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Abstract
Acinetobacter baumannii is one of the major pathogenic ESKAPE bacterium, which is responsible for about more than 
722,000 cases in a year, globally. Despite the alarming increase in multidrug resistance, a safe and effective vaccine for 
Acinetobacter infections is still not available. Hence in the current study, a multiepitope vaccine construct was developed 
using linear B cell, cytotoxic T cell, and helper T cell epitopes from the antigenic and well-conserved lipopolysaccharide 
assembly proteins employing systematic immunoinformatics and structural vaccinology strategies. The multi-peptide vaccine 
was predicted to be highly antigenic, non-allergenic, non-toxic, and cover maximum population coverage worldwide. Further, 
the vaccine construct was modeled along with adjuvant and peptide linkers and validated to achieve a high-quality three-
dimensional structure which was subsequently utilized for cytokine prediction, disulfide engineering, and docking analyses 
with Toll-like receptor (TLR4). Ramachandran plot showed 98.3% of the residues were located in the most favorable and 
permitted regions, thereby corroborating the feasibility of the modeled vaccine construct. Molecular dynamics simulation 
for a 100 ns timeframe further confirmed the stability of the binding vaccine-receptor complex. Finally, in silico cloning 
and codon adaptation were also performed with the pET28a (+) plasmid vector to determine the efficiency of expression 
and translation of the vaccine. Immune simulation studies demonstrated that the vaccine could trigger both B and T cell 
responses and can elicit strong primary, secondary, and tertiary immune responses. The designed multi-peptide subunit vac-
cine would certainly expedite the experimental approach for the development of a vaccine against A. baumannii infection.
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Introduction

Acinetobacter baumannii, a highly pathogenic bacterium 
globally, has emerged as a highly challenging ESKAPE 
bacterium [1]. It is highly pathogenic and infectious caus-
ing ventilator-associated pneumonia, skin, and soft tissue 
infections, urinary tract infections, endocarditis, second-
ary meningitis, and bloodstream infections and is associ-
ated with 35% of mortality [2]. Commonly associated with 
soil and water environments [3], it is known to colonize the 
skin and is prevalent in the respiratory secretions of infected 
patients [4, 5].

The coccobacilli of the genus Acinetobacter are gram-
negative, pleomorphic, and metabolically non-fermenting 
under aerobic conditions, enzymatically positive for cata-
lase, and negative for oxidase with its DNA consisting of 
the G+C content of 39 to 47% [4]. The pronounced ability 

Jyotirmayee Dey and Soumya Ranjan Mahapatra contributed 
equally to this work.

 *	 Namrata Misra 
	 namrata@kiitincubator.in

 *	 Mrutyunjay Suar 
	 msuar@kiitbiotech.ac.in

1	 School of Biotechnology, Kalinga Institute of Industrial 
Technology (KIIT), Deemed to be University, ‑751024, 
Bhubaneswar, India

2	 BVG Life Sciences Limited, Pune – 411034, India
3	 Department of Biotechnology and Bioinformatics, School 

of Life Sciences, JSS Academy of Higher Education 
and Research, ‑570015, Mysuru, Karnataka, India

4	 KIIT‑Technology Business Incubator (KIIT‑TBI), Kalinga 
Institute of Industrial Technology (KIIT), Deemed to be 
University, ‑751024, Bhubaneswar, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s12026-023-09374-4&domain=pdf
http://orcid.org/0000-0003-1813-6478


640	 Immunologic Research (2023) 71:639–662

1 3

of surface adherence to create biofilms, and acquisition of 
genetic material of unrelated genera potentiates its property 
of antimicrobial resistance, thereby making it more versatile 
and challenging to combat, regulate and eradicate this bacte-
rium [6, 7]. Numerous studies suggest that A. baumannii has 
the unique ability to be highly pathogenic [8, 9]. However, 
most of the resistance genes responsible for its enhanced 
anti-microbial resistance have been acquired from the bacte-
ria of the genera Salmonella, Escherichia, or Pseudomonas 
[10]. Colistin and tigecycline remain the only antibiotics 
active against it and have become the last resort of treatment 
for multidrug-resistant A. baumannii; however, colistin-
resistant strains have been reported in different regions from 
around the world [11, 12]. The best therapy for A. bauman-
nii infections, particularly nosocomial infections caused by 
several resistant strains, still has to be determined.

As compared to other Gram-negative bacteria, very few 
but distinctive factors contribute to the virulence of A. bau-
mannii [13]. Lipopolysaccharides (LPS), an immunoreactive 
molecule present in the outer membrane of Gram-negative 
bacteria, contribute to its cytotoxicity towards host cells and 
are vital for cell viability. LPS is a key contributing factor to 
the virulence of A. baumannii; particularly the lipid A com-
ponent, and structural variation in the O-antigen side chain 
is known to impact the host immunity [14]. The transport of 
LPS from its site of synthesis to the cell surface is mediated 
by seven proteins comprising the LPS transport system, Lpt-
ABCDEFG [15]. Despite the identification of key players, 
the exact mechanism of LPS transport and assembly is not 
very clear. The stable LptD/E complex present in the outer 
membrane functions in the final stages of LPS assembly, and 
serves as the LPS recognition site. It is well established that 
LptE plays an essential role in the assembly of functional 
LptD. However, more recently LptE has been shown to play 
a role also in the LPS export process in E. coli, as witnessed 
by its ability to bind lipopolysaccharide. LPS interacts with 
the LptDE complex. LptD is a 26-strand β-barrel outer mem-
brane protein that forms a unique plug-and-barrel complex 
with the lipoprotein LptE was revealed by Dong et al. 2020 
and Qiao et al. 2021 [16, 17]. LptD mediates the final trans-
location of fully synthesized LPS from the periplasm to the 
outer leaflet of the outer membrane [18]. Several reports are 
suggestive of the LPS-assembly proteins — LptE and LptD 
being structurally highly conserved, though there is varia-
tion in LPS substrates among different strains. It has been 
identified by electrostatics-based studies that LptDE struc-
tures revealed a striking electrostatic gradient in the barrel 
lumen, which plays a role in the LPS transport process in the 
bacteria [19], hinting us of the components of the Lpt system 
(LptE and LptD) as a potential target for the development of 
new vaccines against A. baumannii [18].

In the twenty-first century, rapid emergence and dis-
semination of resistant bacteria are occurring globally, 

impending the potency of antibiotics. Vaccination is the 
alternative safest and most efficacious approach against 
pathogenic diseases. New technologies such as reverse vac-
cinology, novel adjuvants, structural vaccinology, biocon-
jugates, and rationally designed bacterial outer membrane 
vesicles (OMVs), together with progress in polysaccharide 
conjugation and antigen design, have the capability of the 
future vaccine research and development [20, 21]. In 2010, 
McConnell et al. [22] started to apply whole-cell multi-anti-
gen preparations to raise protective polyclonal hyperimmune 
serum against A. baumannii. Simultaneously, Huang et al. 
[23] demonstrated the eminent role of antisera raised against 
the outer membrane vesicle (OMV) to control Acinetobacter. 
A passive immunization attempt was done with a synthetic 
oligosaccharide that mimics PNAG conjugated to tetanus 
toxoid (TT). The raised antisera were able to induce opsoni-
zation against several clinical isolates of MDR A. bauman-
nii, and reduced burdens in infected tissue especially in cases 
of pneumonia [24]. But, anti-PNAG sera were found to be 
highly specific to only PNAG-positive strains even in minute 
amounts [25]. In 2011, a mixture of pure proteins majorly 
OMPs and fimbriae proteins was patented as an effective 
vaccine against A. baumannii (novel targets of Acinetobacter 
baumannii– patent). However, not much development has 
been noted toward protein-specific targeted vaccine develop-
ment against A. baumanii. Considering the significant role of 
A. baumannii in hospital-acquired infections and the associ-
ated antibiotic resistance, the development of a strong vac-
cine candidate against P. aeruginosa is the need of the hour.

Unlike traditional vaccine development methods, today’s 
cutting-edge research and technology, as well as the avail-
ability of information about the genome and proteome of 
almost all organisms, has enabled the design and develop-
ment of novel peptide-based ‘subunit vaccines’ made up of 
antigenic protein portions from a target pathogen. Multie-
pitope-driven vaccine has been one of the foremost scientific 
advances of the recent decade [20, 21]. The clinical devel-
opment of epitope-based vaccines that are comparatively 
safer than vectored or attenuated live vaccines is rapidly 
progressing from pre-clinical to clinical trials [26]. Recent 
advancements in computational methods have developed 
immunoinformatics tools as an effective alternative strategy 
for the prediction of antigenic epitopes with potential trans-
lational implications. The present study is aimed at develop-
ing a multiepitope subunit vaccine by combining linear B 
lymphocytes (LBL), cytotoxic T lymphocytes (CTL), and 
helper T lymphocytes (HTL) epitopes from LPS assembly 
proteins (LptE and LptD) that are known to provide pro-
tection and could elicit neutralizing antibody to fight with 
Acinetobacter infection. If more in vivo and in vitro investi-
gations show positive results, the vaccine developed in this 
study could be beneficial as a prophylactic measure against 
all A. baumannii strains. The flow chart summarizing the in 
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silico vaccinomics strategy employed in the present work 
for designing a unique multi-epitope vaccine against A. bau-
mannii has been illustrated in Fig. 1.

Methodology

Retrieval of protein sequences

In order to find the proteins to constitute a subunit vac-
cine, an in-depth literature survey was performed. Two LPS 
assembly proteins, LptE (Accession id: V5VH20) and LptD 
(Accession id: B0VMX7) of A. baumannii were selected, 
and their amino acid sequences were retrieved in FASTA 
format from the UniProt database (http://​www.​unipr​ot.​org/​
unipr​ot). Sequence similarity search of the LPS assembly 
lipoprotein sequences was performed to avoid the cross-
reactivity and generation of autoimmune disorders against 
the human proteome by using NCBI-protein–protein blast 
(https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi?​PAGE=​Prote​ins). 
Human β-defensin 3 (Accession id: P81534) sequence was 
also retrieved in FASTA format from the UniProt database.

Linear B cell epitope prediction

B cell epitopes are significant in the design of the vaccine 
because they are involved in inducing the humoral immune 

response and antibody formation, which neutralizes anti-
gens during infection. The ABCPred server (http://​www.​
imtech.​res.​in/​ragha​va/​abcpr​ed/) predicted the successive B 
cell epitopes [27]. ABCPred is a consistent algorithm-based 
webserver that predicts B cell epitopes using ANN (artifi-
cial neural network) with fixed-length patterns and a default 
threshold of 0.51. As the linear B cell epitope is present on 
the cell surface, exomembrane topology is considered one 
of the important parameters. The server specificity is 0.75, 
and a window length of 10 was set.

Cytototoxic T lymphocyte epitope prediction

The most selective stage in the presentation of the antigenic 
peptide to the T cell receptor is the binding of the MHC 
molecule. Therefore, CTL epitopes were predicted by the 
NetMHCpan 4.1 (http://​www.​cbs.​dtu.​dk/​servi​ces/​NetMH​
Cpan/) server. The threshold for epitope identification for a 
strong binder was set at 0.5% while at 2% for a weak binder 
[28]. The server predicts epitopes for 12 HLA class I super-
types. Each supertype is a cluster of functionally related 
HLA alleles that share binding specificities towards the 
same panel of peptides owing to similar structural features 
of HLAs peptide-binding grooves [29]. All epitope lengths 
were set to 9mers before prediction, and conserved epitopes 
that bind to multiple HLA alleles with a score equal to or 
less than 1.0 percentile rank were chosen.

Fig. 1   The schematic representation of the immunoinformatics guided design of the multi-epitope vaccine construct against Acinetobacter 
baumannii’sinfections

http://www.uniprot.org/uniprot
http://www.uniprot.org/uniprot
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
http://www.imtech.res.in/raghava/abcpred/
http://www.imtech.res.in/raghava/abcpred/
http://www.cbs.dtu.dk/services/NetMHCpan/
http://www.cbs.dtu.dk/services/NetMHCpan/
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Helper T lymphocyte epitope prediction

HTL epitope prediction is crucial in the development of 
peptide-based vaccines because binding of the peptide 
with MHC-II proteins is important in eliciting an immune 
response. The MHC-II binding predictions were executed 
using the IEDB analysis resource MHC-II binding (http://​
tools.​iedb.​org/​mhcii/) tool [30]. It covers all HLA class 
II alleles including HLA-DR, HLA-DQ, and HLA-DP. 
The CONSENSUS method was utilized for the respec-
tive binding alleles considering human HLAs as a refer-
ence set by default. The percentile rank threshold of ≤2 
was utilized here to confirm the accuracy. The half maxi-
mum inhibitory concentration (IC50) for strong binding 
peptides was set at less than 50 to evaluate the interac-
tion potential of T cell epitopes and MHC-II alleles. By 
default, the 15 mer lengths of the epitopes was selected, 
and generated epitopes were classified according to the 
percentile value. According to the IEDB server, the pep-
tides with the lowest consensus scores were identified as 
the best binders; a lower percentile rank suggests stronger 
affinity.

Antigenicity, allergenicity, immunogenicity, 
and toxicity prediction

Components of vaccines should be highly antigenic while 
also being non-allergenic. Furthermore, there should be 
no harmful reactions in the vaccination components. 
Henceforth, VaxiJen (http://​www.​ddg-​pharm​fac.​net/​vaxij​
en/​VaxiJ​en/​VaxiJ​en.​html) server was then used to predict 
the antigenicity of the epitopes [31]. The accuracy predic-
tion threshold influences the accuracy, sensitivity, and 
specificity of a prediction, and the 0.4 threshold boosts 
the server’s prediction accuracy. The allergenicity of the 
designed vaccine, on the other hand, was assessed using 
AllerTOP v2.0 (https://​www.​ddg-​pharm​fac.​net/​Aller​
TOP/). The AllerTOP v2.0 server uses machine learning 
approaches to sort allergies, such as nearest neighbors, 
auto and cross-variance transformation, and amino acid 
Edescriptors [32]. The correctness of this server is 85.3% 
at fivefold cross-validation. Class I Immunogenicity tool 
(http://​tools.​iedb.​org/​immun​ogeni​city/) of IEDB Analysis 
Resource was used to predict the immunogenicity score of 
epitopes [33]. In addition, we used the Toxinpred (https://​
webs.​iiitd.​edu.​in/​ragha​va/​toxin​pred/) server for the tox-
icity analysis [34]. The ‘best-selected epitopes’, which 
were determined to be highly antigenic, immunogenic, 
non-allergenic, and non-toxic to the human proteome, 
were employed for vaccine development in the following 
phases.

Construction of multi‑epitopic vaccine and codon 
optimization

Multi-epitopic vaccine was designed using B cell, HTL, and 
CTL epitopes from the envelope and surface glycoprotein. 
To enhance the immunogenicity of the multi-epitope vac-
cine, human beta-defensin 3 was selected as an adjuvant 
agonist Toll-like receptor 4. The adjuvant was linked to B 
cell epitopes using the “EAAAK” linker, followed by HTL 
and CTL epitopes. “KK” and “GPGPG” linkers were used 
to link intra-B cell and intra-HTL epitopes, whereas ‘AAY’ 
linker were used to link intra-CTL epitopes [35].

HLA population coverage analysis

The next important aspect is to determine the population cover-
age rates for the predicted epitopes. This population coverage 
analysis plays a significant role in the design and development 
of epitope-based vaccines as HLA molecules are extremely 
polymorphic in nature in the peptide-binding regions [36]. 
Population coverage calculation was conducted using the web-
based population coverage analysis tool of the IEDB server 
(http://​tools.​iedb.​org/​popul​ation/) with default parameters. 
The tool provides HLA allele frequencies for 109 populations 
grouped into 16 different geographical areas. The proportion 
of people who are expected to react to a collection of epitopes 
with known MHC restrictions is calculated using the popula-
tion coverage analysis tool. Thus, it is beneficial to select only 
the epitopes with a high response rate for different populations.

Determination of physicochemical properties

The ExPASy ProtParam (https://​web.​expasy.​org/​protp​aram/) 
server was utilized to calculate the physicochemical properties 
of the vaccine construct [37]. Multiple metrics such as aliphatic 
index, instability index, half-life, isoelectric point (pI), molecular 
weight, atomic composition, and grand average hydropathicity 
(GRAVY) are calculated using this web application. The half-
life of a protein is the amount of time that the molecule remains 
in the cell after it has been synthesized. The index of instability 
measures the consistency of a protein molecule in vitro.

Secondary structure prediction and solubility 
profile prediction

The secondary structure of the multi-epitope vaccine con-
struct was calculated using position-specific iterated predic-
tion (PSIPRED) analysis on outputs from PSI-BLAST (http://​
bioinf.​cs.​ucl.​ac.​uk/​psipr​ed/) [38]. In addition, we utilized 
the SOLpro (http://​scrat​ch.​prote​omics.​ics.​uci.​edu/) online 
approach to estimate solubility when the protein structure is 
overexpressed in E. coli with a 74% accurate prediction [39].

http://tools.iedb.org/mhcii/
http://tools.iedb.org/mhcii/
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
https://www.ddg-pharmfac.net/AllerTOP/
https://www.ddg-pharmfac.net/AllerTOP/
http://tools.iedb.org/immunogenicity/
https://webs.iiitd.edu.in/raghava/toxinpred/
https://webs.iiitd.edu.in/raghava/toxinpred/
http://tools.iedb.org/population/
https://web.expasy.org/protparam/
http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinf.cs.ucl.ac.uk/psipred/
http://scratch.proteomics.ics.uci.edu/
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Epitope conservancy analysis

A vaccine should ideally have conserved epitopes that can 
elicit particular B cell and T cell (CD4 and CD8) responses. 
As a result, the IEDB server’s “epitope conservancy analy-
sis” module (https://​www.​iedb.​org/​conse​rvancy/) was uti-
lized to assess the conservancy of the chosen B cell, CTL, 
and HTL epitopes [40]. For a given set of protein sequences, 
the tool computes the percentage of epitope sequence con-
servation at a certain identity level. We investigated the con-
servation of specific epitopes of the LPS protein across 20 
A. baumannii strains in this study.

Tertiary structure prediction, refinement, 
and validation

The tertiary structure was modeled using the Robetta 
(https://​robet​ta.​baker​lab.​org/) [41], Alpha fold (https://​
alpha​fold.​ebi.​ac.​uk/) [42], and SWISS-MODEL (https://​
swiss​model.​expasy.​org/) [43] servers in a consensus man-
ner and visualized using the Pymol visualization tool 
(https://​pymol.​org/2/) [44]. The 3D structure model was 
subjected to refinement by the GalaxyRefine (https://​gal-
axy.​seokl​ab.​org/​cgi-​bin/​submit.​cgi?​type=​REFINE) server 
[45]. The output consists of five refined models, with vary-
ing parameter scores, including GDT-HA, RMSD, MolPro-
bity, Clash score, poor rotamers, and Rama favored. PRO-
CHECK (https://​saves.​mbi.​ucla.​edu/) was used to confirm 
the revised structure’s stereochemical value by looking at 
residue-by-residue geometry and overall structure geom-
etry [46]. ERRAT (https://​saves.​mbi.​ucla.​edu/) [47] and 
Verify 3D (https://​saves.​mbi.​ucla.​edu/) [48] were also used 
to confirm the validation.

Vaccine protein disulfide engineering

Disulfide engineering is a biotechnological approach that 
uses cysteine residue mutation to construct new disulfide 
bonds in a target protein in a highly mobile protein region 
(10.1186/1471-2105-14-346) [49]. Disulfide linkages are 
highly stable and help proteins to maintain their geometric 
conformation. This was accomplished via the online DbD2 
server (http://​cptweb.​cpt.​wayne.​edu/​DbD2/​index.​php) [49]. 
This web server will recognize the pair of residues capable 
of generating a disulfide bond if each amino acid residue is 
replaced with cysteine.

Prediction of discontinuous B cell epitopes

The tertiary structure of a protein or polypeptide is 
required for the prediction of discontinuous B cell epitopes 
because the interaction between antigen epitopes and 
antibodies is essential. Based on the three-dimensional 

(3D) structures of the vaccine construct, discontinuous 
B cell epitopes were predicted using the Ellipro server 
(http://​tools.​iedb.​org/​ellip​ro/) program on the IEDB web-
site with a default option (minimum residue score 0.5 
and maximum distance 6) [50]. Thornton’s approach and 
a residue clustering algorithm are implemented on this 
site. Each output epitope receives a score from ElliPro, 
which is described as a PI (protrusion index) value aver-
aged across each epitope residue. There is a possible link 
between residues with high scores and improved solvent 
accessibility [50].

Identification of cytokine‑inducing HTL epitopes

The production of several cytokines by MHC class II 
activated CD4+ T helper cells, such as interferon-gamma 
(IFN-γ), interleukin-10 (IL-10), and interleukin-17 (IL-
17), contributes greatly to infection control. Hence, inter-
feron-gamma-inducing epitopes from the selected MHC-II 
binding epitopes were predicted by the IFNepitope server 
(https://​webs.​iiitd.​edu.​in/​ragha​va/​ifnep​itope/​predi​ct.​php) 
[51]. This server employs a dataset composed of 3705 
IFN-γ epitopes inducing and 6728 non-inducing MHC 
class II binders. The server uses motif and SVM hybrid 
algorithms for the prediction of the interferon-producing 
property of the epitopes. The hybrid prediction method 
is a highly accurate method for predicting IFN-gamma 
producing epitopes. IL-10 and IL-17 inducing abilities, 
on the other hand, were anticipated using the web servers 
IL10pred (https://​webs.​iiitd.​edu.​in/​ragha​va/​il10p​red/) and 
IL17eScan (http://​metag​enomi​cs.​iiserb.​ac.​in/​IL17e​Scan/​
pred.​php). The SVM method and hybrid approach were 
used to perform the IL10pred [52] and IL17eScan [53] 
operations, with default threshold values of 0.2 and −0.3, 
respectively. The default values were used for all other 
parameters.

Molecular docking

Molecular docking was performed for the constructed multi-
peptide vaccine with TLR-4, (PDB ID: 5IJB) receptor. The 
Protein Data Bank (PDB) files of receptor and ligand were 
submitted to the ClusPro v2.0 server (https://​clusp​ro.​bu.​
edu/​login.​php) and the default settings were used accord-
ingly [54]. The ClusPro server calculates the energy score 
based on the following equation: E= 0.40Erep+ (−0.40Eatt) 
+ 600Eelec+1.00EDARS [54]. The interaction of TLR4 and 
vaccine structure was also cross-checked by the PathchDock 
tool (https://​bioin​fo3d.​cs.​tau.​ac.​il/​Patch​Dock/​php.​php). The 
best docking pose in the top-rank cluster was used for visu-
alization using the PyMol v2.4 (https://​pymol.​org/2/) soft-
ware, and the results were interpreted.

https://www.iedb.org/conservancy/
https://robetta.bakerlab.org/
https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
https://pymol.org/2/
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
https://saves.mbi.ucla.edu/
https://saves.mbi.ucla.edu/
https://saves.mbi.ucla.edu/
http://cptweb.cpt.wayne.edu/DbD2/index.php
http://tools.iedb.org/ellipro/
https://webs.iiitd.edu.in/raghava/ifnepitope/predict.php
https://webs.iiitd.edu.in/raghava/il10pred/
http://metagenomics.iiserb.ac.in/IL17eScan/pred.php
http://metagenomics.iiserb.ac.in/IL17eScan/pred.php
https://cluspro.bu.edu/login.php
https://cluspro.bu.edu/login.php
https://bioinfo3d.cs.tau.ac.il/PatchDock/php.php
https://pymol.org/2/
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Molecular dynamics simulation

After performing the protein–protein molecular docking 
and finding the best orientations of the vaccine candidate 
and the receptor proteins to interact with one another, the 
best-scored complex was subjected to MD simulation [55]. 
All of the MD simulations were done by GROMACS 2019 
package [56] and Charmm36-mar2019force field [57]. The 
protein complex was solvated with the TIP3P water model. 
Then, sodium and chloride ions were added to produce a 
neutral physiological salt concentration of 150 mM. Each 
system was energy minimized, using the steepest descent 
algorithm, until the Fmax was found to be smaller than 10 
kJ.mol. All of the covalent bonds were constrained using 
the linear constraint solver (LINCS) algorithm to maintain 
constant bond lengths. The long-range electrostatic inter-
actions were treated using the particle mesh Ewald (PME) 
method and the cut-off radii for Coulomb and Van der 
Waals short-range interactions were set to 0.9 nm. Then 
100 ps NVT (constant number of particles (N), volume (V), 
and temperature (T)), and 300 ps NPT (constant number of 
particles (N), pressure (P), and temperature (T) equilibra-
tions were performed for each system. Finally, simulations 
were carried out under the periodic boundary conditions 
(PBC), set at XYZ coordinates to ensure that the atoms 
had stayed inside the simulation box, and the subsequent 
analyses were then performed using GROMACS modules, 
and VMD and also the plots and the figures were created 
using the xmgrace.

MMPBSA binding free energy analysis

The binding free energies of the protein–protein complexes 
were calculated by molecular mechanics-Poisson–Boltz-
mann solvent-accessible surface area, MMPBSA method 
using g_mmpbsa package [58]. In this method, the binding 
free energy is the result of the free energy of the complex 
minus the sum of the free energies of the ligand and the 
protein. The MMPBSA calculation was done for every ns 
of the simulation trajectory.

In silico cloning of vaccine construct

Due to the dissimilarity between the codons of humans 
and E. coli, codon adaptation tools were used. It is nec-
essary to adapt the codon usage within the prokaryotic 
organism to boost the expression rate in the respective 
host system. The sequence was subjected to Java Codon 
Adaptation Tool (JCat) online software (http://​www.​jcat.​

ΔGbind = ΔGcomplex–(ΔGligand + ΔGReceptor)

de/) for the purpose of codon adaptation [59]. This web 
server adapts codon usage of a target DNA/protein to its 
potential expression host, yielding an optimized sequence 
along with codon adaptive index (CAI) and GC content 
percent (GC %). For CAI, a score range between 0.8 and 1 
is considered as an optimum value, suggesting improved 
gene expression in the respective organism. Also, the GC% 
should be between 30 and 70%; otherwise, it may result 
in transcriptional and translational deficiencies. Assess-
ment of cloning and expression of the vaccine construct 
in the suitable expression vector pET28a (+) was achieved 
using in silico cloning tool called the SnapGene software 
(https://​www.​snapg​ene.​com/). For the cloning of the vac-
cine component, E. coli strain K12 was selected as a host.

Immune simulation

Computational immune simulation was performed using 
C-IMMSIM (http://150.146.2.1/CIMMSIM) online server 
to determine the real-life-like immune response analysis 
of vaccine construct [60]. An agent-based algorithm based 
on the position-specific scoring matrix and machine learn-
ing techniques were utilized for the estimation of antigens 
and foreign particles on immune activity. The simulation 
was performed with default parameters except for the time 
steps which were set at 1, 84, and 170 (time step 1 is injec-
tion at time = 0, and each time step is 8 h). So, three injec-
tions are expected to be required at four weeks intervals 
because the recommended interval between two doses of 
most commercial vaccines is four weeks. The Simpson’s 
diversity index, D was estimated from the plot.

Results

Criteria for selection of final multi‑epitopes 
for vaccine construct

The aim of this study was to elucidate conserved epitopes 
capable of eliciting B cell and T (CD8 + and CD4 +) cell 
response. Also, the identified epitopes must be devoid of 
undesirable responses such as autoimmunity, allergic, and 
toxic properties. Therefore, the main criterion for select-
ing final epitopes for the vaccine development was based 
on the following parameters (1) complete conservation 
of peptides in the A. baumannii, (2) highest antigenicity 
score, (3) positive immunogenicity score, (4) high scores 
by the predicted algorithms, (5) the epitopes with strong 
binding affinity to the maximum number of HLA alleles of 
the world population, (6) non-allergenicity, and (7) non-
toxic in nature.

http://www.jcat.de/
http://www.jcat.de/
https://www.snapgene.com/


645Immunologic Research (2023) 71:639–662	

1 3

Prediction of linear B cell epitopes

B cell epitopes were predicted in order to evoke the high expres-
sion of antigen-specific antibody production in the serum. In 
natural conditions, antibody production starts with the encounter 
of immunogenic epitopes with the B cells receptor, which leads 
to the differentiation into a plasma cell and a memory cell. In our 
immune system, plasma cell is responsible for antibody produc-
tion during primary infection while during secondary infection 
memory cells also help in antibody production. Therefore, the 
main objective in epitope-driven vaccine development is the pre-
diction of B cell epitopes in the target protein. ABCpred server 
was used for the prediction of the linear B cell epitopes. The 
epitopes above the threshold score of 0.51 were selected. A total 
of 32 epitopes were predicted (Supplementary Table 1). Among 
them, two epitopes (VGCGFHLKGT of LptE and DFQTLD-
PEVK of LptD), which met the above-mentioned criterion were 
selected for vaccine design as depicted in Table 1.

Prediction of cytotoxic T lymphocyte

Cytotoxic T lymphocytes generally play a role in the contain-
ment of bacterial infection [61], and the prevalence of cytotoxic 
T cells usually correlates with the rate of pathogen clearance. 
CTL epitopes for the LPS assembly proteins were predicted 
using the NetMHCpan4.1 server, screening was based on the 
combined high score which denotes low sensitivity and high 
specificity for MHC-I supertypes. All 12 sets of supertypes 
(A1, A2, A3, A24, A26, B7, B8, B27, B39, B44, B58, and B62) 
were used for the analysis. Strong binders are defined as having 
a percentage rank < 0.05. For each protein, the top high-scoring 
epitopes with the least percentile rank in binding affinity were 
selected and used for peptide- MHC I binding analysis. A total 
of 240 epitopes were predicted and screened based on their 
binding affinity scores with their respective MHC I supertypes 
(Supplementary Table 2). Among them, 17 epitopes were 
selected for the final vaccine construct as mentioned in Table 2.

HTL epitope prediction

Class II–restricted T helper cells mediate the growth and dif-
ferentiation of both T effector cells and antibody-producing B 
lymphocytes [62]. LPS assembly proteins were analyzed for 
HTL epitopes with the help of the IEDB analysis resource using 
NN-align with half-maximal inhibitory concentration (IC50 
≤ 50). Top thirty epitopes were selected for both the proteins 
based on least percentile rank and IC50 value less than 50 nM 
thereby indicating their higher affinity for receptor molecules 
(Supplementary Table 3). Finally, two epitopes (LRLTVTF-
QIEDRQGN of LptE and VVVPQFTLDTGLNFE of LptD) 
were selected for the vaccine construct as mentioned in Table 3. Ta
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Multi‑epitopic vaccine design

The screened B cell, HTL, and CTL epitopes were used to 
design the multi-epitope vaccine construct. A major chal-
lenge for current vaccine development is the fact that many 
new subunit vaccines are poorly immunogenic and elicit 
insufficient immune responses for protective immunity. 
Therefore, adjuvants are needed in vaccine formulations 
to enhance the magnitude, breadth, and durability of the 
immune response [63]. We have incorporated human beta-
defensin 3 as an adjuvant because it is reported that the pro-
duction of human beta-defensin 3 contributes to the innate 
control of A. baumannii infection [64, 65]. β-defensins 
sequence (Uniprot id: P81534) was added at the N-terminal 
of the vaccine construct linked by the “EAAAK” linker fol-
lowed by B cell epitopes which were linked by the “KK” 
linkers, further, the HTL and CTL epitopes were linked 
by “AAY” and “GPGPG” linkers. The EAAAK linker will 
provide effective separation of domains of the bifunctional 
fusion proteins. The bi-lysine (KK) linker will preserve the 
independent immunological activities of the B cell epitopes 
of the vaccine [66]. AAY linkers will significantly influ-
ence the expression of the target vaccine protein [67]. The 
GPGPG linkers will prevent the generation of junctional 
epitopes and will facilitate immune processing and pres-
entation. The final vaccine construct was 338 amino acids 
long shown in Fig. 2.

Population coverage analysis

The design of peptide-based vaccines relies heavily on popu-
lation coverage analysis. The frequency of expression of dif-
ferent HLA types varies in different ethnicities as the MHC 
molecule is highly polymorphic [68]. Extreme polymor-
phism limits the percentage of the human population that 
can respond to a given antigen [69]. As a result, a peptide 
that works as a T cell epitope in a population with certain 

HLA makeup may not be successful in another population 
with a different HLA allelic distribution. The goal was to 
identify the promiscuous T cell epitopes that bind to mul-
tiple alleles of HLA supertypes for maximum population 
coverage. The predicted epitopes were used as input to the 
population coverage analysis tool in the IEDB database for 
final MHC I and MHC II (T cell) epitopes against the 109 
countries covering 16 different geographical regions. The 
population coverage tool showed that the designed vaccine 
would cover 99.51% of the world population. It is interesting 
to note that predicted epitopic core sequences showed sig-
nificantly highest and lowest population coverage from Japan 
and Wales regions, respectively (Supplementary Table 4).

Physiochemical characterization of designed 
vaccine

The physiochemical parameters of the vaccine construct 
have crucial effects on properties like stability and immuno-
genicity. The designed multi-epitope vaccine is composed of 
338 amino acids with a molecular weight of approximately 
36.84kDa. The theoretical pI was 9.10, indicating the vac-
cine construct is notably basic in nature. The total number 
of negative residues in the vaccine construct was predicted 
to be 23 and the positive residue is 34. The molecular for-
mula of the vaccine construct is C1702H2620N438O464S11 with 
5235 atoms. The estimated half-life is 30h, >20h, and > 10h 
in mammalian reticulocytes (in vitro), yeast (in vivo), and 
Escherichia coli (in vivo) respectively. The instability index 
was 28.78, implying a stable protein. The thermal stability 
of the vaccine is important, and it is evaluated by the ali-
phatic index, further solubility is a significant physiochemi-
cal parameter for the expression of the protein in a suitable 
expression system. The calculated aliphatic index and grand 
average of hydropathicity (GRAVY) were 92.78 and 0.145 
respectively, signifying that the vaccine is thermostable and 
hydrophilic (Supplementary Table 5).

Fig. 2   The structural arrangement of B and T cell epitopes along with linkers and adjuvant for the final multi-epitope vaccine construct



650	 Immunologic Research (2023) 71:639–662

1 3

Prediction of secondary structure and solubility 
of multi‑epitopic vaccine

PSIPRED produced the secondary structure of the vaccine 
construct with 45.99% Alpha Helix, 12.75% extended strand, 
and 41.24% random coil (Fig. 3). The predicted solubility 
leading to overexpression by the SOLpro server showed the 
vaccine construct as soluble with a probability of 0.643784 
(Supplementary Table 5).

Prediction of antigenicity and allergenicity 
of constructed vaccine

The vaccine must be antigenic and non-allergic in nature and 
also induce humoral as well as cell-mediated immune responses 
against the targeted pathogen. Our vaccine was observed to be 
antigenic with a respective probability score of 0.845 predicted 
by VaxiJen v2.0. The construct was also detected as a non-
allergen, checked using the AllerTOP v2.0 server.

Fig. 3   Secondary structure pre-
diction of the final multi-epitope 
vaccine construct by using the 
PSIPRED tool
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Epitope conservancy analysis

Proteins from 20 A. baumannii strains were extracted to find 
the LPS protein’s homologous amino acid sequences (Supple-
mentary Table 6). Consequently, each of the shortlisted CTL, 
HTL, and B cell epitope was analyzed to study the conserv-
ancy across all strains using the conservancy analysis tool of 
IEDB. All selected epitopes showed 100% conservation in all 
isolates from different counties (Tables 1, 2, and 3).

Tertiary structure prediction and structure 
validation

The tertiary structure of the vaccine was modeled using the 
Robetta, Alpha Fold, and SWISS-MODEL servers (Fig. 4), 
and the best models consensually predicted by the tools have 
been taken for further analysis. The structure was then sub-
jected to deep optimization and validated by structure validation 
tools PROCHECK, VERIFY 3D, and ERRAT. The accuracy 
and stereochemical feature of the predicted model was calcu-
lated with PROCHECK by Ramachandran Plot analysis. The 
predicted model scored, 88.3% of the amino acid residues in 
the favored, 10.0% in the allowed, 0.7% of the residues were 
found in the outlier, and 1.0% residues in the disallowed region 
(Fig. 5) which ensures the quality of the model. According to 
VERIFY 3D, the predicted model’s 89.94%of the residues have 
averaged 3D-1D score ≥ 0.2, which determines a good environ-
mental profile along with an ERRAT score of 87.6923which is 
below the 95% rejection limit. Further validation of the model 
suggested that the refined model has high stability and good 
quality, the refined model was used in docking studies.

Vaccine protein disulfide engineering

A total number of 45 pairs of amino acid residues were 
predicted to have the potential to form a disulfide bond 
by the DbD2 server. Following residue evaluation by chi3 
and B-factor energy parameters, only nine pairs of resi-
dues were found to be suitable for disulfide bond forma-
tion LEU11-PHE77, VAL35-CYS114, GLY38-PRO198, 
CYS40-CYS114, ALA41-PRO129, ALA143-ASP268, 
ALA184-ALA187, TYR241-PRO258, and LEU292-
ALA296 which was replaced by cysteine residue (Fig. 6). 
Residue screening was done on the basis of −87 to +97 
chi3 value and < 2.2 energy value (Supplementary Table 7). 
Thus, more disulfide bonds would increase the stability of 
the protein.

Prediction of discontinuous B cell epitopes

Antibodies recognize B cell epitopes composed of either 
linear peptide sequences or conformational determinants, 
which are present only in the three-dimensional form of the 
antigen. The discontinuous B cell epitope is the sequence of 
amino acids or subunits that comprise an antigen and can 
come in direct interaction with a receptor of the immune 
system. Therefore, the Ellipro server from the IEDB web-
site was used for the prediction of conformational B cell 
epitopes in chimeric multi-epitope vaccine with default 
parameters. Prediction using the ElliPro yielded five dis-
continuous epitopes as depicted in Supplementary Table 8. 
Figure 7 depicts the 3D structure of putative B cell epitopes 
in the designed construct.

Fig. 4   Homology modeling of 
the three-dimensional structure 
of the final multi-epitope vac-
cine construct
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Identification of cytokine‑inducing HTL epitopes

IFN-epitope server was utilized to identify MHC-II binding 
epitopes that can induce interferon-gamma. This web server 
predicts interferon-gamma–inducing epitopes based on three 
major modules, including predict, design, and scan. The 

MHC-II epitopes responsible for the activation of T helper cells 
can also induce the release of interferon-gamma and activation 
of downstream signaling. The final vaccine was inserted in the 
tool to identify the IFN-γ epitopes. The server assigned the 
SVM score for each input epitope. A total of 330 epitopes were 
identified of which 102 epitopes had a positive score. The result 
of the IFN-γ analysis was described in Supplementary Table 9. 
It is reported in several studies that interleukin-10 and inter-
leukin-17 play vital roles in host protection in the host defense 
against Acinetobacter baumannii infections and in the septic 
response [70, 71]. Therefore, the IL-10 and IL-17-inducing 
abilities of these HTL epitopes were evaluated. We found two 
selected HTL epitopes were able to induce IL-10; whereas, two 
selected HTL epitopes were able to induce IL-17.

Molecular docking analysis

Toll-like receptors play a critical role in the onset of inflam-
mation response by recognition of the pathogen [72]. TLR4 
is a membrane sensor for lipopolysaccharide and is essential 
for initiating the innate immune response of macrophages 
against A. baumannii infection [73, 74]. Knapp et al. have 
shown that A. baumannii LPS stimulates signaling in murine 
cells via TLR4 [75, 76]. Therefore, in the present study, the 
vaccine was docked with TLR4 as these receptors can acti-
vate innate immune response by inducing the synthesis of 

Fig. 5   Several structure validations tools results confirmed the modeled multi-epitope vaccine structure to be reliable and accurate

Fig. 6   Disulphide engineering of the vaccine protein. Residue pairs 
showed in olive (LEU11, VAL35, GLY38, CYS40, ALA41, ALA143, 
ALA184, TYR241, LEU292) and purple (PHE77, CYS114, PRO198, 
CYS114, PRO129, ASP268, ALA187, PRO258, ALA296) spheres 
were mutated to Cysteine residues to form disulfide bridge between 
them
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pro-inflammatory mediators, in response to the challenge with 
A. baumanii. Human TLR4 was obtained from the RCSB 
PDB database (PDB ID: 5IJB) while the vaccine model was 
used as a ligand. The best docking position and orientation, 
successfully predicted by the ClusPro 2.0 and PATCHDOCK 
servers, was selected from the top-ranked cluster based on the 
cluster size with the highest number of members and the low-
est energy. The model with the lowest binding energy value 
was preferred for each docked complex. Based on the dock-
ing results, favorable interactions were observed between 
the vaccine-TLR 4 complex. A total number of 23 hydrogen 
bonds (THR103–LYS66, ASP99–LYS66, ASP100–LYS43, 
ALA228–LYS43, GLN232–ASP41, ARG 295–ASP41, 
ARG295–GLN42, PRO125–LYS136, ASN124–LYS136, 
TYR225–ARG86, GLY319–THR109, ASN318–ASN105, 
ASN318–TRP81, ASP207–ARG266, THR209–TYR183, 
THR211–TYR183, ARG213–GLU265, ARG213–ASP264, 
GLU338–HIS178, GLU338–ARG233, PHE329–ARG223, 
GLN328–ARG337, GLN311–ARG337) were formed between 
the vaccine and TLR 4 immune receptor with a distance of 1.8 
Å, 1.7 Å, 1.9 Å, 1.7 Å, 2.0 Å, 1.9 Å, 2.4 Å,1.8 Å, 1.7 Å, 2.2 
Å,1.8 Å, 2.7 Å, 2.0 Å,1.8 Å, 1.8 Å, 2.6 Å, 1.9 Å,1.8 Å, 3.2 Å, 

1.8 Å, 1.8 Å, 1.9 Å, and 2.0 Å, respectively. Figure 8 illustrates 
the interaction of the vaccine and the receptor protein TLR-4 
and their interacting amino acids. The PyMOL molecular 
graphics system was used to visualize the docking interaction.

Molecular dynamics simulation

The stability of the interaction at the microscopic level 
of docked complex (TLR-2) and the multi-epitope-based 
vaccine was assessed by molecular dynamics using 
Gromacs2019 software. To obtain more accurate perceptions 
about the binding pattern and conformational variation of 
the systems, we utilized trajectory-derived root mean square 
deviation (RMSD), root mean square fluctuation (RMSF), 
radius of gyration (Rg), the number of hydrogen bonds, 
and molecular mechanics-Poisson Boltzmann surface area 
(MM-PBSA) against time-dependent function. Therefore, 
the RMSD of the C-alpha atom of the complex can provide 
evidence of complex constancy and stiffness. The results 
of the molecular dynamics simulation of the vaccine-TLR4 
docked complex is illustrated in Fig. 9. During the MD sim-
ulations period, the RMSD plot reported that the maximum 

Fig. 7   The conformational B lymphocyte epitopes present in the vac-
cine. The yellow spheres showing epitopes containing A 43 residues 
(AA 296-338) with residue score 0.774; B 62 residues (AA 1-6, AA 
64-65, AA 68-91, AA 164-173, AA 175, AA 239, and, AA 242-259) 
with residue score 0.722; C 60 residues (AA 29-30, AA 32-51, AA 

53-54, AA 57, AA 60-61, AA 111-126, and, AA 194-210) with resi-
due score 0.703; D 3 residues (AA 92, AA 94, and, AA 98) with resi-
due score 0.543; E 4 residues (AA 176, AA 179-180, and, AA 182) 
with residue score 0.517
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RMSD value was between 15ns–25ns range (Fig. 9). Fur-
ther, throughout the entire time frame of 100 ns time-frames, 
the protein exhibited stability. A high fluctuation in the 
plot indicates highly flexible regions in the receptor-ligand 
complex while mild fluctuations show uninterrupted inter-
action between receptor and ligand molecules. The RMSF 
plot (Fig. 9) showed fluctuation in the positioning of the 
amino acid side chains from 600 onwards; this reflects the 
continual interaction between the multi-subunit vaccine and 
receptor, whereas regions showing major fluctuations rep-
resent highly flexible regions in the protein-receptor com-
plex. The radius of the gyration plot revealed the protein’s 
compactness around its axes. In addition, H bond formation/
deformation between TLR4 and the vaccine molecules was 
investigated throughout the MD simulation time. The inter-
molecular hydrogen bonds have generally increased over the 
MD simulation time (Fig. 9). This trend confirms the efforts 
of the two molecules to establish the best inter-molecular 
interaction as well as corroborates the appropriate dynamic 
of the studied system.

MMPBSA binding free energy analysis

The free energy of binding (ΔGbind) is believed to be an 
essential thermodynamic quantity to assess the favorable pro-
tein–protein interaction as well as their affinity for accurate 
modeling of biological systems. In this regard, the g_mmpbsa 
tool was used to calculate the free binding energy of the MD 
simulations. MM/PBSA calculates the aforementioned favora-
ble forces, including solvent-accessible surface area (SASA) 
and unfavorable polar solvation energy (PSE). The MM/PBSA 
computed free energy of binding for the system was estimated 

as −261.563 ±185.334 kJ/mol (Supplementary Table 10). The 
results revealed that the docking was energetically feasible, as 
indicated by the negative values of Gibbs free energy (ΔG). The 
negative free binding energy value observed indicates that the 
vaccine complex is strongly binding to the receptor making it a 
promising candidate as a vaccine against A. baumannii.

Codon optimization and in silico cloning

Codon bias occurs when an amino acid is encoded by more 
than one codon in distinct organisms. Because an organ-
ism’s cellular machinery differs from that of another, the 
same amino acid can be transcribed by completely different 
codons in various animals. As a result, codon adaptation 
was used in this work to predict the best codon for effi-
ciently encoding a certain amino acid in a specific organism. 
Reverse translation and codon optimization was performed 
using the JCAT (Java Codon Adaptation Tool) server. The 
target organism was prokaryotic E. coli strain K12. Rho-
independent transcription terminators, prokaryotic ribosome 
binding sites, and restriction enzyme cleavage sites EaeI and 
StyI were all avoided on the server. The CAI of the modified 
sequence was 0.995, and the upgraded sequence’s GC con-
tent was 54.73%, whereas E. coli’s GC level was 50.7%. The 
codon-optimized vaccine construct sequence was searched 
for restriction enzyme sites; however, EcoRI and BamHI 
enzymes were not detected in the vaccine sequence; there-
fore, these enzymes were employed for in silico cloning. A 
6X His tag was inserted for the effective purification and 
solubilization of the vaccine protein. Finally, after inserting 
the vaccine design into the pET28a (+) vector, a successful 
clone of 6383bp was obtained (Fig. 10).

Fig. 8   Molecular interaction of 
multi-epitope vaccine construct 
docked with TLR4
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Immune simulation

Results from the C-ImmSim server showed a significant 
increase in immune response generation. According to the 
simulation study, the main immune response to the anti-
genic fragments was anticipated to grow significantly after 
each of the three vaccine injections, as represented by the 
progressive increase in concentrations of various immu-
noglobulins. Again, secondary immune responses were 
shown to be enhanced in response to primary immunologi-
cal stimulation. The presence of high levels of IgM and 
IgG indicated a humoral immune response (Fig. 11A). The 
B cell population showed an increase in B memory cells 
and B cell isotype IgM, as well as a decrease in antigen 
concentration (Fig. 11B–C). The development of immune 

memory increased antigen clearance on subsequent expo-
sures (Fig. 11D–F). A substantial response was also detected 
in the TH1 and TC cell populations with associated memory 
development. Furthermore, the increased numbers of den-
dritic cells and macrophages indicated that these antigen-
presenting cells or APCs were extremely potential at antigen 
presentation (Fig. 11G–H). The vaccine was also capable 
of producing a large number of different cytokines such as 
IFN-gamma, IFN-beta, IL-10, and IL-23 which are the most 
essential cytokines for eliciting an immune response against 
pathogens (Fig. 11I). In addition, these findings were com-
patible with the induced level of IFN-γ developed after the 
proposed vaccine construct was immunized. On the other 
hand, the negligible Simpson index (D) suggests a varied 
immune response (Fig. 11I).

Fig. 9   Molecular dynamics simulation of TLR4 and vaccine com-
plex. A RMSD representation of the docked complex protein back-
bone consists of TLR4 as a receptor and vaccine as a ligand. B RMSF 

representation of the docked complex protein side chains. C Number 
of hydrogen bonds formed during the course of MD simulation tra-
jectory. D Radius of Gyration plot in during MD simulation
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Discussion

ESKAPE diseases have become a major worldwide public 
health concern, and scientists are working to produce a 
vaccine and determine the best strategy to treat the con-
dition. Several immune-bioinformatics technologies have 
been employed for the strategic development of vaccines 
that can save time and money which could potentially iden-
tify antigenic regions for multi-epitope vaccine develop-
ment. We can now create peptide vaccines based on the 
most antigenic epitopes that can elicit a robust immune 

response since we have adequate information on Acineto-
bacter baumannii’s genomes and proteomes. These immu-
noinformatics approaches have had a considerable influ-
ence on immunology research, and several instances of in 
silico design of epitope-based vaccines against bacterial 
[77], viral [78], parasitic [79], and fungal [80] diseases 
can be found.

A. baumannii is an extensively drug-resistant lethal 
human nosocomial bacterium [81]. A. baumannii’s 
pathogenicity and capacity to cause such a wide spec-
trum of illnesses are due to its diverse virulence factors. 

Fig. 10   Restriction cloning of final multi-epitope vaccine by using pET28a (+) expression vector in the in silico space. Black circle indicates the 
vector, and the red part is the place where the vaccine is inserted
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Lipopolysaccharide assembly proteins are one of such 
virulence factors that promote the accumulation of toxic 
intermediates, reduce fluidity, and increase the osmotic 
resistance of the outer membrane [82, 83]. LptD and LptE 
proteins, which are the main immunogenic components of 
A. baumannii, have been chosen as important targets for 
vaccine development since they undergo a robust immune 
response and modulate pathogenicity. Since the humoral 
immunity mediated by memory B cells can be overpow-
ered or neutralized by the advent of multi-drug resistant 
pathogens, it is crucial to design a vaccine construct that 
can elicit long-standing cell-mediated immunity. To design 

a novel A. baumannii vaccine based on LptD and LptE pro-
teins for the induction of long-lasting B and T cell–medi-
ated immunity against this pathogen.

A study conducted by, Sogasu et al. suggested certain 
peptides in OmpA protein as promising epitope vaccine can-
didates against multi-drug resistant strains of A. baumannii 
[84]. In another study, Ren et al. proposed a recombinant 
multi-epitope assembly peptide vaccine construct including 
FilF and NucAb proteins and evaluated its immunogenic-
ity and protective immunity in Balb/c mice [85]. On the 
other hand, Song et al. suggested some putative B and T 
cell epitopes based onMacB protein [86]. Also, Solanki 

Fig. 11   In silico simulation of immune response using vaccine as 
antigen: A Antigen and immunoglobulins, B B cell population, C B 
cell population per state, D helper T cell population, E helper T cell 
population per state, F cytotoxic T cell population per state, G mac-

rophage population per state, H dendritic cell population per state, 
and I production of cytokine and interleukins with Simpson index (D) 
of immune response

https://pubmed.ncbi.nlm.nih.gov/?term=Ren+S&cauthor_id=31203576
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et al. identified novel drug targets by using the subtrac-
tive proteomics approach [87], and Song et al. performed 
epitope screening of a potential vaccine antigen TolB from 
outer membrane protein [88]. These studies demonstrate 
the potential of a multi-epitope peptide vaccine targeting 
multiple antigens as an ideal approach for the prevention of 
Acinetobacter infection. However, it has been suggested to 
study several other antigenic proteins of the pathogen for the 
construction of a novel vaccine construct.

With this background, we employed immunoinformatics 
methods for n the formulation of a new vaccine using the 
epitopes from LPS assembly proteins LptD and LptE in a 
more comprehensive way. We identified epitopes associated 
with B cells and T cells from two major LPS assembly pro-
teins, LptD and LptE to design a robust vaccine construct 
being able to induce both humoral and cellular immunity. 
ABCpred tool was used to predict putative B cell epitopes. 
As CD8+ and CD4+ T cells are key players in the genera-
tion of immunity against bacteria, we tried to evaluate the 
binding affinity to MHC classes I and II molecules using 
NetMHCpan 4.1 and IEDB MHC II prediction tools to iden-
tify the most immunodominant regions. All of the epitopes 
were found to be “antigens” analyzed by the VaxigenV2.0 
server. Another significant impediment to vaccine devel-
opment is the possibility of allergenicity since many vac-
cines provoke an allergic reaction in the immune system. 
To anticipate possible allergenicity, the AllerTOP server 
was employed, and all epitopes were classified as “non-
allergen”. IEDB class I immunogenicity tool was utilized to 
find the immunogenicity score of the peptides. Toxinpred 
server identified all peptides as “non-toxin” with additional 
information on the characteristics and properties like hydro-
phobicity, hydrophilicity, hydropathicity, charge, and SVM 
score, along with the molecular weight of the predicted 
peptides. From all peptides predicted, two putative epitopes 
from linear B cell, seventeen epitopes from MHC class I, 
and two epitopes for MHC class II were chosen based on the 
criteria of high antigenicity score, non-allergenicity, non-
toxicity, high binding affinity, and positive immunogenicity 
score. To boost immunogenicity, the multi-epitope vaccine 
was designed by combining adjuvant, T and B cell epitopes 
with appropriate linkers. Human beta-defensins 1 and 2 are 
less potent peptide antibiotics and predominantly active 
against Gram-negative bacteria and yeasts [89]; henceforth, 
human beta-defensin 3 (HBD3) has been used. HBD3 dis-
plays broad specificity against several microorganisms, i.e., 
P. aeruginosa, E. faecium, S. aureus, and C. albicans. There-
fore, HBD3 is a natural human protein that can interact with 
the components of lipid membranes and also shows prom-
ise for non rejectable peptide-based therapeutics [90–92]. 
Therefore, HBD3 was used as an adjuvant and integrated 
into the vaccine construct with the EAAAK linker. On the 
other hand, LBL epitopes were merged with the KK linker 

while HTL and CTL epitopes were added with GPGPG and 
AAY linkers, respectively.

Population coverage is another important aspect of vac-
cine design [93, 94]. The vaccine construct showed cover-
age of 99% of the world’s population. The physicochemical 
properties of the constructed vaccine were obtained utiliz-
ing the Protparam tool. The construct demonstrated high 
solubility and stability making it an ideal candidate for the 
initiation of an immunogenic reaction. PSIPRED predicted 
the secondary structure of the vaccine which comprises 
45.93% alpha-helix, 9.26% beta-turn, and 27.41% random 
coils. For the 3D modeling, we used the Robetta server to 
predict the tertiary protein structure and Pymol for visu-
alization of the structures [95]. PROCHECK, ERRAT, and 
Verify 3D were employed for the validation [96]. The result-
ing values strongly corroborated the reliability of the devel-
oped structure for further analysis. Ellipro server identified 
five conformational B-cell epitopes indicating the ability 
of the designed constructs for robust induction of humoral 
response. Disulfide by Design 2.0 web server predicted 23 
pairs of amino acid residues indicating the potential to form 
a disulfide bond.

A significant amount of IFN-γ, IL-10, and IL-17 was 
measured as candidates in MHC class II epitopes, as these 
cytokines can be implicated in the development of T helper 
cells, which are required in the activation of B cells, mac-
rophages, and cytotoxic T cells [97–99]. Also, peptide-
protein docking between the vaccine construct and TLR 
4 was performed by the ClusPro server, and the resulting 
docked conformation showed strong interactions between 
the designed construct and TLR 4. The conformational sta-
bility of the vaccine-receptor docked complex was analyzed 
by MD simulation using the gromacs software [100–110]. 
RMSD and RMSF plots showed continuity throughout the 
time period of 100ns. In order to ensure effective expres-
sion and translation in E. coli as a host, in silico cloning and 
codon optimization were predicted. Finally, to describe the 
immunogenic response profile of the vaccine, an immune 
simulation was performed. Keeping these in silico observa-
tions into consideration, the safety and efficacy of the multi-
epitope vaccine need to be clinically ascertained.

Conclusion

Vaccine design and development is an inherently laborious 
process, but computational immunology methods have the 
potential to reduce the efforts greatly. The epitope-based 
vaccines are feasible and capable of inducing a protective 
immune response. In the current research, we have made an 
attempt to predict the B and T cell epitopes for LPS assem-
bly proteins of A. baumannii, and the predicted minimal 
epitope sets may act as probable vaccine candidates in the 
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development of a new vaccine. The population coverage 
analysis reveals that the proposed epitopes may work more 
effectively on a large scale of the human population. Taken 
all together, according to immunological analysis, structural 
and physicochemical characterizations, the vaccine candi-
date needs to be further supported by in vitro and in vivo 
validation through laboratory experiments for consideration 
as a possible multi-epitope vaccine against Acinetobacter 
infection.
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