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Abstract 

Acinetobacter baumannii is a gram-negative bacillus prevalent in nature, capable of thriving under various envi-
ronmental conditions. As an opportunistic pathogen, it frequently causes nosocomial infections such as urinary 
tract infections, bacteremia, and pneumonia, contributing to increased morbidity and mortality in clinical settings. 
Consequently, developing novel vaccines against Acinetobacter baumannii is of utmost importance. In our study, 
we identified 10 highly conserved antigenic proteins from the NCBI and UniProt databases for epitope mapping. We 
subsequently screened and selected 8 CTL, HTL, and LBL epitopes, integrating them into three distinct vaccines con-
structed with adjuvants. Following comprehensive evaluations of immunological and physicochemical parameters, 
we conducted molecular docking and molecular dynamics simulations to assess the efficacy and stability of these 
vaccines. Our findings indicate that all three multi-epitope mRNA vaccines designed against Acinetobacter baumannii 
are promising; however, further animal studies are required to confirm their reliability and effectiveness.
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Introduction
First identified as a new species in 1986 [1], Acineto-
bacter baumannii is a gram-negative bacillus implicated 
in various infections, including soft tissue and urinary 
tract infections, septicopyemia, bacteremia, pneumo-
nia, and meningitis [2]. Improper treatment of these 
infections can result in elevated mortality rates. Despite 
being recognized for decades, Acinetobacter baumannii 
remains a significant member of the ESKAPE group [3], 
consistently presenting a formidable challenge as a major 
pathogen causing difficult-to-treat nosocomial infections 
worldwide [4].

The increasing resistance to carbapenems in Acineto-
bacter baumannii is partly attributed to its highly vari-
able capsular polysaccharide, which enhances its ability 
to evade immune system attacks and resist certain anti-
bacterial drugs and disinfectants [5]. Due to its escalat-
ing threat, the World Health Organization has designated 
Acinetobacter baumannii as a critical research priority, 
emphasizing the urgent need for new drug development 
[6].

Research has shown that early immune responses 
in individuals infected with Acinetobacter baumannii 
involve key factors such as neutrophils, macrophages, 
antimicrobial peptides, and the complement system [7]. 
Neutrophils play a crucial role in pathogen elimination 
through phagocytosis, degranulation, or NETosis, lead-
ing to the generation of reactive oxygen species (ROS). 
Macrophages, on the other hand, produce nitric oxide 
and secrete inflammatory cytokines and chemokines [8]. 
Despite these immune defenses, Acinetobacter bauman-
nii can evade host defenses through various virulence 
factors and mechanisms. For instance, its capsular poly-
saccharide impedes the interaction between neutrophils 
and the negatively charged surfaces of macrophages, 
preventing effective phagocytosis. Additionally, outer 
membrane protein A interacts with factor H, inhibit-
ing complement-mediated killing. Consequently, target-
ing these components with drugs is not only feasible but 
imperative for effective intervention.

In recent years, numerous studies have focused on devel-
oping vaccines against Acinetobacter baumannii. Many of 
these studies have concentrated on whole-cell antigens of 
Acinetobacter baumannii [9], while others have explored 
vaccines targeting its outer membrane vesicles [10, 11]. 
Additionally, various studies have designed vaccines for 
important surface antigens such as OmpA [12], Bap [13], 
FilF, and QnrA. These new vaccines have demonstrated the 
ability to elicit specific immune responses against these key 
targets, thereby preventing Acinetobacter baumannii infec-
tions. However, none of these vaccines have yet shown the 
capability to induce a sufficient immune response for use in 
clinical trials. Therefore, the development of novel vaccines 

against Acinetobacter baumannii remains an urgent 
priority.

Vaccines represent a powerful strategy for preventing 
bacterial infections; however, a comprehensive and effec-
tive vaccine targeting Acinetobacter baumannii is currently 
unavailable. Traditional vaccine development typically 
involves whole organisms or large proteins, which can 
sometimes trigger unnecessary allergic reactions or exces-
sively strong immune responses [14]. Furthermore, due to 
the diversity of Acinetobacter baumannii strains, extensive 
antigen variation, and strong resistance to most antibiot-
ics, in vitro culture is relatively challenging [15]. As a result, 
traditional biochemical, serological, and microbial meth-
ods for directly identifying relevant antigen targets are inef-
ficient, time-consuming, and require significant resources 
and funding. Furthermore, the traditional approach is 
time-consuming and its therapeutic effects can be uncer-
tain. Recently, a novel type of vaccine, known as multi-
epitope vaccines, has emerged. These vaccines have shown 
promising immune responses and fewer side effects in vari-
ous animal studies and early clinical trials. Incorporating 
informatics into vaccine research and development, as well 
as immunization processes, can reduce costs, improve effi-
ciency, save time, and facilitate the design of more effective 
vaccines [16]. However, despite their potential, synthetic 
peptide and DNA vaccines often suffer from low immuno-
genicity, and DNA vaccines may pose risks of mutagenic 
alterations [17].

Fortunately, mRNA vaccines can overcome these issues 
and be produced economically and rapidly at scale. There-
fore, the primary objective of our research was to develop 
multi-epitope mRNA vaccines against Acinetobacter bau-
mannii, incorporating elements such as CTL, HTL, LBL, 
and others. Initially, we retrieved the amino acid sequences 
of target proteins from the NCBI and UniProt databases 
and selected epitopes based on characteristics such as anti-
genicity and toxicity. Suitable adjuvants were then inte-
grated with the identified T cell and B cell epitopes using 
various linkers to formulate the vaccines. The structure 
and physicochemical properties of the constructs were 
validated using various network tools. Molecular docking 
and molecular dynamics simulations were performed to 
elucidate the docking patterns and assess stability. Finally, 
we optimized the codons, constructed the mRNA vaccines, 
and evaluated the immunogenicity of the constructs using 
different analytical tools.

Materials and methods
Target protein sequence screening
Protein sequence retrieval and screening
The protein sequences of AmpD (WP_000810002.1), 
OmpA (WP_000777878.1), Pal (EEX03100.1, 2009, Gen-
Bank), BauA (WP_001073039.1), Omp34 (EEX02037.1), 
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BamA (EEX04588.1), Omp22 (WP_001202415.1), 
CsuA/B (EEX04344.1), OmpK (WP_001176275.1) and 
Dcap (EEX05238.1) of Acinetobacter baumannii strain 
ATCC19606 were retrieved in FASTA format from the 
National Center for Biotechnology Information Database 
(NCBI, https:// www. ncbi. nlm. nih. gov/).

Prediction and selection of epitope
Prediction and selection of Cytotoxic T lymphocyte epitope
Cytotoxic lymphocytes (CTLs), a subset of white blood 
cells, are specialized T cells that secrete various cytokines 
and play a crucial role in immune functions. They are 
essential for eliminating viruses, cancer cells, and other 
antigenic substances, serving as a key defense mecha-
nism in antiviral and anti-tumor immunity, alongside 
natural killer cells.

The NetCTL 1.2 server (https:// servi ces. healt htech. 
dtu. dk/ servi ces/ NetCTL- 1.2/) was used to predict CTL 
epitopes within protein sequences. The latest version, 
1.2, can predict epitopes for 12 major MHC-I supertypes. 
Epitopes with combined scores greater than 0.75 were 
selected for further analysis, including allergenicity, anti-
genicity, and immunogenicity tests.

The VaxiJen v2.0 server (https:// ddg- pharm fac. net/ 
vaxij en/ VaxiJ en/ VaxiJ en. html/) is a precise tool for pre-
dicting protective antigens and subunit vaccines with-
out requiring sequence alignment. We set the bacterial 
threshold value at 0.4 to reflect the capacity of sequences 
to bind with specific antibodies and CTLs. Recognizing 
that antigenicity alone does not ensure efficacy, we also 
considered safety aspects, such as minimizing toxicity 
and allergenicity. To address these concerns, we used 
AllerTOP v2.0 (https:// ddg- pharm fac. net/ Aller TOP/) to 
predict allergenicity and ToxinPred (https:// webs. iiitd. 
edu. in/ ragha va/ toxin pred/ index. html) to predict viru-
lence. Sequences that were non-allergic, non-toxic, and 
had an antigenicity score of ≥ 0.4 were selected for fur-
ther assessment of immunogenicity.

Unlike antigenicity, which refers to the ability of an 
antigen to be recognized by the immune system, immu-
nogenicity pertains to the antigen’s ability to induce an 
immune response in the host. To predict immunogenic-
ity, we utilized the Class I Immunogenicity tool (http:// 
tools. iedb. org/ immun ogeni city/) from the Immune 
Epitope Database & Tools (IEDB, https:// iedb. org/).

To prevent epitopes from being cleaved by signal 
peptidase, we used SignalP-6.0 (https:// servi ces. healt 
htech. dtu. dk/ servi ces/ Signa lP-6. 0/), which predicts 
the presence of signal peptides and their cleavage 
sites. Additionally, we employed the DeepTMHMM 
server (https:// dtu. biolib. com/ DeepT MHMM) for deep 
learning-based prediction of the membrane topology 
of transmembrane proteins. This approach allowed us 

to recheck epitope locations, predict transmembrane 
helix domains, and select epitopes that are free from 
predicted transmembrane regions and signal peptides.

Recognizing that conserved epitopes typically offer 
greater protective effects, we used Epitope Analysis 
Tools in IEDB (http:// tools. iedb. org/ conse rvancy/) to 
assess the conservation or variation of specific peptides 
within a given protein sequence set. Sequences with 
an identity threshold of ≥ 95% were selected to identify 
highly conserved epitopes.

Prediction and selection of helper T lymphocyte epitope
Helper T lymphocytes (HTLs) play a crucial role in 
stimulating antibody production by activating com-
plement pathways and producing cytokines and 
chemokines, thereby significantly contributing to 
immune responses.

The MHC II Binding Tool (http:// tools. iedb. org/ 
mhcii/) from the Immune Epitope Database (IEDB) is 
used for HTL epitope prediction, utilizing the NetM-
HCIIpan-4.1 server, which includes separate predictors 
for binding and elution. We selected a comprehensive 
HLA reference set covering various alleles such as 
HLA-DRB101:01, HLA-DRB103:01, HLA-DRB104:01, 
HLA-DRB104:05, and others. Default values for pep-
tide lengths were used in the predictions.

Predicted peptides were then evaluated for antigenic-
ity, immunogenicity, toxicity, and allergenicity using 
VaxiJen v2.0 (https:// ddg- pharm fac. net/ vaxij en/ VaxiJ 
en/ VaxiJ en. html/), ToxinPred (https:// webs. iiitd. edu. in/ 
ragha va/ toxin pred/ index. html), IEDB Class I Immuno-
genicity (https:// webs. iiitd. edu. in/ ragha va/ toxin pred/ 
index. html), and AllerTOP v2.0 (https:// ddg- pharm fac. 
net/ Aller TOP/).

Interferon plays a vital role in the maturation and dif-
ferentiation of antigen-presenting cells, thus enhancing 
the immune response. Therefore, it is essential to con-
firm the potential of our epitopes to induce interferon. 
The IFNepitope server (http:// crdd. osdd. net/ ragha 
va/ ifnep itope/) predicts the potential of peptides to 
induce IFN-γ. Additionally, IL-4 is critical for regulat-
ing immune cell formation and differentiation, and its 
effects can be counteracted by interleukin-10 (IL-10). 
The potential of peptides to induce IL-4 and IL-10 was 
predicted using IL4pred (http:// crdd. osdd. net/ ragha va/ 
il4pr ed/) and IL-10pred (http:// crdd. osdd. net/ ragha va/ 
IL- 10pred/). Transmembrane helix domains and sig-
nal peptides were predicted using the DeepTMHMM 
server (https:// dtu. biolib. com/ DeepT MHMM), and 
peptide conservativeness was assessed through Epitope 
Analysis Tools in IEDB (http:// tools. iedb. org/ conse 
rvancy/).
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Prediction and selection of B cell epitope
B cell epitopes, located on the surface of antigen pro-
tein molecules, are capable of binding to B cell recep-
tors (BCR) and antibodies. Linear B cell (LBL) epitopes 
are characterized by their sequential arrangement in the 
amino acid sequence.

To identify LBL epitopes, we used the ABCpred net-
work server (https:// webs. iiitd. edu. in/ ragha va/ abcpr ed/ 
ABC_ submi ssion. html/), which employs a trained recur-
rent neural network (RNN) with a window length of 16 
amino acids and a threshold value of 0.51. The predicted 
peptides were then subjected to a comprehensive analy-
sis, including assessments of antigenicity, toxicity, immu-
nogenicity, and allergenicity using VaxiJen v2.0 (https:// 
ddg- pharm fac. net/ vaxij en/ VaxiJ en/ VaxiJ en. html/), Tox-
inPred (https:// webs. iiitd. edu. in/ ragha va/ toxin pred/ 
index. html), IEDB Class I Immunogenicity (https:// webs. 
iiitd. edu. in/ ragha va/ toxin pred/ index. html), and Aller-
TOP v2.0 (https:// ddg- pharm fac. net/ Aller TOP/).

Additionally, we predicted transmembrane helix 
domains and signal peptides using the DeepTMHMM 
server (https:// dtu. biolib. com/ DeepT MHMM). The con-
servativeness of the epitopes was assessed using IEDB 
(http:// tools. iedb. org/ conse rvancy/).

Population coverage
Predicting the population coverage of MHC alleles is 
crucial for assessing the effectiveness of the constructed 
vaccines, as it depends on the distribution and expression 
frequency of HLA alleles that interact with the vaccine 
constructs. To achieve this, we used the population cov-
erage tool from IEDB (http:// tools. iedb. org/ popul ation/) 
to forecast coverage. Peptides that provided coverage of 
at least 5% of the global population were then selected for 
further analysis.

Molecular docking of peptides and HLA alleles
We utilized the SWISS-MODEL server (https:// swiss 
model. expasy. org/ inter active) for homologous mod-
eling of our selected MHC molecules, employing Pro-
Mod3, an in-house comparative modeling engine based 
on Open Structure. Additionally, PEP-FOLD3 (https:// 
biose rv. rpbs. univ- paris- dider ot. fr/ servi ces/ PEP- 
FOLD3/) was used to predict peptide structures from 
amino acid sequences, utilizing a structural alphabet 
(SA letters) to describe the conformations of four con-
secutive residues. The MDockPep server (https:// zougr 
oupto olkit. misso uri. edu/ MDock PeP/) was employed 
to predict HLA allele-peptide complexes, starting with 
the HLA allele protein structure and peptide sequence. 

This server ranked the predicted models using the 
knowledge-based scoring function, ITScorePeP. Finally, 
we used LigPlus, a virtual screening software, to screen 
compounds against potential drug targets.

Design of multi‑epitope vaccine constructs
β-Defensin 3 is a molecule featuring three β-strands 
and a short helix in its N-terminal region [18]. It is 
known for its antibacterial activity against both Gram-
negative and Gram-positive bacteria and its immu-
nomodulatory effects, which include recruiting naive 
T cells and immature dendritic cells to the site of 
infection [19]. RS09, a widely utilized synthetic TLR-4 
agonist, is recognized for inducing strong immune acti-
vation and enhancing antibody production when used 
as an adjuvant [20]. Additionally, the Cholera Toxin B 
subunit (CTB) acts as an effective adjuvant by binding 
to antigen-presenting cells (APCs), improving stabil-
ity, extending half-life, and boosting immune activa-
tion [21]. These three adjuvants have been extensively 
applied in multi-epitope vaccine design and have shown 
significant activity in eliciting immune responses.

In constructing the vaccine sequences, the exist-
ing signal-peptide sequences in these adjuvants were 
removed. The treated peptides were then combined 
with the PADRE peptide [22], a universal synthetic pep-
tide that activates antigen-specific CD4 + T cells and 
initiates innate immune responses. The PADRE pep-
tide has been shown to enhance therapeutic responses 
to MHC I-restricted epitopes by increasing IFN-γ pro-
duction. The PADRE sequence was linked to the three 
adjuvants using an EAAAK linker. After removing the 
signal-peptide sequence, methionine was reintroduced 
at the N-terminus, as methionine is typically the first 
amino acid in polypeptide chains synthesized by eukar-
yotic or prokaryotic ribosomes.

The protein and CTB sequences were fused using 
EAAAK, GPGPG, and AAY linkers to create a chi-
meric protein, which significantly boosts the vaccine’s 
immunogenicity and enhances immune responses. 
Subsequently, CPGPG linkers were used to connect 
HTL epitopes, AAY linkers for CTLs, and KK link-
ers for LBLs. The last HTL epitopes were linked to the 
first CTL epitopes via AAY linkers, while the final CTL 
epitopes were connected to the first LBL epitopes using 
KK linkers. Finally, a "6xHis tag" was appended to the 
C-terminal of the vaccine construct to facilitate protein 
purification without affecting the functionality of the 
fusion proteins.  And we named the vaccine construct, 
which  is bound with CTB, ABV1. Vaccine bound with 
RS09 named ABV2, and vaccine bound with β-defensin 
3 named ABV3.
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Prediction of biophysical properties and biochemical 
characteristics of the designed vaccine constructs
In the design of these three constructs, we assessed 
their antigenicity using both Vaxijen and ANTIGENpro 
(http:// scrat ch. prote omics. ics. uci. edu/). Then, the aller-
genicity and toxicity of the vaccine was evaluated via 
AllerTop v.2.0 and ToxinPred2 server, respectively. And 
various physicochemical properties such as molecu-
lar weight, theoretical isoelectric point (pI), half-value 
period, instability index, aliphatic index, and grand aver-
age of hydropathicity (GRAVY) index of the vaccine was 
predicted by ProtParam (https:// web. expasy. org/ protp 
aram/). Subsequently, the SOLpro was employed to pre-
dict the protein’s solubility (https:// scrat ch. prote omics. 
ics. uci. edu/).

Secondary structure prediction, tertiary structure 
modeling, refinement and validation
The PSIPRED4.0 server (http:// bioinf. cs. ucl. ac. uk/ psipr 
ed/) was employed to establish the secondary structure 
of vaccines using position-specific scoring matrices, 
ensuring high precision. Subsequently, Colabfold v1.53 
(https:// alpha fold. com/) was utilized for the prediction 
and optimization of the tertiary structures of the vac-
cines. The most superior model for each vaccine was 
selected and then committed to the ERRAT and PRO-
CHECK tools on the structure validation services SAVS 
v6.0 (https:// saves. mbi. ucla. edu/). Additionally, the mod-
els were submitted to the ProSA-Web (https:// prosa. 
servi ces. came. sbg. ac. at/ prosa. php) server to evaluate the 
Z-score, ensuring the quality and validation of the pre-
dicted structures.

Molecular docking between designed vaccine 
and receptors
Molecular docking of the vaccine construct and the 
receptors facilitated understanding of the binding 
mode between the two molecules. Toll-like receptor 4 
(TLR4), a member of the Toll-like receptor family, plays 
a role in innate immunity and mediates inflammatory 
responses by recognizing PAMPs such as lipopolysac-
charide, bacterial endotoxins, or lipoteichoic acid [23]. 
In addition to TLR4, we explored the molecular dock-
ing of our designed vaccine with HLA-A02:01 and HLA-
DRB101:01. Afterwards, we utilized the ClusPro2.0 
server [24] to evaluate the binding affinity and employed 
the HADDOCK2.4 server to refine the complexes.

Molecular dynamics simulation and analysis
MD simulation
Utilizing Gromacs v2023.3 software, we conducted MD 
simulations to predict the dynamics and stability of 
receptors-vaccine docking complexes [25]. At the initial 

stage, the AMBER14SB_ parmbsc1force field was applied 
to generate the coordinate file and topology of the com-
plexes. Subsequently, these complexes underwent solva-
tion by introducing Transferable Intermolecular Potential 
3P (TIP3P) water molecules and counter ions (Na + and 
Cl-) to neutralize the charge of the simulated system [26]. 
Following this, we minimized the energy. To maintain a 
constant temperature isopiestic pressure environment, 
we set NVT simulations in 200 ps and NPT simulations 
in 1 ns, ensuring equilibration of temperature and pres-
sure to 310  K and 1  atm. The MD simulation was then 
conducted for 100  ns in an isothermal and isopiestic 
environment. Lastly, the LINCS algorithm was employed 
to constrain hydrogen bonds, and the Particle-Mesh 
Ewald summation scheme was utilized for the calculation 
of long-range electrostatic interactions.

MM‑PBSA
The final 10  ns of the trajectory were isolated and then 
input into the gmx_MMPBSA v1.62 tool [27]. This tool 
was used to compute estimates of binding free energy 
between the vaccine and the receptors.

Immune simulation
We utilized the C-IMMSIM v10.1 tool (https:// kraken. 
iac. rm. cnr. it/C- IMMSIM/) to evaluate the potential 
immune efficacy of our constructed vaccine. It employs 
Position Specific Scoring Matrix (PSSM) methods to 
recognize epitopes and can synchronously simulate the 
immune reactions in 3 compartments representing keest, 
thymus gland and lymphedema of mammals to epitopes 
[28]. Our simulation time steps were configured at 1050 
(with 1 time stage equivalent to 8 h), and each injection 
was scheduled at time step-1, step-84, and step-168. The 
default injection dose for each administration was set to 
1,000, with a four-week time interval between each dose, 
following the most recommended settings.

Multi‑epitope mRNA construction and secondary structure 
prediction
To construct an effective, conclusive and verifiable 
mRNA vaccine, we attached signal peptide tissue plasmi-
nogen activator(tPA) [29] to the 5’end of DNA sequence 
with the connection of EAAAK, and MHC I targeting 
domain(MITD) sequence [30], which was contributed 
to induce the presentation of CTL epitope, to the 3’end 
of the DNA sequence with EAAAK as well. Then used 
the EMBOSS (http:// emboss. open- bio. org/) server to 
process reverse translation and optimize this construct. 
After that, added Kozak sequence [31], which helped to 
facilitate extracellular secretion, to the completed verified 
DNA sequence. And attached 5’ untranslated region and 
3’ untranslated region to the beginning of the sequence 
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https://kraken.iac.rm.cnr.it/C-IMMSIM/
https://kraken.iac.rm.cnr.it/C-IMMSIM/
http://emboss.open-bio.org/
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and the ending of the sequence, with a TAA codon ends 
the translation in front of 3’UTR [32, 33]. And finally, 
added the restriction site GGA TCC  to the beginning and 
CTC CAG  to the end. Afterwards, we applied the Biochen 
(https:// www. bioch en. org/ cn/ tools/ trans form_ seque nce) 
server to translate the DNA sequence to mRNA sequence 
and utilized the RNAfold server(http:// rna. tbi. univie. ac. 
at/ cgi- bin/ RNAWe bSuite/ RNAfo ld. cgi) to predict the 
secondary structure.

Codon optimization and in silico cloning
In order to enhance the expression of the designed vac-
cines in the chosen host, we subjected our construct to 
codon optimization by using EMBOSS (http:// emboss. 
open- bio. org/), choosing E.  coli (Strain K12) as the 
expression host. We assessed the CAI-Value and GC-
Content of the optimized sequence. Following this, we 
introduced XhoI and BamHI restriction endonucle-
ase sites at the C-terminal and N-terminal of the vac-
cines, respectively. Ultimately, the refined sequence 
was incorporated into the pET-28a ( +) vector using 
GenSmart(https:// www. gensc ript. com/ gensm art- 
design/), completing the modification process (Fig. 1).

Results
Protein sequence retrieval
Previous investigations into Acinetobacter bauman-
nii have identified numerous protein targets, includ-
ing AmpD, OmpA, Pal, BauA, Omp34, BamA, Omp22, 
CsuA/B, OmpK, and Dcap, which have been recognized 
as promising therapeutic targets for vaccine design 
(Supplementary Table  1) [9, 34–71]. We retrieved their 
sequences from the reference standard Acinetobacter 
baumannii strain ATCC19606, and their UniProtKB 
entries and amino acid sequences are presented in 
Table 1.

Epitopes selections
The immune system comprises diverse cell types work-
ing collectively for health maintenance. In our study, we 
considered CTL, HTL, and LBL. CTL primarily mediates 
cellular immunity, inducing target cell death and clearing 
circulating antigens. Upon activation, B cells undergo dif-
ferentiation into plasma cells, a pivotal process contrib-
uting to the initiation of humoral immune responses and 
the production of antibodies targeted against pathogens. 
Another category of immune cells known as Helper T 

Fig. 1 Graphical abstract

https://www.biochen.org/cn/tools/transform_sequence
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://emboss.open-bio.org/
http://emboss.open-bio.org/
https://www.genscript.com/gensmart-design/
https://www.genscript.com/gensmart-design/
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cells (HTLs) plays a significant role by bolstering both 
humoral and cellular immunity through the secretion of 
diverse cytokines. In order to construct a great effective 
multi-epitope design, considerations encompass CTLs, 
HTLs and LBLs. Following predictions of antigenicity, 
immunogenicity, toxicity, allergenicity, and the ability to 
induce IFN-γ, IL-4, and IL-10, while ensuring signal pep-
tide and transmembrane helix presence, we identified 8 
optimal HTL epitopes (Table 2), 8 LBL epitopes (Table 3), 
and 8 CTL epitopes (Table 4).

Population coverage prediction
In accordance with the HLA alleles that bind to T 
cell epitopes (Supplementary Table  2, Supplementary 
Table  3), we conducted predictions of population cov-
erage to assess the proportion of the population in 
various regions worldwide. As illustrated in Fig.  2 and 
Table 5, Table 6, the formulated vaccines were identified 
as effective in these areas for combating Acinetobacter 
baumannii.

Structure and characteristics of multi‑epitope vaccine 
constructs
The final sequences of our vaccines are presented in 
Fig.  3, with their characteristics detailed in Table  7. 

According to the predictions from VaxiJen 2.0 and ANTI-
GENpro, all three vaccines exhibit significant antigenic-
ity. Results from ToxinPred2 and AllerTop 2.0 indicate 
that they are non-toxic and non-allergenic. With instabil-
ity indices of 11.79, 16.24, and 14.61, these vaccines dem-
onstrate stability. The aliphatic indices of 66.2, 70.33, and 
66.07 indicate dynamic thermal stability. Furthermore, 

Table 1 Target protein form reference Acinetobacter Baumannii strain ATCC 19606

Protein Name Protein UniProtKB Entry Reference Strain Signal 
Peptide

Transmembrane 
Helix

1,6-anhydro-N-acetylmuramyl-L-alanine amidase AmpD AmpD D0CEW4 ATCC 19606 - 0

Outer membrane protein Omp38 OmpA Q6RYW5 ATCC 19606 - 0

Peptidoglycan-associated lipoprotein Pal D0CBL2 ATCC 19606 - 0

TonB-dependent siderophore receptor BauA D0CC21 ATCC 19606 - 0

Carbapenem susceptibility porin CarO Omp34 D0CF71 ATCC 19606 - 0

Outer membrane protein assembly factor BamA BamA D0C6H3 ATCC 19606 - 0

OmpA family protein Omp22 D0C9R5 ATCC 19606 - 0

Spore Coat Protein U domain protein CsuA/B D0C5S9 ATCC 19606 - 0

Uncharacterized protein OmpK D0CFI7 ATCC 19606 - 0

DcaP-like protein DcaP D0C8C3 ATCC 19606 - 0

Table 2 The retrieved HTL peptides for the construct, “+” refers to positive and “-” refers to negative

Protein Peptide Antigenicity Allergic IFN‑γ Toxicity IL‑4 IL‑10 Conservation

AmpD NHIAGHSDIAPGRKT 0.801 -  + -  +  + 93.61% (3518/3758)

OmpA FEAEYNQVKGDVDGA 1.5042 -  + -  + - 97.88% (3007/3072)

BauA DGVTRGVNVSTAVGI 1.0655 -  + -  + - 93.10% (54/58)

Omp34 VGATFVGNDGEADIK 0.9694 -  + -  + - 99.90% (2952/2955)

BamA QGRYDADVTVDTVAR 0.7439 -  + -  + - 99.94% (1811/1812)

Omp22 GAA AGY GISKSNANS 1.0185 -  + -  + - 99.21% (3649/3678)

OmpK TITLEYAAKVKYADV 1.1052 -  + -  + - 95.49% (127/133)

Table 3 The retrieved LBL peptides for the construct, “ + ” refers 
to positive and “-” refers to negative

Protein Peptide Allergic Toxicity Conservation

AmpD PGRKTDPGPYFK-
WQHF

- - 99.23% (3729/3758)

OmpA HLKPAAPVVEVAP-
VEP

- - 99.90% (3069/3072)

BauA LVTKYAADEPFARLTT - - 96.55% (56/58)

Omp34 ASATYNHTDVDG-
KNNF

- - 98.68% (2916/2955)

BamA EVAVDEGSQFKF-
GQTK

- - 100.00% (1812/1812)

Omp22 LREQMAGTG-
VEVGRNP

- - 99.89% (3674/3678)

OmpK AVDLDIPYFQYAN-
LNF

- - 96.99% (129/133)
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these vaccines boast prolonged half-time periods, and 
SOLpro predictions confirm their excellent solubility. 
And the plot about the signal peptide prediction of the 
vaccine construct was showed in Supplementary Fig. 1.

Secondary structure prediction, tertiary structure 
modeling, refinement and validation
The PSIPRED4.0 server analysis indicated that the ABV1 
consists of 52.93% coil, 27.62% α-helix, and 19.45% 
β-strand (Fig. 3C). Similarly, the ABV2 comprises 58.98% 
coil, 24.35% α-helix, and 16.49% β-strand (Fig.  3H), 
while the ABV3 exhibits 60.71% coil, 20.48% α-helix, and 
18.81% β-strand (Fig.  3M). Subsequently, the structural 
integrity of these three vaccines was validated using the 
SAVESv6.0 and ProSA-web servers.

In the Ramachandran plot, the ABV1 demonstrated 
that 94.2% of its residues occupied the most favored 

regions, with 4.8% in additional allowed regions and a 
mere 1.0% in generously allowed regions (Fig.  3D). The 
ERRAT score for ABV1 achieved a perfect 100, and the 
ProSA-web Z-score was -5.32 (Fig.  3E). Meanwhile, for 
the ABV2, the Ramachandran plot illustrated that 93.7% 
of residues were in the most favored regions, 5.3% in 
additional allowed regions, and only 0.3% in generously 
allowed regions (Fig. 3I). The ERRAT score for ABV2 was 
94.3182, accompanied by a ProSA-web Z-score of -3.69 
(Fig. 3J). Furthermore, the ABV3 showcased a composi-
tion of 97.0% residues in the most favored regions, 2.7% 
in additional allowed regions, and only 0.3% in gener-
ously allowed regions (Fig.  3N). The ERRAT score for 
vaccine-β-defensin3 was 97.4359, with a ProSA-web 
Z-score of -3.59 (Fig. 3O).

The fact that over 90% of residues are situated in the 
most favored regions serves as a strong indicator of the 

Table 4 The retrieved CTL peptides for the construct, “+” refers to positive and “-” refers to negative

Protein Peptide Antigenicity Toxicity Immunogenicity Allergic Conservation

AmpD VSTHLLILR 0.9246 - 0.12975 - 99.79% (3750/3758)

OmpA AAANAGVTV 1.1461 - 0.13371 - 100.00% (3072/3072)

BauA RNRGIEWSF 0.8482 - 0.36503 - 96.55% (56/58)

Omp34 NVNYHIGTY 0.7578 - 0.20224 - 99.97% (2954/2955)

BamA ARPNNRVEL 0.9443 - 0.12565 - 100.00% (1812/1812)

Omp22 QMAGTGVEV 1.898 - 0.20984 - 99.89% (3674/3678)

OmpK FLYGFAVDL 2.0711 - 0.23153 - 98.50% (131/133)

Fig. 2 The population coverage of vaccine
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exceptional quality of the vaccine models. The ERRAT 
score, differentiating correct and incorrect regions, and 
the ProSA-web Z-score, indicating overall model quality, 
both confirm the reliable and stable 3D structure of the 
developed vaccine.

Molecular docking
Molecular docking of the T‑cell epitopes with MHC molecules
Except for a few HTL epitopes such as (NHIAGHSDI-
APGRKT), (FEAEYNQVKGDVDGA), (DGVTRGVN-
VSTAVGI), (VGATFVGNDGEADIK), and (GAA AGY 
GISKSNANS), other epitopes exhibited diverse bind-
ings. Some epitopes even demonstrated a remarkably 
large number, reaching up to 19 alleles (AAANAGVTV). 
In our investigation, we conducted docking analyses 
for each T cell epitope with all corresponding alleles. 
The ITScorePeP, a statistical potential-based scoring 
function tailored for protein-peptide dockings, consid-
ers both protein-peptide interactions (inter-score) and 

interactions among non-neighboring residues within the 
peptide (intra-score) [72]. The scores obtained indicated 
a strong affinity between T cell epitopes and HLA alleles. 
(Table 8, Supplementary Table 4, Supplementary 5).

Lepus predictions further illustrated the presence of 
abundant hydrogen bonds and salt bridges between T 
cell epitopes and HLA alleles (Fig. 4, Fig. 5). These results 
convincingly support the notion that T cell epitopes 
effectively bind with MHC molecules, emphasizing their 
potential in eliciting immune responses (Supplementary 
Table 6, Supplementary Table 7).

Molecular docking of the vaccines with receptor molecules
We utilized the Cluspro2.0 server to evaluate the binding 
affinity between the vaccine construct and receptor mol-
ecules (TLR4, HLA-A02:01, and HLA-DRB101:01). The 
server generated numbers of candidate models for each 
complex, and these complexes showed individual bind-
ing energies. The complex whose binding energy score 

Table 5 The population coverage prediction of CTL epitopes

Population/area Class combined

Coverage Average_hitb pc90c

Belgium 92.69% 2.06 1.11

Central Africa 99.52% 4.14 2.51

Central America 3.55% 0.05 0.1

Chile 100.00% 5.68 3.73

East Africa 99.99% 6.88 4.91

East Asia 100.00% 10.66 8.25

England 99.97% 5.96 4.13

Europe 100.00% 9.92 7.86

France 99.98% 5.45 3.87

Germany 100.00% 8.18 6.38

Italy 99.99% 5.6 3.92

North Africa 99.85% 4.73 3.09

North America 100.00% 9.44 7.33

Northeast Asia 100.00% 8.4 6.11

Oceania 98.32% 3.91 2.1

Peru 96.63% 2.81 1.73

South Africa 99.74% 4.6 2.89

South America 100.00% 8.27 6.07

South Asia 100.00% 8.91 6.44

Southeast Asia 100.00% 7.24 5.24

Southwest Asia 99.95% 6.48 4.29

Spain 100.00% 9.01 7.06

United States 100.00% 9.46 7.34

West Africa 100.00% 7.45 5.65

West Indies 93.11% 2.29 1.15

World 100.00% 9.94 7.69

Average 93.2 5.31 3.69

Standard deviation 19.75 2.83 2.33

Table 6 The population coverage prediction of HTL epitopes

Population/area Class combined

Coverage Average_hitb pc90c

Belgium 69.26% 1.77 0.33

Central Africa 88.04% 3.57 0.84

Central America 42.61% 0.55 0.17

Chile 61.36% 1.3 0.26

East Africa 90.55% 3.57 1.05

East Asia 66.04% 1.68 0.29

England 77.52% 2.61 0.44

Europe 67.88% 1.92 0.31

France 79.44% 2.65 0.49

Germany 79.47% 2.81 0.49

Italy 84.47% 1.72 0.64

North Africa 70.38% 2.03 0.34

North America 72.47% 1.86 0.36

Northeast Asia 55.63% 1.56 0.23

Oceania 62.54% 1.78 0.27

Peru 62.13% 1.04 0.26

Portugal 59.31% 1.51 0.25

South Africa 30.61% 0.31 0.14

South America 66.37% 1.38 0.3

South Asia 48.81% 1.18 0.2

Southeast Asia 52.04% 1.39 0.21

Southwest Asia 43.25% 1.08 0.18

Spain 68.03% 2.1 0.31

United States 71.76% 1.91 0.35

West Africa 73.74% 2.18 0.38

West Indies 79.04% 2.57 0.48

World 68.17% 1.86 0.31

Average 66.03 1.82 0.36
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was the lowest would be selected for further refinement. 
Subsequently, we employed the HADDOCK 2.4 server to 
improve the complexes.

The HADDOCK scores for the ABV1-A2 complex 
(Fig. 6A), ABV1-DRB1 complex (Fig. 6G), and ABV1-R4 
complex (Fig.  6M) were -477.6 ± 5.8, -718.4 ± 9.0, and 
-301.2 ± 0.6, respectively. For the ABV2-A2 complex 
(Fig.  6C), ABV2-DRB1 complex (Fig.  6I), and ABV2-
R4 complex (Fig.  6O), the HADDOCK scores were 
-443.8 ± 4.9, -721.5 ± 2.6, and -358.9 ± 2.9. Lastly, the 

HADDOCK scores for the ABV3-A2 complex (Fig. 6E), 
ABV3-DRB1 complex (Fig. 6K), and ABV3-R4 complex 
(Fig. 6Q) were -490.0 ± 8.0, -692.5 ± 4.2, and -310.0 ± 2.1. 
The consistently low HADDOCK scores indicated the 
stable binding between vaccines and receptors (Table 9 
Table 10).

Moreover, the hydrogen bonds and salt bridges 
formed between the constructs and receptors were 
documented in Table  11. This comprehensive data 
affirms the robust interactions between the designed 

Fig. 3 A, B, C, D, E The structure and characteristics of ABV1. F, G, H, I, J The structure and characteristics of ABV2. K, L, M, N O The structure 
and characteristics of ABV3. A, F, K The 3D structure of vaccine. B, G, L The amino acid sequences of the vaccine construct. The adjuvants are tagged 
in red, the Pan HLA DR-binding epitope (PADRE) tagged in yellow, the CTL epitopes are tagged in green, the HTL epitopes are tagged in orange, 
the LBL epitopes tagged in blue and the linkers in black. C, H, M The secondary structure of the vaccine construct. D, I, N The Ramachandran plot 
depicting the refined 3D model, as generated through the PROCHECK server, highlights various regions. In this representation, the red-colored areas 
denote the most favored regions, while the dark yellow and light–yellow regions represent additional allowed and generously allowed regions, 
respectively. Meanwhile, the white regions signify disallowed regions. E, J, O The Z-score plot of the refined 3D model generated by the ProSA-web 
server



Page 11 of 22Xu et al. BMC Genomics          (2024) 25:791  

construct and the receptors (TLR4, HLA-A02:01, and 
HLA-DRB101:01).

MD simulation
Molecular Dynamics (MD) simulation, employing 
Gromacs v2022.1, was carried out to evaluate the atomic-
level stability of complexes. A thorough examination of 
trajectories included the computation of Backbone root-
mean-square deviation (RMSD, Fig.  7C, F, I), radius of 
gyration (Rg, Fig. 7A, D, G), root mean square fluctuation 
(RMSF, Supplementary Fig. 2), and the determination of 
hydrogen bond quantities (Fig. 7B, E, H).

RMSD, reflecting the conformational fluctuations of 
complexes on account of the primary structure, dem-
onstrated a gradual increase in value between 1–20  ns, 
followed by stabilization. This leveling off of the RMSD 
curve indicated equilibration of the protein structure 
across all vaccine-receptor complexes(22).

Rg, characterizing the compactness of protein struc-
ture, exhibited relatively constant values after 30  ns for 
all nine curves in our study. The Rg value of β-HLA-
DRB1*01:01 stabilized later, at 50  ns, suggesting a con-
sistent distribution of atoms around the axis [73].

Table 7 The characteristics of multi-epitope vaccine constructs

Vaccine ABV1 ABV2 ABV3

Vaxijen 0.8444 -0.9623 0.942

ANTIGENpro 0.92553 0.941779 0.938993

Allergic - - -

Toxicity - - -

Number of aa 478 382 420

Molecular weight 51,004.57 40,050.99 44,520.4

pI 9.21 9.34 9.55

Half‑value period Mammalian 
reticulocytes

30 h 30 h 30 h

Yeast  > 20 h  > 20 h  > 20 h

E coli  > 10 h  > 10 h  > 10 h

Instability index 16.24 11.79 14.61

Aliphatic index 70.33 66.28 66.07

GRAVY -0.382 -0.39 -0.43

Solubility 0.912002 0.875478 0.944007

Table 8 HLA allele of epitope and the epitope-HLA allele complexes’ ITScore

Protein Epitope HLA allele ITScorePep Chain Hydrogen_Bonds Salt Bridges

HTL OmpA FEAEYNQVKGDVDGA HLA-DRA1*01:01/HLA-
DRB1*04:05

-208.4 A Glu4-Thr91, Glu4-Val95, Lys9-
Thr88, Lys9-Glu86

/

B Phe1-Tyr131, Glu2-Tyr131, 
Asp13-Lys134

/

Omp34 VGATFVGNDGEADIK HLA-DRA1*01:01/HLA-
DRB3*02:02

-167.0 A Val1-Gly56, Gly2-Asn60, 
Phe5-Asn67, Gly7-Asn67, 
Lys15-Arg74, Lys15-Arg74

/

B Val1-Tyr107, Ala3-Lys100, 
Val6-Trp90, Lys15-Glu81

Glu11-Arg84

CTL OmpA AAANAGVTV HLA-C*08:01 -124.6 A Ala1-Tyr31, Ala1-Tyr183, 
Ala1-Glu87, Asn4-Tyr33, Val9-
Thr167, Val9-Trp171

/

Omp22 QMAGTGVEV HLA-A*02:01 -136.6 A Gln1-Glu63, Gln1-Tyr159, 
Gln1-Lys66, Gln1-Tyr99, 
Thr5-Tyr99, Tyr5-His114, 
Tyr5-Arg97, Gly6-Thr73, 
Val7-Arg97, Glu8-Trp147, 
Val9-Asp77

/

BamA ARPNNRVEL HLA-C*07:02 -152.2 A Arg2-Glu63, Arg2-Tyr159, 
Arg2-Lys66, Pro3-Arg62, 
Pro3-Lys66, Asn4-Thr163, 
Asn4-Lys66, Asn5-Arg62, 
Arg6-Ser99, Arg6-Asp9, 
Glu8-Gln70, Glu8-Arg97, 
Leu9-Arg97, Leu9-Ser116

Arg2-Glu63, Arg6-Asp9, 
Glu8-Arg97

HLA-B*27:02 -164.7 A Arg6-Glu87, Arg6-Tyr123, 
Leu9-His138, Leu9-Asn121

Arg6-Glu87, Arg6-Glu69, 
Glu8-His33

OmpA FEAEYNQVKGDVDGA HLA-DRA1*01:01/HLA-
DRB1*04:05

-208.4 A Glu4-Thr91, Glu4-Val95, Lys9-
Thr88, Lys9-Glu86

/

B Phe1-Tyr131, Glu2-Tyr131, 
Asp13-Lys134

/
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The vaccine-receptor complexes initially formed about 
10–20 hydrogen bonds, increasing after 20 s and subse-
quently maintaining stability in all these simulations. The 
consistent presence of hydrogen bonds indicated a strong 
affinity between the vaccine and receptors.

RMSF, measuring individual residue flexibility, revealed 
higher values for residues 250–350 of the β-receptor 
complex in the first simulation, signifying increased flex-
ibility. Notably, residues 250–360, which did not interact 
with the receptor, displayed higher flexibility during the 
first simulation due to the less compact structure of the 
vaccine.

MM‑PBSA calculation
We performed MM-PBSA calculations on trajectories 
extracted at 100  ps intervals over the last 10  ns of the 
simulation period. These calculations evaluated diverse 
binding interaction energies, including van der Waals, 
electrostatic, polar solubility, and the overall bind-
ing energy (ΔGbinding) of the complex. The detailed 
energy analysis, as outlined in Table  12, underscored 

the vaccine’s substantial affinity for all three receptor 
molecules.

Immune simulation
The immune stimulation process was conducted using the 
C-ImmSim web server, revealing the vaccine’s potential to 
induce robust adaptive immunity in the host. Following the 
initial injection, a decline in lgM antibody titers indicated a 
predominant B-cell isotype lgM population, accompanied 
by the detection of a modest B-cell isotype lgG population. 
Subsequent injections resulted in heightened levels of IgM 
antibodies, along with IgG1, IgG1 + IgG2, and lgG + lgM 
(Fig. 8B, E, H). Additionally, a substantial increase in mem-
ory B cells was observed (Fig. 7C, F, I). The immune simu-
lation also noted the activation of TC cells, NK cells, and 
macrophages upon exposure to the vaccine. The vaccine 
exhibited the capacity to stimulate various cytokines (CKs, 
Fig.  8A, D, G), including IFN-γ, IL-4, and IL-1. In sum-
mary, our vaccine demonstrated the ability to induce the 
production of a significant quantity of immune cells and 
a diverse array of CKs, signifying its successful elicitation 

Fig. 4 The plot of visualized analysis of the docking complex: the CTL epitopes docking with HLA alleles, (A, C, E, G) The plot of visualized 
analysis of the docking complex: the CTL epitopes docking wit) the 3D structure of CTL-HLA docking complexes, (B, D, F, H) the interaction forces 
between CTL-HLA complexes
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of both adaptive immunity and memory immunity in the 
host. The whole immune simulation results can be found 
in Supplementary Fig. 3, Supplementary Fig. 4 and Supple-
mentary Fig. 5.

Multi‑epitope mRNA vaccine construction and in silico 
cloning
We performed reverse translation and codon optimiza-
tion utilizing EMBOSS, after optimization. Our three vac-
cines run the length of 2262 bp(ABV2), 2253 bp(ABV1) and 

2379(ABV3), including full length as well as tPA, MITD, 
TTA codon and UTR sequences. And their CAI values were 
0.99365002437207(ABV2), 0.9944592969051331(ABV1), 
0.9940022424132773(ABV3) and the GC contents were 
51.181498240321766(ABV2), 50.526315789473685(ABV1), 
50.902184235517566(ABV3). Notably, both the Codon 
Adaptation Index (CAI) value and the GC content for 
each vaccine fell within desirable ranges, indicative of a 
high potential for gene expression and excellent expression 
capability in E. coli (K12 strain). Then we used RNAfold to 

Fig. 5 The plot of visualized analysis of the docking complex:the HTL epitopes docking with HLA alleles, (I, K) the 3D structure of HTL-HLA docking 
complexes, (J, L) the interaction forces between HTL-HLA complex
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predict the free energy of the secondary structure of ABV2 
(Supplementary Fig. 6A, D), ABV1 (Supplementary Fig. 6B, 
E) and ABV3 (Supplementary Fig. 6C, F) were -770.08 kcal/
mol, -835.63 kcal/mol and -806.04 kcal/mol. And the plas-
mid structures’ minimum free energy were -735.00  kcal/
mol, -797.30  kcal/mol and -769.90  kcal/mol (Supplemen-
tary Fig. 6). Subsequently, the GenSmart tool was employed 
to insert the cDNA sequence of the vaccine into the 
pET28a( +) vector (Fig. 9).

Discussion
Since its discovery, Acinetobacter baumannii has 
remained a prominent pathogen responsible for noso-
comial infections, particularly in immunocompromised 

populations like the elderly, HIV-infected individuals, 
and those with malignant tumors [74]. Given the absence 
of a specific Acinetobacter baumannii vaccine and the 
escalating drug resistance [75], there is a pressing need 
for the development of an innovative Acinetobacter bau-
mannii vaccine. Active vaccination is recognized as one 
of the most effective strategies for preventing Acineto-
bacter baumannii infections, yet no vaccines have cur-
rently advanced to clinical trials. mRNA-based drugs 
have demonstrated high efficacy and minimal side 
effects as an immunotherapy [76]. These vaccines offer 
strong effectiveness, excellent stability, and low toxicity, 
while also enabling modular platform development and 
rapid production [77]. Moreover, mRNA vaccines are 

Fig. 6 Docking analysis of Vaccine-receptors docking complex (A, C, E, G, I, K, M, O, Q) The 3D structure of vaccine-receptors docking complex. 
B, D, F, H, J, L, N, P, R) In the analysis of the interactions inside the complex, the connections between the amino acids colored in red refer to salt 
bridges, yellow refers to disulphide bonds, blue refers to hydrogen bonds and orange dotted line refers to non-bonded contacts
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efficiently translated into intracellular proteins via cellu-
lar mechanisms, leading to quicker and more significant 
presentation to antigen-presenting cells, which enhances 
the adaptive immune response [78, 79]. Consequently, 
our multi-epitope mRNA vaccine against Acinetobacter 

baumannii holds promise as an ideal candidate for pre-
venting infections caused by this pathogen.

Previous research on Acinetobacter baumannii vac-
cines has often focused on whole cell antigens [9], outer 
membrane vesicles [10], or a limited number of outer 
membrane protein antigens [80]. While these vaccines 
hold theoretical promise, their protective efficacy and 
coverage tend to be relatively narrow. This study, how-
ever, identifies a range of core conserved targets with 
high immunogenicity and antigenicity. By designing vari-
ous mRNA vaccines integrated with different adjuvants, 
this research provides new insights into developing vac-
cines with broader protection against Acinetobacter 
baumannii infections. Acinetobacter baumannii exists 
in numerous variants, many of which pose significant 
threats to human health. Consequently, our objec-
tive is to create a comprehensive multi-epitope vaccine 
capable of safeguarding against the majority of Acine-
tobacter baumannii strains [81]. Traditional vaccines 
often target a single pathogen, making it challenging 
to predict their efficacy, especially when aiming for a 

Table 9 The HadDock results of the nine vaccine-receptor complexes

Complex HadDock 
Score

RMSD from 
the overall 
lowest‑energy 
structure

Van der Waals 
energy

Electrostatic 
energy

Desolvation 
Energy

Buried 
Surface 
Area

Buried Surface 
Area

Z‑Score

ABV1 ABV1-A2 -477.6 ± 5.8 0.7 ± 0.4 -223.0 ± 5.4 -830.7 ± 19.9 -88.4 ± 3.3 0.0 ± 0.0 5977.8 ± 47.0 0

ABV1-DRB1 -718.4 ± 9.0 0.7 ± 0.4 -347.1 ± 6.0 -1074.7 ± 17.4 -156.3 ± 5.2 0.0 ± 0.0 8733.0 ± 50.2 0

ABV1-R4 -301.2 ± 0.6 0.7 ± 0.4 -116.2 ± 3.1 -733.9 ± 24.0 -38.3 ± 4.6 0.0 ± 0.0 3526.0 ± 58.9 0

ABV2 ABV2-A2 -443.8 ± 4.9 0.7 ± 0.4 -205.3 ± 1.7 -959.6 ± 13.8 -46.6 ± 4.6 0.0 ± 0.0 5966.4 ± 74.7 0

ABV2-DRB1 -721.5 ± 2.6 0.7 ± 0.4 -359.5 ± 2.6 -1080.3 ± 25.0 -146.0 ± 2.8 0.0 ± 0.0 9286.5 ± 67.3 0

ABV2-R4 -358.9 ± 2.9 0.6 ± 0.4 -150.8 ± 2.9 -771.4 ± 13.7 -53.8 ± 3.1 0.0 ± 0.0 4405.4 ± 42.1 0

ABV3 ABV3-A2 -490.0 ± 8.0 0.7 ± 0.4 -246.1 ± 8.0 -745.8 ± 14.9 -94.7 ± 4.3 0.0 ± 0.0 6854.0 ± 125.7 0

ABV3-DRB1 -692.5 ± 4.2 0.7 ± 0.4 -357.4 ± 2.4 -897.7 ± 13.7 -155.5 ± 4.8 0.0 ± 0.0 9133.0 ± 93.0 0

ABV3-R4 -310.0 ± 2.1 0.6 ± 0.4 -154.5 ± 4.7 -577.7 ± 20.5 -39.9 ± 5.4 0.0 ± 0.0 4242.2 ± 74.7 0

Table 10 The Center weighted scores and the lowest energy 
weighted scores of the nine complexes

Complex Center Weighted 
Score

Lowest Energy 
Weighted 
Score

ABV1 ABV1-A2 -1176.5 -1281.2

ABV1-DRB1 -1347.1 -1353.4

ABV1-R4 -980.2 -1064.3

ABV2 ABV2-A2 -1098.4 -1130.6

ABV2-DRB1 -1051.5 -1194.1

ABV2-R4 -1241.5 -1241.5

ABV3 ABV3-A2 -1067 -1385.2

ABV3-DRB1 -1201.6 -1686.5

ABV3-R4 -1169 -1297

Table 11 The Hydrogen bonds and salt bridges of the nine vaccine-receptor complexes

Complex Number of Hydrogen bond Number of Salt bridge

ChainA‑C ChainB‑C Total ChainA‑C ChainB‑C Total

ABV1 ABV1-A2 15 0 15 2 0 2

ABV1-DRB1 91 116 207 2 2 4

ABV1-R4 / / / / / /

ABV2 ABV2-A2 19 / 19 5 / 5

ABV2-DRB1 7 11 18 2 1 3

ABV2-R4 / / / / / /

ABV3 ABV3-A2 19 3 22 1 / 1

ABV3-DRB1 9 8 17 / 1 1

ABV3-R4 / / / / / /
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broad-spectrum multi-epitope vaccine. We identified 
12 proteins as potential targets based on extensive vac-
cine studies, elucidated the sequences of CTL, HTL, and 
LBL proteins suitable for targeting, and subjected them 
to thorough analyses of antigenicity, immunogenicity, 
irritability, toxicity, and conservation. Excluding poorly 
conserved protein sequences ensures the safety of the 
vaccine while maintaining its ability to induce a robust 
immune response. These sequences were interconnected 

through EAAAK, AAY, GPGPG, KK and other link-
ers and adjuvants such as CTB, RS09 and β-defensin to 
design our multi-epitope vaccine, and subsequent veri-
fication encompassed assessments of antigenicity, aller-
genicity, and various physicochemical properties, for 
instance, adipose index and instability index. Many stud-
ies have employed these linkers and adjuvants to enhance 
immune activation and induce more sustained immune 
responses.

Fig. 7 The analysis of MD simulation of complexes. The red curve refers to ABV1, the blue refers to ABV2 and the black ones refers to ABV3 A, D, 
G The radius of gyration of the complexes. B, E, H) Hydrogen bonds of the complexes. C, F, I Root mean square deviation plots of the complexes

Table 12 The MM-PBSA calculation results of the nine vaccine-receptor complexes

Complex ΔVDWAALS ΔEEL Δ1‑4 VDW Δ1‑4 EEL ΔEGB ΔESURF ΔGGAS ΔGSOLV

ABV1 ABV1-A2 -286.83(14.17) -1347.97(131.01) 0 0 1532.56(129.91) -38.65(1.95) -1634.8(136.43) 1493.91(128.66)

ABV1-DRB1 -364.31(13.81) -3143.57(109.92) 0 0 3339.06(107.47) -51.78(1.82) -3507.88(110.62) 3287.28(106.78)

ABV1-R4 -250.69(16.73) -1475.15(91.79) 0 0 1657.14(92.18) -33.83(2.13) -1725.84(98.45) 1623.3(90.97)

ABV2 ABV2-A2 -235.18(25.89) -1111.88(63.7) 0 0 1238(62.66) -32.84(2.97) -1347.05(70.79) 1205.16(61.1)

ABV2-DRB1 -200.64(9.31) -2261.48(75.53) 0 0 2364.83(74.77) -29.62(1.13) -2462.12(76.76) 2335.21(74.22)

ABV2-R4 -112.35(17.29) -1061.4(69.14) 0 0 1136.83(72.07) -14.44(2.47) -1173.75(80.99) 1122.39(70.23)

ABV3 ABV3-A2 -336.18(15.17) -1423.23(71.37) 0 0 1625.05(70.19) -44.75(2.03) -1759.41(77.38) 1580.3(68.93)

ABV3-DRB1 -258.8(16.58) -2392.66(89.87) 0 0 2558.94(89.96) -33.92(2.68) -2651.46(94.56) 2525.01(89.12)

ABV3-R4 -329.85(29.24) -2882.29(144.58) 0 0 3069.8(156.42) -48.55(4.31) -3212.13(165.22) 3021.25(152.77)
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We assessed the binding capacity of CTL, HTL, and 
HLA alleles, selecting protein sequences that interact 
effectively with multiple HLA alleles. Docking results 
demonstrated strong affinity between our sequences and 
HLA molecules, facilitating effective presentation by 
MHC molecules and eliciting robust immune responses. 
Considering the regulatory roles of IL-4 and IL-10 in 
helper T cell activation, where IL-4 promotes activa-
tion and IL-10 inhibits it, we meticulously screened for 
sequences that induce IL-4 without triggering IL-10 [82, 
83]. For HTL epitopes, we prioritized those capable of 
inducing IFN-γ, which is crucial for macrophage activa-
tion and cytokine secretion. Our diverse epitope selec-
tion provides a foundation for a potentially effective 
multi-epitope vaccine, exhibiting a favorable immune 
response profile with minimal side effects [84]. These 
designs contribute to the enhanced stability and applica-
bility of our vaccines.

Augmenting the immunogenicity of our multi-epitope 
vaccines through adjuvants is essential for inducing a 

durable and stable immune response. We incorporated 
three adjuvants—β-defensin 3, cholera toxin B subunit 
(CTB) [85], and RS09—into our vaccines. β-defensin 3, 
known for its antibacterial properties, enhances immu-
nomodulation and recruits naive immune cells to infec-
tion sites. RS09, a widely used TLR-4 receptor agonist, 
acts as an adjuvant to enhance immune activation and 
antibody production [86]. CTB binds to APCs, improv-
ing stability and prolonging the half-life to strengthen 
the immune response. Molecular docking with TLR4 and 
HLA molecules demonstrated robust affinity and stable 
interactions, effectively triggering the immune response.

In molecular dynamics simulations, the RMSD stabi-
lized beyond 10–20  ns, indicating structural stability of 
the complex. The radius of gyration (Rg) reached equi-
librium after 50 ns, further confirming complex stability. 
High RMSF values indicated sensitivity and flexibility, 
while increased hydrogen bonds and salt bridges under-
scored stable binding and high affinity between our vac-
cines and receptors.

Fig. 8 In silico immune simulation spectrum. A, D, G The activation of cytokines including IFN-γ, IL-4, TGF-β. B, E, H Variations in antibody titers (C, F, 
I) Variations in B cell population
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MM-PBSA analysis showed that our vaccine-receptor 
complex required less energy for stabilization and exhib-
ited strong binding to TLR4 and HLA molecules, dem-
onstrating the capability to transition from the natural 
environment to the human body and induce an effective 
immune response. Immune simulations revealed prolif-
eration of TC, TH, and B cells, along with production of 
IgA, IgG, IFN-γ, IL-2, and other cytokines post-vaccine 
administration. Repeated exposure to the vaccine resulted 
in memory B cell formation, suggesting potential for both 
cellular and humoral immunity, as well as long-term pro-
tection against Acinetobacter baumannii. Codon opti-
mization and cloning of the vaccine were performed to 
assess mass production feasibility, and the CAI and GC 
content indicated successful expression in E. coli K12.

The C-IMMSIM immune simulation results high-
lighted variations in immune responses induced by our 
vaccines—CTB, RS09, and β-defensin 3. Notably, the 
CTB-adjuvanted vaccine demonstrated a faster induction 
of TH and DC cells compared to RS09 and β-defensin 3. 
Despite this, all three vaccines showed comparable abili-
ties in inducing differentiation and proliferation of TC 
cells, NK cells, and various cytokines, including IgM, 
IgG, and β-defensin 3. These cell and cytokine levels were 
sustained over time.

Docking analyses using ClusPro2.0 and HADDOCK2.4 
showed stable interactions of all three vaccines with 
HLA-A02:01, HLA-DRB101:01, and TLR4. The stability 
of interaction with HLA-DRB101:01 was notably higher 
than with HLA-A02:01 and TLR4. HADDOCK’s scoring 

Fig. 9 In silico cloning of the designed vaccine inserted into pET28a ( +) expression vector; the pale green part was substituted with the vaccine’s 
codon, (A) ABV1’s codon. B ABV2’s codon. C ABV3’s codon



Page 19 of 22Xu et al. BMC Genomics          (2024) 25:791  

revealed that β-defensin 3 and CTB vaccines exhibited 
more stable binding to HLA-A02:01, while RS09 vaccines 
showed greater stability with TLR4. Hydrogen bond and 
salt bridge analyses supported these findings, with the 
CTB vaccine and HLA-DRB101:01 displaying a higher 
abundance of hydrogen bonds, reinforcing stability.

Finally, the protein sequence was converted into DNA 
and engineered into a multi-epitope mRNA vaccine, with 
the full-length sequence transferred to the pET28(a) plas-
mid for expression in the E. coli system.

In summary, all three vaccines effectively elicit immune 
responses, with stable interactions with receptors, estab-
lishing them as promising candidates for further inves-
tigation. However, the nuanced differences among these 
vaccines warrant comprehensive follow-up experiments 
for thorough exploration and validation.

Conclusions
Due to the escalating bacterial resistance and the pro-
liferation of susceptible populations, Acinetobacter 
baumannii poses a significant threat to global public 
health. In this study, we employed immunoinformatic 
technology to craft a multi-epitope mRNA vaccine for 
Acinetobacter baumannii, characterized by robust anti-
genicity, immunogenicity, non-sensitivity, and non-
toxicity. Molecular docking and MD simulation results 
underscore the vaccine’s robust affinity for innate 
immune receptors, forming a stable vaccine-receptor 
complex capable of inducing both humoral and cellular 
immunity in the human body. Subsequent codon opti-
mization demonstrated the vaccine’s potential for mass 
production. In conclusion, the designed Acinetobacter 
baumannii vaccine holds promise for effective protec-
tion against Acinetobacter baumannii infections. How-
ever, further in vitro and in vivo testing is imperative to 
ascertain its safety and efficacy his section is not man-
datory but can be added to the manuscript if the dis-
cussion is unusually long or complex.
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