PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Motamedi H, Shoja S, Abbasi M (2025)
Immunoinformatic evaluation for the development
of a potent multi-epitope vaccine against bacterial
vaginosis caused by Gardnerella vaginalis. PLoS
ONE 20(2): e0316699. https://doi.org/10.1371/
journal.pone.0316699

Editor: Abu Tayab Moin, University of Chittagong,
BANGLADESH

Received: October 4, 2024
Accepted: December 16, 2024
Published: February 27, 2025

Copyright: © 2025 Motamedi et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: The author(s) received no specific
funding for this work.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Immunoinformatic evaluation for the
development of a potent multi-epitope
vaccine against bacterial vaginosis caused by
Gardnerella vaginalis

Hamid Motamedi®'*, Saeed Shoja', Maryam Abbasi?

1 Asadabad School of Medical Sciences, Asadabad, Iran, 2 Endocrinology and Metabolism Research
Center, Hormozgan University of Medical Sciences, Bandar Abbas, Iran

* hamid.motamedi @kums.ac.ir

Abstract

Background

Bacterial vaginosis (BV) is the most common vaginal dysbiosis in fertile women, which is
associated with side effects including the risk of premature birth. Gardnerella vaginalis (G.
vaginalis) is a facultative anaerobic bacillus known as the main pathogen responsible for
BV. In this study, using bioinformatics and immunoinformatics methods, a multi-epitope vac-
cine with optimal population coverage against BV caused by G. vaginalis was designed.

Methods

Amino acid sequences of two important virulence factors (Vaginolysin and Sialidase) of G.
vaginalis were retrieved from NCBI and UniProt databases. At first, three online servers
ABCpred, BCPREDS and LBtope were used to predict linear B-cell epitopes (BCEs) and
IEDB server was used for T cells. Then the antigenicity, toxicity, allergenicity were evaluated
using bioinformatics tools. After modeling the three-dimensional (3D) structure of the vac-
cine by Robetta Server, molecular docking and molecular dynamics were performed.
Finally, immune simulation and in silico cloning were considered effective for the design of
vaccine production strategy.

Results

In total, six epitopes of BCEs, eight epitopes from CD4* and seven epitopes from CD8*
were selected. The designed multi-epitope vaccine was non-allergenic and non-toxic and
showed high levels of antigenicity and immunogenicity. After the 3D structure was predicted,
it was refined and validated, which resulted in an optimized model with a Z-score of -7.4.
Molecular docking and molecular dynamics simulation of the designed vaccine revealed sta-
ble and strong binding interactions. Finally, the results of vaccine immunity simulation
showed a significant increase in immunoglobulins, higher levels of IFN-y and IL-2.
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Conclusion

According to the findings, the candidate multi-epitope vaccine has stable structural features.
It also has the potential to stimulate long-term immunity in the host, but wet-lab validation is
needed to justify it.

Introduction

Bacterial vaginosis (BV) is the most common vaginal dysbiosis in women of reproductive age,
which is the cause of several serious consequences for patients, including the risk of premature
birth, pelvic inflammatory disease (PID), increased susceptibility to sexually transmitted infections
(STI), and human immunodeficiency viruses (HIV) [1-4]. It has been estimated that the annual
economic cost of treating bacterial vaginosis (with a prevalence of 10-30% worldwide) is approxi-
mately $5 billion [5]. This syndrome is characterized by clinical symptoms such as homogeneous,
thin and white vaginal discharge, increased vaginal pH (pH > 4.5), fishy odor from vaginal secre-
tions, and overgrowth of pathogenic anaerobic bacteria such as Gardnerella vaginalis (G. vaginalis)
and Prevotella bivia [6, 7]. However, many women with BV are asymptomatic.

G. vaginalis is a facultative anaerobic Gram-variable bacterium that inhabits the normal
flora of the women vagina [8]. This bacterium was described as the proposed cause of BV (iso-
lated from cervical swabs and urine samples) by Gardner and Duke in 1955 [9]. Extensive
research showed that G. vaginalis has key virulence factors such as vaginolysin (VLY) and siali-
dase, etc., which it uses to colonize and persist in the vaginal microenvironment [10]. VLY is a
57 kDa protein known to be the most important virulence factor of BV. VLY is a cholesterol-
dependent cytolysin (CDC) that lyses sensitive cells such as vaginal epithelial cells by interact-
ing with the CD59 molecule [11]. Studies have shown that vaginolysin is also packaged inside
membrane vesicles of G. vaginalis [12]. The pH condition in vesicles has a significant effect on
the production process of this virulence factor in a way that it is not produced in more acidic
conditions [13].

Vaginal mucosa is a protective barrier consisting of sialoglycoproteins called mucins, which
play a vital role in protective and defensive mechanisms against pathogens [14]. Sialidases have
been identified as a major Gardnerella virulence factor that cleaves terminal sialic acid residues
from human glycans [15]. In addition, sialidases play a critical role in the attachment, coloni-
zation, and dissemination of many other vaginal pathogens [16]. In G. vaginalis isolates, three
homologs of sialidase, NanH1, NanH2 and NanH3 have been identified. Recently, studies
have shown that sialidase activity is mainly higher in NanH2 and NanH3 than in NanH1 [17].
In general, targeting the sialidase activity of G. vaginalis can be an effective step in the preven-
tion of BV [10].

Today, studies based on the design and manufacture of multi-epitope vaccines have made
significant progress in the pharmaceutical industry. Guo et al. used an in silico and in vivo
approach to predict HLA-I-restricted CTL epitopes on HPV16 E5, E6, and E7 proteins. Their
findings showed that the predicted epitopes could induce antigen-specific IFN-y secretion in
mice and that prophylactic immunization with ESE6E7pep11 and CTB-Epil1E567 provided
100% protection against tumor growth in mice. Also, other studies have shown the efficacy of
multi-epitope vaccines in vivo [18]. In addition, epitope-based vaccines against microbial
pathogens have progressed to clinical trials in humans [19, 20] including Bionor Immuno’s
HIV p24 gag peptide vaccine (Vacc-4X) and epitope-focused recombinant protein-based
malaria vaccine (RTS,S/AS) which are in phase II and III clinical trials, respectively. Until
now, these vaccines have been proven to be effective, safe and well tolerate in humans [19-23].
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Bioinformatic tools have shown that they have the ability to design conserved sequences as
suitable and practical vaccine candidates. Therefore, in this study, we designed a multi-epitope
candidate vaccine against bacterial vaginosis in G. vaginalis using immunoinformatics design
tools. It should be noted that so far no study has been performed on multi-epitope vaccines
against BV in G. vaginalis.

Materials and methods

In order to design a multi-epitope vaccine against bacterial vaginosis caused by G. vaginalis,
the desired proteins were extracted and epitopes stimulating CD4" and CD8" T cells and B
cells were selected. Then for validation, allergenicity, toxicity and physicochemical properties
of all epitopes were done using different web servers. Three linkers AAY, GPGPG and KK
were selected to bind the epitope of cytotoxic T cell (CTL), T-helper lymphocyte (HTL) and B
cell lymphocyte (BCL), respectively. In addition, to evaluate stability and binding affinity,
TLR4 receptor was docked by ligands using ClusPro 2.0 server. Finally, codon compatibility
and in silico simulation studies were performed. In addition, the C-ImmSim server was used to
describe the humoral and cellular profile of the mammalian immune system against the
designed vaccine.

Retrieval of protein sequences

In this study, two important proteins related to sialidase (accession number: PNL25438.1) and
vaginolysin (entry: AOA2I1KNS6) were selected to design multi-epitope vaccines against BV
caused by G. vaginalis. Protein sequences were retrieved from the National Center for Biotech-
nology Information (https://www.ncbi.nlm.nih.gov/protein/?term=) and the Universal Pro-
tein Resource (https://www.uniprot.org/) databases in FASTA format.

Prediction of linear B cell epitopes

Linear B-cell epitopes (BCEs) are recognized as essential components of multi-epitope vac-
cines, which play a key role in the development of peptide vaccines and disease diagnosis [24-
26]. We used three different servers, ABCpred, BCPREDS and LBtope, to obtain the best cov-
erage of predicted BCEs [24, 27, 28]. ABCpred (http://crdd.osdd.net/raghava/abcpred/ABC
submission.html) server is designed based on a recurrent neural network to predict the BCEs
in an antigenic sequence. This server is able to predict epitopes with 65.93% accuracy [24]. We
used window lengths of 16 and 18 amino acids and threshold of 0.51 to predict BCEs. Another
server used to predict linear BCEs was BCPREDS (http://ailab-projects2.ist.psu.edu/bcpred/)
[27]. Due to the high accuracy of epitope prediction of this server, we considered window
lengths of 16, 18, and 20 amino acids and specificity 0.75% to predict BCEs. The third server
for predicting BCEs was LBtope (https://webs.iiitd.edu.in/raghava/lbtope/protein.php). In this
server, various machine learning techniques such as Support Vector Machine, and K-Nearest
Neighbor are used to distinguish between epitopes and non-epitopes [28].

Identification of MHC-I binding epitopes

Prediction of MHC class I epitopes was performed using IEDB server (https://tools.iedb.org/
mbhci/) [29]. The parameter settings chosen for the MHC I server included: prediction

method = NetMHCpan 4.1 EL, MHC source species = human, MHC allele = human leukocyte
antigen (HLA) allele reference set (18 HLA-A, 32 HLA-B and 20 HLA-C), epitope

length = 9mer. Finally, a score higher than 0.5 was considered to predict MHC-I epitopes.
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MHC class II binding prediction

The IEDB MHC-II (http://tools.iedb.org/mhcii/) binding prediction tool was used to predict
T-helper cell epitopes. Parameters used to predict MHC II epitopes include: prediction
method = NetMHCpan 4.1 EL (recommended epitope predictor-2023.09), MHC allele = HLA
reference set (containing 27 alleles; HLA-DR, HLA-DP, HLA-DQ), epitope length = 15mer.
Finally, adjusted rank < 2 was considered to predict MHC-II epitopes.

Designed multi-epitope vaccine complex

All predicted HTL, CTL and B cell epitopes were joined by separate linkers. AAY (Ala-Ala-
Tyr), GPGPG (Gly-Pro-Gly-Pro-Gly) and KK (Lys-Lys) linkers were used to fused CTL, HTL
and BCL epitopes, respectively. The GPGPG linker plays a role in flexibility and induction of
HTL responses [30]. The KK linker provides flexibility and spatial separation in protein struc-
tures [31]. On the other hand, the AAY linker, which acts as a proteasome cleavage site in mam-
malian cells, facilitates the formation of natural epitopes and increases the immunogenicity of
the vaccine [30, 32]. To increase immunogenicity, cholera enterotoxin B subunit adjuvant
(accession number: P01556) was attached to the vaccine’s N-terminal by the EAAAK linker.

Physicochemical characteristics of multi-epitope vaccine

Physical and chemical properties are crucial for the stability and efficiency of proteins. There-
fore, the ProtParam server (http://web.expasy.org/protparam/) was used to evaluate the physi-
cal and chemical properties of the final structure of the vaccine [33]. The instability index (II)
of a protein indicates its stability of the protein. If this index is less than 40, it is predicted as
stable, and otherwise (i.e. greater than 40), it indicates protein instability. The value of GRAVY
was considered for the protein construct, where positive values of GRAVY indicate the hydro-
phobic nature of the protein and negative values mean its hydrophilicity [34-36]. Aliphatic
index (AI) plays an important role in protein thermal stability [25]. Protein solubility is con-
sidered as an important feature in vaccine design, which is important in therapeutic applica-
tion [37]. For this reason, in the present study, the Protein-Sol web server (https://protein-sol.
manchester.ac.uk/) was used to predict protein solubility.

Evaluation of antigenicity, allergenicity and toxicity of multi-epitope vaccine

We used VaxiJen (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen_citation.html)
server to predict protein antigenicity [38]. VaxiJen server was recognized as the first antigen
prediction server. This server evaluates the ability to predict the antigenicity of a set of bacte-
rial, viral and tumor protein data with 70-89% accuracy [38]. It should be noted that a thresh-
old higher than 0.4 was chosen for the target organism. In addition, a score of more than 0.8
for ANTIGENpro server (https://scratch.proteomics.ics.uci.edu/) is considered as an antigenic
index in this study [39]. On the other hand, the allergenicity of predicted epitopes was per-
formed using AllerTOP v.2.0 server (http://www.ddg-pharmfac.net/AllerTOP/). The reason
for choosing the AllerTOP v.2.0 server is its accuracy (88.7%) and high sensitivity (94%) com-
pared to other allergen prediction servers. The ToxinPred server (http://crdd.osdd.net/
raghava/toxinpred/multi_submit.php) was used to predict the toxicity of peptides [40].

Population coverage of epitopes

The frequency of distribution of distinct HLA alleles varies in different geographic regions and
ethnicities. Therefore, the IEDB population coverage analysis tool (http://tools.iedb.org/
population/) was used to assess the population coverage of vaccine candidates [41]. In the
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present study, selected epitopes of CTL and HTL as well as their MHC alleles were investigated
in several continents.

Secondary and tertiary structure prediction of the vaccine construct

Protein secondary structure is one of the most important issues in bioinformatics and is also
an important step towards clarifying the 3-dimensional (3D) structure and its function [42]. In
this regard, the PSIPRED 4.0 server (http://bioinf.cs.ucl.ac.uk/psipred/) was used to predict the
secondary structure of the designed multi-epitope vaccine with an accuracy of 84.2% [43].
Robetta server (https://robetta.bakerlab.org/) was used to predict the 3D structure of the pro-
tein [44]. This server uses automated tools (CAMEQ; Continuous Automated Model Evalua-
tion) to analyze and predict protein structure with a de novo modeling approach.

Evaluation of refinement and validation features

The 3D protein model was refined using the GalaxyRefine web server [45]. MolProbity pro-
vides structure validation and predicted model quality in 3D structures of proteins and nucleic
acids [46]. Typical scores for experimental structures in this index range from 1 to 2. RMSD is
one of the most useful quantitative measures used with an empirical crystallographic source
for structural comparisons between different conformations of a molecule [45, 47]. Due to
protein flexibility, the RMSD score varies between 0 and 1.2 Angstroms (A). In addition, a
lower value of RMSD indicates better stability [48, 49].

UCLA-DOE LAB and ProSA-web were used to evaluate the different stereochemical
parameters of the protein structure and predict the structural quality of the selected model [50,
51]. The UCLA-DOE LAB server has various subsets such as PROCHECK, ERRAT and Ver-
ify-3D for 3D structure validation. Ramachandran plot was analyzed by PROCHECK section.
This plot shows the statistical distribution of the composition of backbone dihedral angles ¢
and vy as well as the percentage and number of residues. Different atoms in the structure of
proteins are randomly distributed relative to each other, which requires the investigation of
statistical methods to correct them [50]. Therefore, ERRAT tool was used to obtain the best
distribution of atoms. On the other hand, Verify-3D analyzes the accuracy of a 3D protein
model with its amino acid sequence [52, 53].

The ProSA (Protein Structure Analysis) server is used in the modification and validation of
protein structures. One of the features of this server is checking the overall quality of the
model and the energy deviation of the entire structure from different sources (X-ray, NMR) by
showing the z-score plot [51].

Molecular docking

Molecular docking predicts the binding affinity of ligands to receptor proteins and is recog-
nized as an important tool for drug discovery [54]. Molecular docking between designed
multi-epitope vaccine and Toll-Like receptor 4 (TLR4) (PDB ID: 2762) was performed with
ClusPro server (https://cluspro.org). This server performs various computational steps such as
rigid body connection, clustering of 1000 low energy structures, and refinement energy mini-
mization. The LigPlot + software was used to analyze the bindings formed between the vaccine
complex and TLR4.

Molecular dynamic simulation

In the selected model, intense steric clashes may occur between residues due to the unusual
overlap of nonbonding atoms. Therefore, molecular dynamics (MD) simulations were
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conducted using GROMACS 2021.5 [55]. The protein topology parameters were generated
with the Amber99.sb force field. In addition, the protein was placed in a dodecahedron box,
and the TIP3P water model was selected. To neutralize the system, an appropriate number of
Cl or Na ions were added to replace some of the solvent molecules and energy minimization
was carried out in a total of 100000 steps. The MD simulation began with NVT (constant vol-
ume and temperature) and NPT (constant pressure and temperature) conditions for one
nanosecond. Finally, the MD run lasted for 100 nanoseconds (ns).

Normal mode analysis (NMA)

Normalized mode analysis (NMA) is a technique that can be used to describe the flexible states
accessible to a protein about its equilibrium position [49]. For this reason, iMODS server
(http://imods.Chaconlab.org) was used to predict such situations [56]. This server uses NMA
in internal coordinates (dihedral) which can predict collective functional motions of biological
macromolecules. This server presents the results in the form of graphs by calculation of
deformability, B-factor, eigenvalues, variance, covariance map and elastic network.

Immune simulation

Multi-epitope vaccine immunological simulations were performed by the C-IMMSIM server
[57]. This server can simulate the immune response generated by the mammalian thymus (T
cells), bone marrow (lymph and bone marrow cells), and a lymphatic organ. In other words,
the C-IMMSIM server represents the main classes of lymphoid cells Th, CTL, B lymphocytes,
antibody-producing plasma cells (PLB) and myeloid lineage [macrophages (M) and dendritic
cells]. To create an efficient and long-term immune response, three doses of the vaccine with
time intervals of 1, 84 and 168 days were considered. Also, the simulation volume and simula-
tion steps were set to 10 and 1100 respectively.

Codon optimization and in silico cloning

Java Codon Compatibility Tool (JCat) server was used for reverse translation and codon opti-
mization of the designed vaccine construct in Escherichia coli k-12 strain [58]. Two important
features in the output of this server include guanine-cytosine (GC: 30% to 70%) content and
codon compatibility index (CAI> 0.8) score, which evaluate protein expression levels. In addi-
tion, the candidate vaccine was cloned into pET-28a (+) plasmid using SnapGene software
(version 5.2.3). The EcoRI (GAATTC) and BamHI (GGATCC) restriction sites were added to
the N-terminal and C-terminal of the optimized gene respectively.

Analysis of the vaccine MRNA

Today, significant improvements have been achieved from the success of mRNA vaccines [59].
We used RNAfold and Mfold v2.3 online servers to predict the secondary structure of vaccine
mRNA [60].

Results
Retrieval of protein sequences

Two protein sequences with different amino acid length, sialidase (907 aa) and vaginolysin
(541 aa) were retrieved in FASTA format.
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Table 1. Prediction of B cell epitopes based on ABCpred, LBtop and BCPREDS servers.

Protein Peptide BCPREDS LBtop ABCpred Antigenicity Allergenicity Toxicity
Vaginolysin NRGVDNKRPPVYVSNVAYGR 0.993 76.44 - 0.6545 NON-ALLERGEN Non-Toxin
ETIENKFSSDSENKNGEF - 61.29 0.81 0.6812 NON-ALLERGEN Non-Toxin
Sialidase A NSENADNADCIAFANA 0.989 - 0.68 0.4860 NON-ALLERGEN Non-Toxin
PNPEEIANSSTKAQPD 0.979 61.18 0.70 0.7580 NON-ALLERGEN Non-Toxin
NSHSNQTCDSSTWNIWKS - 68.80 0.91 0.6968 NON-ALLERGEN Non-Toxin
NESGINRKDKNEEINONEGIIG 0.95 64.74 - 0.8073 NON-ALLERGEN Non-Toxin
https://doi.org/10.1371/journal.pone.0316699.t001
BCEs prediction

Based on ABCpred, BCPREDS and LBtope servers, a total of six epitopes were selected with
criteria such as antigenic, non-allergenic and non-toxic (Table 1). Common epitopes in two or
three high-scoring servers were selected.

Identification of MHC-I and MHC-II binding epitopes

MHC-I (9 mer) and MHC-II (15 mer) binding epitopes predicted by IEDB recommended
methods for available alleles (MHC-I; HLA-A, HLA-B, and HLA-C) and (MHC-II; HLA-DR,
HLA-DQ, and HLA-DP) was performed by the IEDB server. Eight epitopes of MHC-I and
seven epitopes of MHC-II were selected for the final vaccine construct (Tables 2 and 3). It
should be noted that all selected epitopes were evaluated in terms of antigenic, non-allergenic

and non-toxic.

Table 2. Most probable predicted epitopes with MHC class I alleles from IEDB analysis tool.

Protein Peptide sequence Allele Score Antigenicity Allergenicity Toxicity
Vaginolysin RVYPGALFR HLA-A*31:01 0.987597 0.4368 NON-ALLERGEN Non-Toxin
HLA-A*03:01 0.985599
HLA-A*11:01 0.978472
HLA-A*68:01 0.907007
HLA-A*30:01 0.778029
HLA-A*33:01 0.527506
YIETKVSSY HLA-A*01:01 0.860917 0.6501 NON-ALLERGEN Non-Toxin
HLA-B*15:01 0.669158
KQTQIVNFK HLA-A*11:01 0.648391 0.4803 NON-ALLERGEN Non-Toxin
HLA-A*03:01 0.616057
Sialidase A KEAEASTSL HLA-B*40:01 0.995514 1.2509 NON-ALLERGEN Non-Toxin
HLA-B*44:03 0.711046
HLA-B*44:02 0.640662
SEKECATKW HLA-B*44:03 0.992693 0.9614 NON-ALLERGEN Non-Toxin
HLA-B*44:02 0.991498
REHDFAITY HLA-B*44:03 0.98652 1.1129 NON-ALLERGEN Non-Toxin
HLA-B*44:02 0.968665
HLA-B*40:01 0.709703
HLA-B*15:01 0.654605
RSTDGGKTW HLA-B*58:01 0.987509 1.6403 NON-ALLERGEN Non-Toxin
HLA-B*57:01 0.979395
TPSSEIKKY HLA-B*35:01 0.922394 0.9043 NON-ALLERGEN Non-Toxin
HLA-B*53:01 0.694672

https://doi.org/10.1371/journal.pone.0316699.t002
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Table 3. Predicted epitopes of MHC class II alleles.

Protein

Vaginolysin

Sialidase A

https://doi.org/10.1371/journal.pone.0316699.t003

Peptide sequence

KQTYYTVSVDAPDSP

SKSTDFQAAVEAATK

IENKFSSDSFNKNGE

LEDTGYAGSRSYRIP

SGTLHIQFRLRGPGQ

SEIKKYSENESGINR

TGYAGSRSYRIPSLV

Allele Antigenicity Allergenicity Toxicity
HLA-DQA1%03:01/DQB1*03:02 0.4139 NON-ALLERGEN Non-Toxin
HLA-DRB1*04:05

HLA-DQA1%05:01/DQB1%02:01

HLA-DRB1*04:01

HLA-DRB1%09:01

HLA-DRB1%09:01 0.8539 NON-ALLERGEN Non-Toxin
HLA-DRB1*07:01

HLA-DPA1*03:01/DPB1*04:02 1.0451 NON-ALLERGEN Non-Toxin
HLA-DPA1%01:03/DPB1*04:01

HLA-DRB1*09:01 0.5590 NON-ALLERGEN Non-Toxin
HLA-DRB1¥07:01

HLA-DRB1*11:01 1.2897 NON-ALLERGEN Non-Toxin
HLA-DRB1¥08:02

HLA-DRB1¥15:01 0.7169 NON-ALLERGEN Non-Toxin
HLA-DRB3*02:02

HLA-DRB1%09:01 0.7502 NON-ALLERGEN Non-Toxin

Physicochemical characteristics of multi-epitope vaccine

Based on the results of the ProtParam tool, the final construct of the designed multi-epitope
vaccine containing 484 amino acids and its molecular weight of 52.7 kDa was determined. The
theoretical PI of the vaccine was calculated to be 9.28. There were 49 negatively charged resi-
dues and 65 positively charged residues. The vaccine construct was composed of 7338 atoms,
and its chemical formula was C2438H3779N6850753S9. The estimated half-life of the vaccine
in mammalian reticulocytes (in vitro) is 30 hours, in yeast (in vivo) approximately >20 hours,
and in Escherichia coli (in vivo) >10 hours, which shows the stability of the vaccine and its
effectiveness in different biological environments. The Al index was 57.58 and the GRAVY
index was -0.726, which indicates the thermally stable nature and effective interaction of the
vaccine with water. In addition, the instability index of 35 was calculated, which showed that
the candidate vaccine has good stability. On the other hand, the solubility of the vaccine struc-
ture according to QuerySol server was 0.481 (Fig 1).

Multi-epitope vaccine construction

A combination of different epitopes, including six BCEs, eight MHC-I epitopes, and seven
MHC-II epitopes by AAY, GPGPG and KK linkers, were considered for the multi-epitope vac-
cine. To enhance the immunogenicity of the construct, cholera enterotoxin B subunit adjuvant
(MIKLKFGVFFTVLLSSAYAHGTPQONITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMATIIT
FKNGAIFQVEVPGSQHIDSQKKATIERMKDTLRIAYLTEAKVEKLCVWNNKTPHATAAT SMAN)
was added by EAAAK linker.

Evaluation of antigenicity, allergenicity and toxicity of multi-epitope vaccine

The antigenic result of the vaccine designed by VaxiJen and ANTIGENpro servers was pre-
dicted as 0.7642% and 0.9364%, respectively, which indicates its high antigenicity. Also, the
candidate vaccine was examined in terms of allergenicity and toxicity. Based on the results of
the vaccine model, it is non-allergenic and non-toxic in both AllerTOP and ToxinPred servers,
respectively.
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Fig 1. According to the QuerySol server, the solubility of the final construct was 0.481.

https://doi.org/10.1371/journal.pone.0316699.9001

Secondary and 3D structure prediction of the vaccine construct

Secondary structure results showed that the candidate vaccine contained 33.26% a-helix,
14.46% B-strand, 52.28% random coil (Fig 2A). Among the five models predicted by the
Robetta server, model 3 (Fig 2B) was selected.

Population coverage

In the present study, the coverage of CD8" and CD4" T cell populations in different geographi-
cal regions of the world was investigated (Fig 3). The results showed that among eight CD8" T
cell epitopes, the highest coverage was in Europe (82.39%), North America (77.03%), West
India (75.96%), and South Asia (75.47%). After that, Northeast Asia (74.78%), Southeast Asia
(68.88%), East Asia (68.37%), North Africa (68.1%), West Africa (67.88%), South Africa
(65.01%), Oceania (61.96%), Southwest Asia (61.93%), East Africa (59.28%), Central Africa
(57.84%), South America (56.01%) provided other coverage. The lowest coverage was for the
Central America region (5.69%).

The highest coverage for CD4" T-cell epitopes was found in North America (64.51%), East
Asia (63.82%), and Europe (61.76%). Other results were reported in North Africa (59.37%),
South Asia (55.91%), Oceania (50.81%), West Indies (48.42%), Northeast Asia (47.25%),
Southeast Asia (46.39%), South America (45.78%), West Africa (45.77%), Central America
(43.57%), East Africa (40.56%), Central Africa (32.69%), and Southwest Asia (29.33%). South
Africa (1.8%) had the lowest population coverage.

Evaluation of refinement and validation features

After predicting the final 3D structure of the vaccine designed by the Robetta server, we used
the GalaxyRefine server to increase the quality of the final vaccine structure. This server pro-
vides 5 models for the desired protein structure quality. Model number 3 (Fig 2C) including
GDT-HA score 0.9851, RMSD score 0.300, MolProbity score 2.121, Clash score 13.2 and
Ramachandran score 91.8 was selected (Table 4). This finding shows that the refined model is
of good quality.
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Fig 2. Displays the second and 3D of the designed multi-epitope vaccine. A) Secondary structure of the final construct by PSIPRED 4.0 server showed that
the vaccine candidate contains 33.26% o-helix, 14.46% B-strand, 52.28% random coil. B) 3D structure of multi-epitope vaccine selected by Robetta server as the

best model. C) 3D structure of the multi-epitope vaccine after refinement.

https://doi.org/10.1371/journal.pone.0316699.9002

Based on the UCLA-DOE LAB server, three parameters of PROCHECK, ERRAT, and Ver-
ify-3D were considered to evaluate the validity of the vaccine. The findings from the Rama-
chandran diagram created by the PROCHECK server showed that 87.0%, 10.4%, 1.2% and

1.4% of protein residues were located in the most favored region, additional allowed,

Population coverage
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Fig 3. Results from worldwide population coverage rates (CD8" and CD4" T cell epitopes).
https://doi.org/10.1371/journal.pone.0316699.9003
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Table 4. Quality scores of 5 models predicted by GalaxyRefine server.

Model GDT-HA RMSD MolProbity Clash score Poor rotamers Rama favored

Initial 1.0000 0.000 1.771 4.4 0.0 89.8
MODEL 1 0.9841 0.310 2.127 11.0 1.2 91.6
MODEL 2 0.9856 0.292 2.099 12.6 0.5 92.0
MODEL 3 0.9851 0.300 2.121 13.2 0.5 91.8
MODEL 4 0.9846 0.303 2.042 10.2 0.2 91.2
MODEL 5 0.9781 0.318 2.073 11.2 0.2 91.4

https://doi.org/10.1371/journal.pone.0316699.t004

generously and disallowed (outlier) area of the final vaccine, respectively (Fig 4A). The score of
ERRAT, Verify-3D and Z-score was 95.335, 84.26% and -7.53, respectively, which indicates

the good quality of the designed 3D model (Fig 4B-4D). Fig 4E showed the quality of the local
drawing model. The negative values in this graph indicated that there is no error in the struc-
ture of the model.

Molecular docking between designed vaccine with TLR4

Molecular docking, which is known as one of the essential aspects of in silico drug develop-
ment, has a tendency to bind ligands to receptor proteins [61]. The energy score obtained for
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Fig 4. Evaluation of refinement and validation features. A) The statistics of the Ramachandran chart show the most favorable region, additionally allowed,
generously and disallowed (outlier) area with 87.0%, 10.4%, 1.2% and 1.4%, respectively. B) The Z-score of the refined model is — 7.4. C) The quality of the local
model. D) According to VERIFY 3D, the predicted model’s 84.26%of the residues have averaged 3D-1D score > 0.2. E) Validation of the vaccine structure was
reported by the ERRAT server with a score of 95.335.

https://doi.org/10.1371/journal.pone.0316699.9004
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Table 5. Top models of docked complexes of designed vaccine with TLR4.

Cluster Members Representative Weighted Score
0 60 Center -734.6
Lowest Energy -845.9
1 52 Center -740.3
Lowest Energy -872.5
2 39 Center -685.2
Lowest Energy -773.6
3 32 Center -669.1
Lowest Energy -770.9
4 30 Center -666.0
Lowest Energy -813.8
5 29 Center -670.4
Lowest Energy -937.1
6 29 Center -722.5
Lowest Energy -775.3
7 28 Center -639.1
Lowest Energy -724.3
8 27 Center -725.0
Lowest Energy -822.2
9 27 Center -854.9
Lowest Energy -854.9
10 26 Center -725.8
Lowest Energy -725.8

https://doi.org/10.1371/journal.pone.0316699.t005

the best vaccine-TLR4 binding from the ClusPro v2.0 server was -937.1 (Table 5), indicating a
strong binding affinity to TLR4. In this regard, the interaction between vaccine structure and
TLR4 was established by LigPlot + software (Fig 5). Hydrogen bonds were obtained with DIM-
PLOT program. DIMPLOT was shown, Ser586, Lys582, GIn578, Lys548, Ser360, Lys477,
Asp379, Tyr403, Thr357, Trp550, Glu336, Asn526, Ser504, GIn523, GIn430, Lys230, Arg289,
Glu42, Glu474, Arg37, GIn39, Arg234, Asp60, Asn51 residues from chain A of the vaccine
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Fig 5. Representation of interacting residues between vaccine docked with TLR4. The Ser586, Lys582, GIn578, Lys548, Ser360, Lys477, Asp379, Tyr403,
Thr357, Trp550, Glu336, Asn526, Ser504, GIn523, GIn430, Lys230, Arg289, Glu42, Glu474, Arg37, GIn39, Arg234, Asp60, Asn51 residues from chain A of the
vaccine were bound to Asn383, Arg384, Lys382, Arg94, Glu57, GIn37, GIn70, Thr113, Asn111, Tyr48, Asn35, Thr49, Ser47, Gly54, Ile68, His34, Lys164, His20,
Arg56, Ser15, Glu32, Alal7, Asn497 residues from chain B by hydrogen bonds.

https://doi.org/10.1371/journal.pone.0316699.g005
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were bound to Asn383, Arg384, Lys382, Arg94, Glu57, Gln37, GIn70, Thr113, Asn111, Tyr48,
Asn35, Thr49, Ser47, Gly54, Ile68, His34, Lys164, His20, Arg56, Serl5, Glu32, Alal7, Asn497
residues from chain B by hydrogen bonds.

MD simulation

Dynamics simulations at the molecular level were conducted using Gromacs 2021.5 software
to investigate the stability of the vaccine-TLR4 complex during 100 ns. The backbone RMSD
of the vaccine-TLR4 complex indicated that structural deviations within the complex stabilized
after 30 ns. The backbone RMSD of the vaccine-TLR4 complex showed that the structural
deviations in the complex stabilized after 30 ns. As illustrated in Fig 6A, the RMSD deviation
was almost 0.1 nm for the last 70 ns. The RMSD data analysis concluded that the bounded resi-
dues between vaccine construct and TLR4 resulted in the stabilization of the interacted
structure.

The compactness of the dynamically simulated structure was evaluated using a radius of
gyration plot (Fig 6B). In the first 30 ns, the radius of gyration varied between 3.27 and 3.37
nm. After that, a decrease of almost 0.14 nm was observed until 60 ns. In the final 40 ns of the
simulation phase, the reduced deviation and the relatively simple curve indicate improved
compactness and stability. On the other hand, as shown in Fig 6C, RMSF was regarded the
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Fig 6. The final construct of the molecular dynamics simulation vaccine with GROMACS software. Comparison of changes in RMSD (A), Rg (B), RMSF
(C), and (D) H-bond values of protein in interaction with TLR4.

https://doi.org/10.1371/journal.pone.0316699.g006
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Fig 7. The Gibbs free energy landscape for the vaccine-TLR4 complex. Red lines represent lower energy levels, while dark blue represents higher
energy levels.

https://doi.org/10.1371/journal.pone.0316699.9007
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backbone of the vaccine-TLR4 complex. The RMSF analysis revealed fluctuations of nearly 0.2
nm in the residues of the structure, with the exception of residues 267 and 438 to 441. This
indicates that the amino acids remained stable throughout the simulation.

The number of hydrogen bonds between vaccine construct and TLR4 were analyzed during
simulations. As illustrated in Fig 6D, a maximum of 31 and a minimum of 10 hydrogen bonds
were observed during the 100 ns molecular dynamics simulation, resulting in an average of 19
hydrogen bonds between vaccine construct and TLR4.

The Gibbs free energy landscape (FEL) was calculated using the projections of the first
(PC1) and second (PC2) eigenvectors. The two-dimensional FEL plot for the vaccine construct
backbone in complex with the TLR4 is displayed in Fig 7. In the accompanying free energy
contour map, red signifies lower energy levels, while dark blue represents higher energy levels.

NMA evaluation of the vaccine-receptor complex

The findings obtained from iMODS server are shown in Fig 8. Fig 8A shows regions of high
deformability and a stable binding. Fig 8B shows the small fluctuations in atomic displace-
ments to establish equilibrium. Fig 8C shows the eigenvalue determined for the set, which was
3.880412 e-07. This value indicate the energy required to deform the structure. Fig 8D shows
the variance plot of the complexes. This graph has an inverse relationship with eigenvalues and
highlights individual and cumulative variances in red and green, respectively. Fig 8E shows a
covariance matrix map of the interaction between pairs of residues. Fig 8F shows the elastic
network model for the stiffness of the protein complex. In this graph, the gray points represent
stiffer areas, whose intensity is directly related to stiffness.

Immunity simulation of multi-epitope vaccine

Immunostimulation of candidate vaccine was performed by C-IMMSIM v10.1 web server. The
results of this server showed that the IgM level increased in the initial response, but in the sec-
ond and third responses, the levels of IgM + IgG, IgG1 + IgG2, IgG1 and IgG2 were significantly
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Fig 8. The molecular dynamics simulation of the vaccine-TLR4 complex.

https://doi.org/10.1371/journal.pone.0316699.9008

PLOS ONE | https://doi.org/10.1371/journal.pone.0316699  February 27, 2025 15/23


https://doi.org/10.1371/journal.pone.0316699.g008
https://doi.org/10.1371/journal.pone.0316699

PLOS ONE Multi-epitope vaccine against bacterial vaginosis caused by Gardnerella vaginalis

B B cell population (cells per mm3) C B cell population per state (cells per mm3)
800000 T T T 250000 800 . r T . . . - 600 800 T T T T T T 350
iy T Total ACTIVE ——
700000 }- e 700 | B not Mem . INTERNALIZED (y2) ——
1gG1+Ig0D 56665 BMem (y2) —— | 500 PRESENTING-2 (y2) —— 300
600000 1961 —— B isotype IgM —— DUPLICATING —— ©
. 92 —— 5 600 B isotype IgG1 —— 600 ANERGIC (y2) —— |, 2
g k=] Bisotype 19G2 —— | 400 2 9,
g soo000 | { 150000 g§ 500 2 5 500 2
5a 3 K4 4 200 €
£ 400000 R > 2 8
3 5 400 4300 § 3 400 $
N i 25 £ g J 5
& 300000 | 100000 o 300 g .§ 300 190, o
g £ 4 200 g H
200000 2 1100 g
j p— 200 200 5
100000 100 1 100 1898
0 0 o — " ° ° 1 1 1 1 1 1 . 0
0 S0 100 150 209 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
a)
Ve days days
D TH cell population (cells per mm?) E
12000 2000 TH cell population per state (cells per mm3) F TC cell population per state (cells per mm?3)
T T T T Total — 8000 T T 1200 T T T T 1
TH not Mem - 1800 =
== L DUPLICATING ——
10000 TH Mem (y2) oo 7000 RESTING —— 1000
6000 ANERGIC 05
8000 | Tikaee . 800 | ’
4 1200 § 5000 -
o »
6000 I 1 1000 & 4000 |- 600 1o §
£
1 & 3000 =
4000 i . 400 |
2000 +4-05
2000 1 %° 200
4 200 1000
° , . T : A . ° ° i . n s : ) ° . A A A . n a
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
days days days
G Dc latior i ?) I
population per state (cells per mm3) I l 450000 . . 56605 . . . . . . .
250 r : : . T y T 600000 —— - — ot
INTERNALIZED —— 400000 | P . 100000 |-
PRESENTING-1 —— 500000 |- fLp o 80000 [
200 | 350000 400000 |- E iy 17
= [ TR
300000 300000 ™ 8 40000
150 250000 200000 i 20000
% 100000 L o —r
< 200000 o . - 0 50 100 150 200 250 300 350 400
100 0 50 100150200250300 350 40! days
150000 | j
T T e
sl 100000 g mi—
50000 B ) Th17 ——
0 A n n n o " . . - o
0 50 100 150 200 250 300 350 400 o 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
days days days

Fig 9. Immunity simulation of multi-epitope vaccine. A) The results showed that the level of IgM increased in the initial response, but in the second and
third responses, the levels of IgM + IgG, IgG1 + IgG2, IgG1 and IgG2 were significantly higher than the first response. B) B cell population after three vaccine
injections. C) Population per state of B-cell. D-F) The level of CTL/HTL cell population and memory cells (TCs) also increased significantly during vaccination.
G) Dendritic cells increased with each exposure. H) High levels of IFN-y and IL-2 were significantly increased after exposure. I) Finally, according to Fig 71,
Th1 was significantly increased.

https://doi.org/10.1371/journal.pone.0316699.9009

higher than the first response (Fig 9A). Also, B cell isotypes with high-stability were identified
(Fig 9B). Fig 9C shows increased cell proliferation in B cells as well as antigen presentation after
vaccination. On the other hand, the level of CTL/HTL cell population and memory cells (T'Cs)
also increased significantly during vaccination (Fig 9D-9F). Dendritic cells (DCs) increased
with each exposure (Fig 9G). High levels of IFN-y and IL-2 were significantly increased after
exposure (Fig 9H). Finally, according to Fig 91, Th1 was significantly increased.

Codon adaptation and in silico cloning

Based on the Jcat server, GC content of 52.44% and CAI value of 0.93 were reported, indicating
the stability of the designed vaccine in E. coli expression system. Subsequently, EcoRI and
BamHI restriction sites were added to the N and C terminals of the final codon sequence of
the vaccine and SnapGene software was used to integrate the adapted DNA sequence into the
pET-28a (+) vector (Fig 10).

MRNA prediction of the designed vaccine

According to RNAfold and Mfold v2.3 servers, the best vaccine mRNA secondary structure
had the minimum free energy (MFE) of -522.93 kcal/mol and -523.60 kcal/mol, respectively
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https://doi.org/10.1371/journal.pone.0316699.9010

(Fig 11). Based on studies, lower MFE indicates higher thermodynamic stability of mRNA [25,
49, 62]. Therefore, according to the findings, it can be concluded that our predicted vaccine
can be very stable after transcription in the body.

Discussion

Among the pathogenic factors of G. vaginalis, sialidase and VLY play an important role in the
infection of BV [15]. In general, sialidase and vaginolysin cause the breakdown of the protec-
tive mucous layer of the vaginal epithelium and the lysis of target cells such as vaginal epithelial
cells [63, 64]. Despite the existence of metronidazole and clindamycin, the first-line treatment
for G. vaginalis, the recurrence rate of >50% is still an important challenge for this issue [65].
Therefore, vaccine production against sialidase and VLY can play an important role in its pre-
vention and treatment.

The use of immunoinformatics methods in the development of multi-epitope vaccines has
led to the reduction of adverse reactions (eg. allergy) and antigenic load. These types of vac-
cines are made of different short peptide fragments that cause humoral and cellular immune
responses [66]. However, various studies have shown the successful efficacy of multi-epitope
vaccine against various pathogens [67-72].

Based on the mentioned servers, 21 epitopes (six cell B epitopes, eight MHC I epitopes and
seven MHC II epitopes) were considered. All selected epitopes were antigenic, non-allergenic
and non-toxic. The multi-epitope vaccine was designed by several appropriate linkers such as
AAY, GPGPG and KK and cholera enterotoxin B subunit adjuvant, which play an important
role in increasing immunogenicity. Based on bioinformatic tools, the molecular weight of the
candidate vaccine was reported to be 52.7 kDa, which compared to the ideal conditions (less
than 110 kDa) [25], is considered as a suitable and efficient vaccine. The theoretical pI of the
vaccine was determined to be 9.28, which indicates its alkaline nature. The Al index was 57.58
and the GRAVY index was -0.726, which indicates the thermally stable nature and effective
interaction of the vaccine with water. On the other hand, the findings showed that the half-life
of the candidate vaccine in mammalian reticulocytes, yeast and E. coli is such that the vaccine
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Fig 11. Secondary structure of vaccine mRNA.

https://doi.org/10.1371/journal.pone.0316699.g011

can be exposed to the immune system for a long time. Also, the instability index of 35 was
reported, which indicates the stability of the vaccine under standard conditions (less than 40).

According to the PSIPRED server, the secondary structure of the designed vaccine con-
sisted of 33.26% o-helix, 14.46% B-strand, 52.28% random coil. After determining the 3D
structure and its refinement, quality optimization and validation were evaluated. Ramachan-
dran diagram created by the PROCHECK server showed that 87.0%, 10.4%, 1.2% and 1.4% of
protein residues were located in the most favored region, additional allowed, generously and
disallowed (outlier) area of the final vaccine, respectively. The score of ERRAT, Verify-3D and
Z-score was 95.335, 84.26% and -7.53, respectively, which indicates the good quality of the
designed 3D model.

Based on studies to date, 10 TLRs (TLR1-TLR10) have been identified in humans [73].
Notably, TLR4, a key member of the innate immune response, was docked with the designed
multi-epitope vaccine. The results of molecular docking between TLR4 and vaccine indicate a
high degree of binding affinity and stability of the complex. In addition, the results of MD sim-
ulations confirm that the as designed vaccine maintains its functional state in solution.

The results obtained from the C-IMMSIM server showed an increase in the memory of B
cells and T cells, as well as a higher antibody level in secondary and tertiary immune responses
compared to the primary immune response. Also, a significant increase in the level of IFN-y
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and IL-2 was shown after the third injection of the vaccine. Overall, these results indicate that
the candidate multi-epitope vaccine can create an effective immune response against BV
caused by G. vaginalis.

The proposed vaccine was cloned into pET-281(+) overexpression plasmid to optimize the
vaccine peptide codon. The CAI and GC values of the contents indicate that the designed vac-
cine can be well expressed in E. coil K12 strain. Finally, the lowest free energy score of the vac-
cine mRNA secondary structure indicated that the vaccine is expected to behave stably in the
body.

Conclusion

Opverall, the results of this study provided important insight into the design of an effective and
potential multi-epitope vaccine against BV caused by G. vaginalis. This study showed that the
candidate vaccine is structurally stable and has the potential to stimulate long-term immunity
in the host, but wet laboratory validation is needed to justify this.

Limitations

Although the servers used in this study are highly accurate, they have limitations that cannot
be compared with the experimental method. For example, the C-IMMSIM server simulator is
limited because it lacks the disease layer and is unable to detect vaccine efficacy. Other limita-
tions include the NMA method, which is probably the least computationally expensive method
for studying the dynamics of macromolecules, but the MD method is more accurate than
NMA, so that it can cover a significantly larger volume of structural space.

The major limitation of the current study is the lack of confirmation and experimental eval-
uation of the safety and efficacy of the designed multi-epitope vaccine. Therefore, major steps
such as laboratory and animal studies are needed to justify our findings to determine safety,
efficacy and immunogenicity as a preventive measure. Overall, the application of these results
is pending validation in the wet lab experimental models.
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