses the advantage of being fast
and efficient (http://www.imods.chaconlab.org/) (49). This server
can predict several values such as eigenvalues which reflected a
harder deformation when this value is high (50). The atoms and
residues of both the bound hTLR-4 protein and epitope vaccine
ligand were continuously indexed where atoms of number range
1-9,567 and 9,568-15,225 were, respectively, assigned for the
epitope-bound ATLR-4 (the initial 27-627 amino acids) and
epitope vaccine itself (the following 1-380 amino acids).

Molecular Dynamics Simulations

The molecular dynamics computational approach was applied
to describe the epitope/h'TRL-4 molecular behaviors in addition
to measuring the stability of such protein-protein complex (51).
The hTLR-4 can exist in a monomeric state as well as m-shaped
dimeric architecture where the latter is prior to the initiation of
downstream signal transduction (52, 53). Additionally, reported
crystalline hTLR-4 showed a significant N-glycosylation profile
with several oligosaccharide moieties being linked to their surface
at conserved residues (54, 55). In these regards, four docked
hTLR-4/epitope vaccine complexes were investigated for the
impact of glycosylation and/or hTLR-4 oligomerization state
on the binding affinity as well as the thermodynamic stability
of the constructed epitope vaccine. Simulated complexes were
dimeric or monomeric h'TLR-4 states being either glycosylated
or not (Glycosylated dimer = GlyDim; Sole dimer = SolDim;
Glycosylated monomer = GlyMon, Sole monomer = SolMon).
Each of the latter adopted models were individually subjected
to 100 ns explicit molecular dynamics runs using GROMACS-
2019 (http://www.gromacs.org/) (56) and under CHARMM36m
forcefield for the protein simulations (57-60). Under periodic
boundary conditions, the TIP3P water model 3D-box was used
to solvate the investigated protein-protein complex model with
10 A marginal distances (61). The standard ionization state
of both protein amino acids was assigned under physiological
pH 7.4, whereas the whole constructed system charge was
via sufficient chloride and potassium ion numbers introduced
through Monte-Carlo ion-placement method (62). The atomic
counts of the four constructed models were 438642, 424612,
242818, and 237898 atoms for GlyDim; SolDim; GlyMon, and
SolMon, respectively.

The constructed system was minimized throughout 5 ps
using a steepest-descent algorithm (63), and subsequently
subjected to double-staged equilibration for 100 ps/stage under
a constant number of particles, Volume, and Temperature
(NVT; 303.15K, Berendsen temperature coupling regulation)
and a constant number of particles, Pressure, and Temperature

(NPT; 303.15 K and 1 atm. Pressure, Parrinello-Rahman barostat
regulation) ensembles for the first and second stage, respectively.
Throughout both minimization and equilibration stages, the
original protein foldings were preserved and all heavy atoms
were restrained at 1,000 kJ/mol.nm? force constant. Finally,
the minimized/equilibrated systems were produced through
100 ns explicit molecular dynamics runs under NPT ensemble
using Particle-Mesh Ewald algorithm for long-range electrostatic
interactions computation. Linear constraint LINCS method
modeled the covalent bond lengths at 2 fs integration time
step sizes (64). van der Waals and Coulomb’s non-bounded
interactions were truncated at 10 A via Verlet cut-off schemes
(65). The MD simulations were performed using Aziz®
Supercomputer (King Abdulaziz University’s High-Performance
Computing Center), via 5 nodes with 24 CPUs/node and 8 MPI
processes/node. Adopted nodes run CentOS-6.4 with dual Intel®
E5-2695v2 (24 cores/node; i.e. 2.4 GHz 12 Cores) offering 96 GB
Memory/node. The MD simulation of the dimer h’TLR-4 states
took ~228 and 218 h for the glycosylated and non-glycosylated
proteins, respectively. While as the monomeric states took
nearly 132 and 128 h for the glycosylated and non-glycosylated
proteins, respectively.

The trajectory-oriented analytical parameters; root-mean-
square deviation (RMSD), RMS-fluctuation (RMSF), radius
of gyration (Rg), and solvent-accessible surface area (SASA)
were computed through molecular dynamics trajectory analysis
using GROMACS built-in analytical scripts. The free binding
energies, as well as residue-wise energy contribution between
hTLR-4 protein target and epitope vaccine ligand, were
estimated via Molecular Mechanics/Poisson-Boltzmann Surface
Area (MM/PBSA) using GROMACS/g_mmpbsa scripts (66).
The SASA-only model of the free-binding energy (AGyyy =
AGypolecularMechanics + AGpolar + AGApolar) was used across the
whole 100 ns molecular dynamics runs. Important MM/PBSA
parameters for polar/solvation calculations were set at 1.40 A
solvent probe radius, 80 pdie solvent dielectric constants, 1
vdie standard vacuume, and 2 pdie solute dielectric constants.
Regarding only-SASA non-polar solvation; 1.40 A SASA solvent
probe radius, 0.0227 kJ/mol.A? solvent surface tension, and
3.8493 kJ/mol offset constant, were used. Finally, parameters for
the continuum-integral-based model were set as 1.25 A solvent
probe radius, 200 quadrature points/A2, and 0.0334 A3 bulk
solvent density. Representing ligand-protein conformations at
specific timeframes was done via Schrédinger-Pymol V.2.0.6
graphical package.

Immune Simulation of the Designed

Vaccine

The C-ImmSim server (67) was employed to predict the
stimulated immune response against the designed vaccine
through a computational approach. We followed the technique
of prime—booster—booster for this investigation and that was
achieved by injecting the designed vaccine three times with 4
weeks intervals. This approach was applied to obtain a long-
lasting immune response.
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FIGURE 2 | A chart summarizing applied filtration steps for the nomination of
potential vaccine candidates by applying in silico reverse vaccinology
technique.

RESULTS

The main output of the filtration steps that have been applied
in the current study to define potential candidates are shown in
Figure 2.

Proteome Analysis for Selection of Vaccine
Candidates

Data within Figure 2 demonstrates the results of filtration steps
of E. coli O157:H7 str. Sakai proteome where three proteins
(lipopolysaccharide assembly protein LptD, outer membrane
protein assembly factor BamA, and lipopolysaccharide assembly
protein LptE) matched all the requirements. We selected the top
2 proteins that passed all the filtration steps and had the highest
antigenicity score to obtain an accepted length of multiepitope
vaccine after connecting the best-predicted T and B cell epitopes
from these 2 proteins so we nominated LptD and BamA as our
final vaccine candidates, characteristics of these candidates are
shown in Supplementary Table 1.

Conservation Analysis of Nominated
Vaccine Candidates Among E. coli
Pathotypes

Conservation analysis of our nominated vaccine candidates
showed that these proteins were found with high conservation
among various E. coli pathotypes (Supplementary Table 2)
which confirmed their ability to protect against different E. coli

infections, therefore we designed the multitope vaccine based on
these 2 proteins.

T Cell Epitopes

In order to select the best T cell epitopes for constructing the
multitope vaccine, the top 100 generated peptides from IEBD
per each protein candidate were estimated for their antigenicity
score, allergenicity, and toxicity probabilities, and the top 10
peptides, which demonstrated the lowest percentile rank, the
highest binding affinity and antigenicity score more than 0.4
were grouped in Table1l (for MHC-I peptides) and Table 2
(for MHC-II peptides). The binding affinity of the selected
candidates of CTLs and HTLs was assessed through a docking
study where the generated docked complexes for CTLs are
shown in Supplementary Figure 1 and the docked complexes
for HTLs are shown in Supplementary Figure 2. The binding
scores of all complexes are shown in Supplementary Table 3.
These scores ranged between —7.6 and —8.5 for CTLs, and from
—7.1 to —8.1 for HTLs. The receptors of this docking study were
deposited in the protein data bank with docked peptides that
were firstly removed before running the current docking analysis
then docked again separately to their respective receptor to act
as a control for our docking study. The binding score for MHC-I
control was —7.5 and that of MHC-II was —7.6, By comparing
the binding energy score for our candidate list and the controls
we can confirm that these candidates are promising to be selected
for the construction of the multitope vaccine. Another significant
factor that was considered in the selection of the epitopes for
constructing the multitope vaccine was the population coverage.
The IEDB population coverage analysis tool was employed for
this process. The whole list of predicted epitopes for both protein
candidates showed the epitopes arranged in descending way
based on their binding affinity to the different alleles therefore
we selected the top 10%, that would represent the epitopes with
high binding affinity to respective alleles, and collected these
alleles per each epitope to analyze the population coverage for
single epitopes (Supplementary Table 4) then we analyzed the
population coverage for the combined CTLs, combined HTLs
and the multitope vaccine (Supplementary Table 5).

B-Cell Epitope Identification

Bepipred Linear Epitope Prediction 2.0 was used as a prediction
method. It identified 30 and 21 B-cell epitopes for BamA and
LptD proteins, respectively. Peptides with a length between 9:18
amino acids were analyzed for their antigenicity and peptides
with antigenicity score >0.4 were tested for their allergenicity and
toxicity (Table 3).

Construction of Multitope Vaccine

From Tables 1-3, six epitopes per each table (three from
each protein candidate) were chosen based to constitute the
basis of the multitope vaccine (graphical representation for the
constructive components is shown in Supplementary Figure 3).
Moreover, B-defensin and PADRE peptide were also incorporated
to finalize a potential vaccine sequence of 380 amino acids in
length and its sequence was as the following:
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TABLE 1 | Top-ranked T-cell epitopes (MHC-| peptides) of BamA and LptD proteins.

Epitope Protein Antigenicity Allergenicity Toxicity Immunogenicity Conservancy (%)
KTDDFTENY BamA 1.74 Non Non 0.2750 100
FKTDDFTENY BamA 1.54 Non Non 0.3020 100
MSAGIALQW BamA 1.41 Non Non 0.1361 100
NVDAGNRFY BamA 0.41 Allergen Non 0.1855 100
AELSVTNPY BamA 0.97 Non Non —0.1052 100
AEIQQINIV BamA 0.78 Non Non 0.0114 100
YANSVRTSF BamA 0.53 Allergen Non —0.1435 100
RMSAGIALQW BamA 1.5 Allergen Non 0.1080 100
QADDADLSDY BamA 0.82 Non Non —0.0478 100
YSDPSNIRM BamA 0.82 Non Non —0.0285 100
RTGDDNITW LptD 1.7 Allergen Non 0.1838 100
FSEQNTSSY LptD 0.43 Non Non —0.2901 100
KLDESVNRV LptD 0.79 Non Non 0.0104 100
RIYGQAVHF LptD 0.66 Non Non 0.0106 100
SPEYIQATL LptD 0.49 Allergen Non 0.1050 100
ATSNSSIEY LptD 118 Allergen Non —0.2062 100
KVGPVSIFY LptD 0.71 Non Non 0.0650 100
TLEPRAQYLY LptD 1.04 Non Non —0.0088 100
[YDDAAVERF LptD 0.5 Allergen Non 0.2593 100
KQADSMLGV LptD 0.8 Allergen Non —0.2809 100

TABLE 2 | Top-ranked T-cell epitopes (MHC-II peptides) of BamA and LptD proteins.

Epitope Protein Antigenicity Allergenicity Toxicity INF-y IL-4 IL-10 Conservancy (%)
DPSNIRMSAGIALQW BamA 1.26 Non-allergenic Non-toxic Positive Inducer Non-inducer 100
PSNIRMSAGIALQWM BamA 1.22 Non-allergenic Non-toxic Positive Non-inducer Non-inducer 100
SNIRMSAGIALQWMS BamA 1.03 Non-allergenic Non-toxic Positive Non-inducer Non-inducer 100
KLAGDLETLRSYYLD BamA 0.66 Allergenic Non-toxic Positive Inducer Non-inducer 100
QKLAGDLETLRSYYL BamA 0.62 Allergenic Non-toxic Positive Inducer Non-inducer 100
NIRMSAGIALQWMSP BamA 1.25 Non-allergenic Non-toxic Positive Non-inducer Non-inducer 100
QRVAVGAALLSMPVR BamA 0.51 Non-allergenic Non-toxic Positive Non-inducer Non-inducer 100
DYTNKSYGTDVTLGF BamA 0.79 Allergenic Non-toxic Positive Inducer Non-inducer 100
NKSYGTDVTLGFPIN BamA 0.99 Non-allergenic Non-toxic Positive Inducer Non-inducer 100
TNKSYGTDVTLGFPI BamA 1.07 Non-allergenic Non-toxic Positive Inducer Non-inducer 100
GPVSIFYSPYLQLPV LptD 0.68 Non-allergenic Non-toxic Positive Non-inducer Non-inducer 100
VQLNYRYASPEYIQA LptD 1.1 Allergenic Non-toxic Positive Inducer Non-inducer 100
VGPVSIFYSPYLQLP LptD 0.69 Allergenic Non-toxic Positive Inducer Inducer 100
VSIFYSPYLQLPVGD LptD 0.45 Allergenic Non-toxic Positive Inducer Inducer 100
LNYRYASPEYIQATL LptD 0.88 Allergenic Non-toxic Positive Inducer Non-inducer 100
KVGPVSIFYSPYLQL LptD 0.88 Non-allergenic Non-toxic Positive Inducer Inducer 100
NYRYASPEYIQATLP LptD 0.66 Allergenic Non-toxic Positive Inducer Non-inducer 100
YLPYYWNIAPNMDAT LptD 1.76 Allergenic Non-toxic Positive Inducer Inducer 100
AKYTTTNYFEFYLPY LptD 1.13 Non-allergenic Non-toxic Positive Inducer Non-inducer 100
SSIEYRRDEDRLVQL LptD 0.81 Non-allergenic Non-toxic Positive Non-inducer Inducer 100

“EAAAKGIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCS
TRGRKCCRRKKEAAAKAKFVAAWTLKAAAGGGSKTDDFT
FNYGGGSAELSVTNPYGGGSAEIQQINIVGGGSFSEQNTSSY
GGGSRIYGQAVHFGGGSTLEPRAQYLYGPGPGDPSNIRMS
AGIALQWGPGPGQRVAVGAALLSMPVRGPGPGTNKSYGT

DVTLGFPIGPGPGKVGPVSIFYSPYLQLGPGPGAKYTTTNYF
EFYLPYGPGPGSSIEYRRDEDRLVQLKKASGVRVGESLDRTK
KIRFEGNDTSKDAVKKTDTQRVPGSPKKKEAPGQPEPVKK
PSYFNDFDNKYGSSTDGYKKQTNLDWYNSRNTTKLDESKK
AKFVAAWTLKAAAGGGS”.
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TABLE 3 | Predicted B-cell epitopes of BamA and LptD proteins.

BamA LptD
Epitope Antigenicity Allerge-nicity Toxicity Epitope Antigenicity Allerge-nicity Toxicity
PVRTGDTVNDEDIS 1.24 Allergen Non KEAPGQPEPV 0.96 Non Non
ASGVRVGESLDRT 0.97 Non Non DKVYEDEHPNDDSS 0.41 Non Non
IRFEGNDTSKDAV 1.14 Non Non PSYFNDFDNKYGSSTDGY 1.22 Non Non
TDTQRVPGSP 0.49 Non Non QVFSEQNTSSYS 0.42 Non Non
FQADDADLSDYTNK 0.56 Non Non QTNLDWYNSRNTTKLDES 0.75 Non Non
10 20 30 40
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FIGURE 3 | Secondary structure prediction of designed multitope vaccine using PESIPRED server.

This construct was assessed to be non-allergen with an
antigenicity score of 1.07 (estimated by VaxiJen v2.0) and 0.959
(estimated by ANTIGENpro).

Physicochemical Properties Assessment

and Secondary Structure Prediction

The physicochemical properties of the predicted vaccine
construct were detected by using the ProtParam server and
demonstrated in Supplementary Table 6. The designed vaccine
had a SOLpro SVM score of 0.95; therefore it was predicted to
be soluble as SOLpro values > 0.5 are considered as soluble.
Vaccine secondary structure prediction demonstrated the
presence of 14.2% helix, 37.9% strand, and 47.9% coil structure
(Figure 3).

Tertiary Structure Prediction, Refinement,

and Validation

The assessment of the primary 3D structure, through
Ramachandran plot analysis and ProSA online server,
demonstrated that 87.6, 6.3, and 6.1% of residues were
located in favored, allowed, and outlier regions, and the Z-score
—3.45, respectively. While these values may be considered
acceptable for a predicted 3D structure, we continued with
refinement for better structure creation. Protein refinement
occurred through the help of GalaxyRefine web server and
the best model, regarding scores improvement, Figure 4A
demonstrated the following scores’ enhancement, the Z-
score enhanced from —3.45 to —3.9 (Figure4B) while the
Ramachandran plot analysis scores became 96%, 2.4%, and 1.6%

for residues in favored, allowed, and outlier regions, respectively
(Figure 4C).

Conformational B-Cell Epitope Prediction
The tertiary structure and folding of the designed vaccine
may generate new conformational B-cell epitopes and for this
purpose, we used ElliPro server conformational. In the current
assessment, the server predicts 9 new epitopes and their scores
were between 0.514 and 0.84 (Supplementary Table 7). The
predicted 3D models of the generated epitopes are shown in
Supplementary Figure 4.

Vaccine Disulfide Engineering

Usage of DbD2 server for disulfide bond assign demonstrated
that 26 pairs of amino acids are eligible to make disulfide bonds
while in terms of other parameters such as energy and Chi3 value,
this number reduced to only 2 pairs. Therefore, 4 mutations
were performed at the residues pairs of SER89-ARG187 and
PRO324-PHE330. The followed values of energy and Chi3 to
recommend disulfide engineering were below 2.2 and from —87
to 497, respectively.

Molecular Docking of the Vaccine With

TLR4

The ClusPro 2.0, which was employed for the docking
study, generated 30 models and the model number 0.00
(Figure 5) exhibited the lowest binding energy score of —1420.9
kcal/mol which implicate a good affinity and stability of the
constructed complex.
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FIGURE 4 | Structural analysis of the predicted 3D structure of the vaccine. (A) The three-dimensional structure of vaccine obtained after molecular refinements;
(B) ProSA-web evaluation of the vaccine structure; (C) Ramachandran plot analysis of the protein structure after molecular refinements.
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FIGURE 5 | Docked complex of vaccine constructs with human TLR4; vaccine constructs in red color and TLR4 receptor in green and blue colors.

Dihedral Coordinate-Based Normal-Mode

Analyses

Within the iMOS server finding analysis, B-factor correlates
with the relative magnitude of atom displacement around
conformational equilibria. Values were significantly higher
for the epitope vaccine ligand (atom index; 9,568-15,225),
particularly at its respective carboxy terminus, in relation
to that of the hTLR-4 target protein (atom index; 1-9,567)
(Figure 6A). The B-factor results were recapitulated via the
complex deformability index presented in Figure 6B where
each vaccine residue, particularly at the carboxy end, showed
individual distortions being higher than those of the hTLR-4
target protein. The estimated eigenvalue, which represents the
motion stiffness of the complex, was 1.95¢~%, where being in
inverse order in relation to variance predicting the significantly

higher mobility of the vaccine as compared to the hTLR-2
complex across collective functional motions (Figures 6C,D).
The iMOS provided the covariance matrix illustrating the
coupled residue pairs demonstrating anti-correlated (blue color),
correlated (red color), or uncorrelated (white color) motions.
The hTLR-4 depicted lower predicted correlated residue-pair
motions than did the epitope vaccine ligand, however, the latter
protein showed less anti-correlated motions (Figure 6E). Finally,
the obtained elastic-network model explains the differential
flexibility patterns among both investigated proteins (Figure 6F).
Represented in different colors, the elastic-network model
describes the atom pairs linked via springs relying on the stiffness
degree between them. Stiffer strings were correlated to dark gray
colors. The target "'TLR-4 protein showed continuous dark-gray
bands along the normal distribution of stiffer string, while the
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residues of the epitope vaccine illustrated non-continuous gray
bands around the same immobility normal string, particularly for
those residues near the carboxy terminus.

Molecular Dynamics Simulation Analyses

Throughout the 100 ns molecular dynamics runs, each simulated
protein depicted thermodynamic behavior being typical through
molecular dynamics simulations (Figure7). The monitored
proteins’ RMSD deviations, in relation to corresponding alpha-
carbon (Ca-RMSD) of the reference protein, showed an initial
increase over the initial frames owing to the release of constraints
at the beginning of the simulation stage. Steady RMSD tones
were depicted for almost all protein models beyond the first

30 ns and till the end of the molecular dynamics runs (ie.,
for >75 ns). The RMSD trajectories for the epitope vaccine
and respective bound hTLR-4 were around two-fold differences
the thing that ensured sufficient protein convergence as well as
significant ligand accommodation at the target pocket. The latter
findings ensured the adequacy of the 100 ns MD simulation
timeline to grasp sufficient thermodynamic information within
efficient computational cost and without the need for more
time extension. Regarding comparative Co-RMSDs analysis
between the h'TLR-4 target proteins and their corresponding in-
bound epitope vaccine ligands, higher RMSD trajectories were
illustrated for the ligand proteins (Figures 7A,B). The latter
was obvious since the obtained average Ca-RMSD values across
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FIGURE 7 | RMSD trajectory analysis for the four investigated epitope vaccine ligand-bound hTLR-4 target models across 100 ns explicit molecular dynamics
simulation runs. Time-evolution of (A) Proteins’ Ca-RMSD, (B) Ligands’ Ca-RMSD, and (C) Complexes’ Ca-RMSD, along molecular dynamics timeframes (ns).

the protein’s trajectory plateau and till MD simulation end
courses were 8.58 £ 0.72 and 15.92 & 0.32 A for the hTLR-4
and vaccine ligands, respectively. Concerning the comparative
RMSD analysis for the oligomeric h'TLR-4 states, steadier and
lower Co-RMSD fluctuation were depicted for the dimeric
state as compared to those of the monomer ones. On similar
bases, significantly lower and more steady Ca-RMSD tones were
depicted within models where the h'TLR-4 target proteins were
covalently bound to higher oligosaccharides. Except for limited
fluctuations, the monitored Ca-RMSDs of the combined hTLR-
4/epitope proteins showed rapid equilibration plateaus (11.23
+ 0.11 A), beyond 25 ns and till the end of the simulations
runs (Figure 7C). Notably, the least fluctuating complex Ca-
RMSD trajectories (9.30 £+ 0.57 A) were seen for the dimeric
N-glycosylated hTLR-4/vaccine system.

Monitoring the Ca-RMSF tones across the whole simulated
trajectories (100 ns) provided interesting information regarding
the residue-wise fluctuation pattern of each corresponding
simulated protein. Interestingly, typical well-behaved molecular
simulation profiles were depicted for each simulated protein
where terminal residues and their vicinal ranges showed higher
mobility patterns (high Co-RMSF) as compared to those at the
core regions (Figure 8). As a general observation, the epitope
vaccine ligands showed much higher residue-wise fluctuation
profiles as compared to their corresponding in-bound hTLR-4
target proteins. The latter observation was most recognized for
the vaccines’ respective carboxy end amino acids as well as their
vicinal residues (high residue sequence numbering; from 301 to
380) in relation to those of the N-terminus. Notably, the depicted
vaccine-oriented fluctuation trends were more associated with
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monomeric/non-N-glycosylated h’'TLR-4 state (Coa-RMSF up to
35 A) as compared to other oligomeric models. On similar bases,
the lowest RMSF-based mobility trends were assigned to the N-
glycosylated dimeric h'TLR-4 model as compared to any other
simulated model.

Subsequent analysis of the key alterations within the
conformations of both simulated epitope vaccine and hTLR-4
protein was proceeded throughout examining each simulated
model at the initial and last molecular dynamics timeframes.
Extracted frame lines at 0 and 100 ns were subjected to
1 x 107° Kcal/mol.A? gradient minimization using MOE-
Molecular Operating Environment software. The RMSDs of
the overlaid conformations were 6.645, 9.855, 5.488, and
7.784 A for the glycosylated dimeric, non-glycosylated dimeric,
glycosylated monomeric, and non-glycosylated monomeric
complexes. Notably, all simulated models illustrated stable
binding states for the epitope vaccine at the ’'TLR-4 binding

site (Figure 9). Limited conformational changes were assigned
for the h'TLR-4 target protein across the four simulated models.
On the contrarily, the simulated epitope vaccines depicted
significant conformational changes causing them to adopt
a more compacted conformation/orientation at the hTLR-4
binding site. Within the four simulated models, the epitope
vaccine showed more profound movement for its carboxy end
and vicinal regions as compared to that of its N-terminus,
the thing that allowed proximity of the vaccine C-terminus
toward the ATLR-4 lateral side and near the WTLR-4 1:1
homodimerization interface. The latter dynamic behavior was
most recognized at the monomeric h'TLR-4 states as compared
to the dimeric ones, as well as at the non-glycosylated h"TLR-4
state in relation to that bounded to the higher oligosaccharides.
Notably, applying both Rg and SASA analysis for the epitope
vaccine within the four simulated models showed comparable
findings (Supplementary Figure 5). Both analytical parameters
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protomer and extracted frame.

FIGURE 9 | Conformational changes for the simulated hTLR-4/epitope vaccine complexes. Overlaid snapshots of the 3D-cartoon representation of the;

(A) glycosylated dimeric, (B) non-glycosylated dimeric, (C) glycosylated monomeric, and (D) non-glycosylated monomeric states at O ns and 100 ns of the molecular
dynamics runs. The hTLR-4 target proteins (blue/green) and epitope vaccine ligands (red) are colored in respective to the initial or last extracted frames (dark and light
colors are for 0 ns and 100 ns extracted frames, respectively). Moieties of N-glycosylation are presented as spheres and colored in respective to their linked hTLR-4

TABLE 4 | Free binding energies (AGrotar binding) @nd individual energy terms regarding the designed multitope vaccine at hTLR-4 target protein binding site.

Energy (kJ/mol & SD)

Ligand-receptor complex

Glycosylated dimer

Non-glycosylated dimer

Glycosylated monomer Non-glycosylated monomer

—732.671 £ 72.004
—7954.001 £ 79.714
15629.300 + 11.244
—98.206 + 13.476
—7255.668 + 73.478

AGyan der waal
AGgectrostatic
AGSo/vatr‘on; Polar
AGSczlvatr‘on; SASA

AG‘Tofa/ binding

—780.821 £ 82.502
—7798.818 + 11.828
1650.603 £+ 18.770
—106.847 + 9.345
—7035.883 + 38.444

—782.349 £ 115.500
—7845.389 + 86.071
1497.129 + 39.595
—97.202 4+ 16.784
—7227.811 £ 20.760

—032.685 + 23.538
—7710.021 + 97.634
1743.5613 + 12.268
—111.119 £ 24.432
—7010.312 4 11.335

showed high values at the beginning of the MD simulation
runs, yet as the simulation proceeded, the epitope vaccine
attained lower as well as much steady plateaued trajectories
till the end of the MD timeframes. It is worth mentioning
that higher Rg fluctuations tones (around 15-65 ns), as well
as late equilibration plateau (not before 70 ns), were achieved
for the non-glucosylated/monomeric states as compared to the
glycosylated/dimeric ones (Supplementary Figure 5A). Similar
findings were also illustrated with SASA analysis where at non-
glucosylated/monomeric states, the epitope vaccine exhibited
higher fluctuations around 40 ns and till the end of the MD runs
(Supplementary Figure 5B).

The designed epitope vaccine across the simulated models
showed significant free binding energies toward the hTLR-4

binding sites being estimated as kJ/mol &+ SD (Table4).
The highest negative values of binding-free energies were
assigned to the dimeric states of hTLR-4 rather than their
respective monomeric ones. Additionally, the glycosyl-bound
target proteins depicted a higher affinity toward the anchored
epitope vaccine than those being non-glycosylated. Dissecting
the obtained total free binding energies AGrowj pinding showed
a preferential energy contribution for the electrostatic non-
bonded interactions over the van der Waal potentials. Across the
four simulated models, the comparable pattern of energy term
contributions was depicted depending on the glycosylation status
of the target h'TLR-4 protein. Differentially higher electrostatic
and lower van der Waal values were depicted for the glycosylated
target protein states over the monomeric ones. Regarding the
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solvation energy term contributions, both non-polar and polar
solvation energies were of higher negative and positive values,
respectively, for the non-glycosylated target proteins over their
respective glycosylated forms. The non-polar solvation energy of
interaction was monitored across the 100 ns of MD simulation
using the SASA-only model calculation for the individual ”TLR-
4, epitope vaccine, as well as their respective combination
at each oligomeric/glucosylic state (Supplementary Figure 6).
Almost steady solvation energy terms were depicted for the four
simulated proteins across the whole MD simulation run. On the
other hand, the ligand’s solvation energy of interaction showed
a significant drop to lower values starting from around 40 ns
and till the end of the MD runs achieving the average energy
plateau for more than half the simulation timeframes. Steadier
solvation energy tones were assigned for the dimeric/glycosylated
targets rather than those of the lower simpler states. Notably, the
complex solvation energy patterns were significantly impacted
via the ligand’s values and in turn its respective dynamic behavior
rather with those of the simulated h'TLR-4 proteins.

The AGrotal binding Was further decomposed identifying the
residue-wise energy contribution for both the vaccine and
hTLR-4 where the more negative is the better (Figure 10
and Supplementary Figure 7). Findings within the latter figure
showed higher positive-valued energy contributions for the
vaccines in bound to non-glycosylated hTLR-4 states, while the
vaccines of glycosylated forms depicted significant negative-
valued energy contributions with a wider range of contributing
residues. Similar residue-wise energy contribution patterns were
assigned for the "'TLR-4 residues.

Immune Simulation of the Designed

Vaccine

The immune response regarding antibody titer, cytokines level,
B and T cells population is shown in Figure 11. The current
study potential vaccine was estimated to stimulate a high level of
IgM+IgG which increases with consecutive doses of the vaccine.
Regarding cytokines level, several classes were stimulated and
INF-y exhibited the highest level of induced cytokine. Moreover,
the count of stimulated T and B cells demonstrated an increase
with the doses of the vaccine, and the highest level was obtained
as a result of the second booster dose of the vaccine.

DISCUSSION

Many microorganisms face difficulty in cultivation or attenuation
leading to undesirable immune response, proving that the
classical approaches for vaccine development against these
pathogens require a technical revolution (68). Therefore, the last
few years witnessed a large turn in the employed approaches
for vaccine development where the multi-omics approaches
stepped forward and preceded the traditional ones (69). Recent
studies that utilized bioinformatics and structural biology tools
for the generation of epitope-based vaccines, that included
the antigenic parts only and demonstrated a promising ability
for fighting against pathogenic microorganisms, represented a

large percentage of the whole studies directed to the vaccine
development (70).

The development of an effective vaccine against the several
pathotypes of E. coli has faced many obstacles. The complex
nature of this bacteria and its genetic plasticity hinders the
trials for vaccine development. Additionally, lack of broadly
applicable testing to assess disease burden, particularly in remote
areas where incidence may be quite high besides the occurrence
of several bacterial pathotypes are another barriers (71). The
current study tried to address these difficulties by analyzing
the complete genome of E. coli to find common conserved
vaccine candidates that cover different pathotypes then assess the
characteristics of this potential vaccine computationally before
moving to the future phase of wet lab validation. In our analysis,
the reverse vaccinology approach was employed to generate
a shortlist of potential vaccine candidates after analysis of E.
coli complete proteome then immunoinformatics computational
tools were applied for designing a multitpe vaccine based on
filtered vaccine candidates. Only two outer membrane proteins
(LptD and BamA) were chosen after applying the filtration steps
on 5,155 proteins. The same approach has been reported to be
successful in protein filtration and potential vaccine candidature
with many pathogens, for instance; Klebsiella Pneumoniae (72),
Staphylococcus aureus (19), Mycobacterium tuberculosis (73),
Shigella flexneri (74), Pseudomonas aeruginosa (75), Moraxella
catarrhalis (76), and Nipah virus (18). In addition to that, E.
coli was one of the main pathogens that were analyzed for
designing a vaccine through a bioinformatics approach in many
previous studies. We can divide these studies into two main
categories, firstly, studies that just predicted single B and T cell
epitopes of protein candidates of certain pathotypes of E. coli
such as Khan and Kumar (77) and Mehla and Ramana (78).
Secondly, more advanced studies that designed and validated a
multitope vaccine through a computational approach such as
(79), where the vaccine was designed based on Intimin, Stx,
Lt, and Cfa proteins and directed against ETEC and EHEC,
Another study (80), the vaccine was designed based on IutA
and FimH proteins and directed against UPEC, a third study
(81), the vaccine was designed based on the bacterial type-3
secretion system and directed against extraintestinal pathogenic
E. coli. In the current study, we followed the approach of the
second group of studies but at the same time, we introduced
two unique points that greatly affect the design and the potential
application. First, of all, unlike mentioned studies that selected
their vaccine candidates based on literature mentioned virulent
proteins of specific E. coli pathotype, we nominated the vaccine
candidates of the current study after a complete filtration of
a reference pathogenic E. coli strain where the filtration steps
represented a basic portion of the study to select proteins that
are antigenic, virulent, with a low similarity percentage with
human proteins, essential, and conserved throughout various
pathotypes of E. coli. Consequently, we came up with two novel
vaccine candidates (BamA and LptD), and therefore the designed
multitope vaccine based on these proteins would have different
sequences and characteristics from previously discussed ones.
The criteria of protein conservation moved us to the second
unique point in the current study which is cross-reactivity. As
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mentioned, previous trials targeted only specific E. coli pathotype
in their vaccine design while in this study we targeted essential
proteins with a high percentage of conservation in basic E. coli
pathotypes thus the predicted vaccine would have a potential
activity against different E. coli pathotypes. Based on what
mentioned above, we can choose the steps of common conserved
protein candidates selection for several E. coli pathotypes and
defining the prominent epitopes of these candidates as the most

important steps that shaped the novelty of the current potential
vaccine construct.

As mentioned above, the process of vaccine design through the
immunoinformatics approach has been applied against several
pathogens with a common methodology. On the other hand,
with the continuous development in computational tools, a
recent study (82) proposed a multitope vaccine against COVID-
19 through the integration of a deep learning approach for
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prediction and design. In that study, DeepVacPred was employed
to conduct multiple predictions in a time-saving manner. The
current study followed the former methodology, especially that
the designed vaccines by this common methodology showed
promising results during the in-vivo validation (80, 83) and
as mentioned above the main focus of this study was the
development of a potential vaccine that covers most E. coli
pathotypes and deeply investigate the characteristics of this
construct more than developing novel prediction methodologies.

In the current study, several online servers were used to
identify potential vaccine candidates against E. coli pathotypes
where the nominated proteins were found to be highly conserved
in the majority of E. coli pathotypes. In addition to that, they
were outer membrane proteins, essential for bacterial survival,
had a high antigenicity score, and were non-homologous to
human proteins to ensure their safety in clinical trials. Bacterial

outer membrane proteins play an important role in molecule
transporting, membrane integrity maintenance, in addition to
pathogenesis (84). Moreover, their easy accession to the host
immune system gives them the advantage to be highly potential
candidates for vaccine development (85). Lipopolysaccharide
(LPS) is a major structural component in most Gram-negative
bacteria and it is essential for bacterial growth, LptD is one
of eight proteins involved in the proper assembly of LPS after
its biosynthesis in E. coli (86). Regarding BamA, it belongs to
the Omp85 family, which is characterized as a major antigenic
and immunogenic protein expressed by most Gram-negative
pathogenic bacteria (87).

Vaccine construction using mapped epitopes is a sophisticated
strategy to trigger an immune response against infectious agents
(88). On the other hand, reliance on peptide vaccines for human
usage has faced some limitations as single peptide epitopes were
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found to be not strong enough to stimulate a suitable and
prolonged immune response and exhibited low immunogenicity
in comparison with live attenuated vaccines. Additionally, there
are some questions about the stability of these peptides to induce
the immune response before getting lysed by human proteolytic
enzymes (89). To overcome these limitations, the current study
proposed vaccine was constructed based on a combination of
peptides with suitable linkers where those peptides were filtered
through several criteria, and only conserved, highly antigenic,
non-allergen, and non-toxic epitopes were selected to design
the multitope vaccine. multi-epitope vaccines are considered
a better choice than monovalent ones as they can stimulate
efficient humoral as well as cellular immune responses (90). In
addition to these epitopes, other components were added to
the final vaccine construct to improve the immune response for
this potential vaccine. B-defensin adjuvant was incorporated to
create a deposit of the antigenic compound at the site of the
vaccine that is steadily released over time, elongating the robust
immune response and overcoming one of the main peptide
vaccine limitations (91). Moreover, suitable linkers were used to
join the selected epitopes from each candidate protein where they
provide effective separation between the epitopes (92). Firstly,
EAAAK was employed to improve the bi-functional catalytic
activity, give stiffness in addition to enhancing fusion protein
stability (93). The second linker, GPGPG, was selected for its
ability to induce HTL immune response and the ability to break
the junctional immunogenicity, resulting in individual epitopes’
restoration of immunogenicity (94). The final linker, KK, was
employed because of its ability to bring the pH value close
to the physiological range (95). In addition to the epitopes,
linkers, and adjuvant, the PADRE sequence was also added
as it has been revealed that this sequence could minimize
the polymorphism of HLA molecules in the population (96).
Analyzing the results of the multitope vaccine assessment showed
that, the current potential vaccine construct is antigenic with an
antigenicity score of 1.07 which was more than the corresponding
scores of the designed multitope vaccines against severe acute
respiratory syndrome coronavirus 2 (97), Marburg virus (94), and
Leptospira (98). Regarding the population coverage, the world
coverage showed 100% for the constructed vaccine and that was
similar to the corresponding coverage reported in (99). For the
binding affinity of the single CTLs to the representative alleles,
the scores ranged between —7.6 and —8.4, which was smaller
than the range reported in (100) but at the same time was
large enough when compared to the control binding score of
the current study. Moving to the binding energy of the whole
multitope vaccine, we reported here a score of —1420.9 kcal/mol,
which was smaller than corresponding scores of vaccines
predicted with a similar approach (18, 69, 76), implying that a
strong binding with TLR would occur. Collectively, The final
construct exhibited promising physicochemical, immunological,
and chemical characteristics when assessed computationally
where molecular dynamics simulation studies were adopted to
give a close view of the behavior of this potential vaccine with the
receptors of the immune system.

Finally, the designed epitope vaccine showed significant
confinement and stability within the hTLR-4 binding site

throughout the conducted 100 ns explicit molecular dynamic
runs. With preferentiality for the dimeric glycosylated target
protein, the designed vaccine exhibited steady conventional
thermodynamic behavior with Ca-RMSDs leveling up for more
than 70 ns. The adopted Co-RMSD analytical tool allows
the estimation of molecular deviation from the designated
original/reference structure, the thing that can be used for
ensuring ligand-target stability/confinement as well as the
validity of the MD protocol (101). Obtaining Ca-RMSD
at low values as well as being rapidly equilibrated has
been correlated with the strong affinity of the designed
vaccine ligand against target protein as well as the successful
convergence of the simulated models requiring no further
molecular dynamics simulation runs (102). This Ca-RMSD-
based vaccine-hTLR-4 stability was comparable to the stability
of several reported proteinaceous multitope vaccines targeting
different microorganisms TLRs (103, 104). Regarding the
obtained residue-wise fluctuation analysis, the higher Ca-
RMSEF values of the epitope vaccine as compared to hTLR-
4 can be reasonably correlated to their differential tertiary
structure folding and/or packing. Generally, the Co-RMSF
flexibility analysis tool estimates the averaged deviations of
protein’s residues in relation to their reference positions, the
thing that would provide a valuable evaluation of protein’s
residues regarding their respective dynamic behavior being
represented through flexibility and fluctuation (105). In these
regards, the incorporation of long «-helices with flexible -
loop connections within the vaccine’s designed structures would
rationalize the initial relaxation and significant convergence into
more stable compacted conformations. On the other hand, "'TLR-
4 exhibited densely packed shoe-like architecture with plenty
of highly ordered parallel B-sheets. This differential inherited
flexibility was also highlighted through the 3D-conformational
analysis between initial and last frames as well as the adopted
dihedral coordinate-based normal mode analysis. Having non-
uniform stiffness/immobility profiles, as well as high B-factor,
deformability, and mobility indices, conferred the profound
flexibility being assigned for the vaccine (50). The assigned high
immobility profiles for the epitope vaccine were most recognized
through its carboxy-terminal amino acids and vicinal residues as
being clearly demonstrated through the conformational analysis
as well as RMSE Rg, and SASA findings.

It is worth mentioning that the high RMSF flexibility of
the 301-380 residue range was highly reasoned since these
residues started the MD simulation being apart from the h'TLR-
4 interface and then ended being near the hTLR-4 lateral side.
Nevertheless, the epitope vaccine rapidly attained a more stable
compacted conformation/orientation in relation to the bound
hTLR-4 as the MD runs proceeded. The latter more profoundly
stable conformation/orientation of the vaccine was mostly related
to the movement of this residue range toward hTLR-4 lateral
side representing the dimerization interface. This was confirmed
through the Rg and SASA analysis where values significantly
dropped as the MD simulation proceeded reaching to lower
steady trajectories for more than half of the MD simulation
timeframes. Generally, Rg accounts for the global stability of
either ligand/protein ternary structures, where such stability
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parameter is defined as the mass-weighted RMSD for atom
groups in relation to their respective common center of mass
(106). Thus, the depicted dynamic behavior of simulated vaccine
to exhbit low Rgs maintaining a plateau around an average
value conferred significant stability/compactness at the hTLR-
4 binding. Notably, the Rg finding further highlighted the
preferential vaccine anchoring at the dimeric and/or glycosylated
hTLR-4 states since the monomeric and/or non-glycosylated ones
achieved higher fluctuations and late Rg equilibration trajectories
(not before 70ns) suggesting non-optimal compactness and
intermolecular binding around these timeframes. Findings from
the ligand’s SASA analysis came in good agreement with the
above preferential complex stability since the simulated vaccine
showed steadier SASA tone along the average equilibration
plateau around 40 ns and till the simulation end. Since SASA is
a quantitative measurement about the extent of protein/solvent
interaction correlating for molecular surface area assessable to
solvent, thus, low SASA tones imply relative structural shrinkage
under the impact of the solvent surface charges yielding more
compact and stable conformations (107). The latter findings
were also consistent with the vaccine’s non-polar solvation
energy (only SASA-model) across the MD simulation runs. It
is worth mentioning that all above epitope-hTLR-4 flexibility
patterns were also similarly depicted within several reported
studies investigating the potential binding affinity of peptide-
based vaccines toward microbial TLRs (103, 104).

The presented study further highlights the impact of
hTLR-4 oligomerization as well as oligosaccharide states on
vaccine binding. Depicting lower Co-RMSD and RMSF values
with more steady tones at glycosylated dimeric model raised
the suggestion that N-glycosylation and hTLR-4 dimerization
were beneficial for vaccine anchoring at the target binding
site. Accumulated evidence has illustrated the importance
of TLR ectodomains’ N-glycosylation for orchestrating the
localization and signaling capacity (108). Additionally, N-
linked glycosylation (sialylation) of h'TLR-4 and its coreceptor,
MD-2, enhances the lipoprotein-driven nuclear factor kappa-
B activation, cytokine expressions, and, as well as regulates
hTLR-2 and hTLR-3 signaling pathway (109-111). Furthermore,
sialylated residues are important for mediating the association
between hTLR-4 and MD-2, enhancing h'TLR-4 dimerization,
as well as the assembly of complete TLRs signaling complexes
(108, 112). Thus, having the importance in enhancing ligand
anchoring at TLRs binding sites as well as facilitating TLRs
dimerization it was highly reasoned why highly stabilized/steady
thermodynamic behaviors, as well as less fluctuating/, mobilized
residues were assigned for both glycosylated dimeric hTLR-
4/vaccine complex. The MM/PBSA-driven free binding energy
calculations also highlighted the higher affinity of the simulated
vaccine toward the glycosylated h'TLR-4 in relation to those
being non-glycosylated. Depicting higher negative total free
binding energies as well as more pronounced Coloumb’s
electrostatic energy contributions were highlighted for the
more favored vaccine anchoring/affinity toward the glycosylated
target proteins. Binding to the N-glycosylation chains was also
found satisfactory to counterbalance the predicted electrostatic
penalties and solvation energies during epitope vaccine ligand

binding since lower polar solvation energy terms (A Gsolyation)
were depicted at the glycosylated models. This was also
confirmed through monitoring the non-polar solvation energy
via the only SASA-model across the MD simulation runs.

Generally, solvation energy terms represent significant
repulsive forces against the ligand-binding since binding is a
solvent displacement process. It was depicted that these large
repulsive forces were mediated majorly by the h'TLR-4 residues
rather than by the vaccine amino acids as being depicted within
the residue-wise energy contributions the thing that could be
related to the high ordered water molecules at the hydrophobic
surface of the TLR-2 ligand-binding site. Thus, the presence of
N-linked glycosylation chains would minimize such repulsive
penalties against the vaccine binding. On the other hand, the
total non-polar interactions (AGyay der waal Plus AGsasa) were
shown to be higher at the non-glycosylated models conferring
their respective larger surface area as well as higher hydrophobic
potentialities toward vaccine binding. The latter was rationalized
since accumulated evidence has considered the general TLRs
binding site to be extended and more hydrophobic in nature (52—
55,113-115). Based on the above evidence, it was satisfactory that
the designed epitope vaccine depicted significant binding affinity
toward the h'TLR-4 binding pocket with higher preferentiality
toward the glycosylated dimeric state.

CONCLUSION

The current study aimed to demonstrate the role of modern
approaches for vaccine development as a potential solution to
fight resistant pathogens. Here, we reported two proteins namely
BamA and LptD, after the filtration of the whole proteome of
E. coli reference strain, to act as a base for multitope vaccine
construct against E. coli pathotypes. The multitope construct
included top-ranked epitopes of the filtered proteins in addition
to beta-defensin and PADRE peptide. The molecular modeling
simulation studies illustrated relevant affinity/binding of the
designed epitope vaccine toward the hTLR-4 binding pocket,
yet with higher preferentiality toward the glycosylated dimeric
state. Finally, The predicted physicochemical and immunological
characteristics of the constructed vaccine nominated it as
a potential solution against several E. coli pathotypes and
recommended its movement to wet lab validation.
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Cellular immunity in Mycobacteria tuberculosis (Mtb) infection is important for the
pathogenesis and final clearance of intracellular Mtb infection. In addition, it is valuable
for the diagnosis of tuberculosis. In this pioneering work, we tested in vitro and in vivo
antigen presentation and diagnostic application of a recombinant overlapping peptide-
protein derived from two Mtb RD1 antigens ESAT-6 and CFP-10 (ROP-TB). The
overlapping peptide sequence of ROP-TB is cleaved by the cathepsin S enzyme and
covers the entire length of the two proteins. ROP-TB can be expressed and purified from
E. coli. Once taken in by antigen-presenting cells, ROP-TB can be cleaved into a peptide
pool by cathepsin S within the cells. We found that in dendritic cells, ROP-TB can be
processed in 6 hours of co-culture, while the ESAT-6/CFP-10 fusion protein remained in
the endosomal compartment. In Mtb-infected mice, ROP-TB stimulated stronger specific
T cell responses than pooled synthetic peptides derived from ESAT-6 and CFP-10. With
regard to the presentation of in vivo antigens, in a guinea pig model infected with Mib,
ROP-TB induced delayed type hypersensitivity (DTH) responses comparable to those of
the tuberculin purified protein derivative (PPD) and ESAT-6/CFP-10 fusion protein. In
Mycobacterium bovis (Bovine TB)-infected cattle, ROP-TB elicited DTH responses.
Finally, in Mtb infected patients, ROP-TB stimulated cellular immune responses in
majority of patients (16/18) of different HLA phenotypes while a single peptide derived
from the same proteins did not elicit the immune responses in all patients. In summary,
in vitro and in vivo data suggest that ROP-TB stimulates a strong cellular immune
response irrespective of HLA phenotypes and is therefore suitable for use in vitro and
in vivo diagnostics.

Keywords: recombinant overlapping peptides, mycobacteria tuberculosis, Bovine TB, antigen presentation, immune
responses, diagnostic
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INTRODUCTION

Cell-mediated immunity requires antigen presentation by class I
or II MHC molecules on the surface of antigen-presenting cells
(APC). CD8+ T cells typically recognize epitopes presented with
MHC class I derived from endogenous antigen degradation in
the cytoplasm of any nucleic cell, including APCs (Class I
pathway). In contrast, exogenous antigens are processed in the
endosome/lysosome in APC into peptides which can be
presented by MHC class II (only expressed in APCs) to the
cell surface and stimulate CD4+ T cells (Class II pathway). In
some situations, exogenous antigens can be cross-presented in
APCs to prime CD8+ T cells (Cross-presentation). However, the
efficiency of antigen cross-presentation is low (1-3).

Cellular immunity is very important in the pathogenesis and
elimination of Mtb infection. Furthermore, since the antibody is
not suitable for the diagnosis (4-6), cellular immunity is a useful
surrogate diagnostic marker for Mtb infection. In fact, the World
Health Organization (WHO) has recommended two methods
based on cellular immune response for latent TB infection
(LTBI) (7). The methods have enabled the identification of
LTBI and treatment with anti-TB drugs. This is particularly
important for stopping the transmission of Mtb. In the TB
guidelines of the European Union, the interferon-gamma
(IFN-7) release assay (IGRA) has also been suggested as an
accessory diagnostic method for active TB (8).

The first cellular immune response-based method is the
IGRA, in which peripheral blood mononuclear cells (PBMCs)
of an LTBI-suspected individual are exposed to Mtb antigens. If
the individual has LTBI, memory T cells in the PBMCs will be
activated in vitro by Mtb antigens to release cytokines, including
IEN-y, which can be measured (9). The key reagent for the
currently approved IGRA-based latent TB diagnosis is a pool of
short peptides derived from two Mtb RDI1 antigens: early
secreted antigen target 6 (ESAT-6) and cell filtrate protein 10
(CFP-10). The advantages of using the ESAT-6 and CFP-10
derived peptide antigens are: 1) distinguish from BCG (bacille
Calmette-Guerin) vaccination; 2) stimulate strong cellular
immune responses; and 3) overcome MHC restriction as the
pooled peptides contain multiple epitopes suitable for different
HLA phenotypes. However, quality control in the industrial
manufacturing process of multiple peptides requires multiple
GMP processes and is labor-intensive and time-consuming. It
has posed a limitation to cost-effective manufacturing of
diagnostic kits. Consequently, the use of the IGRA assay as a
screening test for latent TB for the general population has not
become a reality.

Another method of detecting LTBI is the Mantoux skin test
based on a purified protein derivative (PPD). This is an in vivo
method based a delayed-type hypersensitivity (DTH) response in
which the antigen presentation of the exogenous PPD antigen
leads to a cellular immune response as a consequence of a
collective cytokine release. The sign of an immune response is
a skin reaction at the PPD injection site. The advantages of this
method include the ability to measure cellular immune responses
not only based on one cytokine (i.e., IFN-y) but also on the

collective stimulation of other factors (cytokines/chemokines).
Furthermore, it a simple and economical test, with no need for in
vitro cell culture equipment or expensive reagents (tissue culture
plates and antibodies); therefore, it is suitable as a screening test
in the general population. However, the PPD-based skin test
cannot distinguish Mtb infection from BCG vaccination.

The goal of this study is to develop an antigen that can serve
as a key reagent for both the IGRA assay and the skin test. The
reagent should be able to distinguish Mtb infection from BCG
vaccination and be suitable for industrial manufacture. We have
previously reported using recombinant overlapping peptide
(ROP) proteins as stimulants for cellular immunity (10, 11).
An ROP is composed of a chained series of overlapping peptide
sequences derived from a target protein (e.g., ESAT-6) and
covers the whole sequence of the target protein (Figure 1A).
The overlapping sequences of an ROP are linked by a substrate of
protease (e.g., Cathepsin) in the antigen-presenting cells. The
ROP can be easily cleaved inside APCs and cross-present to
induce potent CD4+ and CD8+ T-cell responses (11). There are
several advantages of using ROP: 1) the ease of industrial
manufacture, due to only a single GMP processing step and
the requirement for one quality control; 2) ROPs are linear
sequences containing all possible T cell epitopes which can
promiscuously stimulate T cells irrespective of MHC
phenotypes; and 3) ROPs do not have tertiary structure,
therefore, they do not possess any toxic protein functions of
the native microbial/tumor proteins.

Consequently, ROP technology may be a solution to
overcome the drawbacks of manufacturing and quality control
of the key reagents in the current IGRA assay. In addition, it may
also serve as a skin test agent. In this study, our goal was to design
and produce an ROP-TB diagnostic agent based on the two Mtb
antigens, ESAT-6 and CFP-10. We then used in vitro, ex vivo,
and in vivo experiments to demonstrate antigen cross-
presentation and induction of cellular immune responses.

RESULTS

Design, Expression, Purification, and
Enzymatic Digestion of ROP-TB
ROP-TB was derived from ESAT-6 and CFP-10. It was designed
to include a sequence of 8 peptides consisting of 35 amino acids
per peptide. Each peptide overlapped with its adjacent peptides
by 10 amino acids. The eight sequential overlapping peptides
covered the complete sequences of ESAT-6 and CFP-10. The
cathepsin S substrate sequence (LRMK) was interspersed
between each peptide. Cathepsin S is known to exist in
professional APCs (10). A schematic presentation of ROP-TB
is shown in Figure 1A. ROP-TB was expressed by E. coli BL21
cells and then purified by Ni NTA affinity chromatography.
(Figure 1B). The purity of the protein was confirmed by HPLC
to be more than 95% (Figure 1C).

To remove any potential endotoxins that may have
potentially contaminated the product, ROP-TB was further
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FIGURE 1 | Purification and digestion of ROP-TB. (A) Schematic presentation of an ROP-TB antigen. The blue line on top represents the sequence of the fusion
protein of ESAT-6 and CFP-10; the short colorful lines are the overlapping peptides covering the full sequence length of ESAT-6-CFP-10. The bottom line represents
ROP-TB which is a chain of the overlapping peptides linked by LRMK, the substrate of the enzyme Cathepsin S. (B) ROP-TB was expressed by E. coli BL-21 and
purified using a Ni-NTA affinity column. (C) After purification, ROP-TB was analyzed by HPLC to further confirm purity. (D) ROP-TB was digested at 37°C

by Cathepsin S at 1:50. After digestion, samples were collected at different times and analyzed by SDS-PAGE gel.

purified by endotoxin removal chromatography. Subsequent
endotoxin levels in ROP-TB before application in cell cultures
was tested and were <1 EU/mL. To test the effects of endotoxin
on the ROP-TB-based IGRA assay, an enzyme-linked
immunosorbent spot (ELISPOT) assay study using ROP-TB
spiked with endotoxin was carried out. The doses of endotoxin
used (up to 33 EU/mL) did not influence the results of the ROP-
TB-related ELISPOT (Supplementary Figure 1). This is
consistent with another report showing that only more than
100 EU/mL of endotoxin induces an ELISPOT response (12).

To test the enzymatic effects of cathepsin S on the protein,
ROP-TB was incubated in vitro with cathepsin S. After digestion,
samples were analyzed using SDS-PAGE. As Figure 1D shows,
ROP-TB can be digested in vitro into peptides of different sizes
by cathepsin S (Figure 1D).

Comparing the Metabolic Rate of
ROP-TB, TB Peptides, and TB Fusion
Protein in APCs

To understand the cross-presentation efficiency of ROP-TB in
APCs, it is important to investigate its metabolic rate in the
endolysosome. We, therefore, compared ROP-TB with TB
peptides and TB wild-type protein (fusion of ESAT-6 and
CFP-10) by tracing their intracellular localization at different
time points in the mouse dendritic cell line DC2.4 cells. ROP-TB,
TB peptides, and TB protein were labeled with a green
fluorescent dye (WV=530/30nm) and were incubated with
DC2.4 cells for 30 min and 6 h. DC2.4 cells were co-incubated

with Lysotracker to emit red fluorescence (WV=630/30nm). The
uptake of ROP-TB, TB peptides, or TB protein is shown in green,
and endolysosomes are shown in red under a confocal
microscope. The co-localization between red and green colors
represents the approximate location of the two objects. As shown
in Figures 2A-C, ROP-TB, TB peptides, and TB fusion protein
are internalized by DC2.4 within 30 min of incubation and are
largely co-localized within endolysosomes. This indicates that
these antigens are located within the endolysosomal
compartment. After 6 hours, the green fluorescence in
Figures 2D, E (ROP-TB and TB peptides) but not in
Figure 2F (TB fusion protein), disappeared (Figures 2D-F),
suggesting that ROP-TB and TB peptides have been processed
more rapidly (Figure 2).

Development of T Cell-Based Diagnosis in
Mtb-Infected Mouse Model: ROP-TB and
Pooled Synthetic TB Peptides Induce
Specific T Cell Responses

To test whether ROP-TB can be developed as a diagnostic agent
for T cell function, we assessed specific T cell responses induced
by synthetic ROP-TB or Mtb peptides ex vivo in a mouse model.
We first established the test model by infecting BALB/c mice
with Mtb (H37R1) intranasally (Figure 3). Infectivity was
validated by acid-fast staining and Hemotoxin-Eosin (H&E)
staining of lung tissue (Figure 3A upper panel). The lungs of
infected mice clearly showed infection with H37R1 and
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FIGURE 2 | Intracellular localization of ROP-TB, TB peptides, and TB protein in DC2.4 cells. DC2.4 cells were incubated with green fluorophore labeled ROPTB,
TB peptides, or TB protein for 30 min and 6 hours followed by confocal microscopy analysis (63x objective). DC2.4 cells were co-stained with lysotracker red for
visualizing endo-lysosomes. The nucleus was counterstained with DAPI. (A-C) ROP-TB, TB peptides, and TB fusion protein are internalized by DC2.4 within 30
min of incubation and are largely co-localized within endolysosomes compartment. (D, E) ROP-TB and TB peptides diffused in the endo-lysosomes after 6
hours. (F) TB fusion protein remained in the endo-lysosomes after 6 hours. Scale bar: 10 um.

presented lesions when compared to non-infected mice
(Figure 3A, lower panel).

Spleen cells from Mtb-infected mice were then isolated and
stimulated with different concentrations of synthetic ROP-TB
and Mtb peptides. T cell responses to these antigens were
measured by the IGRA assay (ELISPOT). As shown in
Figure 3B, ROP-TB stimulates stronger specific T cell
responses than synthetic peptides, indicating that ROP-TB is a
more sensitive antigen in the mouse model than synthetic
peptides in detecting T cell responses.

Delayed-Type Hypersensitivity Responses
to ROP-TB, ESAT-6/CFP-10 and PPD in
Guinea Pigs Infected With Mtb and Cattle
Infected With M. bovis

Delayed-type hypersensitivity (DTH) reflects T cell responses to
antigen stimulation in vivo. To investigate whether ROP-TB can
be processed and presented in vivo to specific T cells, guinea pigs
were infected with Mtb H37R1, and DTH-related skin reactions to
ROP-TB, ESAT-6/CFP-10, and PPD (purified protein derivative)
were investigated. Both ROP-TB and ESAT-6/CFP-10 trigger

Non-infection Mib infection

Acid-fast staining

x | H&E staining

FIGURE 3 | ROP-TB stimulates specific T cell immune response in the Mtb-infected
Upper panels: acid-fast staining of lung alveolar in noninfected (left) and infected (right)

present only in infected mice (right) together with puimonary edema, alveolar distortion,
Responses of spleen cells from noninfected (control) and infected mice to different dost

300

Taaill

004ug  0.2ug 1ug  Sug

mm Control
= Infected

»n
S
S

SFC/2.5x10° PBMCs

Negative Peptides Positive

ROP-TB

mouse model (A) Establish Mib-infected mouse model by intranasal infection of Mib.
mice. Mitb are observed in the lung (circled) only in infected mice (right). Lower panels:

H&E staining of histopathological changes of the lungs in non-infected mice (left) and infected mice (right). Marked lymphocyte infiltration in the interstitial and alveolar space is

and thickening of the alveolar wall. (B) Specific T cell responses of infected mice.
es of ROP-TB are only seen in infected mice. Negative control: culture medium (R10);

stimulant: peptides (5 png/well); ROP-TB with 4 different doses (0.04, 0.2, 1 and 5 ug/well); Positive control: PHA (5 pg/well).
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positive responses to DTH, as well as PPD (Figure 4A). DTH
elicited by ROP-TB was stronger than that elicited by ESAT-6/
CFP-10 and PPD in 100 pg and 10 pg doses (p<0.01) (Figure 4A).

Bovine TB (M. Bovis) epidemics have been reported in many
parts of the world. This has posed a risk for humans drinking
infected, unpasteurized milk. Practically all cattle on a farm need
to be slaughtered even if only one head of cattle is found to be
infected with M. bovis. This causes great economic loss. Thus, as
a preventative measure, a tuberculin-based skin test using a PPD
is usually performed to screen for infected cattle (13). BCG may
also be used as a vaccine for M. bovis infection (14) if there is
another available diagnostic reagent which will not be interfered
by the vaccination.

Since M. bovis and Mtb share the same ESAT-6 and CFP-10
sequences (15), we wondered whether our ROP-TB reagent
could be used as another choice of M. bovis skin test reagent.
Thus, the application ROP-TB as a diagnostic reagent for

M. bovis infection was tested in cattle from two farms (Farm 1,
n=12 and Farm 2, n=40, respectively) recruited for ROP-TB and
PPD- based skin tests. As shown in Figure 4B, both ROP-TB and
PPD stimulates skin reactions in the cattle from Farm 1. Among
the 12 cattle, 7 show positive skin reactions to ROP-TB
stimulation (Figure 4C, left panel) and 7 to PPD stimulation
(Figure 4C, right panel). Figure 4D shows the interrelationship
of ROP-TB-stimulated and PPD-stimulated skin reactions in
these cattle. None of the cattle in Farm 2 produced a positive skin
reaction to antigens. Table 1 summarizes the skin reactions of
both farms. The sensitivity and specificity of ROP-TB with PPD
are 85.7% and 97.7%, respectively (Table 1).

ROP-TB Overcomes HLA Restriction in
Stimulating T Cells in TB Patients

To observe whether ROP-TB can promiscuously stimulate the
memory T cell response in humans, we tested ROP-TB for a

A
E
£
H
:
s
C
3
L[]
]
Y *
A
8
g
£
]
[ T T T O B PP
1 T T T T
ROP-TB(30ug) PPD(25001U)

Diameters (cm)

hg g
ROP-TB PPD
(n=12)

FIGURE 4 | Delayed-type hypersensitivity to ROP-TB, ESAT-6/CFP10, and PPD in Mtb infected guinea pigs and M. bovis-infected cattle. (A) Skin reaction in guinea
pigs: the bars show the size of skin reaction to two doses (100 pg and 10 pg) of ROP-TB and ESAT-6/CFP-10, respectively in guinea pigs (n=4 per group). PPD at 5 U
was used as a comparison. Delayed-type hypersensitivity to ROP-TB and PPD in cattle infected with tuberculosis (n=12). (B) Skin reaction to cattle: Representative
positive skin reactions to ROP-TB (upper left panel) and PPD (upper right panel); and negative reactions to ROP-TB (lower left panel) and PPD (lower right panel). (C) The
size of the skin reactions of all 12 cattle to ROP-TB (left panel) and PPD (right panel). (D) The relationship of DTH of each head of cattle to ROP-TB and PPD. *“*”
(P<0.05): significant difference, “*” (P<0.01): extremely significant difference. NS; no statistically significant difference.

TABLE 1 | Delayed-type hypersensitivity skin test of ROP-TB and PPD cattle.

Antigen Farm 1 N=12 Farm 2 N=40 Sensitivity (%) Specificity (%)°
Positive Negative positive

PPD 7 5 0 85.7 97.7

ROP-TB 6 6 0

@Percentage of positive responders with ROP-TB in positive responders with PPD.

PPercentage of negative responders with ROP-TB in positive responders with PPD.
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specific T cell immune response measured by ELISPOT in a
population of diverse HLA phenotypes. We recruited 18
patients with tuberculosis who were diagnosed by sputum
test, acid-fast staining, and lung computed tomography (CT)
scan. The demographic data for these patients are summarized
in Table 2. Their HLA phenotypes are shown in Table 3. We
then compared the ELISPOT response of the PBMC of the 18
patients with the following antigens: 8 individual overlapping
synthetic peptides derived from ESAT-6 and CFP-10, pooled
peptides of the 8 overlapping synthetic peptides derived from
ESAT-6 and CFP-10, and ROP-TB (which is composed of
linked and chained peptides of the 8 peptide sequences). As
shown in Table 4, the 18 patients having different HLA types
(Table 3) respond to different individual peptides. However,
most patients, 16/18 in ROP-TB and 15/18 in pooled peptides,
respond to the pooled peptides and ROP-TB (Table 4). This
experiment shows that ROP-TB, like the pooled peptides, is
able to stimulate memory T cell responses in different HLA
types of TB patients.

TABLE 2 | Clinical data of the 18 Mtb patients.

DISCUSSION

Monitoring and detecting specific T cell responses is important
for many diseases, such as tumors, infectious diseases, and
inflammatory diseases. However, currently, TB is the only
disease indication for commercially available, T cell-based
diagnostic assays, which consist of a skin test and IGRA assays.
The difficulties of developing a specific T-cell-based test include
the identification of specific antigens that can promiscuously
stimulate T cells from various MHC backgrounds; the
manufacture of such antigens without labor intensive processes
such as multiple GMP manufacturers and/or quality controls;
and the requirement of cell culture facilities for their execution,
which may hamper the use of the assays in a hospital setting,
especially in remote areas in developing countries.

For the two TB diagnostic methods currently used clinically,
the key reagents/antigens are derived from different origins. The
antigen used in the skin test assay is a PPD, while the antigen
used in the IGRA assays consists of a peptide pool derived from

Patient Sex Age White blood cell count Tuberculin Acid-fast X- Sputum CT
(10°/L) Test staining pert  culture
WS- Female 31 5.03 ++ — + - Plague shadows in the left lung
118
WS- Female 12 4.4 ++ — + - Plaque shadows in both lungs,
119
WS- Female 40 4.28 ++ + + Plaque shadows in the right lower middle lung
120
WS- Male 77 9.29 + + - Multiple cavities in both lungs
121
WS- Male 75 8.18 + + + Both lung lesions; damage to the left lung
127
WS- Male 63 2.76 ++ + + - Partial damage to the right lung
129
WS- Male 39 5.34 ++ + + - Plague shadows in the left lung
130
WS- Male 30 8.56 ++ + + — Multiple high-density shadows in both lungs
139
WS- Male 64 4.54 ++ — + — Nodules in the upper lobe of the right lung with a few
140 surrounding patchy shadows
WS- Female 22 4.45 ++ - — — Patchy shadows in the upper right lobe of the lung
141
WS- Female 39 7.08 ++ — + Patchy shadows in the upper lobe of the left lung,
142
WS- Female 48 2.49 + — Plague shadows and pleural effusion in the left lung
143
WS- Female 27 5.99 ++ — High-density patchy shadows in both lungs
157
WS- Female 77 5.3 ++ - Density patchy shadows in both lungs
158
WS- Male 58 7.96 + + Multiple cavities in both lungs
159
WS- Female 51 7 ++ - — — Density patchy shadows in both lung
160
WS- Male 59 3.58 + + + Density patchy shadows in both lungs; pleural effusion in the
161 left lung
WS- Female 72 6.23 ++ + Plaque, shadow/cavities in the left lung; plague shadows in
162 the right lung
“++” strong positive, “+"positive, “— "negative.
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TABLE 3 | HLA phenotypes of the 18 Mtb patients.

Patient

WS-118
WS-119
WS-120
WS-121
WS-127
WS-129
WS-130
WS-139
WS-140
WS-141
WS-142
WS-143
WS-157
WS-168
WS-159
WS-160
WS-161
WS-162

HLA-A

A*11:02 A*33:03
A*24:08 A*24:.02
A*02:07 A*24.02
A*02:07 A*11:01
A*24:02 A*31:01
A*02:10 A*30:01
A*02:03 A*02:01
A*30:01 A*33:03
A*11:01 A*24:02
A*02:07 A*11:01
A*11:01 A*33:03
A*11:01 A*24:.02
A*02:01 A*31:01
A*24:02 A*24:02
A*11:01 A*24.02
A*03:01 A*33:03
A*11:02 A*11:01
A*11:01 A*11:02

HLA-B

B*40:01 B*568:01
B*156:01 B*54:01
B*46:01 B*562:01
B*13:01 B*54:01
B*46:01 B*65:02
B*13:02 B*40:06
B*16:02 B*35:01
B*13:02 B*568:01
B*156:01 B*35:01
B*15:58 B*38:02
B*15:02 B*568:01
B*16:27 B*35:01
B*156:11 B*15:01
B*156:27 B*40:02
B*40:06 B*40:01
B*35:01 B*52:01
B*16:02 B*27:04
B*15:02 B*40:01

HLA-C

C*08:02 C*07:02
C*01:02 C*01:02
C*01:02 C*07:02
C*01:02 C*07:02
C*01:02 C*01:02
C*06:02 C*08:01
C*03:03 C*08:01
C*08:02 C*06:02
C*03:03 C*04:01
C*01:02 C*07:02
C*08:02 C*08:01
C*03:03 C*04:01
C*01:02 C*03:03
C*03:04 C*04:01
C*07:02 C*08:01
C*07:02 C*12:02
C*08:01 C*12:02
C*07:02 C*08:01

HLA-DRB1

DRB1*03:01 DRB1*08:03
DRB1*11:01 DRB1*12:01
DRB1*08:03 DRB1*14:10
DRB1*04:05 DRB1*12:02
DRB1*14:05 DRB1*14:01
DRB1*07:01 DRB1*12:01
DRB1*12:02 DRB1*15:01
DRB1*07:01 DRB1*13:02
DRB1*09:01 DRB1*15:01
DRB1*04:03 DRB1*09:01
DRB1*12:02 DRB1*13:02
DRB1*11:01 DRB1*15:01
DRB1*07:01 DRB1*09:01
DRB1*04:06 DRB1*09:01
DRB1*08:03 DRB1*09:01
DRB1*15:01 DRB1*15:02
DRB1*08:03 DRB1*12:02
DRB1*09:01 DRB1*12:02

HLA-DQB1

DQB1*02:01 DQB1*06:01
DQB1*03:01 DQB1*03:01
DQB1*05:03 DQB1*06:01
DQB1*03:01 DQB1*04:01
DQB1*05:02 DQB1*05:03
DQB1*02:03 DQB1*03:04
DQB1*03:01 DQB1*06:02
DQB1*02:02 DQB1*06:09
DQB1*03:03 DQB1*06:02
DQB1*03:02 DQB1*03:03
DQB1*03:01 DQB1*06:09
DQB1*03:01 DQB1*06:02
DQB1*02:02 DQB1*03:03
DQB1*03:02 DQB1*03:03
DQB1*03:03 DQB1*06:01
DQB1*06:01 DQB1*06:02
DQB1*03:01 DQB1*06:01
DQB1*03:01 DQB1*03:03

ESAT-6 and CFP-10 (16, 17). PPD does not distinguish TB
infection from BCG vaccination. Although, pooled ESAT-6/
CFP-10 peptides can distinguish TB infection from BCG
vaccination; they may not be suitable for industrial
manufacture due to complicated multiple quality controls and
regulation issues, especially in the case of skin tests in which the
antigen will be injected into a human body.

The aim of this study was to develop an antigen suitable for
both IGRA and a diagnostic skin test. We designed a chain of
overlapping peptides (ROP) linked by the enzyme substrate
cathepsin S. This antigen is cleavable in APCs where the
enzyme cathepsin S is located. After degradation by the
enzyme, the antigen will undergo presentation and/or cross-
presentation to stimulate T cells. Our data from this study
showed that ROP-TB could be produced and purified
recombinantly using the E. coli system (Figure 1). The ROP-

TB can be cross presented in APC (Figure 2) to stimulate T cells
(Figure 3) in mice. It has also been shown to induce skin
reactions in guinea pigs and cattle (Figure 4). Finally, ROP-TB
promiscuously stimulates human T cell responses (Table 4).
There are several advantages of this artificial ROP antigen.
First, ROP-TB is derived from ESAT-6/CFP-10 which is different
from BCG and hence it is specific for TB infection but not for
BCG vaccination. Second, since the antigen is produced by E.
coli, which can be adapted to large-scale manufacturing
processes, the costs are reasonably low. Moreover, ROP-TB is
produced as one entity; therefore, only one quality control step is
required in the downstream process of manufacture.
Furthermore, unlike pooled peptides, ROP-TB is convenient
(as it is applied as a single substrate), which is useful when
applying for regulatory approval. Third, like pooled peptides, the
antigen is promiscuous and stimulates T cells from individuals of

TABLE 4 | ELISPOT responses of the 18 Mtb patients to various forms of TB antigens.

Patient P1 P2 P3 P4 P5 P6

Ws-118 - - - + - —
WS-119 — + — — +
WS-120 + - + + + +
Ws-121 - - — - +

WS-127 — — - - — -
WS-129 — - — - - —
WS-130 — — + - — -
WS-139 - — - — — -
WS-140 — — +
WS-141 — + + + — —
WS-142 - - +

WS-143 — — - - — —
WS-157 - - - - + —
WS-158 +
WS-159 + — — — + —
WS-160 +

WS-161 - —
WS-162 + —

+
+
+
|
|

+ o+ o+
+
+
+

P8 Pool of P1-P8 ROP CFP-10 ESAT-6

|+ + +
+ + + +
+ + + +
+ + + +
+ + + +

+ 1
(.
(.
(.

|

I
+
+

I

I
|+ + o+
o+ o+ o+ 4+ o+ o+

B T e 2
+ o+

I
+ o+ o+ o+ o+ o+ o+

+ o+ o+ o+ o+ o+

“+” Represent positive, “—” Represent negative.
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different HLA phenotypes. This has been demonstrated by this
study (Tables 3, 4). Fourth, ROP-TB does not have share the
same conformation structure as native antigens (ESAT-6/CFP-
10), therefore, it lacks the potential pathogenic functions of
native ESAT-6/CFP-10. This is especially important if it is
intended to be used as a skin test reagent. Fifth, ROP-TB can
also be produced under other forms such as DNA, mRNA, and
viral/bacterial vectors, which represents an added advantage to
using ROP-based antigens.

In summary, we have demonstrated that ROP-TB can be used
as a new diagnostic platform technology for tuberculosis
diagnostics in both IGRA assays and skin tests.

METHODS

Molecular Cloning, Protein Expression,
and Purification

The cDNA genes encoding native ESAT-6-CFP-10 and the ROP-
TB respectively were designed and synthesized as previously
described (6).

For purification, the corresponding plasmids were
transformed into E. coil BL21 (Solarbio, China). A single
colony was harvested in LB medium (50 pg/mL Kanamycin)
and cultured overnight. Bacteria from the overnight culture were
then inoculated into the new LB medium at a 1:100 ratio and
cultured until the OD600 reached 0.6. Isopropyl B- d-1-
thiogalactopyranoside (IPTG, Solarbio, China) was added at a
final concentration of 0.5 mM and the bacteria were collected by
centrifugation after 16 h of incubation. Lysis buffer (20mM Tris-
HCI, 0.5 M NaCl, 2 mM EDTA, pH 8.0) was used to resuspend
the bacteria, which were then lysed by sonication. The insoluble
fractions were separated by centrifugation at 15,000 g for 1 hour.

The protein was further purified by nickel affinity
chromatography using Ni-NTA (GE, USA). To detect
expressed soluble TB protein (ESAT-6-CFP-10), Ni-NTA resin
was added to the soluble fractions for 1 h. The protein was
washed with lysis buffer containing 10 mM imidazole (washing
buffer) and eluted with lysis buffer containing 300 mM imidazole
(elution buffer). The insoluble ROP-TB in the pellet was
resuspended in 8 M urea buffer and centrifuged at 15,000 g for
1 h. The rest procedures were similar to those of ESAT-6-CFP-10
except that the washing and elution buffer contained 8 M urea.
For refolding, the eluted proteins (ESAT-6-CFP-10 and ROP-
TB) were exchanged by PBS for dialysis.

Endotoxin Removal and Limulus
Amebocyte Lysate (LAL) Assay
for Endotoxin
Ni-NTA purified ROP-TB was further purified by endotoxin
removal chromatography (BIOENDO, China). Briefly, the
column (1.5 mL) was washed with balanced buffer, then ROP-
TB was flowed through the column at 0.5 mL/min and the
effluent collected.

The endotoxin present in ROP-TB was detected using the
Limulus amebocyte lysate assay (BIOENDO, China) following

the manufacturer’s instructions. Briefly, ROP-TB was diluted
with endotoxin-free water by serial two-fold dilutions, then
diluted ROP-TB was added, respectively, to the Limulus
amebocyte lysates, which were dissolved in 100 UL endotoxin-
free water. The mixtures were incubated in ampoule bottles at
37°C for 1 hour. If a gelatinous substance formed at a certain
dilution, it was considered positive: Endotoxin concentration was
calculated as maximum positive x 0.125 EU/mL, which
indicated the sensitivity of Limulus amebocyte lysate.

Antigen Digestion In Vitro and Trafficking
in DCs by Confocal Microscopy

Purified protein (ROP-TB) in PBS and 4mM DTT was incubated
with Cathepsin S (SinoBiological, China) at 37°C for 0.5, 1, 2, 4,
8, and 22 h. The mass ratios of enzyme and protein in digestion
were 1:50 and 1:100, respectively. Samples with different
digestion times were run through SDS-PAGE for measuring
enzyme activity.

To observe antigen uptake, I pM ROP-TB, TB peptides, and
TB protein (ESAT-6-CFP-10) were incubated with DC2.4 cells (a
gift from K Rock of Massachusetts University, United States) in
culture plates (3x10° per dish) at 37°C for 30 minutes or 6 hours.
ROP-TB, TB peptides, and TB protein marked with the LIVE/
DEAD cell stain kit (Invitrogen, USA). To stain endolysosomes,
10 uL of 1:200 diluted (red) Lysotracker (Invitrogen, USA) was
added to the cell culture one hour before incubation. After
incubation, cells were washed and fixed with 4%
paraformaldehyde for 10 min. The samples were further
stained with DAPI (Solarbio, USA) prior to observation under
a confocal microscope (ZEISS, LSM800).

In Vitro of IGRA-Based T Cell Diagnosis

in Mice

The mouse experiment was outsourced to the Shanghai Public
Health Center (Shanghai, China). All procedures were approved
by the Committee of the Shanghai Public Health Center and
followed the national guidelines for the use of experimental
animals. Briefly, all mice (BALA/c, age 6-8 weeks, SPF) were
infected intranasally with Mtb (H37R1) at 5x10° CFU in 40 pL.
After infection, the animals were housed in cages kept in laminar
flow safety enclosures in a Level III biosafety facility.

To verify the establishment of the Mtb model, the lung tissues
of infected and uninfected mice were sectioned for fast acid
staining. The sections were placed in a staining dish and stained
with Carbol Fuschin. After heating to steam and incubation for
5 min, the lung sections were washed with slow running water,
decolorized with acid alcohol, counterstained with Malachite
green for 1 min, and then air-dried. The final sections were
positive when red and negative otherwise. The procedure of H&E
staining (Sigma)for the evaluation of lymphocyte infiltration is
the following: samples were first fixed overnight with 4%
paraformaldehyde. After embedding in paraffin, the samples
were cut into 2-um thick sections and subjected to H&E
staining. Histopathological analysis was performed using a
Zeiss microscope.
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The IGRA-based T cell function assay was performed using
ELISpot kits (Mebtech, Sweden) (6). Briefly, spleen cells were
separated and incubated at 2.5x10° cells/well with 5 pg/well
ROP-TB or peptides at 37°C for 24 h. Then, 96-well culture
plates were precoated with IFN-y antibodies. After the
incubation, the cells were discarded, and the plates were
washed with PBS followed by incubation with biotinylated
anti-IFN-y antibodies for 2 h at room temperature. The plates
were washed with PBS and an enzyme-labeled anti-biotin
antibody was added for 1 h. Finally, BCIP/NBT was used for
color development, and the reaction was stopped by washing
plates with tap water. Spots were counted with an Elispot reader
(Autoimmun Diagnostike, Strasburg, Germany).

Ex Vivo IGRA-Based T Cell Diagnosis

in Human

The human experiments were reviewed and approved by the
Ethics Committee of Changzhou No. 3 People’s Hospital.
Eighteen patients with tuberculosis infection were recruited
from the hospital and provided informed written consent prior
to the collection of their detailed clinical data (Table 2). HLA
typing of the patients was performed by Weihe Biotechnology
INC (Jiangsu, China).

IGRA-based T cell testing was performed using ELISpot kits
(Mebtech, Sweden). Briefly, 2.5x10°/150 UL of PBMCs were
stimulated overnight with 5 ug/well of ROP-TB, either pooled or
as singular peptides in anti-IFN-y-Ab precoated plates
(Millipore, Bedford, MA). Cells were discarded and
biotinylated anti-IFN-y antibodies were added for a 2-h
incubation at room temperature followed by another 1-h
incubation at room temperature with an enzyme-labeled anti-
biotin antibody. After the color development, the reaction was
stopped by washing the plates with tap water, and the plates were
air dried. Spots were counted with an Elispot reader
(Autoimmun Diagnostike, Strasburg, Germany).

In Vivo Diagnosis of Tuberculosis (Skin
Test) in Guinea Pigs
The experiment was outsourced to the Shanghai Public Health
Center (Shanghai, China). All animals were infected with Mtb
(H37R1) of 0.5 mL (5x10* CFU) through nasal drop. After
infection, the animals were housed in cages contained within
laminar flow safety enclosures in a Level III biosecurity facility.
The DTH-based skin test was performed as follows: guinea
pigs were divided into six groups of five animals per group. They
were injected intradermally on the flank with 0.1 mL of ESAT-6-
CFP-10 (1 mg/mL, 0.1 mg/mL), ROP-TB (1 mg/mL, 0.1 mg/mL),
national standard and negative control (physiological saline).
The diameters of the erythema were read after 24-72 hours.

In Vivo Skin Test of TB in Cattle

The experiments were approved by the Ethics Committee of
Southwest University (Ethics approval number: IJACUC-20210320-
03). Cattle from two farms (n=12 and n=40, respectively) were
recruited. To evaluate the potential of a DTH-based skin test with
ROP-TB, we selected commercially available PPD, which is the

standard reagent for the diagnosis of M. bovis TB, to be compared
with ROP-TB in the experiments. The PPD skin test was performed
following the standard Chinese diagnostic technique for tuberculosis
in animals. ROP-TB antigen (30 pg/animal) was injected into a
volume of 0.1 mL on one side of the cow neck, while PPD (2500 IU/
animal) on the other side. Skin thicknesses at injection sites were
measured between 48 and 72 h of injection. For the readout of the
skin test, if the skin thickness of the cattle was > 4 mm, the animal
was considered skin test-positive and negative if the thickness was
<2 mm. In the case that the difference was nearly or equal to 2 mm,
the result was considered inconclusive.

Statistical Analysis

Statistical analysis was performed with Student’s t test. P values
<0.05 were considered statistically significant. Figure 4A was
generated and analyzed using GraphPad Prism version 8
(GraphPad Software Inc.).
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INTRODUCTION

Since the emergence of COVID-19 pandemic caused by SARS-CoV-2 in December 2019 in China
and its prompt spread by March 2020 globally, the world is suffering from a vast public health crisis
(1-4). As stated by the World Health Organization (WHO) and real-time data from Worldometer,
the reported cases of COVID-19 exceeded 418 million cases worldwide, of which, 5.85 million
deaths as of 17th February 2022 (https://www.worldometers.info/coronavirus/countries-where-
coronavirus-has-spread/). Vaccines of different types, immunization procedures and routes, and
from different countries and companies unexpectedly started to appear by the end of 2020 and
were approved for marketing worldwide (5-8). Nevertheless, understanding the antigen epitopes
in all of these vaccines is still poor.

The public debate began, which vaccine to choose, which one is more effective and with less
adverse reactions, besides the new type of vaccines [messenger RNA (mRNA)-based vaccines]
added more factors to this debate. Millions worldwide still do not accept receiving the COVID-19
mRNA vaccines and fear the risk of their adverse events following immunization (AEFI) especially
with the unavailability of convincingly enough data for clinical experimentation of these vaccines
and long-term surveillance of their safety on recipients of different medical conditions, age, and
gender. Furthermore, reports indicated that even mRNA vaccines offer high short-term protection
against SARS-CoV-2 (9). On the other hand, both scientific and health communities urgently
suggest that mRNA vaccination is incontestably the most effective way to provide population
immunity (5-8, 10) and should be spread worldwide to put an end to the pandemic and return
to normal life. The next debate is about the coverage of the continuously arising and spreading
SARS-CoV-2 variants.

Neutralizing antibodies with high potency are an effective line of defense in preventing and
inhibiting viral infections via interrupting viral attachment to its target cell. This ability of
neutralizing antibodies depends on their specific recognition of epitopes. Therefore, knowing the
interaction between antibodies and epitopes provides a basis for the rational design of vaccines.
After the introduction of recombinant DNA technologies, the concept of vaccination changed from
immunization with inactivated intact pathogens (full spectrum of pathogen antigens) to a new
concept in which isolated antigens are used for immunization. The vaccines prepared based on the
last concept are designated subunit vaccines (11). Identifying an effective subunit vaccine provides
the advantage of identifying the specific epitopes responsible for the protection, then immunize
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with the precise epitope, corresponding to an effective
neutralizing antibody. Theoretically, to identify a desirable
epitope, the simplest way is to isolate this epitope-binding
monoclonal antibody. Then, identifying a highly potent
neutralizing monoclonal antibody, and immunizing an
individual with the epitope of that monoclonal antibody.
Additionally, if the monoclonal antibody can significantly cross
react, it can bind a variety of genetic variants of the pathogen it
neutralizes, thus immunized individuals with the epitope of this
antibody will have the ability to broadly cross neutralize different
variants (12).

In the current article, we aimed to outline the available
data regarding the epitope profile of mRNA-based vaccine
recipients in comparison to subunit vaccines and naturally
infected individuals. Besides, concluding if these data confirm
the proposed superior efficacy of mRNA-based vaccine-induced
immunity over subunit vaccines- and natural infection-induced
immunity against SARS-CoV-2 variants.

SARS-CoV-2 AND ITS VARIANTS

SARS-CoV-2 and SARS-CoV share the genome structure, which
is a single-stranded positive-sense (+ss) RNA genome with a
length of 29.8-29.9 kb, comprising two large ORFs that encode
the polyproteins, four structural protein genes that encode
envelope, membrane, spike, and nucleocapsid proteins, as well
as some accessary protein genes (13, 14). For SARS-CoV-2
to enter its host cells and initiate infection, the viral spike
glycoprotein interacts with the angiotensin-converting enzyme 2
(ACE2) receptor on host cells and fuses with cellular membranes
(15). The surface-exposed location of the spike protein not only
permits it to achieve fusion with cellular membranes but also
makes it a direct and major target for host immune responses
(host neutralizing antibodies) (15). Thus, the spike protein or its
structural domains [e.g., receptor-binding domain (RBD)] is the
primary target for eliciting potent neutralizing antibodies, and
design of vaccines along with antiviral therapeutics (16-19).

The SARS-CoV-2 virus carries a high mutation rate and
transmission capacity when compared to other coronaviruses.
Variants of SARS-CoV-2 are classified as variant being monitored
(VBM) including Alpha (B.1.1.7 and Q lineages), Beta (B.1.351
and descendent lineages), Epsilon (B.1.427 and B.1.429),
Eta (B.1.525), Gamma (P.1 and descendent lineages), Kappa
(B.1.617.1), Tota (B.1.526), Mu (B.1.621, B.1.621.1), Zeta (P.2),
and 1.617.3, variant of interest (VOI), and variant of concern
(VOC) including Delta (B.1.617.2 and AY lineages) and Omicron
(B.1.1.529 and BA lineages) (20-25).

Some SARS-CoV-2 variants have mutations in their spike
protein, which improve the affinity between virus and the ACE2
receptor on host cells, leading to accelerated viral transmission
and substantial or complete escape from neutralizing antibodies
(26-28). Furthermore, single amino acid substitutions (e.g.,
D429A, R441A or D454A) or deletions of numerous amino acids
at the RBD C-terminal or N-terminal region were reported to
completely disrupt most neutralizing epitopes in spike RBD of
SARS-CoV (29). In case of SARS-CoV-2, mutations at sites 473,

475, and 476 in spike RBD are already found in a small number
of viral variants, and they may have the potential to decrease
the binding affinity and effectiveness of neutralizing antibodies.
Meanwhile, the mutations in epitope 473YQAGSTP479 found in
RBM are beneficial for the virus in some unrevealed way (30).

EPITOPE PROFILING IN RBD-BASED
PROTEIN SUBUNIT VACCINE

At present, vaccine-induced protection against SARS-CoV-2 in
an individual is estimated by humoral responses, for example
total antibodies titers against the viral spike RBD and half-
maximal neutralization titers (NT50s) using pseudotyped or live
viruses (5, 6, 8, 10). Although humoral immune responses in
clinical trials for various COVID-19 vaccine candidates have
been described, the absence of standardized neutralization assays
makes comparing different vaccine candidates a difficult task.
Yang et al. (31) carried out two randomized, double-blind,
placebo-controlled, phase 1 and phase 2 trials for a recombinant
tandem-repeat dimeric RBD-based protein subunit vaccine
(ZF2001) against SARS-CoV-2. Their study was the first to report
phase 1 and phase 2 clinical data for RBD-based protein subunit
COVID-19 vaccine that comprises an alum adjuvant. In phase 1,
they measured vaccine safety by the occurrence of adverse events
and serious adverse events. In phase 2, they evaluated vaccine
safety as well as immunogenicity by the seroconversion rate and
geometric mean titers [GMTs] of neutralizing antibodies against
SARS-CoV-2. They found that ZF2001 is both well tolerated and
immunogenic. Phase 3 clinical trials are continuing to further
explore ZF2001 safety and protective efficacy (31).

Mapping the epitope profile of antibodies elicited by both
vaccines and natural infection is the key step in assessing vaccine
functionality and advantage of vaccine-induced immunity.
Besides, this mapping can elucidate the molecular basis of
humoral immune responses. Furthermore, the evolution of
vaccine-induced immune escape if considered in conjunction
with viral virulence will help achieve herd immunity against
COVID-19. Yang et al. (32) reported protective immunity
induced by a vaccine targeting SARS-CoV-2 spike protein RBD
in three animal species. They stated that antibodies induced by
the vaccine and those found in the sera of patients with COVID-
19 share common binding epitopes. They also observed that
aluminum adjuvant can further enhance the immune response
induced by the vaccine, a single vaccine dose might elicit a
high level of virus-neutralizing activity, the toxicology studies
in the non-human primates confirmed vaccine safety, and that
vaccination protected non-human primates against an in vivo
challenge with SARS-CoV-2 (32).

Epitope profiling in RBD-based antigens of SARS-CoV-
2 revealed the critical antigenic determinants, which include
three immunodominant epitopes, a highly conserved epitope
(350VYAWN354) located exposed on the surface of viral
spike protein trimer, a variable epitope among different viral
strains (473YQAGSTP479) found in the receptor binding motif
(RBM), and a highly conserved cryptic cross-reactive epitope
(407VRQIAP41;) shared between RBD of SARS-CoV-2 and
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SARS-CoV (30). These data can elucidate the humoral immune
responses to the viral spike protein RBD and may enable design
of new anti-SARS-CoV-2 vaccines.

EPITOPE PROFILING IN COVID-19 mRNA
VACCINES

With the appearance of SARS-CoV-2 variants that harbor
mutations in key epitopes, the risk of eroding adaptive
immunity elicited by either vaccination or prior infection
as a result of this antigenic evolution increased. Since the
breadth of epitopes targeted by vaccine-induced antibodies or
natural infection-induced antibodies partially contributes to
susceptibility to erosion by viral evolution, the specificity of
polyclonal antibodies induced by natural infection or Moderna
mRNA-1273 COVID-19 vaccine (two doses) was compared by
deep mutational scanning (33). The results showed that vaccine-
elicited antibodies have more targeted neutralizing activity
to SARS-CoV-2 spike protein RBD than natural infection-
elicited antibodies. Additionally, vaccine-elicited antibodies
demonstrated greater binding breadth across multiple RBD
epitopes compared to infection-elicited antibodies. Thus, single
mutations in RBD seemed to have less impact on antibody
immunity acquired by Moderna mRNA-1273 COVID-19 vaccine
compared to prior infection (33).

Wisnewski et al. (34) mapped immunogenic amino acid
motifs and linear epitopes of primary sequence of SARS-
CoV-2 spike protein that induce IgG in recipients of Pfizer-
BioNTech COVID-19 mRNA vaccine. The obtained data
identified various distinctive amino acid motifs recognized by
vaccine-elicited IgG, a subset of those recognized by IgG from
natural infection (hospitalized COVID-19 patients), which can
mimic 3-dimensional conformation (mimotopes). The identified
dominant linear epitopes in the C-terminal region of the spike
protein subunits include amino acids 558-569, 627-638, and
1,148-1,159 (34). These epitopes of COVID-19 mRNA vaccine
are identical with those of SARS-CoV, bat coronavirus, and
epitopes that trigger IgG during natural infection, but have
limited homology to spike protein of non-pathogenic human
coronavirus. The identified epitopes in COVID-19 mRNA
vaccine may form the basis for further research of immune
escape, viral variants, and design of vaccine and therapy.

Amanat et al. (35) revealed that polyclonal antibody
responses after SARS-CoV-2 mRNA vaccination target three
epitopes within viral spike protein; RBD, the N-terminal
domain (NTD), and S2 subunit. They also highlighted that
antibody responses after vaccination were comparable to or
exceeded those after natural infection, mRNA vaccination
induced a high rate of antibodies with no neutralizing activity,
vaccination induced cross-reactive antibodies to seasonal human
coronaviruses HKU1 and OC43, and that a proportion of
vaccine-induced antibodies with binding ability to RBD can offer
substantial protection against viral variants carrying single E484K
RBD mutations.

Nitahara et al. (36) performed high-resolution linear epitope
profiling of recipients of Pfizer-BioNTech COVID-19 mRNA

vaccine and COVID-19 patients and found that vaccine-induced
antibodies targeting viral spike RBD have a broader distribution
across RBD than natural infection-induced antibodies. Moreover,
mutation panel assays targeting the viral variants of concern
demonstrated that the epitope variety induced by mRNA vaccine
is rich in breadth, thus can grant resistance against viral
evolutionary escapes in future, which represents an advantage of
vaccine-induced immunity.

Collectively, these studies suggested that mRNA vaccination
against SARS-CoV-2 elicited antibodies targeting viral spike
RBD that have a broader distribution across RBD than
natural infection-induced antibodies, which seem to offer more
resistance against future SARS-CoV-2 evolutionary escapes.
Table 1 summarizes the identified epitopes used in mRNA and
subunit COVID-19 vaccines and those in natural infection.

IMPACT OF VIRAL VARIANTS ON mRNA
AND SUBUNIT VACCINES-INDUCED
IMMUNITY

BNT162b2 mRNA vaccine was reported to elicit neutralization
of spike glycoproteins of B.1.617.1, B.1.617.2, B.1.618 Indian
SARS-CoV-2 variants or B.1.525 (Nigeria lineage) after 2-4 weeks
after second dose (38). However, neutralization titres against
the variants (especially the B.1.617.1 variant) were lower than
that against the original virus. In addition, the durability of
neutralization titres against the variants was not examined. These
variants with mutations in spike glycoproteins were reported
to have the potential to change neutralization by influencing
spike function instead of antigenicity, despite the fact that these
variants revealed similar specific infectivity and infectious titres
to the original virus. In a more recent study, it was found
that neutralizing titers were reduced more than 22-fold against
variant of concern Omicron (B.1.1.529) compared with Wuhan-
neutralizing titers after two doses of BNT162b2 (39). One
month after the third dose, neutralizing titers to Omicron were
increased 23-fold in relation to those after two doses and were
comparable to Wuhan-neutralizing titers after two doses. These
findings suggested the need for three doses (vaccine boosters) of
BNT162b2 mRNA vaccine to protect against Omicron variant.
The development of humoral and T cell responses against
ancesteral SARS-CoV-2 and B.1.351, B.1.617.2, and P.1 variants
that carry specific mutations in the spike gene was analyzed in
previously infected (recovered) or uninfected (naive) individuals
who received mRNA SARS-CoV-2 vaccines (40). Previously
infected individuals sustained higher antibody titres against
both the original virus and variants than uninfected ones,
yet uninfected post-vaccination individuals reached equivalent
neutralization against the original virus after second dose.
Overall, the neutralization capacity was reduced against the
variants, but B.1.351 and P.1 had the greatest reduction. These
data pointed to vaccine boosters as an approach to alleviate
the effect of continously emerging new SARS-CoV-2 variants
with mutations in major neutralizing antibody-binding sites
on the longevity of vaccine-induced immune protection. In
vitro stimulation analysis using spike or nucleocapsid peptide
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TABLE 1 | Comparison between the identified epitopes in mMRNA and subunit COVID-19 vaccines and those in natural infection.

Subjects Identified epitopes Epitopes position Reference
Naturally infected individuals with disease 155 AAIVLQLPQGTTLPKGF 171 Epitope 155-171 from N protein 387)
severity of mild non-hospitalized,
moderate hospitalized, and severe
admitted to the intensive care unit
RBD-based antigens (subunit vaccine) 350 VYAWN 354 Exposed on the surface of viral (30)
spike protein trimer
473 YQAGSTP 479 In the receptor binding motif
407 VRQIAP 412 Shared between RBD of
SARS-CoV-2 and SARS-CoV
mMRNA vaccine and natural infection Amino acids 558-569, 627-638, and 1148-1159 C-terminal region of the spike (34)
protein subunits
BNT162b2 mRNA vaccine N394 to A411, T415 to F429, V433 to N450, R457 Within the RBD (36)

and natural infection

to S477, recognized by both vaccine recipient and
patient sera

N334 to A348, S373 to L390, S514 to F541,
recognized only by vaccine-elicited sera
Substituting amino acids K417N, K417T, E484K,
and N501Y, recognized only by vaccine-elicited sera

Single amino acid mutations of
RBDin B.1.1.7, B.1.351, and P.1
variants

revealed that T cell activation markers progressively increased
after vaccination.

Extensive neutralization against Delta and Omicron variants
elicited by Omicron-specific subunit vaccine booster is another
example for the importance of booster doses to face the surge
of variants and ensure that SARS-CoV-2 variants carrying a
great number of mutations will not escape vaccine-mediated
protection (41). A third dose of mRNA vaccine could provide
strong (91%) protection against Delta SARS-CoV-2 variant
in frontline workers (42). ZF2001 subunit vaccine booster
following two doses of inactivated vaccines was found to
increase the neutralizing antibody titer against SARS-CoV-2
and its variants in mice, particularly against Delta variant (43).
This heterologous booster vaccine was recommended for future
immunization program. Heterologous booster of recombinant
protein subunit vaccine after two doses of inactivated whole-
virion vaccines was evidenced to be highly immunogenic and
safe for healthy adults and could significantly increase anti-RBD
responses and neutralizing titers against SARS-CoV-2 and its
variants comprising B.1.617.2 (Delta variant), B.1.351, B.1.1.7,
and P.1 (44).

While COVID-19 vaccines are ideally designed to elicit
neutralizing antibodies against viral spike protein, the mRNA
vaccines approved so far provided efficient protection even
after only one dose, when just non-neutralizing antibodies
and moderate responses of T helper 1 cell are detectable,
whereas almost no neutralizing antibodies found (45). These
data recommended that vaccine-mediated protection probably
needs low neutralizing antibodies levels and might involve
other effectors such as T cells, non-neutralizing antibodies, and
innate immune mechanisms. T cell responses prime early and
contribute to protection but are comparatively impaired in severe
disease leading to intense activation and lymphopenia (46). T
cell memory incorporates extensive recognition of SARS-CoV-
2 proteins, determined at about 30 epitopes/individual, and is

well-sustained to date. This extensive recognition may limit the
impact of individual viral mutations and can offer protection
against severe disease caused by viral variants, even Omicron
(46). The cellular immune response induced by BNT162b2
mRNA vaccine among healthcare workers in Bulgaria was
investigated in the course of 16 weeks after first dose (47). One
month after completing immunization, the number of virus-
specific T cells producing IFNy significantly correlated with
virus-neutralizing activity and RBD-specific IgA levels induced
after first dose. However, detection of T cells producing IFNy
may need longer stimulation beyond the first month after
completing immunization (47).

FINAL CONSIDERATIONS

In this opinion article, we discussed the epitope profile of
COVID-19 mRNA-based vaccine recipients in comparison
to subunit vaccines and naturally infected individuals and
subsequent superior efficacy of mRNA-based vaccine-induced
immunity against SARS-CoV-2 variants. To the best of our
knowledge, there are currently no clear and sufficient published
data concerning the antigen epitopes in each type of marketed
COVID-19 vaccines, or available studies that compare the
efficiency and functionality of inactivated vaccine-, subunit
vaccine-, viral-vectored vaccine-, and mRNA vaccine-induced
immunity against either SARS-CoV-2 or its variants based on
epitope profile. However, some preliminary evidences point that
mRNA vaccination against SARS-CoV-2 has induced antibodies
targeting viral spike RBD that have a broader distribution across
RBD than natural infection-induced antibodies, which seem to
offer more resistance against future SARS-CoV-2 evolutionary
escapes. Studies to comprehensively assess the epitope variety
induced by each COVID-19 vaccination have yet to be conducted
to raise public confidence in COVID-19 vaccines, promote their
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functionality and advantage of vaccine-induced immunity in
spite of associated AEFI. This research if conducted would
have tremendous impact on vaccination strategies to face
the pandemic and viral variants of concern. Moreover, the
method applied to comprehensively assess the epitope variety for
vaccination against viral variants should be carefully considered.
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Dengue virus (DENV) is an arboviral disease affecting more than 400 million people
annually. Only a single vaccine formulation is available commercially and many others are
still under clinical trials. Despite all the efforts in vaccine designing, the improvement in
vaccine formulation against DENV is very much needed. In this study, we used a roboust
immunoinformatics approach, targeting all the four serotypes of DENV to design a multi-
epitope vaccine. A total of 13501 MHC Il binding CD4+ epitope peptides were predicted
from polyprotein sequences of four dengue virus serotypes. Among them, ten conserved
epitope peptides that were interferon-inducing were selected and found to be conserved
among all the four dengue serotypes. The vaccine was formulated using antigenic, non-
toxic and conserved multi epitopes discovered in the in-silico study. Further, the molecular
docking and molecular dynamics predicted stable interactions between predicted vaccine
and immune receptor, TLR-5. Finally, one of the mapped epitope peptides was
synthesized for the validation of antigenicity and antibody production ability where the
in-vivo tests on rabbit model was conducted. Our in-vivo analysis clearly indicate that the
imunogen designed in this study could stimulate the production of antibodies which
further suggest that the vaccine designed possesses good immunogenicity.

Keywords: immunoinformatic analysis, dengue (DENV), molecular docking & molecular dynamics (MD) simulation,
vaccine design for emerging infections, multi epitope peptide vaccine, in vivo study

INTRODUCTION

Dengue is one of the most frequent arboviral diseases and presents a major health concern for
people living in tropical and sub-tropical climate regions of the world and is present in over 125
countries (1). Mosquitoes of the genus Aedes are principally responsible for transmitting dengue
virus (DENV) to human beings which is affecting 400 million people worldwide annually (2).
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The DENV genome is composed of nearly ~ 11 kb of single
and positive sense RNA, which encodes for a protein comprising
3391 amino acids (3, 4). DENV possesses four closely related
serotypes (DENV 1-4) (5). However, a fifth serotype has also
been reported recently (6). Remarkably four closely related
dengue serotypes viz. DENV-1, DENV-2, DENV-3, and
DENV-4 share 65-70% genome similarity (7).

Dengue disease ranges from mild self-limiting dengue fever
(DF) to severe dengue hemorrhagic fever (DHF) and dengue
shock syndrome (DSS). Unfortunately no drugs, vaccines or
targeted therapies specifically for controlling dengue virus have
been available till date (8). However proper intensive care is the
only choice available in order to treat dengue. It is well known
that vaccines are an effective way to control infectious diseases
and also provide immunity against pathogens. The first and only
commercialized dengue vaccine available till date is Dengvaxia
(CYD-TDV) (9). Dengvaxia vaccine hesitancy started due to
secondary heterotypic infection, long-lasting cross-protection,
side effects and safety related issues (9, 10). Besides Dengvaxia,
many other vaccine formulations against DENV are still under
clinical trials (11) that includes TAK-003, which is a live
attenuated tetravalent vaccine, containing both structural and
non-structural proteins, and which is currently under phase III
clinical trial and with a reported efficacy of 80% (12). TAK-003
which was shown to be effective against all four DENV serotypes,
albeit producing low levels of antibodies for DENV3 serotype
(13). Next potential vaccine includes a tetravalent DNA vaccine,
which is also in phase III clinical trials (14). Another vaccine
formulation, V180 that is a genetic construct of a tetravalent
vaccine formulation, based on DENV envelope glycoprotein is
under phase I clinical trials (11).

Despite all the current developments in vaccine design,
improvement in vaccine design and formulation is essential,
especially due to the tetravalent nature of DENV (11). Secondary
infection with a different DENV serotype from primary infection
could be even more lethal (15). Therefore, a serotype-specific
cross-protection is an utmost requirement for an effective
immunity (16, 17).

With the recent advancement in the field of bioinformatics,
different strategies have been employed to design knowledge
based vaccines using the immunoinformatics approach. Using an
immunoinformatics approach, multi-epitope vaccines have been
designed against various pathogens including Epstein-Barr virus
and Chlamydia trachomatis virus species (18-20) that show a
promising cellular and humoral response and have further been
shown to work both in vitro and in vivo murine model.

Further, a plethora of immunoinformatics based studies are
available in literature in the context of designing DENV vaccine
where various research groups have been working on identification
of epitopes from various structural and non-structural proteins
from DENV virus (21-24). In particular, identification of highly
conserved amino acid sequences for the entire DENV proteome was
performed by Khan and coworkers (25) where they identified highly
conserved and immune relevant DENV sequences that were
common across the four serotypes and have direct implications in
design of tetravalent vaccine (26). A very similar study by same

group focused on identification of highly conserved and serotype
specific DENV peptides that are potentially immune-relevant
which may be relevant candidates for vaccine design as such
sequences minimize the issue of altered peptide ligands (APLs)
that are cross-reactive between the dengue serotypes (27). In one of
our previous studies, we have also applied immunoinformatics
approach and discovered the CD8+ epitope peptides namely
TSEIQLTDY, IGIGILLTW and IAVGMVTLY from dengue virus
envelope, specifically from DENV-1 serotype (28). Further, in one
of our recent studies, epitope peptides specifically HTLWSNGVL
and FTTNIWLKL from dengue non-structural, NS1 protein that
were able to form a stable complex with MHC I HLA allele (29).
In the present work we have utilized immunoinformatics
approach in order to design a candidate multi-epitope vaccine
that could work against all the four serotypes of DENV 1-4 and is
likely to be immunogenic. Recent experimental studies have clearly
indicated the the role of dengue-specific CD4+ T cells to control
dengue infection in vivo, which could be the potential target for
dengue virus vaccine development (30, 31). Therefore, we have
particularly focused on the prediction of CD4+ T-cell epitope
peptides which follow two pathways to produce both T cell
immunity and B cell immunity and altogether cell mediated and
humoral immunity would be invoked. Suitable adjuvants and
linkers were added during the construction of multi-epitope
vaccine construct. The physiochemical properties along with
structuiral and antigenicity properties were carefully evaluated for
predicted multi-epitope vaccine construct, along with its interaction
with immune receptor, TLR-5. Finally, one of the potential epitopes
that was conserved among all the four DENV serotyoes was
synthesized and has been tested in-vivo on a rabbit model.

METHODOLOGY

Protein Sequences Identification and
Antigenicity Analysis

UniProtKB/Swiss-Prot database from https://www.uniprot.org/
uniprot/ provides manually annotated, accurate, and reviewed
protein data. The genome polyprotein sequences of DENV
serotypes DENV-1, DENV-2, DENV-3, and DENV-4 having the
UniProtKB Id: P33478, P07564, Q6YMS4, and Q58HT7 respectively
were selected and retrieved from the UniProtKB/Swiss-Prot protein
database. The antigenicity prediction server VaxiJen 2.0 (32) was used
for the assessment of the antigenic protein sequence. This tool was
based on auto cross-covariance (ACC) transformation on virus
protein sequence dataset derived models predicted the antigenicity
of the protein sequence (33).

MHC Il Binding T Cell Epitope Prediction
The MHC II molecules have an important role in T cell antigen
presentation and immunity. An artificial neural network-based
NetMHClIIpan version 4.0 had been reported as a powerful tool
to predict MHC II binding CD4+ T cell epitope peptides (34).
This prediction tool was used parameters like Binding Affinity
(BA) and Eluted Ligand mass spectrometry (EL) scores to find
the epitope peptide at any length.
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Interferon Inducing Epitope Prediction
From CD4+Epitopes

To design the most effective subunit vaccine candidate,
identification of epitopes with the ability of interferon-gamma
induction from MHC-II binding epitopes was done using the
IEN epitope server (35).

Mapping and Analysis of CD4+

T Cell Epitopes

The predicted MHC I binding CD4+ T cell epitopes were screened
and analyzed for the identification of potential epitopes for
efficacious vaccine design. The CD4+ T cell epitopes were
mapped and analyzed by various epitope analysis tools. The
conservancy of epitope peptides was analyzed by Immune
Epitope Data Base (IEDB) analysis resource tool (36). This tool
facilitates the identification of the linear degree of the conservancy
of an epitope and epitope-based vaccine design (36). The peptide
toxicity was predicted by the ToxinPred server (37). This tool
predicted nontoxic epitopes from the antigenic epitope sequence
dataset (37).

Physico-Chemical Properties of

T Cell Epitopes

The predicted epitope was analyzed for physical/chemical properties
using the ProtParam (38) algorithm of Expasy web server https://web.
expasy.org/protparam/. The raw sequence of the epitope is used to
compute the molecular weight, theoretical pl, amino acid
composition, atomic composition, extinction coefficient, estimated
half-life, instability index, aliphatic index, and grand average of
hydropathicity (GRAVY) score. The calculated properties have
been reported in Table S1, see Supplementary File.

Multi Epitope Vaccine Formulation

For the design and formulation of a multi-epitope vaccine, three
interferon-inducing CD4" T cell epitope peptides were used (see
Results and Discussion section). The epitope peptides were
selected based on immunoinformatics epitope mapping. The
protocol adopted in the current study is in line with the
previous studies where an in-silico peptide vaccine formulation
approach was already employed to design vaccines for Human
Papilloma Virus (39), Herpes Simplex Virus type 1 and 2 (40)
Dengue virus (29).The multi-epitope vaccine construct contains
three interferon-inducing CD4" T cell epitopes, three adjuvants,
and a linker. The VaxiJen server (32) was used to compute
antigenicity and protparam (38) was used to compute physical
and chemical parameters of epitope peptides, see Table S1 and
multi-epitope vaccine. Finally the solubility was predicted using
SCRATCH protein predictor (41).

Molecular Modeling, Docking and
Molecular Dynamic Simulations of
Designed Multi-Epitope Vaccine

With TLR-5 Receptor

To predict the 3D structure of multi-epitope vaccine and Human
TLR-5 receptor molecule we used Alphafoldv2.0 program (42,
43). For docking of multi-epitope vaccine and TLR-5 receptor

complex, the HADDOCK server (44) was used. Further, all the
Molecular dynamic (MD) simulations were performed with the
GROMACS 2019 simulation program (45). TLR5-vaccine was
placed in a cubic box and solvated with TIP3P water molecules
creating a solvent layer at least 12 A thick. The Amber ff99SB-
ILDN (46) force field was used to model the parameters of
proteins. Charge was neutralized adding appropriate number of
K" ions and extra K'Cl ions were added to achieve a bulk ionic
strength of 0.15 M using the Joung-Cheatham ion model (47).
The simulation box contains 224932 water molecules, 607 K"
ions and 601 CL’ ions. The total number of atoms in the system
was 690620. The system was first minimized with 50000 steps of
steepest descent method with 1000 kJ/mol nm” position restraint
on protein heavy atoms. Further, minimization was carried out
without any restraint on protein. Equilibration of each system
was carried out in a phased manner. First, 100 ps NVT
simulation was carried out with restraint on heavy atoms of
the protein. It was followed by 100 ps NPT simulation with
restraint on heavy atoms of the protein. Production simulations
were performed using the NPT ensemble for 100 ns. Three
different trials were carried out. The temperature was maintained at
300 K using velocity rescaling with a coupling time of 0.1 ps. The
pressure was maintained at 1 atm for NPT simulations using a
Parrinello-Rahman barostat (48) with a coupling time of 2 ps.
Equations of motion were integrated using the leapfrog algorithm
with a time step of 2.0 fs. The total electrostatic interactions were
evaluated using the particle mesh Ewald (PME) summation (49).
Coulomb and van der Waals cut-offs of 1.0 nm were employed.
Periodic boundary conditions in all directions were employed to
mimic the bulk behavior. Bond lengths with hydrogen were
constrained with the LINCS algorithm (50). Coordinates have
been collected in trajectory files every 10 ps. Trajectory processing
and most of the analysis have been performed using the GROMACS
tools. The visualization and molecular graphics images were created
using the PYMOL (51) and VMD software (51). Graphs were
plotted using Excel 2016.

Peptide Synthesis and Conjugation

One of the potential antigenic peptide with CKREKKLGEFGKAKG
sequence was synthesized using the GenScript’s microwave-based
PepPower technology merging Solid-phase peptide synthesis
(SPPS) and Liquid-phase peptide synthesis (LPP) and Microwave
technology. The peptide concentration was measured by using
NanoDrop Spectrophotometer absorbance at 280nm.The purity
was measured by SDS-PAGE and antigen with an expected purity
of 285%.The resulting peptide was added with a cysteine residue in
the N —terminal and is conjugated with KLH (Keyhole Limpet
Hemocyanin) protein using MBS (m-maleimidobenzoyl-N-
hydroxysuccinimide ester) method.

In-Vivo Validation for Antibody
Development and Assessment
KLH conjugate peptide was inoculated in New Zealand rabbits
(n=2) following the PolyExpress immunization method. This
method was used in anti-KRV envelope polyclonal antibody
generation (52). The antibodies were retrieved and the purity of
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the polyclonal antibody was determined performing SDS-PAGE.
Further, concentration of the antibody was measured by
NanoDrop Spectrophotometer at 280 nm. Afterwards, the
antibody titer was determined with Indirect ELISA using IgG
as the control. The antigen used was a synthesized peptide with a
coating concentration of 4ug/ml, and 100pl/well in ELISA plate.
The anti-rabbit horseradish peroxidase(HRP) conjugated IgG
was used as the secondary antibody. The ODysp,,, value was
measured using an ELISA plate reader.

RESULTS AND DISCUSSION

Retrieved Protein Sequence and Analysis
For an efficacious vaccine against DENV, the requirement of potency
against all four serotypes (DENV 1-4) should be established. Four
sequences corresponding to the four serotypes were selected Dengue
virus type 1(DENV-1), a strain fom Singapore/S275/1990;
Dengue virus type 2(DENV-2), a strain from Jamaica/1409/1983;
Dengue virus type 3 (DENV-3), a strain from Sri Lanka/1266/2000;
and finally Dengue virus type 4 (DENV-4), a strain from Philippines/
H241/1956 that were isolated from DENV epidemic countries. The
VaxiJen identified for four protein sequences were antigenic with an
antigenicity score >0.4. The antigenic protein sequence could be a
potential vaccine candidate. The immunoinformatics approach
adopted here is fast and cheaper than the current available
experimental methods used in reverse vaccinology for the
discovery of potential antigenic vaccine candidates (33, 53, 54).

MHC Il Binding CD4+T Cell Epitopes

The NetMHClIIpan version 4.0 (34, 55) predicted a total of 13501
CD4+ epitope peptides corresponding to DENV 1-4 serotypes which
were predicted to have a good binding with MHC II receptor alleles
DRB1*0101, DRB1*0401, DRB1*0701, DRB5*0101, DRB1*1501,
DRB1*0901, and DRB1*1302. The seven clusters of HLA-DR
alleles of MHC class II were selected due to these alleles being
found in 95% of the human population. A default threshold value
of 2% and 10% rank was set for the prediction of strong and weak
MHCII binding peptides respectively (34, 55). Of 13501 peptides, 137
epitopes were selected using binding affinity score. Further, 51
epitopes were screened based on their antigenicity potential. Out of
51 antigenic epitopes, 31 were screened to be non-toxic, and this
number was further reduced down to 10 that were IFN-gamma
inducing epitopes. Finally, based on the conservancy analysis,
selection of three epitope peptides was made where all the three
epitope peptides were found to be conserved in all the four DENV
serotypes, see below and also supplementary information.

TABLE 1 | Selected epitope peptide conservancy analysis.

Interferon Inducing CD4+ T Cell Epitopes
From the 13501 CD4+ epitopes interferon inducing CD4+
epitope peptides were predicted using the IFN epitope server
(35). The selected 10 IFN-gamma inducing epitopes are
EGKIVGLYGNGVVTT, REGKIVGLYGNGVVT, GKIVGLY
GNGVVTTS,TFTMRLLSPVRVPNY,SADLSLEKAAEVSWE,
ATFTMRLLSPVRVPN, SSADLSLEKAAEVSW, KREK
KLGEFGKAKG, KATYETDVDLGSGTR and VLRGFKK
EISNMLN were considered for further analysis.

Conservancy, Antigenicity, and Toxicity of
CD4+ T Cell Epitope Peptides

The usage of conserved epitopes would be an ideal choice in order
to design vaccines that would eventually provide broader
protection across DENV 1-4 strains. The conservancy analysis
was done through IEDB conservancy analysis resource (36). The
degree of linear conservancy of 10 interferon-inducing epitope
peptides within the given four DENV 1-4 protein sequences was
set at 100% identity level. The analysis revealed that the three
epitopes were showing 100% of protein sequence matches for
DENV 1-3 serotypes. The potential epitopes ‘ATFTMRLLS
PVRVPN’ and ‘TFTMRLLSPVRVPNY’ shows 80% sequence
identity with DENV-4 sequence. However, a higher sequence
identity of 92.86% was noted for KREKKLGEFGKAKG’ epitope
with DENV 4 protein sequence. The highly conserved CD4+
epitope peptides KREKKLGEFGKAKG, TFTMRLLSPVRVPNY
and ATFTMRLLSPVRVPN were selected and summarized in the
Table 1. All the selected epitopes were predicted to be non-toxic
and antigenic. The physical and chemical properties of the epitope
analyzed and the results are summarized in Table S1, see
Supplementary File.

Dengue Vaccine Formulation and
Analysing its Physico-Chemical Properties
The formulated polyvalent epitope peptide vaccine consists of
309 amino acid residues. This includes three immunogenic T cell
epitopes; three adjuvants (RS09 having sequence APPHALS;
PADRE having sequence, AKFVAAWTLKAAA; and an N-
terminal and C-terminal sequence of Salmonella typhimurium
flagellin protein that were linked to the epitopes with the help of
GGS linker as an immune-adjuvant to elicit a robust immune
response (56, 57). In fact it was shown that the flagellin’s
C terminal DO domain is required for TLR5 receptor activation
(56, 57). The sequence of formulated vaccine is shown
is Figure 1.

The formulated vaccine was antigenic with an antigenic score
of 0.463 as calculated by VaxiJen 2.0 server. The final vaccine has

Epitope Epitope sequence Percent of protein Percent of protein Percent of protein Percent of protein Antigenicity Toxicity
Number sequence matches sequence matches sequence matches sequence matches

DENV1 DENV2 DENV3 DENV4
1. ATFTMRLLSPVRVPN 100 100 100 80 ANTIGEN Non-Toxin
2. KREKKLGEFGKAKG 100 100 100 92.86 ANTIGEN Non-Toxin
3. TFTMRLLSPVRVPNY 100 100 100 80 ANTIGEN Non-Toxin
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Flagellin N-terminal

(Adjuvant) GGS

APPHALS
(RS09 adjuvant)

acid sequence.

Flagellin N-terminal

MAQVINTNSLSLLTQNNLNKSQSALGTAIER
LSSGLRINSAKDDAAGQAIANRFTANIKGLTQ
ASRNANDGISIAQTTEGALNEINNNLQRVRE
LAVQSANSTNSQSDLDSIQAEITQRLNEIDRV
SGQTQFNGVKVLAQD

Epitope 1 ATFTMRLLSPVRVPN

Epitope 1 Epitope 2 CKREKKLGEFGKAKG
GGS Epitope 3 TFTMRLLSPVRVPNY
Flagellin C-terminal
LQKIDAALAQVDTLRSDLGAVQNRFNSAITNLG AKEVAAWTLKAA
NTVNNLTSARSRIEDSDYATEVSNMSRAQILQQ (PADRE adjuvant) GGS
AGTSVLAQANQVPQNVLSLLR
Epitope 2
Vaccine length: 309 amino acids GGS
Antigenic Score: 0.463
Isoelectric point (pl): 9.99 Epitope 3

GGS

Flagellin C-terminal
(Adjuvant)

FIGURE 1 | Schematic representation of the predicted multi-epitope vaccine construct with different adjuvants, linkers and epitopes with their respective amino

molecular weight of 32.6 kDa, and isoelectric point (pI) of 9.99.
The total number of negative and positive charged amino acids
were 22 and 32 respectively. The calculated aliphatic index
(88.19) indicates a stable protein in a broad range of
temperatures. Our vaccine presented an estimated half-life of
30 hours in mammalian reticulocytes (in vitro), and with a >20
hours (in yeast, in vivo) and >10 hours (Escherichia coli, in vivo)
analyzed by Expasy ProtParam server. Finally the predicted
solubility of the vaccine was calculated to be 0.6909 upon
overexpression in E.coli.

Modeling and Docking of TLR-5 and
Multi-Epitope Vaccine Construct

The tertiary structure of the final multi-epitope vaccine construct
and the immunogenic TLR-5 receptor was predicted using a
deep learning approach of Alphafoldv2.0 program (42, 43). In
order to confirm the quality of predicted structures, we
calculated the Ramachandran plot of the modeled TLR-5 and
Vaccine construct. For the multi-epitope vaccine construct, out
of 309 residues, 85.1% fall in the core and favoured/acceptable
regions, and 14.1% residues fall in additional allowed regions,
and the remaining 0.8% residues fall under disallowed regions,
see Figure 2A. However, for TLR-5 receptor, 81.2% of amino
acids fall in the core acceptable region and the other 18.6% fall
under the allowed region and with an additional 0.2% falling
under the generously allowed region of the Ramachandran plot,
see Figure 2B. Further, protein structure analysis (ProSA)
webtool (58) was used in order to quantify the overall and
local model quality of TLR-5 and multi-epitope vaccine
construct, see Figures S1, S2.

The invocation of an appropriate immune response relies on
the interaction between an antigenic molecule (in this case,
designed multi-epitope vaccine) and a specific immune
receptor (in this study, TLR-5 receptor). Molecular docking of
the multi-epitope vaccine peptide with the modeled TLR-5
receptor was performed using the HADDOCK 2.2 web server
(44) in order to evaluate the interaction between vaccine
polypeptide and TLR-5 receptor and consequently the
development of an immune response. The data-driven docking
of designed multiepitope-TLR-5 complex were performed.
The bacterial flagellin adjuvant is known to specifically bind to
TLR-5 that stimulate and illicit response by innate immune
system (56, 59). We have specifically used the information-
driven docking where the knowledge about the specific
residues involved in the interaction is needed to drive the
docking calculations. In this regard, a recent study by Jacchieri
and coworkers (59) employed a complementary hydropathy
between the sequences of flagellin protein and TLR-5 receptor
protein to predict the binding sites and structure of the complex.
Further, their studies have clearly shown the potential binding
sites in flagellin possessing “LQRVRELAVQ” sequence and for
TLR5, a potential binding sites with “EILDISRNQL” sequence
has been predicted. Further, their studies have shown that the
side chains of GIn89, Arg92, and Glu93 on the surface of flagellin
are optimally positioned to interact with the side chains of
Glu552, Asp555, and Arg558 respectively on the surface of the
predicted TLR-5 binding site.

The multi-epitope vaccine construct was docked with TLR-5
receptor using HADDOCK program which resulted in clustering
83 structures in 11 cluster(s), which represents 41% of the water
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refined HADDOCK generated models. We have specifically
chosen the top ranked cluster with the lowest HADDOCK
score which is most significant one for docking analysis. The
HADDOCK score of —73.4+4.1 indicates a good interaction
between the multi-epitope vaccine construct and TLR-5 receptor.
The score of buried surface area (BSA) is 1784.5 + 97.8 A? that
reflected close proximity and a less water-exposed region on the
protein binding surface. The Figure 2C show molecular docking
between multi-epitope vaccine constuct and Human TLR-5
receptor. In order to study the stability of the docked complex
we subjected the docked complex for Molecular Dynamic (MD)
simulations, see below for detailed analysis.

MD Simulations Predicts a Stable TLR-5
and Multi-Epitope Vaccine Interaction
Molecular dynamics (MD) simulations have been proven to be
very useful and effective method in order to study the stability
and analysis of biological systems (60). In fact, our research
group has successfully utilized and employed MD simulations to
check the stability of different protein complexes (61-63) and
nucleic acid systems (64-67). In this study, we used the
GROMACS (45) software for molecular dynamics simulation
to understand the structural properties and interaction between
TLR-5 and the predicted multi-epitope vaccine. The simulation
of TLR-5 immune receptor docked with multi-epitope vaccine
was performed in order to analyze the interaction pattern of
multi-epitope vaccine and changes that are induced in the
complex after the initial docked conformation. In order to
confirm the stability of TLR-5 immune receptor with the
predicted multi-epitope vaccine, three MD simulations, each of

C-terminal

Pui (degrees)

N-terminal

"% N
C-terminal

N-terminal

FIGURE 2 | The modeled 3D structures of the (A) multi-epitope vaccine construct. The three epitopes inserted are shown in red spheres and the bacterial flagellin
sequence is present at the N- and C-terminal of the vaccine construct and is colored in green cartoons.; (B) Toll like Receptor 5(TLR-5) immunological receptors
used in this study. Respective Ramachandran plots also also shown with predicted structures (C) The docked complex of multi-epitope vaccine and TLR-5 is shown
where the hotspot residues used (see Methods section for details) for data driven docking have been shown in spheres and colored in magenta and cyan for multi-

100 ns and starting with different velocities were conducted.
Thus, in total, 300 ns of total simulation time was performed for
TLR-5 complexes with multi-epitope vaccine construct. A 100 ns
trajectory was used to analyze some essential parameters; the first
one being the RMSD that reflect the stability between the two
complexed moieties. The root mean square deviation (RMSD)
values predict the fluctuation of Co atoms of TLR-5 and Vaccine.
In particular the RMSD value of the TLR-5 and vaccine construct
complex after 10 ns and after 100ns simulations is 0.86 nm. The
high RMSD can be correlated with the presence of loops region
in the vaccine construct, see Figure 3A. The TLR-5 receptor, see
Figure 3B shows the RMSD ranging from 0.33 nm to 0.54 nm,
after 20 ns of time interval, which is considered as a mild
fluctuation. In particular, the RMSD for the TLR-5 is 0.43 +
0.03 nm. Figure 3B clearly indicates that TLR5 is stable
throughout the simulation. However, an increased RMSD of
1.19 £ 0.08 nm was observed for multi-epitope vaccine construct.
The high RMSD of multi-epitope vaccine could be correlated
with the presence of loop regions where the epitope and linker
sequences were inserted, that consequently resulted in the
prominent fluctuations in vaccine. However, it should be noted
that the RMSD of multi-epitope vaccine becomes stabilized after
20 ns of simulation time. The second analyzed parameter was
Root Mean square fluctuation (RMSF) that represents amino
acids side chains fluctuations. The RMSF parameter was plotted
for TLR-5 and vaccine complex separately. Elevated fluctuations
at the plot indicates highly flexible regions while mild ones
correspond to regions that are more rigid. From Figure 3C, it
seems evident that the calculated RMSF values for for Cow atoms
of TLR-5 remained stable for the overall structure. In contrast, a
high fluctuation was observed for residues ranging from 183 to
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FIGURE 3 | (A) Superimposition of a snapshot obtained after 10 ns and 100ns of simulation time highlighting a high RMSD value due to flexible loop regions and
terminal region of flagellin in a vaccine construct; (B) Time evolution of backbone RMSD of TLR-5 and vaccine construct during MD simulations; (C) Backbone RMSF
plots; (D) Time evolution of number of hydrogen bonds Between TLR-5 and vaccione construct; (E) Solvent accessible surface area of TLR-5 and vaccine construct;
(F) Variation in Interaction energy plot with segregated electrostatics and vanderwaals component obtained for entire simulation time.

220 with an average RMSF of 0.74 + 0.4 nm, which corresponds
to the loop regions in multi-epitope vaccine structure. Next, we
focused on the analysis of the number of hydrogen bonds between
TLR5- and vaccine construct complex, which remained constant
after 20 ns of the simulations, see Figure 3D. From this analysis, it
can further be concluded that the after initial 20 ns was required in
order to maintain a stable contact between TLR5 and vaccine
construct. Figure 3E, evidenced that the large solvent accessible
surface area was observed for the vaccine, which is followed by
TLR-5. Intrigued by these observations, we calculated the
Interaction energies between TLR5 and vaccine complex and
further decomposed the interaction energy component into
coulombic interactions [E(Coul)], which represents the
interaction accounting for the electrostatics between TLR-5 and
vaccine construct. The other energy component is Lennard Jones
[E(L))] potential, that accounts for the Van der waals interactions
between TLR-5 and vaccine complex. From Figure 3F, it seems
evident that the predominant interaction that stabilizes the overall
TLR-5 and vaccine complex stems from electrostatic component
of the interaction, which seems to play a major role in binding.
This energetic analysis was in line with the number of the
hydrophilic-hydrophobic residues contacts that exists between
the interface region of TLR-5 and multi-epitope vaccine construct.

Detailed Analysis of Snapshots Obtained
During MD Simulations and Its
Comparison With Initial Modeled
TLRS-Vaccine Construct

We analysed the possible non-covalent interactions between the
multi-epitope vaccine and immune receptor TLR-5 using an in-
house script. The docked complex is stabilized by a network of 12
hydrogen-bonding interactions, six hydrophobic interactions
and five salt-bridge interactions within 5A and 6A distance
cut-off respectively. The salt-bridge interaction exists between
Arg59 of TLR-5 and ASP270 of Vaccine construct; His511 of
TLR-5 and ASP227 of vaccine construct; ARG557 of TLR-5 and
ASP227 of vaccine construct; LYS580 of TLR-5 and GLU94 of
vaccine construct; ASP614 of TLR-5 and ARGI1 of vaccine
construct. In fact, the salt-bridge interaction between Arg59A
of TLR-5 and ASP270B of Vaccine construct and LYS580A of
TLR-5 and GLU94B of vaccine construct remained stable
throughout the simulation time, see Figure 4. This analysis
clearly revealed that the predicted vaccine shows a good
interaction with TLR-5. To further assess the stability of the
overall complex during the simulation time we computed RMSD
of complex at different time steps and the comparative analysis of
selected snapshots indicated the stability of overall TLR-5 and
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vaccine complex see Figure 5A. Moving forward, a detailed
analysis of TLR-5 and vaccine docked construct interface was
performed by the COCOMAPS tool (68, 69), see Figure 5B.
COCOMAPS enables the analysis and visualization of the
interface of interaction in protein complexes by making use of
intermolecular contact maps in order to identify hot spot
residues (68, 69). It seems evident by looking at Figure 5B,

that overall contacts remained stable throughout the simulation
time, and the analysis is shown for the selected snapshots, where
the interaction pattern with the specific contacts remained stable,
as shown by black patches in the graph. The interface area is
1261.65 A%, with a percentage of polar and non-polar residues at
the interface of approximately 64% and 36% respectively. Both
the TLR-5 and vaccine construct interfaces involved in the
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FIGURE 4 | Conserved Salt bridge interaction contacts between TLR-5 and Vaccine construct. Left) Distances over time evolution between the Arg59(C2)-Asp270
(CB) atoms; Right) Distances over time evolution between Lys580(CE) and Glu94(CB) atoms.
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FIGURE 5 | (A) Superimposition of selected snapshots of TLR-5 and vaccine construct and their respective RMSD values are also reported; (B) Contact maps
showing the conservation of contacts between residues in between TLR-5 and Vaccine construct.
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interaction present a high percentage of hydrophilic residues.
Using a cut-off distance of 8A to define two atoms in contact, the
dominant number of contacts exists between hydrophilic-
hydrophobic residues that amounts to 230, which is followed
by hydrophilic-hydrophilic and hydrophobic-hydrophobic
contacts amounting to 222 and 52 respectively.

Finally, the similar analysis was performed for the docked
complex by extracting a snapshot at 100ns of simulation. The
TLR-5 and vaccine complex at the end of simulation was
stabilized by a network of 32 hydrogen-bonding interactions,
12 hydrophobic interactions and 2 salt-bridge interactions within
5A and 6A distance cut-off respectively. The salt-bridge
interaction exists between Arg59 of TLR-5 and ASP270 of
multi-epitope vaccine construct, with an average distance
between Arg59(CZ)-Asp270(CB) of 0.44 + 0.2 nm. Next, a
second salt bridge interaction between LYS580 of TLR-5 and
GLU94 of vaccine construct with an average distance of Lys580
(CE) and Glu94(CB) to be 0.42 + 0.1 nm. In fact, both these salt-
bridge interactions between TLR-5 and vaccine construct
remained stable throughout the simulation time, see Figure 4.
Further, a detailed analysis of TLR-5 and vaccine docked
construct interface was performed by the COCOMAPS tool
(68, 69). The interface area was increased from an initial
1261.65 A? (the initial modeled complex) to 1763.6 A%,
Interestingly, the percentage of polar and non-polar residues at
the interface of approximately 62% and 38% respectively, which
are nearly the same as of the initial model (64% and 36%
respectively for polar and non-polar residues). Similar to the
initial model, where employing a cut-off distance of 8A to define
two residues in contact, the dominant number of contacts still
exists between hydrophilic-hydrophobic residues that amounts
to 309, which was 230 in the initial modeled structure, which is
followed by hydrophilic-hydrophilic and hydrophobic-
hydrophobic contacts amounting to 222 and 52 respectively,
and which were 260 and 85 in the initial modeled structure. This
analysis clearly indicates that the overall interaction pattern of
TLR-5 and multi-epitope vaccine construct remained stable
throughout the simulation time.

Peptide Synthesis and Conjugation

GenScript’s microwave-based PepPower  technology was used
to synthesize the selected peptode possessing the maximum
sequence identity with all the considered DENV 1-4 serotyoes,
see Table 2. The Cysteine was added to the C-terminus of
immunogenic KREKKLGEFGKAKG epitope peptide. The
peptide antigen with added Cysteine at the C-terminal is now

TABLE 2 | Selected conserved epitope peptide for synthesis.

CKREKKLGEFGKAKG was subsequently conjugated with KLH
(Keyhole Limpet Hemocyanin) protein to immunize two rabbits
at Genscript corporation (Piscataway, NJ, USA).

In-Vivo Validation for Antibody
Development and Assessment

The affinity-purified concentration of the antibody is found to be
7.16mg in 4ml of the antiserum of subcutaneously immunized
New Zealand white rabbits with KLH conjugated peptide. In
order to confirm whether the KLH conjugate peptide can
stimulate humoral immunity and produce antibodies, the
Indirect ELISA was performed to determine the antibody titer.
The antibody titre is expressed as the inverse of the highest
dilution of the antibody which gives positive result in ELISA. The
serum collected from rabbit is serially diluted more than 8 folds,
which give positive results on ELISA. On the other hand, no
color is observed when IgG in the range of 1:1,000 to 1:512,000
are incubated with the antigen, see Figure 6. These results clearly
indicate that the imunogen designed in this study could stimulate
the production of antibodies in vivo. Interestingly, the 10 fold
diluted aliquot (i.e., 1: 520,000) is also observed to give positive
result on ELISA, as indicated by the titer value of 14.67 with
reference signal/blank >=2.1; (see Supplementary Information
File for more details) which further suggest that the vaccine
designed possesses good immunogenicity.

CONCLUSION

In this study we have employed robust immunoinformatics
approach coupled with in vivo studies in order to design a
potential multi-epitope vaccine candidate for DENV vaccine. As a
first step, we predicted 13501 MHC II binding CD4+ epitope
peptides as a first step. Further we predicted and refined 10
conserved epitopes among all the four serotypes of the DENV
and all the predicted epitopes are predicted to be interferon-
inducing peptides. The antigenic and nontoxic epitopes
‘ATFTMRLLSPVRVPN’, ‘KREKKLGEFGKAKG’ and
TFTMRLLSPVRVPNY that were conserved among all the four
DENV serotypes were selected for final multi-epitope vaccine
designing. The final vaccine has 309 amino residues, molecular
weight 32.66 kDa, theoretical pI 9.99, and an estimated half-life of
30 hours in mammalian reticulocytes, and with a predicted
antigenic score of 0.463. The molecular docking and molecular
dynamic simulations predicts a stable complex between the multi-
epitope vaccine construct and TLR-5 receptor. Overall, our
computational analysis suggests that the constructed multi-epitope

Epitope Serotype Protein name Positions IEDB sequence
selected Identity
KREKKLG 1 sp|P33478|POLG_DEN1S Genome polyprotein OS=Dengue virus type 1 (strain Singapore/S275/1990) 2947-2960 100
EFGKAKG 2 sp|P07564|POLG_DEN2J Genome polyprotein OS=Dengue virus type 2 (strain Jamaica/1409/1983) 2947-2960 100

3 sp|QBYMS4|POLG_DENSS Genome polyprotein OS=Dengue virus type 3 (strain Sri Lanka/1266/2000) 2946-2959 100

4 sp|Q58HT7|POLG_DEN4P Genome polyprotein OS=Dengue virus type 4 (strain Philippines/H241/1956)  2944-2957 92.86
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FIGURE 6 | ELISA assay scatter plot of ODys0 values and serum dilutions from (1:1000 to 1:512,000) of dengue virus antibody and IgG control with varying
concentration of antigen. The ODys50 values can be inversely correlated to the serum dilutions.

vaccine was highly immunogenic, safe, and non-toxic in nature. As
a next step, the most conserved epitope KREKKLGEFGKAKG
among the four DENV serotypes was synthesized. Finally, in
order to confirm whether the KLH conjugate peptide can
stimulate humoral immunity and produce antibodies, the Indirect
ELISA was performed to determine the antibody titer. The affinity-
purified concentration of the antibody is found to be 7.16mg in 4ml
of the antiserum of subcutaneously immunized New Zealand white
rabbits with KLH conjugated peptide. Interestingly, the 10 fold
diluted aliquot (i.e., 1: 520,000) is also observed to give positive
result on ELISA, as indicated by the titer value of 14.67. These
results clearly indicate that the imunogen designed in this study
could stimulate the production of antibodies in vivo.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by Genscript
corporation (Piscataway, NJ, USA).

REFERENCES

1. Stanaway JD, Shepard DS, Undurraga EA, Halasa YA, Coffeng LE, Brady O],
et al. The Global Burden of Dengue: An Analysis From the Global Burden of
Disease Study 2013. Lancet Infect Dis (2016) 16:712-23. doi: 10.1016/S1473-
3099(16)00026-8

2. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The
Global Distribution and Burden of Dengue. Nature (2013) 496:504-7. doi:
10.1038/nature12060

3. Perera R, Kuhn RJ. Structural Proteomics of Dengue Virus. Curr Opin
Microbiol (2008) 11:369-77. doi: 10.1016/j.mib.2008.06.004

AUTHOR CONTRIBUTIONS

MC and VK designed the whole project and analysis. LRG, SKG,
ARS, UK, LC, MC carried out the analysis. SG, AS, MC wrote the
manuscript. MC and ARS prepared figures. LC and MC
supervised the overall study. All authors contributed to the
article and approved the submitted version.

FUNDING

This research received no external funding. The APC charges
was funded by KAUST baseline research funding (to LC). The
research reported in this publication was supported by funding
from King Abdullah University of Science and Technology
(KAUST). For computer time, this research used the resources
of the Supercomputing Laboratory at King Abdullah University
of Science & Technology (KAUST) in Thuwal, Saudi Arabia.
Authors would also like to acknowledge team members from
STEMskills Research and Education Lab Private Limited for
critical reading of manuscript and computational support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
865180/full#supplementary-material

4. Osatomi K, Sumiyoshi H. Complete Nucleotide-Sequence of Dengue Type-3
Virus Genome Rna. Virology (1990) 176:643-7. doi: 10.1016/0042-6822(90)
90037-R

5. Holmes EC. Molecular Epidemiology and Evolution of Emerging Infectious
Diseases. Brit Med Bull (1998) 54:533-43. doi: 10.1093/oxfordjournals.
bmb.a011708

6. Mustafa MS, Rasotgi V, Jain S, Gupta V. Discovery of Fifth Serotype of
Dengue Virus (DENV-5): A New Public Health Dilemma in Dengue Control.
Med ] Armed Forces India (2015) 71:67-70. doi: 10.1016/j.mjafi.2014.09.011

7. Back AT, Lundkvist A. Dengue Viruses - an Overview. Infect Ecol Epidemiol
(2013) 3: 1-21. doi: 10.3402/iee.v3i0.19839

Frontiers in Immunology | www.frontiersin.org

63

June 2022 | Volume 13 | Article 865180


https://www.frontiersin.org/articles/10.3389/fimmu.2022.865180/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.865180/full#supplementary-material
https://doi.org/10.1016/S1473-3099(16)00026-8
https://doi.org/10.1016/S1473-3099(16)00026-8
https://doi.org/10.1038/nature12060
https://doi.org/10.1016/j.mib.2008.06.004
https://doi.org/10.1016/0042-6822(90)90037-R
https://doi.org/10.1016/0042-6822(90)90037-R
https://doi.org/10.1093/oxfordjournals.bmb.a011708
https://doi.org/10.1093/oxfordjournals.bmb.a011708
https://doi.org/10.1016/j.mjafi.2014.09.011
https://doi.org/10.3402/iee.v3i0.19839
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kaushik et al.

Immunoinformatics Aided Design of Vaccine for Dengue Virus

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Low JGH, Ooi EE, Vasudevan SG. Current Status of Dengue Therapeutics

Research and Development. ] Infect Dis (2017) 215:596-S102. doi: 10.1093/
infdis/jiw423

. Thomas SJ, Yoon IK. A Review of Dengvaxia?: Development to Deployment.

Hum Vacc Immunother (2019) 15:2295-314. doi: 10.1080/21645515.2019.
1658503

Gubler DJ, Halstead SB. HEAD TO HEAD Is Dengvaxia a Useful Vaccine for
Dengue Endemic Areas? Bmj Brit Med J (2019) 367. doi: 10.1136/bmj.15710
Pinheiro-Michelsen JR, Souza RDO, Santana IVR, da Silva PD, Mendez EC,
Luiz WB, et al. Anti-Dengue Vaccines: From Development to Clinical Trials.
Front Immunol (2020) , 11. doi: 10.3389/fimmu.2020.01252

Biswal S, Reynales H, Saez-Llorens X, Lopez P, Borja-Tabora C, Kosalaraksa P,
et al. Efficacy of a Tetravalent Dengue Vaccine in Healthy Children and
Adolescents. New Engl ] Med (2019) 381:2009-19. doi: 10.1056/
NEJMoal903869

Jackson LA, Rupp R, Papadimitriou A, Wallace D, Raanan M, Moss KJ. A
Phase 1 Study of Safety and Immunogenicity Following Intradermal
Administration of a Tetravalent Dengue Vaccine Candidate. Vaccine (2018)
36:3976-83. doi: 10.1016/j.vaccine.2018.05.028

Porter KR, Ewing D, Chen L, Wu SJ, Hayes CG, Ferrari M, et al.
Immunogenicity and Protective Efficacy of a Vaxfectin-Adjuvanted
Tetravalent Dengue DNA Vaccine. Vaccine (2012) 30:336-41. doi: 10.1016/
j-vaccine.2011.10.085

Guzman MG, Alvarez M, Halstead SB. Secondary Infection as a Risk Factor
for Dengue Hemorrhagic Fever/Dengue Shock Syndrome: An Historical
Perspective and Role of Antibody-Dependent Enhancement of Infection.
Arch Virol (2013) 158:1445-59. doi: 10.1007/s00705-013-1645-3

White L], Young EF, Stoops M]J, Henein SR, Adams EC, Baric RS, et al.
Defining Levels of Dengue Virus Serotype-Specific Neutralizing Antibodies
Induced by a Live Attenuated Tetravalent Dengue Vaccine (TAK-003). PloS
Negl Trop D (2021) 15:1-15. doi: 10.1371/journal.pntd.0009258

Teoh EP, Kukkaro P, Teo EW, Lim APC, Tan TT, Yip A, et al. The Structural
Basis for Serotype-Specific Neutralization of Dengue Virus by a Human
Antibody. Sci Transl Med (2012) 4:1-9. doi: 10.1126/scitranslmed.3003888
Zhu SL, Feng Y, Rao PH, Xue XY, Chen S, Li WS, et al. Hepatitis B Virus
Surface Antigen as Delivery Vector can Enhance Chlamydia Trachomatis
MOMP Multi-Epitope Immune Response in Mice. Appl Microbiol Biot (2014)
98:4107-17. doi: 10.1007/s00253-014-5517-x

Jiang P, Cai Y, Chen J, Ye X, Mao S, Zhu §, et al. Evaluation of Tandem
Chlamydia Trachomatis MOMP Multi-Epitopes Vaccine in BALB/c Mice
Model. Vaccine (2017) 35:3096-103. doi: 10.1016/j.vaccine.2017.04.031

Lin XY, Chen S, Xue XY, Lu LJ, Zhu SL, Li WS, et al. Chimerically Fused
Antigen Rich of Overlapped Epitopes From Latent Membrane Protein 2
(LMP2) of Epstein-Barr Virus as a Potential Vaccine and Diagnostic Agent.
Cell Mol Immunol (2016) 13:492-501. doi: 10.1038/cmi.2015.29

Fadaka AO, Sibuyi NRS, Martin DR, Goboza M, Klein A, Madiehe AM, et al.
Immunoinformatics Design of a Novel Epitope-Based Vaccine Candidate
Against Dengue Virus. Sci Rep (2021) 11:19707. doi: 10.1038/s41598-021-
99227-7

Dixit NK. Design of Monovalent and Chimeric Tetravalent Dengue Vaccine
Using an Immunoinformatics Approach. Int J Pept Res Ther (2021) 27:2607—
24. doi: 10.1007/510989-021-10277-x

Bhardwaj A, Sharma R, Grover A. Immuno-Informatics Guided Designing of
a Multi-Epitope Vaccine Against Dengue and Zika. | Biomol Struct Dyn
(2021), 1-15. doi: 10.1080/07391102.2021.2002720

Ali M, Pandey RK, Khatoon N, Narula A, Mishra A, Prajapati VK. Exploring
Dengue Genome to Construct a Multi-Epitope Based Subunit Vaccine by
Utilizing Immunoinformatics Approach to Battle Against Dengue Infection.
Sci Rep (2017) 7:9232. doi: 10.1038/s41598-017-09199-w

Khan AM, Miotto O, Nascimento EJM, Srinivasan KN, Heiny AT, Zhang GL, etal.
Conservation and Variability of Dengue Virus Proteins: Implications for Vaccine
Design. PloS Negl Trop D (2008) 2:1-15. doi: 10.1371/journal.pntd.0000272
Mangada MM, Rothman AL. Altered Cytokine Responses of Dengue-Specific
CD4(+) T Cells to Heterologous Serotypes. ] Immunol (2005) 175:2676-83.
doi: 10.4049/jimmunol.175.4.2676

Chong LC, Khan AM. Identification of Highly Conserved, Serotype-Specific
Dengue Virus Sequences: Implications for Vaccine Design (Vol 20, 921, 2019).
BMC Genomics (2021) 22:1-18. doi: 10.1186/s12864-019-6311-z

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Krishnan GS, Joshi A, Kaushik V. T Cell Epitope Designing for Dengue
Peptide Vaccine Using Docking and Molecular Simulation Studies. Mol
Simulat (2020) 46:787-95. doi: 10.1080/08927022.2020.1772970

Krishnan GS, Joshi A, Akhtar N, Kaushik V. Immunoinformatics Designed T
Cell Multi Epitope Dengue Peptide Vaccine Derived From non Structural
Proteome. Microb Pathogenesis (2021) 150:104728. doi: 10.1016/
j.micpath.2020.104728

Duangchinda T, Dejnirattisai W, Vasanawathana S, Limpitikul W,
Tangthawornchaikul N, Malasit P, et al. Immunodominant T-Cell
Responses to Dengue Virus NS3 Are Associated With DHF. Proc Natl
Acad Sci U S A (2010) 107:16922-7. doi: 10.1073/pnas.1010867107
Weiskopf D, Bangs D], Sidney J, Kolla RV, De Silva AD, de Silva AM, et al.
Dengue Virus Infection Elicits Highly Polarized CX3CR1+ Cytotoxic CD4+ T
Cells Associated With Protective Immunity. Proc Natl Acad Sci USA (2015)
112:E4256-4263. doi: 10.1073/pnas.1505956112

Doytchinova IA, Flower DR. VaxiJen: A Server for Prediction of Protective
Antigens, Tumour Antigens and Subunit Vaccines. BMC Bioinf (2007) 8:1-7.
doi: 10.1186/1471-2105-8-4

Doytchinova IA, Flower DR. Identifying Candidate Subunit Vaccines Using
an Alignment-Independent Method Based on Principal Amino Acid
Properties. Vaccine (2007) 25:856-66. doi: 10.1016/j.vaccine.2006.09.032
Reynisson B, Barra C, Kaabinejadian S, Hildebrand WH, Peters B, Nielsen M.
Improved Prediction of MHC II Antigen Presentation Through Integration
and Motif Deconvolution of Mass Spectrometry MHC Eluted Ligand Data.
J Proteome Res (2020) 19:2304-15. doi: 10.1021/acs.jproteome.9b00874
Dhanda SK, Vir P, Raghava GP. Designing of Interferon-Gamma Inducing
MHC Class-1I Binders. Biol Direct (2013) 8:30. doi: 10.1186/1745-6150-8-30
Bui HH, Sidney J, Li W, Fusseder N, Sette A. Development of an Epitope
Conservancy Analysis Tool to Facilitate the Design of Epitope-Based
Diagnostics and Vaccines. BMC Bioinf (2007) 8:1-6. doi: 10.1186/1471-2105-
8-361

Gupta S, Kapoor P, Chaudhary K, Gautam A, Kumar R, Open Source Drug
Discovery C, et al. Open Source Drug Discovery, C. And In Silico Approach
for Predicting Toxicity of Peptides and Proteins. PLoS One (2013) 8:€73957.
doi: 10.1371/journal.pone.0073957

Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins M, Appel R, et al.
Humana Press Inc.:Totowa, NJ(2005).

Negahdaripour M, Eslami M, Nezafat N, Hajighahramani N, Ghoshoon MB,
Shoolian E, et al. A Novel HPV Prophylactic Peptide Vaccine, Designed by
Immunoinformatics and Structural Vaccinology Approaches. Infect Genet
Evol (2017) 54:402-16. doi: 10.1016/j.meegid.2017.08.002

Hasan M, Islam S, Chakraborty S, Mustafa AH, Azim KF, Joy ZF, et al. Contriving
a Chimeric Polyvalent Vaccine to Prevent Infections Caused by Herpes Simplex
Virus (Type-1 and Type-2): An Exploratory Immunoinformatic Approach. J
Biomol Struct Dyn (2020) 38:2898-915. doi: 10.1080/07391102.2019.1647286
Cheng J, Randall AZ, Sweredoski MJ, Baldi P. SCRATCH: A Protein Structure
and Structural Feature Prediction Server. Nucleic Acids Res (2005) 33:W72-76.
doi: 10.1093/nar/gki396

David A, Islam S, Tankhilevich E, Sternberg MJE. The AlphaFold Database of
Protein Structures: A Biologist's Guide. ] Mol Biol (2022), 434. doi: 10.1016/
j,jmb.2021.167336

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al.
Highly Accurate Protein Structure Prediction With AlphaFold. Nature (2021)
596:583—+. doi: 10.1038/541586-021-03819-2

van Zundert GCP, Rodrigues J, Trellet M, Schmitz C, Kastritis PL, Karaca E,
et al. The HADDOCK2.2 Web Server: User-Friendly Integrative Modeling of
Biomolecular Complexes. J Mol Biol (2016) 428:720-5. doi: 10.1016/
j,jmb.2015.09.014

Abraham MJ, Murtola T, Schulz R, Pall S, Smith JC, Hess B, et al. GROMACS:
High Performance Molecular Simulations Through Multi-Level Parallelism
From Laptops to Supercomputers. SoftwareX (2015) 1-2:19-25. doi: 10.1016/
j.s0ftx.2015.06.001

Lindorff-Larsen K, Piana S, Palmo K, Maragakis P, Klepeis JL, Dror RO, et al.
Improved Side-Chain Torsion Potentials for the Amber Ff99sb Protein Force
Field. Proteins (2010) 78:1950-8. doi: 10.1002/prot.22711

Joung IS, Cheatham TE. Determination of Alkali and Halide Monovalent Ion
Parameters for Use in Explicitly Solvated Biomolecular Simulations. J Phys
Chem B (2008) 112:9020-41. doi: 10.1021/jp8001614

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 865180


https://doi.org/10.1093/infdis/jiw423
https://doi.org/10.1093/infdis/jiw423
https://doi.org/10.1080/21645515.2019.1658503
https://doi.org/10.1080/21645515.2019.1658503
https://doi.org/10.1136/bmj.l5710
https://doi.org/10.3389/fimmu.2020.01252
https://doi.org/10.1056/NEJMoa1903869
https://doi.org/10.1056/NEJMoa1903869
https://doi.org/10.1016/j.vaccine.2018.05.028
https://doi.org/10.1016/j.vaccine.2011.10.085
https://doi.org/10.1016/j.vaccine.2011.10.085
https://doi.org/10.1007/s00705-013-1645-3
https://doi.org/10.1371/journal.pntd.0009258
https://doi.org/10.1126/scitranslmed.3003888
https://doi.org/10.1007/s00253-014-5517-x
https://doi.org/10.1016/j.vaccine.2017.04.031
https://doi.org/10.1038/cmi.2015.29
https://doi.org/10.1038/s41598-021-99227-7
https://doi.org/10.1038/s41598-021-99227-7
https://doi.org/10.1007/s10989-021-10277-x
https://doi.org/10.1080/07391102.2021.2002720
https://doi.org/10.1038/s41598-017-09199-w
https://doi.org/10.1371/journal.pntd.0000272
https://doi.org/10.4049/jimmunol.175.4.2676
https://doi.org/10.1186/s12864-019-6311-z
https://doi.org/10.1080/08927022.2020.1772970
https://doi.org/10.1016/j.micpath.2020.104728
https://doi.org/10.1016/j.micpath.2020.104728
https://doi.org/10.1073/pnas.1010867107
https://doi.org/10.1073/pnas.1505956112
https://doi.org/10.1186/1471-2105-8-4
https://doi.org/10.1016/j.vaccine.2006.09.032
https://doi.org/10.1021/acs.jproteome.9b00874
https://doi.org/10.1186/1745-6150-8-30
https://doi.org/10.1186/1471-2105-8-361
https://doi.org/10.1186/1471-2105-8-361
https://doi.org/10.1371/journal.pone.0073957
https://doi.org/10.1016/j.meegid.2017.08.002
https://doi.org/10.1080/07391102.2019.1647286
https://doi.org/10.1093/nar/gki396
https://doi.org/10.1016/j.jmb.2021.167336
https://doi.org/10.1016/j.jmb.2021.167336
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1002/prot.22711
https://doi.org/10.1021/jp8001614
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kaushik et al.

Immunoinformatics Aided Design of Vaccine for Dengue Virus

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Parrinello M, Rahman A. Polymorphic Transitions in Single-Crystals - a New
Molecular-Dynamics Method. J Appl Phys (1981) 52:7182-90. doi: 10.1063/
1.328693

Darden T, York D, Pedersen L. Particle Mesh Ewald - an N.Log(N) Method
for Ewald Sums in Large Systems. J Chem Phys (1993) 98:10089-92. doi:
10.1063/1.464397

Hess B, Bekker H, Berendsen HJC, Fraaije JGEM. LINCS: A Linear Constraint
Solver for Molecular Simulations. ] Comput Chem (1997) 18:1463-72. doi:
10.1002/(SICI)1096-987X(199709)18:12<1463::AID-]JCC4>3.0.CO;2-H
Humphrey W, Dalke A, Schulten K. VMD: Visual Molecular Dynamics. ] Mol
Graph (1996) 14:33-38, 27-38. doi: 10.1016/0263-7855(96)00018-5

Tree MO, McKellar DR, Kieft KJ, Watson AM, Ryman KD, Conway M].
Insect-Specific Flavivirus Infection is Restricted by Innate Immunity in the
Vertebrate Host. Virology (2016) 497:81-91. doi: 10.1016/j.virol.2016.07.005
Cuspoca AF, Diaz LL, Acosta AF, Penaloza MK, Mendez YR, Clavijo DC, et al.
An Immunoinformatics Approach for SARS-CoV-2 in Latam Populations
and Multi-Epitope Vaccine Candidate Directed Towards the World's
Population. Vaccines-Basel (2021) 9:1-36. doi: 10.3390/vaccines9060581
Rappuoli R. Reverse Vaccinology, a Genome-Based Approach to Vaccine
Development. Vaccine (2001) 19:2688-91. doi: 10.1016/S0264-410X(00)
00554-5

Reynisson B, Alvarez B, Paul S, Peters B, Nielsen M. NetMHCpan-4.1 and
NetMHClIIpan-4.0: Improved Predictions of MHC Antigen Presentation by
Concurrent Motif Deconvolution and Integration of MS MHC Eluted Ligand
Data. Nucleic Acids Res (2020) 48:W449-54. doi: 10.1093/nar/gkaa379
Duthie MS, Windish HP, Fox CB, Reed SG. Use of Defined TLR Ligands as
Adjuvants Within Human Vaccines. Immunol Rev (2011) 239:178-96. doi:
10.1111/j.1600-065X.2010.00978 x

Forstneric V, Ivicak-Kocjan K, Plaper T, Jerala R, Bencina M. The Role of the
C-Terminal DO Domain of Flagellin in Activation of Toll Like Receptor 5. PloS
Pathog (2017) 13:1-20. doi: 10.1371/journal.ppat.1006574

Wiederstein M, Sippl MJ. ProSA-Web: Interactive Web Service for the
Recognition of Errors in Three-Dimensional Structures of Proteins. Nucleic
Acids Res (2007) 35:W407-410. doi: 10.1093/nar/gkm290

Jacchieri SG, Torquato R, Brentani RR. Structural Study of Binding of
Flagellin by Toll-Like Receptor 5. ] Bacteriol (2003) 185:4243-7. doi:
10.1128/]B.185.14.4243-4247.2003

Karplus M, Kuriyan J. Molecular Dynamics and Protein Function. Proc Natl
Acad Sci U S A (2005) 102:6679-85. doi: 10.1073/pnas.0408930102

Oliva R, Shaikh AR, Petta A, Vangone A, Cavallo L. D936Y and Other
Mutations in the Fusion Core of the SARS-CoV-2 Spike Protein Heptad
Repeat 1: Frequency, Geographical Distribution, and Structural Effect.
Molecules (2021) 26:1-13. doi: 10.3390/molecules26092622

Hayashi S, Ueno H, Shaikh AR, Umemura M, Kamiya M, Ito Y, et al
Molecular Mechanism of ATP Hydrolysis in F1-ATPase Revealed by
Molecular Simulations and Single-Molecule Observations. ] Am Chem Soc
(2012) 134:8447-54. doi: 10.1021/ja211027m

63. Shah D, Shaikh AR. Interaction of Arginine, Lysine, and Guanidine With
Surface Residues of Lysozyme: Implication to Protein Stability. ] Biomol Struct
Dyn (2016) 34:104-14. doi: 10.1080/07391102.2015.1013158

Chawla M, Gorle S, Shaikh AR, Oliva R, Cavallo L. Replacing Thymine With a
Strongly Pairing Fifth Base: A Combined Quantum Mechanics and Molecular
Dynamics Study. Comput Struct Biotechnol J (2021) 19:1312-24. doi: 10.1016/
j.sbj.2021.02.006

Chawla M, Autiero I, Oliva R, Cavallo L. Energetics and Dynamics of the non-
Natural Fluorescent 4AP:DAP Base Pair. Phys Chem Chem Phys (2018)
20:3699-709. doi: 10.1039/C7CP07400]

Kalra K, Gorle S, Cavallo L, Oliva R, Chawla M. Occurrence and Stability of
Lone Pair-Pi and OH-Pi Interactions Between Water and Nucleobases in
Functional RNAs. Nucleic Acids Res (2020) 48:5825-38. doi: 10.1093/nar/
gkaa345

Chawla M, Credendino R, Poater A, Oliva R, Cavallo L. Structural Stability,
Acidity, and Halide Selectivity of the Fluoride Riboswitch Recognition Site.
J Am Chem Soc (2015) 137:299-306. doi: 10.1021/ja510549b

Vangone A, Oliva R, Cavallo L. CONS-COCOMAPS: A Novel Tool to
Measure and Visualize the Conservation of Inter-Residue Contacts in
Multiple Docking Solutions. BMC Bioinf (2012) 13:1-9. doi: 10.1186/1471-
2105-13-54-S19

Vangone A, Spinelli R, Scarano V, Cavallo L, Oliva R. COCOMAPS: A Web
Application to Analyze and Visualize Contacts at the Interface of
Biomolecular Complexes. Bioinformat (2011) 27:2915-6. doi: 10.1093/
bioinformatics/btr484

64.

65.

66.

67.

68.

69.

Conflict of Interest: Authors UK, and ARS were employed by the company
STEMskills Research and Education Lab Private Limited, Faridabad, Haryana,
India.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kaushik, G, Gupta, Kalra, Shaikh, Cavallo and Chawla. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

65

June 2022 | Volume 13 | Article 865180


https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.464397
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12%3C1463::AID-JCC4%3E3.0.CO;2-H
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/j.virol.2016.07.005
https://doi.org/10.3390/vaccines9060581
https://doi.org/10.1016/S0264-410X(00)00554-5
https://doi.org/10.1016/S0264-410X(00)00554-5
https://doi.org/10.1093/nar/gkaa379
https://doi.org/10.1111/j.1600-065X.2010.00978.x
https://doi.org/10.1371/journal.ppat.1006574
https://doi.org/10.1093/nar/gkm290
https://doi.org/10.1128/JB.185.14.4243-4247.2003
https://doi.org/10.1073/pnas.0408930102
https://doi.org/10.3390/molecules26092622
https://doi.org/10.1021/ja211027m
https://doi.org/10.1080/07391102.2015.1013158
https://doi.org/10.1016/j.csbj.2021.02.006
https://doi.org/10.1016/j.csbj.2021.02.006
https://doi.org/10.1039/C7CP07400J
https://doi.org/10.1093/nar/gkaa345
https://doi.org/10.1093/nar/gkaa345
https://doi.org/10.1021/ja510549b
https://doi.org/10.1186/1471-2105-13-S4-S19
https://doi.org/10.1186/1471-2105-13-S4-S19
https://doi.org/10.1093/bioinformatics/btr484
https://doi.org/10.1093/bioinformatics/btr484
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

:' frontiers ‘ Frontiers in Immunology

OPINION
published: 07 July 2022
doi: 10.3389/fimmu.2022.908459

OPEN ACCESS

Edited by:

Marc H V' Van Regenmortel,
Centre National de la Recherche
Scientifique (CNRS), France

Reviewed by:

Linlin Guo,

The Ohio State University,
United States

*Correspondence:
Salvador Eugenio C. Caolili
badong@post.upm.edu.ph

Specialty section:

This article was submitted to
Vaccines and Molecular Therapeutics,
a section of the journal

Frontiers in Immunology

Received: 19 April 2022
Accepted: 13 June 2022
Published: 07 July 2022

Citation:

Caolli SEC (2022) Comprehending
B-Cell Epitope Prediction to Develop
Vaccines and Immunodiagnostics.
Front. Immunol. 13:908459.

doi: 10.3389/fimmu.2022.908459

Check for
updates

Comprehending B-Cell Epitope
Prediction to Develop Vaccines and
Immunodiagnostics

Salvador Eugenio C. Caoili*

Biomediical Innovations Research for Translational Health Science (BIRTHS) Laboratory, Department of Biochemistry and
Molecular Biology, College of Medicine, University of the Philippines Manila, Manila, Philippines

Keywords: B-cell epitope prediction, B-cell epitopes, surface accessibility, conformational disorder,
immunodominance, peptide-based vaccines, antipeptide antibodies, protective immunity

1 INTRODUCTION

B-cell epitope prediction (BCEP) is the original subject of immunoinformatics (i.e., bioinformatics
applied to immunology). This began with protein sequence analysis to identify hydrophilic peptide
fragments bound by antibodies that recognize whole proteins (1), to enable the earlier proposed
development of synthetic peptide-based vaccines for inducing protective antibody-mediated
immunity (2). BCEP was thus initially “prediction of protein antigenic determinants,” with each
antigenic determinant being a B-cell epitope (BCE): a structural feature (e.g., sequence segment)
recognized by a paratope (i.e., antigen-binding site of an immunoglobulin such as an antibody) (3,
4). Now understood as the computational identification of putative BCEs, BCEP has since grown to
comprise much more sophisticated methods for analyzing both sequence (5-9) and higher-order
structure (10, 11) on ever larger scales (e.g., applying genomics and proteomics for vaccine design
(12, 13)). However, the full potential of BCEP for peptide-based vaccine design remains to be
realized, for which reason the utility of BCEP as such has been called into question (14-17).
Nevertheless, BCEP can support the development of vaccines and immunodiagnostics provided that
its limitations are adequately comprehended and addressed.

2 ACCESSIBLE DISORDER (AD) AND IMMUNODOMINANCE

Accessible disorder (AD) is the state of a BCE that is simultaneously both paratope-accessible and
disordered (i.e., conformationally unconstrained), such that BCE-paratope binding can occur via
induced fit and/or conformational selection (8). Clearly, BCEs must be accessible to paratopes for
physical contact to occur between them. In the context of antibody-mediated protective (e.g.,
antipathogen) immunity, this is most readily feasible for BCEs that are on outwardly protruding
solvent-accessible molecular surfaces at extracellular sites (e.g., among secreted biomolecules).
Hence, vaccine-design initiatives tend to selectively apply BCEP with a focus on surface-exposed
sites among biomolecular targets of the pertinent (e.g., pathogen) secretome (i.e., totality of secreted
biomolecules) and surfome (i.e., surface proteome) (18, 19). Additionally, surface complementarity
must be attained between BCEs and their corresponding paratopes upon physical contact if stable
BCE-paratope binding is to occur, for which the BCEs must adopt suitable conformations. This is
favored where the BCEs are disordered prior to binding by the paratopes (20, 21). Vaccines can thus
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be produced from peptides comprising disordered BCEs of
selected target proteins (e.g., pathogen virulence factors), to
elicit production of antipeptide antibodies (i.e., peptide
antibodies (22)) that can neutralize the biological activity of
the proteins (4, 23-36). Such an approach is viable where the
BCEs are disordered in both the peptides and the proteins; but if
the BCEs are conformationally constrained (e.g., folded) in the
proteins, their binding by the antipeptide antibodies may fail to
occur, as is thought to be the case among unsuccessful attempts
at peptide-based vaccine development (16).

AD among BCEs thus facilitates BCE-paratope binding; but
BCE-specific antibody production is also subject to the
phenomenon of immunodominance (i.e., bias of immune
responses toward subsets of BCEs encountered in the course of
immunization), as depicted in Figure 1. Driven by Darwinian
competition among B-cell clones, immunodominance tends to
be favored by greater numbers of functional BCE-recognizing
precursor B cells as well as stronger binding of BCEs by B cells
in terms of both affinity (i.e., strength of binding per
individual BCE-paratope pairwise interaction) and avidity (i.e.,
overall strength of cooperative binding among paratopes
that simultaneously bind two or more BCEs on a single
antigen, as is possible with engagement of one or more
bivalent immunoglobulin molecules) (37). Consequently,
individual host life history of antigenic exposure (e.g., via
infection and immunization) influences immunodominance.
Immunodominance may thus be precluded by immune
tolerance (i.e., selective inability to mount immune responses
to particular BCEs, due to functional deletion or inactivation of
their corresponding B cells), which is often induced by BCEs of
host self antigens (i.e., autoantigens) and of other antigens

(e.g., in food) to which the host has been exposed in a
natural physiologic setting (rather than in the course of
infectious disease or vaccination) (38-40). Alternatively,
immunodominance may be heightened by the immunological
memory of prior immunization (e.g., via infection or
vaccination), as occurs in the phenonenon of original antigenic
sin (i.e., antigenic imprinting) whereby memory B-cell clones
generated by past immunization continue to dominate antibody
responses to more recent immunizations, possibly even
compromising the ability to mount protective immune
responses against newly encountered pathogen variants (41,
42). From an evolutionary standpoint, pathogens may co-
evolve with their hosts to evade immune destruction in part by
altering their BCE repertoires to limit the expression of
immunodominant pathogen BCEs on key virulence factors
(e.g., via molecular mimicry, with pathogen BCEs tending to
resemble host self BCEs) while possibly also expressing
immunodominant pathogen BCEs that serve as antigenic
decoys to detract from protective host immune responses (43).
Furthermore, immune tolerance may be broken under certain
circumstances (e.g., infection by a pathogen employing
molecular mimicry), which may result in antibody-mediated
(e.g., autoimmune) disease (44). These various scenarios
highlight the potential complexity of vaccine development with
the diversity of BCEs and possible immune responses thereto.
Peptide-based vaccine design thus provides opportunities to
systematically restrict the repertoire of vaccine BCEs and
thereby selectively target key biomolecules (e.g., critical
virulence factors) while avoiding harmful or otherwise
counterproductive antibody responses (e.g., to BCEs of
autoantigens and antigenic decoys).

paratope—
accessible
BCEs

plausible

candidate
vaccine
peptide

BCEs

immunodominant BCEs
in context of peptide—
based immunogens

disordered
BCEs

FIGURE 1 | Identification of plausible candidate vaccine peptide BCEs. Accessible disorder (AD) is realized for BCEs that are simultaneously both paratope-
accessible and disordered (i.e., conformationally unconstrained) in both peptide-based immunogens and cognate native antigenic targets in situ (e.g., extracellular
pathogen virulence factors). Immunodominant BCEs are identified empirically as they occur in peptide-based immunogens (e.g., using immunogenic carrier
molecules and immunologic adjuvants) versus other contexts (e.g., in native antigenic targets comprising antigenic decoys).

Frontiers in Immunology | www.frontiersin.org

67

July 2022 | Volume 13 | Article 908459


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Caoili

Comprehending B-Cell Epitope Prediction

3 TOWARD NEW VACCINES AND
IMMUNODIAGNOSTICS

In essence, BCEP consists of two steps: structural partitioning of
a prospective target (e.g., protein) into plausible candidate BCEs
(e.g., peptidic sequences) and evaluation of these to assign them
numerical scores that can inform subsequent decisions (e.g., on
selecting components for inclusion in vaccines). Ideally, the
scores would directly quantify functional impact (e.g., degree
of antibody-mediated host protection against a protein toxin). In
practice, functional impact can be estimated from BCE-paratope
binding affinity in conjunction with a limited set of other key
parameters (e.g., concentrations of antibody and its target), with
said affinity itself being estimated as the BCE-paratope standard
free-energy change of binding (AG,°) based on target structure
(8). This can be simplified by considering only candidate BCEs of
paratope-accessible disordered target regions. Viewed more
comprehensively, BCEP can be performed largely by excluding
target regions that are at least partially inaccessible to paratopes.
Such regions may be inaccessible due to biomolecular
folding, complex formation (e.g., oligomerization) and
anatomic compartmentalization (e.g., due to biomembranes).
Accordingly, target regions may be identified for exclusion using
appropriate computational tools to predict folding (vis-a-vis
disorder, e.g., using AlphaFold (45, 46)) and higher-order
structural organization (e.g., among supramolecular assemblies
such as biomembranes (47)). For convenience, inaccessibility
may be generalized to also include forms of posttranslational
modification resulting from covalent linkage of nonprotein
moieties (e.g., glycosylation), which can be computationally
predicted to mark candidate BCEs for exclusion as well.
Likewise, generalization of inaccessibility can also be extended
to regions featuring disulfide-bond formation between cysteine
residues, as this may impede BCE-paratope binding. After
exclusion of implausible or otherwise potentially problematic
target regions based on anticipated inaccessibility, AG,° and in
turn functional impact may be estimated for the remaining
candidate BCEs.

For the most part, BCEP can thus be regarded as prediction of
AD. This varies with the envisioned practical application (e.g.,
vaccines versus immunodiagnostics). For vaccines, AD is
defined by what can be achieved in vivo based on endogenous
antibody production, with intracellular targets tending to be
inaccessible under physiologic conditions, though antibodies are
sometimes internalized by host cells in either free or pathogen-
bound form to mediate immunity within certain intracellular
compartments (48, 49). Such limitation may be overcome via
immunotherapeutics using exogenously supplied antibodies and
derivatives thereof (e.g., antibody fragments), notably with
artificially produced cell-penetrating antibodies that can cross
plasma membranes to bind intracellular targets (50, 51). For
immunodiagnostics, the potential extent of AD is even greater, as
constraints in vivo (e.g., on temperature and chemical
composition) can be transcended in vitro (e.g., within a
diagnostic test kit). For instance, membrane permeabilization
(e.g., using detergents and/or organic solvents (52)) can extend

paratope access into virtually all intracellular compartments; and
treatment with chaotropic agents (e.g., urea (53) or ammonium
thiocyanate (54)) can disrupt both intermolecular and
intramolecular interactions, thereby increasing AD via order-
to-disorder transitions, as in biomolecular disassembly and
unfolding. BCEP itself is expanding in scope to support other
applications, notably the design of novel antibodies and related
constructs. BCEs can thus be identified initially as targets for
binding by complementary peptides, which may be
computationally designed and subsequently grafted on an
antibody scaffold to produce novel antibodies that recognize
the BCEs (55). The complementary peptide sequences might
themselves be disordered, possibly remaining so on the antibody
scaffold and even after binding their targets; but such persistent
disorder could pose challenges for biotechnological antibody
production, particularly with disordered regions that are
recognized to initiate proteasome-mediated degradation (56).
Nevertheless, said degradation could be circumvented via cell-
free antibody production, which can also be used to produce cell-
penetrating antibodies (57). Additionally, preexisting (e.g.,
antihapten) antibodies could be used with a diverse repertoire
of peptide-based adaptors (e.g., hapten-labeled complementary
peptides) for chemically programmable immunity that entails
redirection of the antibodies to particular targets according to the
specific choice of adaptors (58). Such repurposing of preexisting
antibodies could enable more rapid responses to emerging
threats (e.g., novel pathogens) than would be possible via
development of novel antibodies or similar constructs.

Beyond predicting AD, BCEP also encompasses the more
computationally challenging task of predicting conformational
BCE:s (i.e., BCEs that are to at least some extent conformationally
constrained). Among folded proteins, conformational BCEs are
surface-exposed regions that each constitute a paratope
footprint and are thus typically discontinuous BCEs in the
sense of comprising paratope-contacting residues that are
noncontiguous along the protein sequence, sometimes even on
separate polypeptide chains where proteins form supramolecular
complexes such as viral capsids (3). Whereas prediction of AD
can be cast as sequence profiling that is reminiscent of the
earliest BCEP methods, BCEP for conformational BCEs
entails the nontrivial cascading problems of delineating
discontinuous candidate BCEs, predicting their hierarchy of
immunodominance and estimating AG,° for cross-reactive
binding of their corresponding paratopes to disordered
candidate BCEs (e.g., peptidic sequences forming parts of
discontinuous candidate BCEs) (59). This is further
complicated by possible protein unfolding in vivo and
consequent uncertainty regarding relevant candidate BCEs,
which confounds interpretation of data on binding of
antiprotein antibodies to peptide fragments of the cognate
protein antigens (60). In light of these considerations, the
apparently poor performance of BCEP methods benchmarked
against said data (15, 61) is unsurprising and likely reflects the
unmitigated complexity of factors underlying BCEP to identify
short peptide sequences that are recognized by antiprotein
antibodies. Yet, such challenges pose barriers to development
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of peptide-based constructs as immunodiagnostic reagents for
detecting antiprotein antibodies rather than as vaccine
components for eliciting production of antipeptide antibodies
(59), though this crucial distinction was unfortunately obscured
at the inception of BCEP (1). Confusion has thus resulted mainly
from failure to distinguish between capacity of peptides to be
bound by antiprotein antibodies (i.e., cross-reactive antigenicity)
and capacity of peptides to elicit production of antipeptide
antibodies that cross-react with proteins to confer protective
immunity (ie., cross-protective immunogenicity); and this has
been the main reason underlying failed attempts at peptide-
based vaccine development (17).

4 CONCLUSION

BCEP can be framed mainly as computational identification
of putative paratope-accessible disordered peptidic sequences
in an appropriate translational context (e.g., in vivo versus
in vitro), thereby transcending limitations of earlier approaches
to BCEP. This enables development of vaccines and
immunodiagnostics, most notably by selecting BCEs for
inclusion among peptide-based constructs that elicit
production of antipeptide antibodies. Such antibodies can
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Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
responsible for COVID-19 disease which is known to have a broad clinical spectrum,
from asymptomatic to critical presentation leading to death. Many researchers have
investigated the factors impacting the course of the disease. Our previous in silico study
suggested a possible protective effect of Hepatitis B, Tetanus and Measles vaccines
against COVID-19. In continuity, we conducted a cross-sectional clinical study in order
to confirm our in silico assumptions regarding the HBs-Ag antibodies.

Methods: A representative sex- and age-matched sample of patients with confirmed
COVID-19 was selected (n = 340). All clinical presentations were equally represented.
Using an ELISA test, each patient benefited of a serology for the detection and
measurement of the anti-HBs specific IgG antibodies. The obtained results allowed
determining the different correlations between these antibody titers and the disease
severity. The R® software and the MedCalc® software served to calculate the Spearman’s
coefficient of rank correlation (rho) for the obtained titers per severity group as well as the
different other calculations and figure representations.

Results: A significant positive correlation was found with the anti-HBs titers (rho
= 0.107; p = 0.04). High anti-HBs titers were significantly associated with the mild
presentation of COVID-19. A significant difference was found between the obtained titers
per severity class (chi-2 test, p = 0.03).

Discussion/Conclusion: Our findings demonstrated that anti-HBs titers were
significantly higher for patients having mild COVID-19 presentations. We presume that
being immunized against the HB may play a protective role in the course of the disease.
Our study provided more key elements in understanding the disparity of the clinical
spectrum among regions.

Keywords: COVID-19, correlation, antibody titer, Hepatitis B, SARS-CoV-2
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INTRODUCTION

The emergence and the spread of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), responsible for COVID-
19, have caused global public health, economic, and social crises
(1, 2). While most cases of COVID-19 are mild to moderate,
a significant fraction may develop severe to critical clinical
presentations leading to death (3). As of 29 March 2022, 6,127,981
COVID-19-related deaths, worldwide, have been reported to
the WHO (4). An uneven mortality distribution across the
WHO regions is noteworthy. This unequal distribution is even
deeper between countries throughout the regions as they are
reporting very different case fatality ratios (5). As an example,
within the region of the Americas, Venezuela reported only 19
deaths per 100,000 inhabitants, whereas the rates reported by
Peru exceeded 600 per 100,000 inhabitants (4). Thomas et al.
(6) have gone even further by examining 19 different cities in
the United States and concluded to non-uniform COVID-19
severity within the same city level. Presently, almost 2 years
after the virus emergence, we are still learning about the risk
factors of severe COVID-19 outcomes (7). Demographic risk
factors such as advanced age as well as underlying medical
conditions have evident impact on the COVID-19 severity (8).
In addition, many other assumptions have been made in order
to explain these substantial striking disparities such as human
leukocyte antigen (HLA) polymorphism, race and ethnicity,
environmental conditions, nutrition, and microbiome (9-12).
The most plausible hypotheses were those involving the immune
response mechanisms (13, 14), and it was suggested that some
vaccines could enhance the innate immune response (15, 16).
Indeed, even before the emergence of the COVID-19 pandemic,
it was described that the large-scale use of the BCG vaccine
(Bacillus Calmette-Guérin) has beneficial nonspecific effects
on the immune system by protecting against other infectious
diseases and reducing the non-tuberculosis child mortality (17).
Recently, Curtis et al. (18) suggested that it might be involved
in the protection against COVID-19 as it could reduce viraemia
and thus enhance rapid recovery and less severity. Anbarasu
et al. (19) also suggested that the extensive pediatric vaccination
with MMR vaccines (Measles, Mumps, and Rubella vaccines) has
induced interferon (IFN) secretion and activated natural killer
cells, offering, thereby, natural immunity against SARS-CoV-2 in
the young population.

In a previous paper, we investigated the putative protective
role against COVID-19 of 12 widely used vaccines, including
live attenuated (BCG, Oral Polio Vaccine, MMR vaccines)
and inactivated ones [tetanus, Corynebacterium diphtheriae,
Bordetella pertussis, Hepatitis B (HB), Hepatitis A, Haemophilus
influenzae type B (Hib), and Streptococcus pneumoniae vaccines
(PCV10)] (20). A total of 30 antigenic proteins were investigated.
Using a package of the in silico analysis tools, we performed
amino acid sequence alignments and hot spot analysis. Among
the investigated antigenic proteins, 14 proteins presented
similar amino acid patterns in eight different vaccines.
Structural and antigenicity tests (B-cell and T-cell epitope
predictions) identified three segments in Hepatitis B, Measles
and Tetanus proteins presented antigenic properties that

can induce putative protective effect against SARS-CoV2
(Figure 1).

Hepatitis B is a vaccine-preventable disease; however, it is
the world’s most common liver infection. The WHO estimates
that 296 million people were living with chronic HB infection in
2019, with 1.5 million new infections each year (21). National
and international efforts are being made in order to improve
the vaccine coverage through systematic childhood and health
workers vaccination. We were wondering whether this unequal
immunization between countries may justify the COVID-19
severity variability. Within this vision, and in continuity to the
previous in silico study (20), we investigate in this work the
putative protective role of the anti-HBs-Ag specific IgG of the
HBYV against SARS-CoV-2 using real samples from patients who
recovered from COVID-19. Our aim was to identify the statistical
correlation between the corresponding antibody titers and the
disease severity among a large sample size.

METHODS

Ethics Statement

This study was performed under ethical standards according to
the 1964 Declaration of Helsinki and its later amendments. The
samples were collected in the context of COVID-19 diagnostic
activities. They were used in this study after de-identification
with respect to patient anonymity and after the approval of
the Bio-Medical Ethics Committee of Pasteur Institute of Tunis,
Tunisia (2020/14/I/LR16IPT/V1).

Study Population

This cross-sectional study was conducted between May and
June, 2021, in the Laboratory of Clinical Virology (LCV) of
Pasteur Institute of Tunis. The included sera were randomly
selected from the LCV bio-bank; they were collected during
the pandemic from patients with different clinical presentations
and then carefully stored in a —40°C freezer in accordance
with the BAOBAB® LIMS storing application (22). A total of
340 patients with COVID-19 infection were enrolled, matched
for age and sex, and classified into “asymptomatic,” “mild,
“moderate,” and “severe” according to the United Stated National
Institutes of Health (NIH) definitions update of 19 October
2021 (3). Each group contained 85 patients. All selected patients
were not vaccinated against SARS-CoV-2 and the infection
with COVID-19 was confirmed either by real-time reverse
transcription PCR (RT-qPCR) assessed on nasopharyngeal swab
by a WHO-approved in-house protocol (the Hong Kong
University, China, RT-qPCR protocol) (23) or by SARS-CoV-2-
specific antibody seroconversion detected by the commercial test
Elecsys® Roche® total anti-nucleoprotein antibodies.

Clinical Data Collection

The socio-demographic data of patients and information on
clinical features, co-morbidities, and exposure or contact history
with COVID-19 patients were collected.
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FIGURE 1 | Summary of the original in silico hypothesis suggesting an antigenic potential of three amino-acid patterns present in HBs Ag of Hepatitis B,
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FIGURE 2 | Distribution of the age of patients according to different severities of COVID-19. The horizontal line inside each box represents the median value of the age
with interquartile ranges. The dots represent patients.

Detection and Measurement of the
Anti-HBs

Detection and measurement of the anti-HBs IgG-specific
antibodies were carried out by the commercial in vitro

diagnostics (IVD)-validated immunoassay: an anti-HBs enzyme
immunoassay kit, ETI-AB-AUK-3, manufactured by the
DiaSorin® S.p.A., Italy (REF: P001603). This assay is based
on a direct and non-competitive sandwich ELISA. It enables
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FIGURE 3 | Proportions of Hepatitis B sero-positive patients per COVID-19 severity classes.

Severe

Moderate

detection of anti-HBs IgG-specific antibodies using wells coated
with heat-treated human HBs-Ag. The measurement of the
anti-HBs specific antibodies depends on the use of standardized
calibrators that were referenced against WHO anti-Hepatitis
B Immunoglobulin 1st International Reference Preparation,
1977. This kit is recommended for measuring the anti-HBs titers
whether acquired as a result of natural HBV infection or after
vaccination. The sensitivity and specificity of this kit are 99.11%
CI 95% (98.18-99.64%) and 98.21% CI 95% (97.07-99.00%),
respectively, following the manufacturers instructions. The
testing procedures and result interpretation were conducted
according to the kit instructions: a titer lower than 10 mIU/mL
indicates that the patient is not immunized against the HBV;
a titer higher than 10 mIU/mL is correlated to an efficient
immunity against the virus; however, a titer more than 100
mIU/mL is recommended for the vulnerable populations such
as the health care workers. This classification also aligns with the
WHO recommendations (24).

Statistical Analysis

To explore the relationship between anti-HBs specific antibody
titers and the severity of COVID-19 cases, the sample size
was first calculated with 80% power of the test, an alpha
value set to 0.05, and a correlation value of 0.3 using

Epitools® (25). The sample size was calculated using the
Sample Size Calculators website (26). The Spearman’s rank
correlation coefficient was used to determine the correlation
between anti-HBs specific antibody levels and the SARS-
CoV-2 severity of cases. Continuous data were presented in
median and ranges and categorical data were presented in
numbers and percentages. All statistical analyses were performed
using the MedCalc® Software (version 18.2.1) and the R®
software (version 3.4). A p-value of <0.05 was considered
statistically significant.

RESULTS

Demographic Features of the Tested
Population

This study included 340 patients that were stratified

according to COVID-19 disease severity into four groups:
“asymptomatic,” “mild,” “moderate,” and “severe.” The required
sample size was 85 patients in each group. Among the
340 patients, 160 were female (47%) and 180 (53%) were
male. The sex ratio male/female (M/F) was estimated at
1.1. The mean age for all groups was 54 years (1-94 range;

Figure 2).
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Serological Results

All sera were tested for the presence of anti-HBs antibodies.
In total, 54.4% (n = 185) of patients did not have detectable
anti-HBs antibodies. For the remaining proportion of patients
who had positive anti-HBs antibodies (n = 155, 45.6%), it was
distributed according to the COVID-19 disease severity group
as shown in Figure 3. Regarding the antibody measurement, the
titers ranged from 14 to 2,390 mIU/mL, with a median of 100
mIU/mL. For the “asymptomatic” class, titers ranged from 15
to 2,380 mIU/mL; for the “mild” class, titers ranged from 15 to
2,390 mIU/mL; for the “moderate” class, titers ranged from 15 to
2,220 mIU/mL; and for the “severe” class, titers ranged from 14
to 2,265 mIU/mL. A significant difference was found between the
obtained titers per severity class (chi-2 test, p = 0.03). In addition,
a significant reverse correlation was found between the patients’
ages and the obtained anti-HBs antibody titers (rho = —0.176;
p < 0.05); this association demonstrated that higher anti-HBs
titers were detected in children and the adult patients than that
in older age.

Correlation Analysis

Taking into consideration the different obtained titers, the
correlation with the COVID-19 severity classes was performed. A
significant positive correlation was found between the anti-HBs
titers and the COVID-19 severity classes (rho = 0.107; p = 0.04;

Figure 4). High anti-HBs titers were significantly associated with
mild presentation of COVID-19. In contrast, patients with severe
clinical presentations had lower antibody titers.

DISCUSSION

In this article, we investigated the potential role of a
routinely used vaccine against HBV in preventing severe clinical
presentations of the COVID-19 disease. Our aim was to confirm
our previous in silico findings. Indeed, we identified similar
amino acid pattern in HBs-Ag protein of HBV and SARS-CoV-
2 with antigenic properties (20) (Figure 1). We have attempted
to identify whether there is a correlation between HBV antibody
titers and the severity of SARS-CoV-2 infection, using sera of
patients who recovered from COVID-19.

Several studies have previously suggested a potential cross
protection of post-vaccine antibodies toward severe to critical
outcomes of the SARS-CoV-2 infection (17-19, 27, 28) and, as
the experimental identification of the incriminated epitopes is
challenging, many studies had recourse to in silico approach.
Indeed, bioinformatic and computational biology provides a
valuable contribution in the current COVID-19 emergency
context, thanks to its rapidity and low cost in comparison to
wet-laboratory and clinical investigations (29). However, in vitro
investigations remain a more solid way to support conclusions.
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Thus, a total of 340 patients with confirmed SARS-CoV-2
infection were enrolled in this study, matched for age and sex,
and classified into different clinical presentations (n = 85/group)
according to the National Institute of Health definitions (3). To
our knowledge, our study investigated the largest population
for the determination of vaccine correlation as compared to
previous ones and reported, for the first time, that the presence
of high anti-HBs titers in patients’ sera may be associated with
a significant protective role against the COVID-19 disease. Gold
et al. investigated only a total of 80 patients with COVID-19 for
the relationship with MMR vaccine (30). Al Balakosy et al. also
determined the anti-Measles IgG antibodies on a total of only 78
patients with COVID-19 (31).

The active substance in the HB vaccine is the viral surface
protein HBs-Ag, obtained by the yeast-derived recombinant
vaccine biotechnology, in most commercially available vaccines
(32). The immunogenic fraction is the amino acid hydrophilic
region, referred as the common a determinant present in the
HBs-Ag (subtype HBs-Ag-adw2 or HBs-Ag-adr) (32, 33). These
two antigenic epitopes were investigated in our previous in silico
study and we showed that the amino-acid sequence PGTNTSN
in the Spike protein of SARS-CoV-2 (position 600-606) matches
with the predicted epitope TNTSN in the HBs-Ag-adr (20). The
pattern PGTNTSN corresponded to an exposed site in the S
protein with a high accessible surface area value and presented
probing spheres mimicking the CDR antibodies, that was in line
with a potential implication in the B-cell mediated response.
Furthermore, it was also described by Tajiri et al. (34) that two
regions of HBsAg (residues 104-123 and 108-123), containing
the epitope matching the PGTNTSN segment of SARS-CoV-2,
were able to bind with two human monoclonal antibodies. This
highlighted the immunogenic ability of these segments. Indeed,
high-antibody titers were found among the studied population
within the mildly infected group, with a significant positive
correlation (rho = 0.107; p = 0.04) which is in concordance with
our previous in silico findings (20). Therefore, we conclude that
epitopes in regions of HBsAg (residues 104-123 and 108-123)
matching the PGTNTSN segment of RBD may induce a cross
protection against SARS-CoV-2. In vivo, this might lead either to
a direct inhibition of the early cell-entry phases or to an indirect
non-specific steric clutter. Nevertheless, only experiments such as
sero-neutralization assay may support such findings.

Relying on clinical observations, Chen et al. (35) and Wu et al.
(36) reported that SARS-CoV-2 infection in patients infected
with HBV could facilitate the development of liver injury which
is associated with adverse outcomes. Accordingly, it can also
be suggested that HBV vaccination may also indirectly protect
patients from these adverse outcomes (37). Furthermore, the
possible protective role of HBV vaccine against other diseases,
such as lymphoma, was reported by two previous studies (38,
39). Presently, the safe and efficient HB vaccination is highly
recommended for all children worldwide. However, the WHO
reports widely variable coverage rates from country to country,
depending on the respective national strategies (24). From
another point of view, it is well known, today, that after an
initial vaccination, anti-HBs antibody titers may decline over
years (40), making elderly less immunized than the other age

groups. So, taking into consideration that the severe COVID-19
presentations are more frequent among elderly (8), we attempt
to speculate that the loss of anti-HBs antibodies may be in
line with our hypothesis. In our study, we performed a serum
measurement of the anti-HBs antibodies regardless of the
vaccination history because only the presence of anti-HBs at a
protective level may indicate an effective protection whatever
it was obtained through vaccination or natural infection.
Furthermore, the non-response rates to the HBV vaccine range
from 5 to 10% in total population and can reach 40% among
patients with diabetes and kidney failure (40). For this study,
the patients came from Tunisia which is a low-endemic country
as result to the introduction of vaccination since 1995. Indeed,
on the basis of the most recent national household-based cross
sectional and serological survey in 2015, the national point
prevalence of HBs-Ag was 1.7% [95% CI (1.6-1.9%)] and the
vaccine effectiveness was 88.6% [95% CI (81.5-93.0%)] (41).

Epitopic similarity between different virus' antigens is a
well-described phenomenon that has various implications on
pathogenicity comprehension, diagnosis methods, and even
treatment opportunities. It has been demonstrated during
the emergence of Zika virus, for example, that there is a
strong structural similarity with the matrix and the envelope
antigens of dengue and West Nile viruses, i.e., within the
same family of Flaviviridae (41). It has been reported, recently,
that these antigenic cross-reactivities have impeded the IgM-
specific antibody serology assays (42). Furthermore, beyond the
viruses, it was demonstrated that there is a molecular mimicry
between self-human and viral antigens, which might trigger
autoimmune diseases in genetically predisposed individuals (43).
For instances, viruses such as Coxsackievirus, Mumps virus,
Rubella virus, and Hepatitis C virus were incriminated in
inducing the type 2 diabetes, again by exhibiting molecular
mimicry with the host proteins (44). For the SARS-CoV-2,
the previously reported epitopic similarity (20) and the current
findings may suggest a possible cross protection. Nevertheless,
it should be supported by larger statistic investigation and
further lab experiments such as sero-neutralization assays. Our
findings may be unique and encourage other studies targeting
previously used antiviral to be tested against SARS-CoV-2
infection, especially those used against HBV chronic infection.
Indeed, Garcia-Trejo et al. published an argument repurposing
the Lamivudine (nucleotide/nucleoside analogs); they provided
in silico docking evidence suggesting that Lamivudine may
bind and possibly work as an inhibitor of the SARS-CoV-2
RdRp RNA polymerase (45). The telbivudine also was suggested
as a fighting drug for COVID-19 (46). These data underline
the possible similarity with gene sequences between HBV and
SARS-CoV-2.

CONCLUSION

In the COVID-19 crisis context, clinical research is escalating
and providing mounting evidence that immunity background
plays a crucial role in deciding the course of the disease.
Our findings have placed emphasis on HBV, linking anti-HBs

Frontiers in Medicine | www.frontiersin.org

77

July 2022 | Volume 9 | Article 909660


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Gdoura et al.

Anti-HBsAb Presumed Protection Against COVID-19

high sero-positivity to the COVID-19 minor severity, as its
antigenic properties were consistent with its putative neutralizing
capacity. Although findings were significant, larger population
investigation may further support the obtained correlation. Also,
it will be interesting to investigate the sero-neutralization effects
of anti-HBs antibodies using different SARS-CoV-2 variants
of interest.

The observed associations between anti-HBs antibody
titers and the COVID-19 disease course may explain the
geographical disparity worldwide of the COVID-19 severity,
along with all the suggested risk factors. We believe that it
is still important to dig into the protective and risk factors
that have led to the large number of deaths inherent
to COVID-19 especially in the context of SARS-CoV-2
variant emergence.
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Achromobacter xylosoxidans, previously identified as Alcaligenes xylosoxidans, is a
rod-shaped, flagellated, non-fermenting Gram-negative bacterium that has the ability
to cause diverse infections in humans. As a part of its intrinsic resistance to
different antibiotics, Achromobacter spp. is also increasingly becoming resistant to
Carbapenems. Lack of knowledge regarding the pathogen'’s clinical features has led to
limited efforts to develop countermeasures against infection. The current study utilized
an immunoinformatic method to map antigenic epitopes (Helper T cells, B-cell and
Cytotoxic-T cells) to design a vaccine construct. We found that 20 different epitopes
contribute significantly to immune response instigation that was further supported by
physicochemical analysis and experimental viability. The safety profile of our vaccine
was tested for antigenicity, allergenicity, and toxicity against all the identified epitopes
before they were used as vaccine candidates. The disulfide engineering was carried
out in an area of high mobility to increase the stability of vaccine proteins. In order to
determine if the constructed vaccine is compatible with toll-like receptor, the binding
affinity of vaccine was investigated via molecular docking approach. With the in silico
expression in host cells and subsequent immune simulations, we were able to detect
the induction of both arms of the immune response, i.e., humoral response and cytokine
induced response. To demonstrate its safety and efficacy, further experimental research
is necessary.

Keywords: Achromobacter xylosoxidans, gram-negative bacteria, Inmunoinformatic approaches, multi-epitope
vaccine, docking

INTRODUCTION

Achromobacter xylosoxidans is a non-fermenter, Gram-negative bacterium that belongs to the
Alcaligenaceae family. Since the past few years, it has gained notoriety as a pathogen responsible
for nosocomially acquired infections among immunocompromised as well as immunocompetent
people (1, 2). Researchers Ybuuchi and Ohyama first isolated it in 1971 after observing chronic
otitis media patients’ ear discharge (3). The opportunistic pathogen is associated with a plethora
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of lethal infections such as septicemia (4), pneumonia (2), urinary
tract infection (5), meningitis, peritonitis and other infections (6—
8). Recently, it has been discovered that the bacterium plays a
prominent role in causing cystic fibrosis worldwide (9).

A. xylosoxidans is an opportunistic motile bacterium with
peritrichous flagella and often confused with Pseudomonas (10).
The pathogen is extensively found in water, soil and hospital
environments (11) and has proven to be extensively resistant
to antibiotics as they harbor excellently characterized resistance
mechanisms and at least 50 intrinsic resistance genes (12). In
addition to intrinsic resistance, acquired resistance is widely
being reported across several regions of the world such as
the United States (13), Europe (14), China (15) along with
many other regions. In spite of that, the optimal treatment for
Achromobacter spp. is still unknown. In the face of increasingly
prevalent pathogenic bacterium, limited attention is being put
toward its treatment, posing an insurmountable clinical challenge
and a state of worldwide emergency.

In the current post-genomic era, emphasis has majorly been
shifted from antibiotic-based approaches to non-antibiotic-based
approaches for the treatment of pathogen induced infections.
Particularly, multi epitope vaccine constructs (MEVC) have been
shown to be a credible alternative to the obsolete antibiotic-
based treatment regimens (16). A multitude of attempts have
been made to design potent, safe, and immunostimulant
vaccines that are superior to traditional vaccines using Al and
immunoinformatic tools (17). In spite of the plethora of available
information and the computational resources, no attempt has
been made yet to develop a vaccine against this looming threat.
Therefore, we made an effort to build a rational multi-epitope
next generation therapeutic vaccine against the MDR pathogen
by using several in silico approaches.

To accomplish this purpose, we used the reverse vaccinology
(RV) technique to perform genome mining to filter the proteins
that are most immunogenic, as well as non-allergenic and safe
to use. A successful working example of the RV approach is
the vaccine design against Meningococcus B pathogen where
genomic based approaches were used to predict ninety novel
antigens (18). This invention led to initiation of plethora of
studies on development of vaccines against several dominant
and emerging pathogens such as Klebsiella pneumoniae (19),
Acinetobacter baumannii (20), Helicobacter pylori (21), Yersinia
pestis (22) and many others.

MATERIALS AND METHODS

Retrieval of Complete Proteome

As a first step, GenBank Database was employed to retrieve the
complete proteome of A. xylosoxidans comprising 5,729 proteins
(strain GAD3: Accession no. GCF_003031105.1). Figure 1
presents the study’s step-by-step process.

Determination of CTL Epitopes

Using NetCTL 1.2, we identified CTL epitopes in the polyprotein
sequence (23). Three elements are combined in this prediction:
first, the binding peptide for MHC-I is predicted, then

the C-terminal proteasome cleavage is predicted, and it is
finally predicted that the Transporter Associated with Antigen
Processing (TAP) program is performed. Artificial neural
networks were used to estimate the first two parameters, whereas
weight matrices were used to determine the TAP transporter’s
efficiency. In the prediction of CTL epitopes, a cut-off value
of 0.75 was permitted. We used the PSORTD to determine the
localization of the proteins from which all the epitopes were
derived (24).

Determination of HTL Epitopes

With the help of IEDB, 15-mer amino acid length HTL epitopes
with excellent affinity were predicted for a reference panel of
seven alleles. Our predicted peptides were sorted based on their
ICsq scores; good binders had an ICsy of < 50 nM, intermediate
binders had < 500 nM, and low affinity binders had < 5,000 nM.
A lower percentile rank represents a higher binding affinity, as
revealed by the inverse correlation between percentile ranking

and binding affinity (25).

Study of Population Coverage

Analyses of the world population coverage was conducted with
the IEDB server (25). We used the selected epitopes and
compared them to the respective allele sets in a wide range of
global populations. In the coverage analyses, it was primarily
measured whether the selected epitopes were able to cover
large populations. Analysis was done on the United States (13),
European countries (14), and China (15), which are being hit
hardest by the outbreak of Achromobacter.

Determination of Continuous B-Cell
Epitope Regions

B-cells produce antibodies that serve as a long-term source
of immunity. Therefore, to stimulate the protective immune
response of the host, the continuous B-cell epitopes were
anticipated in the bacterial proteome using an online webserver,
BCPred (26). To predict epitopes, BCPred employs a support
vector machine (SVM) algorithm and a successive kernel
approach. A threshold of 0.8 was established initially as a cut-oft
point to eliminate the top predicted B-cell epitopes.

Contriving the Immunogenic Construct

Having prioritized carefully determined epitopes from previous
steps, we were able to design a multi epitope vaccine construct.
Linkers AAY, GPGPG and KK were, respectively, used between
CTL, HTL, and B cell epitopes to accomplish this (27).
Linking sequences are essential for extending the conformation
of proteins (flexibility), allowing foldability, and separating
functional domains, which ultimately makes the overall structure
of protein more stable and therefore facilitates the protein
expression (28). The complex was adjuvanated by connecting
an immune potentiating protein (50S ribosomal protein L7/L12,
Accession: POWHE3) at the amine terminus so as to trigger an
adequate amount of immune response against the pathogen (29).
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Determination of Allergenicity and
Antigenic Potential of the Proposed

Construct

The vaccine sequence’s allergenicity was assessed using AlgPred,
an established allergy prediction server (30). According to the
server, allergenic sequences are predicted to an accuracy of
85%. Identifying allergens can be done based on their scores
(> 0.4). The vaccine construct must have antigenicity to trigger
the proper immunogenic response. To further confirm the
non-allergenicity of the proposed vaccine, AllerTop v2 was
employed (31). We employed the VaxiJen server to determine
the construct’s antigenicity, retaining the default threshold value
of 0.45 (32). By converting protein sequences into a vector of
key amino acid properties using automatic cross correlation,
VaxiJen predicts antigens without alignment. Multiple biological
functions depend on protein solubility and stability. Therefore,
vaccine’s solubility was determined using two web servers
SOLpro (33) and Protein-Sol (34). In SOLpro, solubility is
predicted using the probability scores. Thus, soluble proteins
receive scores of > 0.5 and insoluble proteins receive scores
of < 0.5. In contrast, Protein-Sol predicts the vaccine construct’s
solubility based on solubility data.

Physicochemical Profiling of the

Proposed Construct

On the ProtParam website, the vaccine’s physicochemical
properties were revealed which involve theoretical pI, molecular
weight, construct’s half-life, instability index, and GRAVY (35).
2-D assembly of the designed construct was calculated using
PSIPRED (36).

3D Modeling, Refinement and

Quality-Check
For 3D model prediction, I-TASSER was harnessed which is a web
tool for computer-assisted function and structure determination

of proteins using sequence-to-structure-to-function analysis,
with the PDB used to identify similar structure patterns (37).
The initial 3D atomic models produced by I-TASSER originate
from numerous threading alignments and reiterative simulations
of structure beginning with a protein sequence. Models with
TM-values greater than 0.5 generally express precise topology,
while those with TM-values lesser than 0.17 show random
similarity. A protein’s length has no bearing on the cutoff
value (38). The community-wide CASP analysis of vaccine’s 3D
structure evaluation using I-TASSER projection, refinement, and
validation has consistently listed it as the best server for protein
3D structure determination (39).

The projected 3D structure was subjected to further
refinement to improve local and global structure quality using
ModRefiner (40) and Galaxy Refine (41) web servers. CASP10
refinement was (42) used to reconstruct and repack the side chain
of the protein, which was then relaxed through MD simulation.
Thereafter, a model validation step was performed to pinpoint
probable limitations in the refined structure (39). Initially,
ProSA-web server was employed to gauge the overall quality in
terms of Z-value (43). The Z-scores are erroneous if they do not
fall within the range of properties for pre-determined protein
structures. In order to investigate non-bonding atoms-atom
interactions, the ERRAT web server was used (44). By displaying
the percentages of residues around favorable and unfavorable
regions on the Ramachandran plot, the overall quality of the
modeled structure was described using RAMPAGE’s web server
(45). The loops were optimized using ModLoop, a server that
analyzes the proteins’ angles so that the loops have proper ¢ and
 angles (46).

Stabilization of Vaccine Through Loop

Remodeling and Disulfide Engineering

Providing more stability to the refined protein model was
required before proceeding with the next step. Loop re-modeling
in the 3D structure of vaccine was carried out by using
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Galaxy Loop server (47). Furthermore, disulfide bonds were
introduced into the protein model via an online server-Disulfide
by Design 2.0 (48). Disulfide bond is a covalent interaction
that mimics stable molecular interactions and demonstrates
the precise geometric conformation of proteins and therefore
contributes to their stability. Using disulfide engineering, one

can introduce disulfide bonds into a protein structure. Therefore,
the initial model of the refined protein was uploaded and used
for the residue pair search necessary to engineer disulfides.
Total 4 residue pairs were selected to mutate them with
cysteine residue using create mutate function of the Disulfide by
Design 2.0 server.

TABLE 1 | Predicted 9-mer peptides as the potential cytotoxic-T cell epitopes.

Sr. no Residue Peptide MHC Rescale C-Terminal TAP score combined MHC-I  Antigenicity ToxinPred  AllerTop
ID. Sequence (9 Binding Binding Cleavage Score Binding Score

mer) Affinity  Affinity Affinity

1 79 PTDKTVDAL 0.1763 0.7484 0.8108 0.1380 0.8770 v Non-antigen - -

2 13 STAGTGHFY  0.7048  2.9925 0.8299 2.8060 3.2573 v 0.99 Non-toxin Allergen

3 41 PVARKHVDY  0.1391  0.5907 0.9643 2.4610 0.8584 v Non-antigen - -

4 29 LSEQGFNVF 0.2172 0.9221 0.8489 2.3830 1.1686 v Non-antigen - -

5 99 GLEMGADDY 0.2783  1.1815 0.7952 0.7952 2.6680 v 1.06 Non-toxin Allergen

6 228 IQTVWGLGY  0.1721  0.7309 0.9704 2.8802 1.0206 v 0.46 Non-toxin Allergen

7 05 MCLICGWVY 0.1306 0.5543 0.5592 2.9540 0.7859 v 1.04 Non-toxin Non-allergen
(0)

8 64  TTVQQAIDY 0.4884  2.0736 0.8348 2.9690 2.3473 v Non-antigen - -

9 87 VKDLPGVRY 0.1157 0.4912 0.9662 2.9920 0.7857 v 1.18 Non-toxin Non-allergen
(0)

10 133 PTTTVHGVF 0.1261  0.5355 0.9066 2.1510 0.7790 v 0.59 Non-toxin ~ Non-allergen
(0)

11 141 FLDVLGLGV 0.2209  0.9381 0.8986 0.1100 1.0784 v 0.88 Non-toxin  Non-allergen
(0)

12 09  FSSDMAIDL 0.1743  0.77402 0.5425 0.8440 0.8638 v 0.68 Non-toxin Allergen

13 156 VSDASGSMV  0.4340  1.8425 0.1304 0.3950 1.8818 v 0.86 Non-toxin Allergen

14 171  TTEVAVISL (P) 0.1609  0.6830 0.6335 0.7380 038149 v 0.88 Non-toxin Non-allergen

15 176 VISLGGMVY 0.1991  0.8455 0.9705 3.2650 1.1543 v Non-antigen - -

16 261  LTDPLNQIV 0.5305  2.25283 0.7255 0.1750 2.3699 v Non-antigen - -

17 44 ILLSSMTGY 0.1260 0.5350 0.9524 3.1170 0.8337 v Non-antigen - -

18 58 QMTGWVHEY 0.3152  1.3382 0.9744 3.0700 1.6379 v Non-antigen - -

19 131 LTDAGKLEM  0.3861 1.6394 0.8950 0.2520 1.7862 v Non-antigen - -

20 192 RTDLDKLVL 0.2002 0.8500 0.9140 0.9520 1.0847 v Non-antigen - -

21 268 CLKAENIYY  0.2354  0.9993 0.8162 3.0420 1.2738 v 1.23 Non-toxin  Non-allergen
P)

22 20  VSDGIAHVH 0.2379 1.0101 0.3047 0.4680 1.0824 v Non-antigen - -

23 38 ITDRQGNAL 0.2231  0.9472 0.9165 0.7900 1.1242 v 0.83 Non-toxin  Non-allergen
(0)

24 73 TAGRVALEY  0.2929 1.2435 0.9378 2.6260 1.5155 v 0.81 Non-toxin Non-allergen
(P)

25 03 MSDPIADML 0.3963 1.6826 0.6579 0.9200 1.8273 v Non-antigen - -

26 121  GVGGEVLCY 0.1417 0.6015 0.9548 2.8620 0.8878 v 1.34 Non-toxin  Non-allergen
P)

27 01 MSETQNTQV  0.3647 1.56484 0.9547 0.2560 1.7044 v 1.42 Non-toxin Allergen

28 47  HVDTGDYIV 0.2039  0.8658 0.6309 0.0410 0.9624 v Non-antigen - -

29 108 MLPKGPLGY 0.1866  0.7923 0.9546 2.9460 1.0828 v Non-antigen - -

30 181  GTDGHAHIV 0.3340 1.4182 0.9094 0.2290 1.6432 v 1.74 Non-toxin Allergen

31 252 DAEEIKLRY 0.3619 1.5366 0.9363 2.3720 1.7957 v 2.44 Non-toxin  Non-allergen
P)

32 100 GSCANGGGY 0.3658  1.5533 0.3409 2.8310 1.7459 v 2.48 Non-toxin Non-allergen
(P)

33 13 FTQQNPLFK  0.1771  0.7517 0.22313 0.4170 0.8058 v 0.41 - -

34 306 NAESVSSLF 0.1621  0.6883 0.5846 2.5340 0.9026 v Non-antigen - -

35 412 MTGSQPMLF  0.2936  1.2466 0.3933 2.2300 1.4171 v 0.78 Non-toxin Allergen

Bracketed letters describe the location of the protein from which the epitope was obtained. The letter P indicates periplasmic origin, and O indicates outer membrane origin.
The selection criteria included (i) TAP values, (i) C-terminal cleavage, and (i) antigenicity values. Bold lettering refers to CTLs that have been finalized for further review.
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TABLE 2 | Predicted 15-mer peptides as the potential helper T lymphocyte epitopes.

Sr. no Position (Start-end) Sequence (15-mer) HLA allele Percentile Antigenic values ToxinPred Allertop
rank

1 24-38 AQFGLRMQKATQQLA HLA-DRB4*01:01 0.16 0.97 Non-toxin Non-allergen
(P)

2 145-159 AFGPYVLNLSTRTLT HLA-DRB3*02:02 0.01 0.43 Non-toxin Non-allergen
(P)

3 11-25 KILVVDDDPRLRDLL HLA-DRB1*03:01 0.03 Non-antigen - -

4 175-189 ADDAVEFSRTAPNMI HLA-DRB1*07:01 0.03 Non-antigen - -

5 117-131 AQLIDLLRIYLGKKL HLA-DRB1*15:01 0.08 Non-antigen - -

6 199-213 IVNYIRRNYGMLIGE HLA-DRB3*02:02 0.22 Non-antigen - -

7 35-49 SSRVLVDTPEVRGMI HLA-DRB1*03:01 0.16 Non-antigen - -

8 4-18 REGYRPNVGIILVNS HLA-DRB3*02:02 0.05 0.45 Non-toxin Allergen

9 393-407 GNFKSLLARMKEWFM HLA-DRB5*01:01 0.10 Non-antigen - -

10 54-68 KRHYKRIRSQQLPP HLA-DRB4*01:01 0.07 0.92 Non-toxin Non-allergen
(0)

iR 71-85 EQLIARNAPLPIVFI HLA-DRB3*02:02 0.1 0.72 Non-toxin Allergen

12 54-68 RGLLRMVSRRRKLLD HLA-DRB5*01:01 0.02 Non-antigen - -

12 98-112 RARIVAQAAQDAAQE HLA-DRB4*01:01 0.38 Non-antigen - -

14 76-90 AVYGIRGILARGKFD HLA-DRB5*01:01 0.06 Non-antigen - -

15 251-265 LQYQKHLRLQEARRL HLA-DRB5*01:01 0.41 0.57 Non-toxin Allergen

16 114-128 KKSLARLQLDHIDLY HLA-DRB4*01:01 0.39 0.61 Non-toxin Non-allergen

(P)

Bracketed letters describe the location of the protein from which the epitope was obtained. The letter P indicates periplasmic origin, and O indicates outer membrane origin.
The selection criteria included (i) low percentile rank, (i) antigenicity, (iii) allergenicity, (iv) toxicity. Bold lettering refers to HTLs that have been finalized for further review.

Non-linear B-Cell Epitope Determination

Nearly 90% of the B-cell epitopes, owing to their spatial
arrangements, are discontinuous and found close together (49).
Due to conformational B-cell epitopes playing a significant

TABLE 3 | Predicted 20-mer peptides with values greater than the threshold value
(0.9) as the potential B cell epitopes.

Sr. Sequence (20-mer) Start  Threshold ToxinPred AllerTop

no position

1 NLQEHSWVLVR 114 0.93  Non-toxin Allergen
GGRVKDLPG

2 ADITDKGIALT 285 0.95 Non-toxin Non-allergen
GGGALLRDL (0)

3 VIADFTVTEQM 81 0.91 Non-toxin Allergen
LKQFIRMVH

4 ERGRASWAPYPD 121 0.91 Non-toxin Allergen
[TPLPPEH

5 PLPPEHRTLEQ 135 0.96 Non-toxin Non-allergen
AWSIFRFGP (P)

6 YGDLLRHFGRS 195 0.92  Non-toxin Allergen
IVIAHSEGA

7 NADVQLDL 205 0.98 Non-toxin Non-allergen
LLDYASNVQKYP (O)

8 TGGSLPGTGSG 36 0.94 Non-toxin Non-allergen
GGGGPGGAG (0)

9 IDNGFDADPAT 156 0.97  Non-toxin Non-allergen
DHHKLSVAG (P)

10 PADPVTPPDPAK 87 0.92  Non-toxin Allergen
PADPATPA

Bold lettering refers to HTLs that have been finalized for further review.

part in eliciting an antibody-mediated immune response, it
is imperative to determine their presence in the developed
vaccine construct (42). This was accomplished by using the
ElliPro server (50), which determines epitopes on the basis of
PI values, where PI equal to 0.9 includes 90% of residues in an
ellipsoid, and excludes 10% from it. The epitopes with the top PI
values were selected.

Folding Stability Analysis via MD

Simulation Technique

For proper regulation of cellular protein networks, which
perform various biological functions, such as cell-cell
communication and activation of immune response and so
on, appropriate folding of proteins is necessary (27). This study
utilized all-atom molecular dynamics simulations approach to
determine how the vaccine constructs fold and function. Using
a freeware-GROMACS (version 5.0), we set up a simulation
system that included water and ions, as well as the designed
vaccine construct (51). Initially, pdb2gmx module of GROMACS
was harnessed to generate a force-filed compliant topology of
the designed construct. The system was then applied the force
field with OPLS-AA, after which the editconf module was used
to create a rhombic dodecahedron box that later on was solvated
with water molecules. The solvated system after going through
electro-neutralization stage, was checked for steric clashes and
inappropriate geometry via the energy minimization (EM)
technique. Following relaxation of the structure with EM, ions
and solvents were equilibrated under NVT and NPT ensembles
for 100 and 1,000 ps, respectively. The equilibrated system was
then subjected to dynamic simulations for 50 ns. By examining
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the MD trajectories, we were able to compute data such as RMSD,
RMSF and RG (52).

Molecular Docking With Immune

Receptors

It is imperative that the vaccine interact with the target
immune cell receptors in order to cause a stable immunogenic
response. Therefore, we conducted a molecular docking analysis
to decipher the interaction among the designed construct as well
as the human toll like receptor. Specifically, TLR4 was studied as
it is actively involved in invoking the immune response against
the Gram negative bacteria (53). To fetch the pdb format of
TLR4 from the Protein Data Bank, ID: 4G8A was used. The
docking process was driven using the ZDOCK server (54). Using
rigid-body docking programs, the ZDOCK web server generates
quick and accurate complexes. We used the option of selecting
contacting/blocking residues and selected the active residues (148,
D50, F54, Y72, S73, F75, S76, S100) from the B chain of the TLR
4 (55). Furthermore, the complexes generated by ZDOCK were
sent for refinement and post processing via the FireDock server
(56). The FireDock server allows high throughput refinement
of docked complexes via side chain optimization. As a final
step, using PDBsum, interactions between the vaccine and the
host TLRs were mapped (57). In order to measure the epitope
binding efficiency, the crystallographic ligand KDO was used as a
positive control.

In silico Cloning Experiment

Optimizing codons in the host cell ensures maximum expression.
We therefore optimized the sequence using JCat tool in
accordance with our preferred expression organism, Escherichia
coli K12 (58). In addition to GC content, the result provides a
codon adaptation index (CAI) score. The score reflects the level
of favorability of protein expression. SnapGene software was used
for in silico cloning using pET28a (+) vector backbone.

Immune Simulations
Foreign particles and the immune system can be studied by
simulating their interactions. For this purpose, C-ImmSim was

harnessed (59). The reactivity of the host immune system to
foreign particles is studied by an agent-based modeling approach.
Researchers are exploring immune responses in realistic virtual
environments due to the recent interest in computational
learning and development. With the PSSM model, the server
measures the immune system’s reaction to an antigen. Estimates
are provided for antibodies, interferon, cytokines, and other
immune substances produced by vaccination. During the entire
simulation, 1400-time steps were run, which is approximately
15 months (each time step lasts 8 h).

RESULTS

Data Retrieval

From the NCBI database, we downloaded the completely
sequenced proteome of A. xylosoxidans and examined T cell
epitopes and B cell epitopes so as to stimulate the respective arms
of the immune system in order to design a potent multi-epitope
vaccine against the pathogen.

Proteome Mining for CTLs

Modern vaccines consist of a combination of epitopes, out of
which CTLs are important in vaccine's efficient stimulation of the
immune response. A thorough analysis of complete proteome of
A. xylosoxidans revealed a total of 35 potential CTL epitopes as 9-
mer peptides (Table 1). These peptides were filtered on the bases
of good binding affinity. Ultimately, only eleven epitopes showed
the greatest antigenic potential and combined score and were
found to be localized in the outer membrane and periplasmic
regions which made them perfect candidates to be incorporated
into the final vaccine construct.

Proteome Mining for HTLs

For predicting HTL lymphocytes with high binding efficiencies,
a seven-allele HLA reference set was chosen. When selecting
epitopes for the final construct of the multi-epitope vaccine, only
those with the lowest percentile ranks were selected. The final
selected HTL epitopes as well as the location of the proteins used
to extract these epitopes are listed in Table 2.
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FIGURE 2 | Blueprint of the proposed vaccine ensemble with different colors representing different components.
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FIGURE 3 | Secondary structural elements of the designed construct. (A) Annotation grid. (B) llustration of the structure with each region denoted by its own
symbol.
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Study of Population Coverage

The epitopes and alleles associated with selected MHC class I
and MHC class II epitopes were analyzed in various regions
of the world (Supplementary Table 1). We found that the
selected MHC class I and class II epitopes are shared by 57.55%
and 98.9% of the world’s population, respectively. Among the
countries with the highest coverage of class I MHC epitopes,
Italy (88.28%) and China (81.39%) ranked first and second,
respectively (Supplementary Table 2). As for the MHC II, the
United States had the highest coverage of MHC class II epitopes
(99.1%) (Supplementary Table 3).

Proteome Mining for Linear BCEs

In the humoral immune response, B lymphocytes play a
major role. To further incorporate B-cell epitopes into the
final construct, we chose those with the highest scores. As a
whole, scores greater than 0.9 suggested better potential for
incorporation into vaccine formulations. A shortlist of ten
optimal epitopes and location of their proteins can be found in
Table 3.

Linking of Epitopes to Contrive
Multi-Epitope Vaccine

Various linkers were used to merge the 11 CTL epitopes, 4 HTL
epitopes, and 5 B-cell epitopes. CTL epitopes were linked using
AAY linkers (AAY aids the epitope in achieving good binding to
TAP transporters as well as facilitates epitope presentation); HTL
epitopes were linked using GPGPG linkers (GPGPG catalyzes the
HTL responses and preserves the conformational immunogenic

potential of helper and antibody epitopes). A further connection
of epitopes to B-cell epitopes was made using the KK linkers. An
adjuvant was placed at the N-terminus via EAAK linker, and a
6-his tag was placed at the C-terminus (Figure 2). In total, 451
amino acids were incorporated into the final construct.

Inspection of Physicochemical

Properties

Molecular weight of the vaccine was found to be 47.1 kDa. The
theoretical PI of the vaccine was 8.33 which demonstrated the
basic nature of vaccine. A half-life of approximately 10 h and 20 h
was observed in E. coli and yeast, respectively. The vaccine was
classified as stable by its reported instability score of 33.36 (< 40
represents stability). Moreover, the value 86.05 corresponds to
thermo stability, which describes the vaccine’s ability to withstand
a wide range of temperatures. GRAVY assessed the vaccine as a
hydrophilic molecule with a GRAVY value of —0.114.

Allergenicity and Antigenicity and
Solubility Analysis

The final sequence of proposed vaccine was sent for allergenicity
testing using the AlgPred and AllerTop servers. IgE epitope
mapping and amino acid composition indicated the non-
allergenic nature of vaccine. Furthermore, the antigenic potential
exhibited by the designed construct was observed to be greater
than the threshold value as measured by the VaxiJen 2.0
webserver with a value of 0.79 without adjuvant and 0.88
with adjuvant. Therefore, regardless of whether an adjuvant
was present, the construct was antigenic in nature. As a result
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FIGURE 4 | Projection, refinement and validation of the 3D structure of the MEV. (A) I-TASSER generated model. (B) Structure generated by 3Drefine server.

(C) Structure improved by GalaxyRefine. (D) Ramachandran plot. (E) Z-score.
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of overexpression in E. coli, SOLpro server had a solubility
level of 0.949. Using the Protein-Sol webserver, the solubility of
the vaccine construct (QuerySol = 0.49) was greater than the
population average (PopAvrSol = 0.45), thereby confirming the
soluble nature of the proposed ensemble.

Investigation of Secondary Elements in

the Designed Construct

Based on PSIPRED, it was determined there were 9.3% strands,
48.11% helical structures, and 42.57% coil structures. Figure 3
is a diagrammatic depiction of the secondary elements of the
designed vaccine.

Tertiary Structure Prediction

With the use of several threading templates (1rquA, 7s0yA,
Irqv, 7louA, 1rqv, 7mexA, 1rqv, 7mexA, lrquA, and 7eeiA),
the I-TASSER forecast the probable 3D model of the designed
construct. These 10 templates showed good alignment based
on their Z-score values ranging from 1.22 to 3.86. C-score
values can range from —5 to 2, with a higher score denoting
higher confidence. Among the five predicted models with

a C-score between 0.58 and —2.70, model 1 was chosen
based on its highest value. TM-scores are used to check
for topological similarity between two protein structures. Our
vaccine construct had a TM score of 0.58 &= 0.14, whereas RMSD
score was 8.6 + 4.6 A. TM scores over 0.5 are indicative of
accurate topology, while scores below 0.17 indicate non-specific
similarity (Figure 4A).

Model Refinement and Validation

3Drefine was used to refine the potential chimeric vaccine
model. Several parameters were used to shortlist one of five
models generated by 3Drefine. Subsequently, the refined model
was sent for further refinement by GalaxyWeb, where Model 1
was shortlisted based on poor rotamers score (0.6), clash score
(9.8), and Ramachandran plot (90.2%) for further corroboration
(Figures 4B,C). Based on PROCHECK’s Rama plot investigation
of the protein model, 86.2 percent of amino acids were found
in preferred regions. In addition, 10.5% of the residues were
in the allowed regions, while only 1.4% of proteins were in
the disallowed boundaries, so the model was of good quality
(Figure 4D). To refine loops in the disallowed regions, 10

according to their energy, chi3 value, and B-factors.

FIGURE 5 | Enhancing protein stability through disulfide engineering. There are two sets of mutated residues displayed in magenta and gray. Residues were chosen
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FIGURE 6 | (A-J) Each monomer of the designed vaccine is predicted to contain discontinuous B cell epitopes.

rounds of loop refinement were performed each for Val20-
Ala26, Ala84-Glu89, Glul05-Alall4, Glu218-Val224, Cys230-
Ala232, Tyr335-Lys337, Asp342-G344, Tyr393-GIn398, Gly423-
Ily426 and Pro434-Gly445. Furthermore, we used Disulfide by
Design v 2.0 (48) for the S-S engineering of the final construct
to increase the steadiness of its modeled structure. It was
determined that 32 residue pairs could be utilized for disulfide
engineering. Nevertheless, after factors such as Chi3 and energy
were evaluated, only four pairs of residues were considered
final since their energy values and Chi3 values fell within the
permitted range, which is less than 2.5 kCal/mol and between
—87° and + 97°, respectively. Hence, a total of four mutations
were introduced at residue pairs Aspl102-Phe282 and Thr200-
Ala206 (Figure 5). The ProSA-Web validated the overall quality
of the refined model and any potential errors. With a Z-score of
—1.26, the refined model appeared to be suitable (Figure 4E).
Furthermore, the ERRAT web server gave a quality score of 84.32.

Non-linear B-Cell Epitopes

Determination

Non-linear B-cell epitopes may be predicted based on the
structure and folding of the new protein. By applying the ElliPro
web tool, we were able to analyze the refined 3D models of
non-linear B-cell epitopes (Figure 6). With values ranging from
0.51 to 0.79, ElliPro predicted 10 B-cell epitopes with non-linear
characteristics involving 237 residues (Table 4).

Stability Check via MD Simulation
Prior to determining how the MEVC interacted with the
immunoreceptor, the folding stability of MEVC was evaluated.

The use of MD simulations to understand protein folding
and stability could provide insight into different properties of
proteins—their loops, their interactions with other proteins,
and the effects of mutations on these interactions. The
previously obtained three-dimensional structure was therefore
simulated with the MD technique. Using the OPLS-AA as
the force field, the vaccine constructs mass was determined
to be 47,011.99 amu. To neutralize the net charge on the
protein, four Cl ions were added at atoms 65,580, 17,853,
21,750 and 13,863. The water molecules remaining behind
were 43,756. Following that, 50,000 energy minimization
steps were performed where steepest descents converged to
Fmax < 1,000 in 1,455 steps. The potential energy was found
to be —2.4462095e + 06 kJ/mol while the average potential
energy was found to be —2.3895le + 06 kJ/mol with a
total drift of —195,161 kJ/mol. The average temperature after
50,000 steps was 299.757 K with a total drift of 1.11929 K
(Figure 7A), the average pressure was —0.466784 bar with a
total drift of —0.403029 bar (Figure 7B), whereas the average
density was 1,012.79 kg/m?® with a total drift of 0.55504 kg/m?
(Figure 7C). Trajectory examination was performed for 50
nanoseconds. Throughout the experiment, the radius of gyration
graph indicated that the designed construct was quite stable
(Figure 7D). In terms of RMSD backbone, there seems to
be very few fluctuations, indicating the vaccine’s stability and
structural integrity over time. The RMSD plot has been depicted
in Figure 7E which showed that RMSD levels had gone
up to ~1.12 nm. On the other hand, high points in the
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