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Abstract
Acinetobacter baumannii, a Gram-negative opportunistic pathogen that widely exists in the environment, causes numerous
nosocomial infection cases in the ICU. As the agent of pneumonia, septicemia, and meningitis, A. baumannii is usually multidrug-
resistant and has a high mortality rate. In this study, we aimed to develop a vaccine for Acinetobacter baumannii through in silico
prediction. With the help of immunoinformatic methods, which have proven to be effective and convenient, our team managed to
develop multiepitope subunit vaccines for A. baumannii. Three proteins closely associated with the immunologic process were
selected and computed. Finally, 9 cytotoxic T-lymphocyte (CTL) epitopes, 10 helper T-lymphocyte (HTL) epitopes, and 11 linear B cell
(LBL) epitopes were selected to construct 2 vaccines. LT-IIb was selected as an adjuvant and attached to the vaccine N-terminus. All
subunits are linked by suitable linkers. According to examinations, both MEV is antigenic and stable without poisonousness or
allergenicity. Molecular docking revealed steady and solid binding ability between MEV and Toll-like receptors (TLRs) and the major
histocompatibility complex (MHC). Finally, MEV codons were optimized into a plasmid for in silico cloning, which is pet-28a+ from E.
coli K-12 in this research. Although this vaccine performed well in immune stimulation, further experiments are expected to guarantee
its safety and immunogenic pro�le.

Key Points
1. Select epitope to develop 2 vaccines 2. Verify their validity in informatic method

Introduction
ESKAPE comprises 6 �rst letters from 6 microscopic organisms, E. faecium, S. aureus, K. pneumonia, A. baumannii, P. aeruginosa, and
Enterobacter species. These bacteria managed to escape from mostly existing antibacterial agents and will long last turn into an
approaching looming threat to human health(De Oliveira et al. 2020). Described as a successful pathogen, A. baumannii is ubiquitous
in the environment from soil to water(Peleg et al. 2008) and can colonize the skin, respiratory tracks, and wounds. Usually, it causes
infection in debilitated patients(Munoz-Price and Weinstein 2008) and leads to clinical manifestations such as ventilator-associated
pneumonia (VAP), blood infectious, respiratory, urinary, or gastrointestinal tract infections, and sepsis-associated with long-term
device use(Nasr 2020). What turned A. baumannii into an urgent threat is resistance to multiple antibiotics, especially
carbapenems(Ramirez et al. 2020), and the resistance mechanisms that A. baumannii has achieved consist of β-lactamases,
aminoglycoside-modifying enzymes, permeability defects, e�ux pumps, and target site modi�cations(Kyriakidis et al. 2021; Lee et al.
2017). The infection of A. baumannii has caused great damage to public health worldwide, and the prevalence of infection could be
2%-4% among all medical-related infections and over 10% in the ICU(Lotsch et al. 2020; Ma and McClean 2021; Meng et al. 2021). A
total of 1011 strains collected from 48 countries show that more than half of the strains are multidrug-resistant (MDR)(Lob et al.
2016); unfortunately, it is estimated that the mortality of MDR baumannii is more than 50%(Ma and McClean 2021). Accordingly,
strategies unrelated to antibiotics are needed due to the absence of signi�cant agents. Vaccines, for instance.

In the previous decade, numerous strategies have been examined for pursuing an e�cient vaccine, including whole-cell vaccines,
subunit vaccines, multicomponent vaccines, and nucleic acid vaccines; however, none of them �nally stepped into a clinical study,
and these studies revealed a possible future(Gellings et al. 2020; Ma and McClean 2021). Traditional vaccine development is mainly
based on experience and consumes much time and labor, but with the favor of developing immunoinformatic methods, in silco
vaccine design can be a new trend(He et al. 2010). To date, attempts to develop a vaccine for different pathogens, including bacteria,
viruses, parasites or even tumors, have been made(Oli et al. 2020), among which most are about COVID-19. What immunoinformatic
methodologies can do covers epitope prediction, vaccine design, and analysis of molecular docking. Multiepitope vaccines designed
by in silco methods have induced strong immunoreactions against acute Toxoplasma gondii-infected(Foroutan et al. 2020) and
Trichinella spiralis-infected mice(Gu et al. 2017), while B cell epitope vaccine-induced IgG1 protective responses against MRSA-
infected mice(Zhao et al. 2015). It is feasible and effective to design vaccines through immunoinformatics.

Building vaccines based on epitope selection is a strategy with solid evidence. The core of protective immunity is T lymphocytes. The
antigen segment is presented to the MHC protein and activates T cells. MHC II triggers helper T cells, while MHC I trigger cytotoxic T
cells. After receiving information from MHC molecules, T cells activate the growth and differentiation of B lymphocytes and �nally
produce protective antibodies. By directly predicting epitopes that can combine with antigen-binding grooves according to different
MHC alleles, we can search pathogen protein sequences and �nd epitopes that hopefully cause a protective immune response. The
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prediction of T cell epitopes has been mentioned(Moise and De Groot 2006) and con�rmed valid(Lundegaard et al. 2006), but
informatic vaccine design did not receive enough attention until an urgent need for a new vaccine in the pandemic of coronavirus
2019(Sohail et al.). Informative immunology has been developed greatly in the past decade. A recent study revealed that more than
95% of T cell epitopes obtained from experiments can be predicted by at least one in silco method(Sohail et al.), which is an inspiring
result for vaccine development. Forming predicted epitopes into multiepitope vaccines is a convenient way of developing vaccines.
Compared with a monovalent vaccine, MEV is believed to elicit a variety of human immune responses(Amanna and Slifka) since it
contains more epitopes to activate immunocytes. In theory, LBL epitopes can directly activate B lymphocytes, although more studies
are needed, combining LBL epitopes with T cell epitopes may enhance the protection of vaccines(Grandi et al.).

In this study, Outer membrane protein A (OmpA), Outer membrane W (OmpW), and Outer membrane protein33-36 (Omp33-36) were
selected for additional prediction of CTL, HLT, and LBL epitopes according to MHC alleles. These epitopes were analyzed by their
antigenicity, toxicity, and allergenicity, and epitopes with better performance were selected for our �nal MEV. Finally, two multiepitope
vaccines were designed, one containing the epitopes of OmpA and Omp33-36 and the other containing the epitopes of OmpA and
OmpW, to compare the e�ciency of different matches.

Materials And Methods

Amino acid sequence retrieval
Fasta �les containing sequence information of Acinetobacter baumannii OmpA (WP_000777878.1), OmpW (WP_004736587.1), and
Omp33-36 (WP_000733005.1) were acquired from NCBI (https://www.ncbi.nlm.nih.gov/). Similarly, the amino acid sequence of LTIIb
(PDB: 5G3L_H) was acquired from NCBI.

Prediction and selection of CTL epitopes
Cytotoxic T-lymphocyte (CTL) epitopes were predicted from OmpA, OmpW, and Omp33–36 sequences through the NetCTL server
version 1.2, which has been shown to have exceptional predictive performance(Larsen et al.). The epitopes of all supertypes in the
server were identi�ed at a combined score of 0.75. The Vaxijen2.0 server was utilized to examine the peptides’ antigenic potential
through the physical and chemical properties of amino acid sequences, with an accuracy of between 70% and 89%(Doytchinova and
Flower). A threshold value of 0.5 was considered. Furthermore, the antigenic epitopes (value>0.5) were predicted for their
immunogenicity via the IEDB program (http://tools.iedb.org/immunogenicity/)(Calis et al.) The Toxinpred server
(https://webs.iiitd.edu.in/raghava/toxinpred/index.html) was used to check for epitopic toxicity and their physicochemical
properties(Gupta et al.). Epitopic allergenicity was predicted through the AllerTOP 2.0 (https://www.ddg-
pharmfac.net/AllerTOP/index.html) server(Wold. et al.). The consensus algorithm was chosen to predict MHC I allelic partners of the
screened epitopes via Tepitool (http://tools.iedb.org/tepitool/)(Paul et al.). The percentile rank score ≤ 2 and inhibitory concentration
(IC50) <500 nM mean that peptides have a decent fondness to the receptor, which were under consideration.

Prediction and selection of HTL epitopes
The NetMHCIIpan 4.0 server (http://www.cbs.dtu.dk/services/NetMHCIIpan/) was utilized for predicting Helper T-lymphocyte epitopes,
which have higher predictive performance for CD4 epitopes than the previous version(Reynisson et al.). A total of 14 human leukocyte
antigen (HLA)DR alleles were chosen to cover as much of the world's population as possible for the prediction of MHC-II binding
peptide epitopes, including DRB1*01:01; DRB1*03:01; DRB1*04:01; DRB1*04:04; DRB1*04:05; DRB1*07:01; DRB1*08:02; DRB1*09:01;
DRB1*11:01; DRB1*13:02; DRB1*15:01; DRB3*01:01; DRB4*01:01; and DRB5*01:01(Wang et al.). The HTL epitopes were screened
based on percentile rank score≤2 and inhibitory concentration (IC50) <500 nM. The antigenic capability of HTL epitopes was
evaluated through Vaxijen2.0 at the threshold value of 0.5. Then, we used Toxinpred and AllerTOP 2.0 servers to check for epitopic
toxicity and allergenicity. Cytokines are produced by HTL cells, such as IL-4, IL-12, and IFN-γ. IFN-γ is essential for the development of
Th1 cells(Ivashkiv), while IL-4 is involved in the regulation of Th2 differentiation(Steinke and Borish). Based on the motif scan and
SVM hybrid approaches, INF-γ-inducing epitopes were screened out through the INFepitope server
(https://webs.iiitd.edu.in/raghava/ifnepitope/design.php)(Dhanda et al.). IL-4-inducing HTL epitopes were predicted through the IL-
4pred server (https://webs.iiitd.edu.in/raghava/il4pred/design.php) (Dhanda et al.).
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Prediction and screening of LBL epitopes
The ABCpred server (https://webs.iiitd.edu.in/raghava/abcpred/) utilizes the trained recurrent neural network for predicting linear B
cell epitopes at 65.93% accuracy. At a length of 16 and threshold of 0.8, we predicted B epitopes(Saha and Raghava). The antigenic
potential of B cell epitopes was evaluated through Vaxijen2.0 at the threshold value of 0.5. Epitopic toxicity and allergenicity were
predicted by the Toxinpred and AllerTOP 2.0 servers.

Assessment of epitope homology with human proteins
Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was utilized to detect the homology between epitopes and human proteins to reduce
the occurrence of cross-reactivity and autoimmune diseases.

Design of Muti-epitope subunit vaccine
The most ideal epitopes chosen after an extensive screen were utilized to form multiepitope vaccines. Vaccine constructor 1
comprises epitopes of OmpA and Omp33-36, and vaccine constructor 2 consists of epitopes of OmpA and OmpW. The KK linkers
were utilized to connect CTL and HTL epitopes, which are identi�ed with the antigenic peptidase digestion site presented by cathepsin
B to T cells(Takahashi et al. 1989). B cell epitopes were linked by GPGPG linkers, which are notable adaptable linkers(Yousa� et al.
2021). LT-IIb was considered to be a suitable adjuvant attached to the N-terminus of vaccines, which could improve the
immunogenicity of the designed vaccine. Proper linkers can help stabilize the protein structure; for instance, the linker between
adjuvant and vaccine is the EAAAK sequence(Nezafat et al. 2014). The designed vaccines’ physicochemical characteristics were
estimated through the ProtParam server (https://web.expasy.org/protparam/) (Wilkins et al. 1999). There are many physicochemical
properties of the vaccine, among which the more important ones are molecular weight, theoretical pI, half-life, instability index,
aliphatic index, and grand average of hydropathicity (GRAVY). When the shakiness �le is under 40, it proposes that the protein is
steady(Guruprasad et al. 1990).

The SQLpro server (http://scratch.proteomics.ics.uci.edu/) was utilized to check for the overpressed protein solubility in E. coli with a
general exactness of more than 74%(Magnan et al. 2009). The vaccine’s immunogenicity was a�rmed through the Vaxijen2.0 server
and ANTIGENpro server (http://scratch.proteomics.ics.uci.edu/), and lastone has been proven to be an accurate server with an
accuracy of over 70%(Magnan et al. 2010). Two vaccines’ allergenicity was determined through two distinct servers, AlgPred2.0 and
AllerTOP v2.0.

Secondary structure prediction
Prabi (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_gor4.html) was used to predict the secondary structure
of designed vaccines based on the GOR4 method with a precision of 64.4%(Garnier et al.)

Modeling and validation of vaccine
The designed vaccine was a reconstituted protein without detectable homology except for the added adjuvant, and its 3D model was
generated through the RaptorX server (http://raptorx.uchicago.edu/). This server predicted 3D structures of the protein sequence
through deep convolutional residual neural networks (ResNet)(Xu et al.). Recent reports have shown that RaptorX servers perform
better and have higher accuracy in predicting human-designed proteins(Wang et al. 2017; Xu 2019). Then, we utilized the Galaxy
server (http://galaxy.seoklab.org/) to re�ne the vaccine structure, which was based on the ab initio method(Ko et al.). The Galaxy
re�ne server generated �ve different re�ned models of the designed vaccine. The main 3 parameters of this server, GDT-HA, RMSD,
and MolProbity, were used to assess the models. To verify the quality of the selected model, the models were evaluated via ERRAT,
PROCHECK, and ProSA servers. ERRAT evaluated our models based on the nonbonded atomic interactions of the various atomic
types within the protein. The ProSA website (https://prosa.services.came.sbg.ac.at/prosa.php) evaluated the overall quality and
generated a Z score(Wiederstein and Sippl). A positive Z score implies that there might be mistakes in the protein model.
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Immune Simulations
To evaluate the immunogenic features of the designed vaccine, we subjected its sequence to C-ImmSim
(https://kraken.iac.rm.cnr.it/C-IMMSIM/index.php?page=0), an immune response prediction server(Rapin et al.). This server evaluates
the host immune response toward antigens by a position-speci�c scoring matrix (PSSM). For immune stimulation, a total of three
injections with an interval of 4 weeks were used to activate the simulated immune system, and the parameter containing vaccines
was 1000 units for each. The step number in the immune simulation process was 1050, each time step represented 8 hours, and the
time steps of the three injections were set at 1, 84, and 168. Other parameters were default.

Molecular docking
The designed vaccine ought to have a high binding proclivity to immune-related receptors, such as MHC molecular and Toll-like
receptors, to trigger an appropriate immune response. TLR2 plays a signi�cant role in the host's innate immune response to microbial
infection, while TLR4 is likewise important in the clearance of Acinetobacter baumannii and the induction of proin�ammatory
cytokines and chemokines(March et al.). Molecular docking is an informatic method to assess the interaction between two kinds of
moleculars’ crystal structure complex of human TLR4(PDB ID:4G8A), TLR2(PDB ID:2Z7X), MHC I molecular (PDB ID:1X7Q), MHC II
molecular (PDB ID:5JLZ) and B cell receptor (PDB ID:3KG5) were obtained from the protein database bank. Then, the HADDOCK v2.4
server (https://wenmr.science.uu.nl/haddock2.4/) was used to evaluate the interactions between the designed vaccine and TLR2,
TLR4, MHCI, MHCII, and BCR(van Zundert et al.). As a Forerunner in the molecular docking �eld from the WeNMR-EOSC Ecosystem, it
provides a high-quality in-cloud integrative docking service(Honorato et al.). Then, better outcomes were submitted to the HADDOCK
server for re�nement. Furthermore, the PDBsum(http://www.ebi.ac.uk/pdbsum.) is utilized to analyze the interface of the re�ned
complexes(Laskowski et al.) and Gibbs free energy predicted with PRODIGY, which can re�ect the binding a�nity of the complex(Xue
et al. 2016).

Molecular Dynamic simulation
To further analyze the stability of the docked complex, we used the iMOD server (http://imods.chaconlab.org/). Based on normal
mode analysis (NMA), iMODs are an intuitive server to simulate marcomolecule conformational changes in a natural and effective
method (Lopez-Blanco et al. 2014). With the help of iMODs, we are able to measure the internal motions in the vaccine-receptor
complex.

Population Coverage Analysis
There are differences in the distribution and expression of various HLA alleles across the globe's ethnic groups. The HLA allele
distribution is vital for multiepitope vaccine constructs. The population coverage was calculated by the IEDB tool
(http://tools.iedb.org/population/) through screening antigen epitopes according to HLA alleles(Bui et al.).

In silico cloning
The JCAT online server (http://jcat.de/) was used to back translate and optimize the condon of the vaccine(Grote et al.). Submitting
the vaccine sequences to the JCAT server, the selected vector was pET28a+ from E. Coli (K12 strains). The two parameters of the
JCAT severe, codon adaptive index (CAI), and GC content, play an important role in the evaluation of protein expression. Then, BamHI
restriction was added to the N-terminus and XhoI restriction was added to the C-terminus of the target sequence. The �nal step was to
insert the sequence inside the vectors using SnapGene software. Figure 1 here.

Results

Prediction and selection of epitopes
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44 CTL, 158HTL, and 36 LBL epitopes were obtained. These epitopes were further screened through numerous immune �lters. For
example, the epitopes used to construct vaccines should be nonallergenic, nontoxic should have high antigenicity and high a�nity
with HLA alleles. To make the multiepitope vaccine have higher antigenicity, only epitopes with high antigenicity scores are used to
construct the vaccine. Finally, 7 CTL, 6 HTL, and 8 LBL epitopes were obtained to construct the vaccine. Complete epitope screening
data can be found in the supplemental materials (Table S1, S2 and S3). Table 1 here, Table 2 here, Table 3 here.

Table 1
Final CTL epitopes selected for vaccine construction

Protein Supertype Start
Position

Epitope
Sequence

Score Immunogenicity Antigenicity Allergic Toxicity Similarity
with
human
protein

OmpA A1 269 HTDNTGPRK 1.046 0.09127 1.6471 - - 0

B7 18 AANAGVTV 0.9721 0.13371 1.1461 - -

Omp33-
36

A2 16 GAHAYQFEV 1.0009 0.09453 1.7241 - - 0

100 YVPTPYLPV 0.9688 0.00534 1.5876 - - 0

140 AMLLPNFLM 0.8631 0.06067 1.7425 - - 0

OmpW A1 308 FTAGFTYDF 1.5173 0.20718 1.267 - - 0

A2 160 FIGGIPPKV 1.1644 0.0289 1.4031 - - 0

Table 2
Final HTL epitopes selected for vaccine construction

Protein MHC Allele Start
Position

Epitope Sequence Antigenicity Allergic Toxicity IFN-
γpred

IL-
4pred

Similarity
with
human
protein

OmpA DRB1_0401 130 YKYDFDGVNRGTRGT 1.3463 - - + + 0

DRB3_0101

DRB1_1501 66 GIELTPWLGFEAEYN 0.9127 - - + + 0

Omp33-
36

DRB3_0202 233 VGATFVGNDGEADIK 0.9694 - - + + 0

DRB3_0202 235 ATFVGNDGEADIKGN 1.0696 - - + + 0

OmpW DRB1_0401 114 KPEVAGEATIQGLEQ 0.7934 - - + + 0

DRB1_0404

DRB1_1501 234 KSGVNKFRPYLGVGL 0.7925 - - + + 0
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Table 3
Final LBL epitopes selected for vaccine construction

Protein Start
Position

Epitope Sequence Score Antigenicity Allergic Toxicity Similarity with human
protein

OmpA 142 RGTSEEGTLGNAGVGA 0.94 1.8663 - - 0

83 KGDVDGASAGAEYKQK 0.86 1.9423 - - 0

42 NGGKDGNLTNAPELQD 0.82 1.5997 - - 0

Omp33-
36

259 YPNATARIEGHTDNTG 0.8 1.1391 - - 0

110 ASATYNHTDVDGKNNF 0.89 1.1803 - - 0

116 HTDVDGKNNFSKDDNG 0.88 1.6333 - - 0

87 NYHIGTYGVKGEAYVP 0.83 1.0537 - - 0

OmpW 278 DGKAGAALDRKESSGN 0.87 1.8311 - - 0

234 KSGVNKFRPYLGVGL 0.84 0.7925 - - 0

Multiepitope vaccine construction
The �nal multiepitope vaccines are composed of four parts: LT-IIb, CTL epitopes, HTL epitopes, and LBL epitopes. Through the
analysis of the ProtParam server, vaccine 1 consisted of 372 amino acids S, and its molecular weight was 38707.91 g/mol. the
theoretical pI of vaccine I was 7.81. Vaccine 2 contained 318 amino acids, its molecular weight was 33206.34 g/mol, and the
theoretical pI was 9.41. These results describe the basic properties of vaccine constructors. Vaccine 1’s instability index was 13.09,
while that of vaccine 2 was 21.69, which suggests that both vaccines are stable. The aliphatic indices of vaccine 1 and vaccine 2
were 53.82 and 58.33, respectively, which revealed that both vaccines were thermostable. The GRAVY (GR and AVerage of hydropathy)
index of vaccine 1 and vaccine 2 were -0.692 and -0.612, respectively, which demonstrated the vaccines’ hydrophilic nature. Both
vaccines’ half-life in vitro of mammalian reticulocytes cytes is 30 hours while in vivo of yeast is more than 20 hours and 10 hours in
vivo of E. coli. The antigenicity of vaccine 1 was 1.0738 and 0.946426, respectively, as predicted by Vaxijen2.0 and AITIGENpro. The
antigenicity of vaccine 2 predicted by Vaxijen2.0 and ANTIGENpro was 0.9932 and 0.942819, respectively. The SQLpro predicts that
the dissolution probability of vaccine 1 and vaccine 2 is 0.906464 and 0.892241, respectively, when overexpressed in E. coli.
Furthermore, the AllerTOP 2.0 and Algpred servers predicted that neither vaccine was allergic.

Secondary structure prediction
The Prabi server reported secondary structure prediction, in which vaccine 1 contained 21.51% alpha-helices, 18.01% extended
strands, and 60.48% random coils. For vaccine 2, the secondary structure included 21.38% alpha-helices, 19.18% extended strands,
and 59.43% random coils.

Modeling and validation of vaccine
First, the RaptorX server was used to predict a primary 3D structure for the vaccine sequence. Coarse models were updated to the
Galaxy server for re�nement. GDT-HA, MolProbity, and RMSD plots were used to assess the models. The best models are exhibited in
the �gures. Vaccine 1 gets an ERRAT score of 80.000. The ERRAT score of the vaccine2 is 90.400. The Ramachandran plot analysis
revealed that 83.2% of residues lied in the most favorable areas, and 14.0% of residues lied in additional permitted areas. Moreover,
the Ramachandran plot of vaccine 1 showed that. For vaccine 2, 81.5% of residues were in the most favorable areas, and 16.0% of
residues were in gerenally permitted areas. The Z scores of vaccines 1 and 2 were -4.93 and -4.62, respectively. Figure 2 here, Figure 3
here.
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Immune Simulations
Immune stimulation was programmed using the C-IMMSIM server. The results of the host immune system's response to the designed
vaccines 1 and 2 are shown in Figure 3. The primary, secondary and �nal immune responses have an important contribution to
vaccine immunity. In particular, high antibody titers were observed, �rst with high titers IgG and IgM, followed by IgG1 and IgG2. The
antibody titer induced by vaccine 1 was higher than that induced by vaccine 2. Furthermore, in the results of two vaccine simulations,
B cells were stimulated and proliferated, which resulted in memory cell development. Meanwhile, the upregulation of the population of
cytotoxic and helper T cells indicates that the immune response develops after vaccine injection. At the same time, high IFN-γ, IL-2,
and IL-10 levels were induced by the designed vaccine. These results indicated that the host produced an effective immune response
to the vaccine through immune stimulation. The immune cell population stimulated can be found in Figure S2. Figure 4 here.

Molecular docking
To assess the binding ability of the designed vaccine and antigenic receptors, we used HADDOCK server 2.4 to stimulate docking
progress. The A chains of TLR2 and TLR4 were used for molecular docking. In the results of TLR2 and vaccine 1 docking, the best
HADDOCK score of the cluster was -148.5 +/- 1.4. Similarly, the results of TLR2 and vaccine 2 docking revealed that the HADDOCK
score of the cluster was -146.5 +/- 1.9. In the condition of vaccine 1 and TLR4 docking, the highest score of the structure was -222.1
+/- 3.8. For vaccine2 and TLR4, the great HADDOCK score of the cluster was -163.2 +/- 3.1.

Moreover, the α chains of MHCI and MHC II molecules were used for molecular docking with vaccine constructors. For vaccine 1 and
the MHCI molecule, the best structure had a HADDOCK score of -193.9 +/- 5.3. Similarly, the vaccine2 and MHCI molecular results
indicated that the best structure had a HADDOCK score of -137.4 +/- 1.6. For the vaccine1 and MHC II molecular, the best structure
had a HADDOCK score of -172.2 +/- 1.5 and a while for vaccine2 and MHC II molecular, the best structure had a HADDOCK score of
-184.2 +/- 1.6 and a. BCR is also tested for docking with vaccines, for vaccine 1 and BCR, the best structure had a HADDOCK score of
-217.3 +/- 1.4 and a z score of -2.2. The results of vaccine 2 and BCR molecules indicated that the best structure had a HADDOCK
score of -149.6 +/- 3.6.

The models with better scores were selected, and these complexes were further re�ned by HADDOCK. Then, the server generated 20
re�ned models into one cluster, which symbolized 100% water-re�ned models. The data of the interactions between the designed
vaccines and receptors from their re�ned structures are shown in the �gure, and complexes are shown in Table S4 and S5.

Docking analysis
Then, the vaccine-receptor complexes were submitted to PDBsum to analyze the interaction interface. In the results, 4 salt bridges and
15 hydrogen bonds were revealed between vaccine 1 and TLR2, while the same data for vaccine 2 were 4 and 15. For TLR4, vaccine 1
seemed to establish 3 salt bridges and 23 hydrogen bonds, while vaccine 2 formed 4 and 13. The number of salt bridges and
hydrogen bonds built between vaccine 1 and HLAA1101 was 6 and 16 hydrogen bonds, which were 3 and 14 for vaccine 2,
respectively. Two salt bridges and 11 hydrogen bonds seemed to be built between vaccine 1 and HLADRB0401, while vaccine 2
formed 4 and 10 bonds. Finally, between BCR and vaccine 1, there were 3 salt bridges and 16 hydrogen bonds, while between BCR and
vaccine 2, there were 4 and 13.

We further analyzed interaction residues between vaccine 1 and TLR2, which were 33 and 30, covering 1327 Å² and 1356 Å²,
respectively. Similarly, the interaction residues between vaccine 1 and TLR4 were 27 and 28, covering 1593 Å² and 1629 Å², the
interaction residues between vaccine 1 and HLA1101 were 30 and 25, covering 1656 Å² and 1579 Å², and the interaction residues
between vaccine 1 and HLADRB0401 were 28 and 26, covering 1458 Å² and 1519 Å², respectively. The interaction residues between
vaccine1 and BCR were 27 and 35, covering 1790 Å² and 1630 Å², respectively.

In addition, the interaction residues for vaccine 2 and TLR2 were 33 and 30, covering 1327 Å² and 1356 Å², respectively. Similarly,
vaccine 2 and TLR4 each had 19 and 24 residues to interact with, covering 1106 Å² and 1006 Å² areas, respectively. Finally, the
interacting residues between vaccine 2 and HLA-1101 were 16 and 21, covering 1276 Å² and 1166 Å², and the interacting residues
between vaccine 2 and MHCII were 24 and 27, covering 1419 Å² and 1372 Å², respectively. while the interaction residues between
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vaccine2 and BCR were 20 and 21, covering 1226 Å² and 1162 Å². The docked complex between vaccines and HLA-1101 and TLR2 is
exhibited below in Figure 5, and the remaining receptors and vaccine complex can be found in Figure S3. Figure 5 here

Population Coverage Analysis
MHC allele distribution varies with geographic region and ethnicity. Therefore, population coverage analysis needs to be considered
when an effective vaccine is designed. The screened CTL and HTL epitopes were predicted for their coverage in the global population;
the global population coverage for Vaccine 1 was 84.38%, while that of Vaccine 2 was 92.28%. The results of population coverage
analysis could be found in Figure S4.

Molecular Dynamic simulation
To test the stability of vaccine-receptor complexes by molecular dynamics simulation, the iMods server was chosen. This server
showed the collective motion of biological macromolecules through normal mode analysis (NMA) in internal (dihedral) coordinates.
The vaccine1-HLA-A11:01 complex had an elgenvalue of 2.334594e-5 (�gure 6b). The deformability of the omposite was determined
by the deformation of a single residue, and the result of the vaccine1-HLA-A11:01 complex is shown in Figure 6b. The value of factor
B was proportional to RMS normal mode analysis (�gure 6a). The covariance matrix represented the coupling between residue pairs,
and different colors indicated that different residue pairs experienced correlated (red), uncorrelated (white) or anti-correlated (blue)
movements (�gure 6d). The elastic network model showed which atoms were connected by springs, as shown in �gure 6e. Each dot
represents a spring, and the stiffness of the spring is proportional to the color depth of the dot. The gray area in the �gure indicates
that the connection between atoms was relativelystable. Other results are shown in Supplementary materials Figure S5. Figure 6 here

In silico cloning
To fuse the vaccine with the vector and ensure maximal protein expression in E. coli (strain K12), we used the Java Codon Adaptation
Tool (JCat) to optimize the concentration of vaccine protein. Codon-optimized sequence 1 was 1000 nucleotides with a CAI value of
0.990 and a GC content of 0.51. Codon-optimized sequence 2 had 1065 nucleotides, with a 0.988 CAI value and a GC content of 0.51.
Two groups of data indicated that the proteins could be expressed well in E. coli. Then, the BamHI and XhoI restriction sites were
added to the codon sequence, BamHI to the 5’ end and EcoRI to the 3’ end. Finally, the whole sequence inside the Pet-28a (+) plasmid
was cloned to ensure the designed expression in E. coli. The nucleotide sequences of vaccines are shown in �gure S6. Figure 7 here

Discussion
Acinetobacter baumannii is a Gram-negative, obligate aerobe coccobacillus. During the past decade, research has greatly improved
our understanding of A. baumannii, and its pathogenesis has been described in detail(Morris et al.). Its characteristic multidrug
resistance has already broken our last antibiotic defense comprises carbapenems, colistin, and tigecycline to some extent(Asif et al.).
To accelerate the progression of vaccine development, some researchers have already started to use immunoinformatic methods.
Touhidinia et al designed an MEV based on the CarO protein, which is connected to carbapenem resistance(Touhidinia et al.). Ahmad
et al developed another MEV based on the proteins BamA, FimD, and Rhs aiming to combat tigecycline resistance(Ahmad et al.).
Other attempts were based on epitope analysis of the gacS protein(Smiline Girija) or reverse vaccinology(Shahid et al.). In the process
of in silco vaccine design, target selection is important. The studies above were focused on different proteins, but each protein’s role in
baumannii pathogenesis is well studied. While our objective is to design an MEV based on OmpA, OmpW, and Omp33-36, in addition
to solid evidence that injecting outer membrane complexes causes a protective immune response(McConnell et al.), an in silco
designed epitope peptide from OmpA causing an immune response in mice is also considered(Mehdinejadiani et al.).

A recent study shows that microevolution of the OmpA protein may lead to reduced e�cacy of drugs or vaccines developed with
OmpA as the target(Viale and Evans). To avoid this potential problem, OmpW and Omp33-36 were chosen for the advancement of the
vaccine. OmpW is involved in iron uptake by Acinetobacter baumannii, which is conserved in 804 Acinetobacter baumannii strains
with > 91% identity(Huang et al.). Conservation for Omp33-36 is as high as 98% among more than 1600 strains of Acinetobacter
baumannii(Huang et al.). Meanwhile, designing a vaccine based on a single protein may only provide some protection against
infection(McConnell and Martin-Galiano). In this method, we designed two vaccines based on OmpA, OmpW, and Omp33-36.
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Outer membrane proteins (OMPs) are a series of β-barrel structured proteins anchored in the outer membrane. Some OMPs are
chosen as potential vaccine targets. Outer membrane protein A (OmpA), outer membrane W (OmpW), and 33-36 kDa Omp (Omp33-36)
are all porins on the outer membrane and responsible for the pathogenicity of A. baumannii. These proteins are �rmly connected with
the virulence and antibiotic resistance of A. baumannii by participating in adherence, invasion, induction of apoptosis, serum
resistance, bio�lm formation and persistence(Lee et al. 2017; Smani et al. 2013; Uppalapati et al. 2020). Outer membrane protein A
(OmpA) is one of the most abundant OMPs and has incredible potential as a therapeutic target(Nie et al. 2020). Recombinant OmpA
(rOmpA) with aluminum hydroxide as an adjuvant can improve survival in infected mice(Luo et al. 2012), mucosal immunization with
rOmpA can reduce death from A. baumannii infection(Zhang et al. 2016), while a DNA vaccine encoding OmpA showed pronounced
defensive adequacy in a pneumonia mouse model(Lei et al. 2019). However, as the most discussed Omp, a high-recurrence
microevolution could limit the e�ciency of vaccines dependent only on OmpA(Viale and Evans 2020). In the meantime, mice
immunized with OmpW responded with an increase in speci�c IgG and survival(Huang et al. 2015) and other research showed
Omp33-36 as potential targets to cause protective immunity(Novovic et al. 2018) and both proteins are considered to be converse.
Subsequently, OmpW and Omp33 are applied to frame vaccines along with OmpA to ensure the validity of the �nal MEV.

Another important part of the vaccine is adjuvants. In this case, we selected type II heat-labile (LT-II) enterotoxins from Escherichia coli
to form vaccines, and their sequences LT-IIc and LT-IIb can enhance CD8+ T cell immunity when combined with antigens(Hu et al.
2014), which is conferred upon their ganglioside-binding B subunits(Hu et al. 2015).

Epitope prediction and selection make up the framework of in silco vaccine design. In the selection of epitopes, especially for CTL and
HTL epitopes, we compared outcomes from different servers and enlarged the range of MHC alleles to choose those overlapping
results as much as possible. For further �ltering of epitopes, epitopes are tested for their ability to induce cytokines. As a result, two
vaccines were developed: Vaccine 1 contains 5 CTL epitopes, 2 are from OmpA, and 3 are from Omp33, 4 HLT epitopes, half of which
are from OmpA while the else are from Omp33, 7 LBL epitopes, 4 are from OmpA and 3 are from Omp33. Vaccine 2 was developed
based on OmpA and OmpW and consists of 4 CTL epitopes: 1 is from OmpA and 3 are from OmpW, 4 HTL epitopes, 2 epitopes are
formed OmpA and 2 is from OmpW, and 5 LBL epitopes, 3 are from OmpA and 2 are from OmpW. In the selection of predicted
epitopes, antigenicity is emphasized considering that antigenicity refers to the ability to resist antibodies or sensitive lymphocytes
speci�cally induced, the antigenicity of the two vaccines is similar, and both are nontoxic, nonallergic, and highly immunogenic. The
vaccine constructors were then docked with TLR2, TLR4, and MHCI molecules to show that the vaccine can induce host immunity.
HADDOCK was used for the docking server. As an experimental knowledge-driven server, HADDOCK performed well in the Capri blind
docking test(de Vries et al.) and is used widely in medicine and vaccine design. Docking results were mainly evaluated by RMSD plots
and docking surface analyses, strong bindings between vaccine and receptors are shown by docking surface analyses and RMSD
plots revealed the stability of the vaccine-receptor complex structure, by analyzing the docking interface of the vaccine receptor
complex, the larger docking area of vaccine 1-receptor indicates that vaccine 1 has a better immune induction effect on the host.
Through immune stimulation, the effectiveness of the vaccine has been proven in theory, while vaccine 1 can induce higher antibody
titers than the vaccine. The world population coverage rate of Vaccine 2 is higher than that of Vaccine 1. In the end, these two
vaccines are effective vaccines through informatics simulation calculations, and the results of immune simulation indicate that both
vaccines can induce protective reactions in theory.

Compared with the traditional method of vaccine development, designing vaccines by immunoinformatics costs less, and the
screening of epitopes and the design of vaccines are faster. Multiepitope vaccines have lower toxicity, lower allergies and higher
safety than traditional vaccines. The multiepitope vaccine we designed contains CTL epitopes, HTL epitopes, and LBL epitopes, which
can trigger both humoral and cellular immunity in the host. At the same time, the combination of epitopes of two different proteins
can �ght Acinetobacter baumannii infection more effectively. However, it may take some time to further verify the performance of the
vaccine against Acinetobacter baumannii in vivo and in vitro.

Abbreviations
Cytotoxic T-lymphocyte (CTL); Grand average of hydropathicity (GRAVY); Helper T-lymphocyte (HTL); Linear B cell (LBL); Major
histocompatibility complex (MHC); Multidrug-resistant (MDR); Outer membrane protein A (OmpA); Outer membrane protein33-36
(Omp33-36); Outer membrane W (OmpW); Position-speci�c scoring matrix (PSSM); Toll-like receptors (TLRs); Type II heat-labile (LT-II);
Ventilator-associated pneumonia (VAP).
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Figure 1

Process of multiepitope design and in-silco cloning

Figure 2

First, second and third structure of vaccine 1 and vaccine 2, in the �rst structure, purple residues stand for adjuvant sequence, red
residues stand for CTL epitopes, green residues stand for HTL epitopes and blue residues stand for LBL epitopes; In the second
structure, h stand for α-helix, e stand for extended strand and c stand for random coil. (a) Predicted structure of vaccine 1, (b)
predicted structure of vaccine 2.
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Figure 3

Ramchandran and ERRAT plot for predicted vaccine construct quality assessment, (a) Ramchandran and ERRAT plot of vaccine 1 (b)
Ramchandran and ERRAT plot of vaccine 2
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Figure 4

Immune simulation results from C-ImmSim. (a), (c) Predicted cytokine released by vaccine 1 and vaccine 2. After each injection, there
was a signi�cant increase in IFN-g and TGF-b. (b), (d) Immunoglobulin production represents proliferation of the immune response
after vaccine infection. Various subtypes of immunoglobulin are represented as colored peaks, and �nally, there will be a protective
stable IgM and IgG concentration.
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Figure 5

Docking results and interacting residues of the complex. Docked complex of vaccine construct and receptor and the interacting part
along with the interacting residue, in the �gure, vaccine construct is highlighted (a)Vaccine 1 and HLAA1101 (b) Vaccine 1 and TLR 2
(c) Vaccine 2 and HLAA1101 (d) Vaccine 2 and TLR 2
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Figure 6

Molecular dynamic simulation of complex of vaccine 1 and HLA 1101, (a)Deformability and B-factor (b)Eigenvalues, the lower the
eigenvalue, the easier the deformation. (c) Variance colored bars show the individual (red) and cumulative (green) variances. (d)
Covariance map. (e) Elastic network.
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Figure 7

In silico cloning of codon-optimized vaccine into E. coli K12’s expression system. The plasmid backbone is shown in black, while the
inserted DNA sequence is shown in red. (a) Vaccine 1 (b)Vaccine 2.
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