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Immunoinformatics‑guided 
approach for designing 
a pan‑proteome multi‑epitope 
subunit vaccine against African 
swine fever virus
Alea Maurice Simbulan 1,4, Edward C. Banico 1,4, Ella Mae Joy S. Sira 1, 
Nyzar Mabeth O. Odchimar 1 & Fredmoore L. Orosco 1,2,3*

Despite being identified over a hundred years ago, there is still no commercially available vaccine for 
the highly contagious and deadly African swine fever virus (ASFV). This study used immunoinformatics 
for the rapid and inexpensive designing of a safe and effective multi‑epitope subunit vaccine for ASFV. 
A total of 18,858 proteins from 100 well‑annotated ASFV proteomes were screened using various 
computational tools to identify potential epitopes, or peptides capable of triggering an immune 
response in swine. Proteins from genotypes I and II were prioritized for their involvement in the recent 
global ASFV outbreaks. The screened epitopes exhibited promising qualities that positioned them as 
effective components of the ASFV vaccine. They demonstrated antigenicity, immunogenicity, and 
cytokine‑inducing properties indicating their ability to induce potent immune responses. They have 
strong binding affinities to multiple swine allele receptors suggesting a high likelihood of yielding 
more amplified responses. Moreover, they were non‑allergenic and non‑toxic, a crucial prerequisite 
for ensuring safety and minimizing any potential adverse effects when the vaccine is processed within 
the host. Integrated with an immunogenic 50S ribosomal protein adjuvant and linkers, the epitopes 
formed a 364‑amino acid multi‑epitope subunit vaccine. The ASFV vaccine construct exhibited 
notable immunogenicity in immune simulation and molecular docking analyses, and stable profiles 
in secondary and tertiary structure assessments. Moreover, this study designed an optimized codon 
for efficient translation of the ASFV vaccine construct into the Escherichia coli K‑12 expression system 
using the pET28a(+) vector. Overall, both sequence and structural evaluations suggested the potential 
of the ASFV vaccine construct as a candidate for controlling and eradicating outbreaks caused by the 
pathogen.

African swine fever virus (ASFV) is the causative agent of African swine fever (ASF), a highly contagious and 
devastating viral disease that causes hemorrhagic fever and death among domestic and wild pigs, warthogs, 
and  bushpigs1. As of June 2023, this disease is classified as a notifiable disease with reports in 50 countries since 
2021 and has led to nearly 4000 outbreaks in domestic pigs and 17,000 outbreaks in wild boars, resulting in a 
loss of approximately 1.5 million  swine2. Although non-zoonotic, it poses an ongoing threat as it continuously 
devastates the pork industry. China, the largest global exporter of pork, suffered a direct economic loss of US$ 
141 billion in 2019, only a year after the emergence of  ASF3.

The absence of globally approved and licensed vaccines for ASFV in commercial pig populations underscores 
the need for its development. There are three main strategies for the development of ASFV vaccine  candidates4,5. 
Whole inactivated vaccines have proven ineffective in inducing antibodies and cytotoxic T-lymphocytes (CTLs), 
which are crucial for virus-infected cell  elimination6–8. A live attenuated virus vaccine from Vietnam had shown 
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 efficiency9, yet additional safety and cross-protective ability tests must be performed. Subunit vaccines, a safer and 
cheaper alternative to live attenuated vaccines, use purified recombinant proteins or synthetic peptides that are 
capable of inducing protective immune  responses10. However, in contrast to vaccines derived from inactivated 
or live-attenuated pathogens, subunit vaccines exhibit limited  immunogenicity11,12. Therefore, the addition of 
adjuvants becomes essential to increase their efficiency, facilitating the induction of stronger and long-lasting 
protective immune  responses13.

Numerous publications have discussed the diverse efforts in the development of a subunit vaccine for 
 ASFV5,14–17. Most vaccine designs have involved the use of entire  proteins18,19 or combinations of multiple 
 proteins20–23. While many of these designs demonstrated efficacy against challenges of homologous  strains19,20, a 
significantly lowered protection conferred after a challenge of heterologous strains was also  reported24. This estab-
lished an observation of a strain-specific immune response generated by ASFV subunit vaccines. To solve this, 
screening of antigenic components should involve tests for conservation across multiple strains. This increases 
the efficiency of the subunit vaccine design by enhancing its genotype  coverage25.

Current research is focused on identifying short and specific antigenic regions called epitopes as vaccine 
components, as large proteins usually trigger allergic  reactions26. Vaccination of epitope components has been 
proven to prolong the survival of domestic pigs following  infection27. The administration of combinations of 
epitopes derived from p220, p72, and p30 resulted in a significant delay in the mortality of infected pigs by four 
 days27. The efficacy of this design could potentially be optimized by identifying the right combination of epitopes. 
Currently, the most suitable epitope combination for a vaccine remains unidentified. Therefore, there is a need 
to explore and test different epitope combinations in challenge studies.

Mapping of epitopes within ASFV poses a great challenge due to its large genome and complex nature, 
encoding over 150 open reading frames (ORFs). The majority of these ORFs lack information on expression 
and  functions14. One promising approach in epitope-based vaccine development is immunoinformatics, which 
utilizes bioinformatics to gain insights into immune system responses. Various computational tools enable the 
mapping and assessment of potential epitopes within the pathogen sequence.

This study aimed to unbiasedly search for potential epitopes that can be recognized by the swine immune 
system through pan-proteomic screening. In contrast to previous in silico studies that concentrated solely on 
structural  proteins28–32, screening of epitopes in this study covered the entire ASFV proteome including nonstruc-
tural proteins and those that have not been characterized. Some nonstructural and uncharacterized proteins of 
ASFV have been found to function as antigens and immunogens. These proteins have been recognized by infected 
pig sera and some were observed to induce both T-cell and antibody  responses15. This suggests their potential as 
targets for vaccine development. Moreover, sequence and structure-guided evaluations of the vaccine construct 
were performed to ensure its safety, stability, and immunogenicity against pathogenic ASFV.

Results
Proteome screening and protein prioritization
The study retrieved 197 distinct proteomes of the African swine fever virus (ASFV) from NCBI and UniProt. Only 
100 well-annotated ASFV proteomes were retained following the exclusion of 21 proteomes with fewer proteins 
than the standard  15033, six (6) proteomes with partial genome coverage, and 70 proteomes with either unverified 
tags from NCBI or from the excluded section of  UniProt34. With only 33 proteomes having available genotype 
assignments from NCBI, the genotypes of the remaining 67 proteomes were determined through phylogenetic-
based sequence clustering analysis using 33 proteomes with genotype assignments as reference sequences. The 
list of accession numbers of the final proteomes considered in the study is in Supplementary Table 1 while their 
distribution profiles are presented in Supplementary Fig. 1.

The final ASFV proteomes have 18,858 proteins where 2,978 were identified as nonredundant by CD-HIT. 
Only 163 proteins from all the nonredundant proteins were found in at least 80% of genotype I or 80% of geno-
type II proteomes. From 163 protein sequences, 93.80% of the amino acid residues were identified as conserved 
by Protein Variability Server (PVS). For the prediction of cytotoxic T-lymphocyte (CTL) epitopes, 532 peptides 
with ≥ 9 consecutively conserved amino acids were selected, whereas for helper T-lymphocyte (HTL), 450 pep-
tides with ≥ 15 consecutively conserved amino acids were selected.

Epitope prediction
From the conserved fragments of 163 protein sequences, 83 peptides were predicted as possible linear B-lym-
phocyte (LBL) epitopes by four LBL prediction servers (BepiPred 3.0, ABCPred, SVMTrip, and LBTope). From 
532 peptides with ≥ 9 consecutively conserved amino acids, 47,165 9-mer peptides were identified as possible 
cytotoxic T-lymphocyte (CTL) epitopes by IEDB MHCI-binding prediction server, whereas from 450 pep-
tides with ≥ 15 consecutively conserved amino acids, 44,773 15-mer peptides were identified as possible helper 
T-lymphocyte (HTL) epitopes by IEDB MHCII-binding prediction server. The screening process for each epitope 
group (LBL, CTL, and HTL) is presented in Supplementary Fig. 2. The final list of epitopes and their protein 
sources is shown in Table 1.

All screened epitopes were non-allergens, non-toxins, and had antigenicity values >1.0. Only these properties 
were considered in the screening of LBL epitopes. The antigenicity scores of LBL epitopes are displayed in Table 2.

Aside from non-allergens, non-toxins, and antigenicity >1.0, the final CTL epitopes have immunogenicity 
>0.25, proteasomal cleavage and TAP scores >1.0, and strong binding affinity to ≥ 9 swine leukocyte antigens 
(SLA). The scores of final CTL epitopes on antigen processing and presentation servers are presented in Table 3.

While final HTL epitopes were also non-allergens, and non-toxins, and had antigenicity scores >1.0, they also 
have immunogenicity >20 and strong binding affinity to ≥ 6 human leukocyte antigens (HLA). Some epitopes 
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were also inducers of interferon-γ (IFN-γ ), interleukin-4 (IL-4), and interleukin-10 (IL-10). The scores of final 
HTL epitopes on antigen presentation and cytokine-inducing prediction servers are presented in Table 4.

Vaccine construction and evaluation
“KK”, “AAY”, and “GPGPG” linkers were used to connect LBL, CTL, and HTL epitopes, respectively. “HEYGAE-
ALERAG” linker was used to connect these three epitope groups. Five (5) vaccine candidates were prepared by 
adding the sequences of five different adjuvants (Sus scrofa β-defensin-1, F3-A6 ASFV hemagglutinin peptides, 
phenol-soluble modulin α 4, 50S ribosomal protein L7/L12, and heparin-binding hemagglutinin adhesin) to 
the epitopes using “EAAAK” peptide. The five vaccine candidates were subjected to physicochemical property 
evaluations (See Supplementary Table 2). All of the vaccine candidates were non-allergens and had antigenicity 
scores >0.4. However, structure instability was observed among the vaccine candidates with Sus scrofa β-defen-
sin-1, F3-A6 ASFV hemagglutinin peptides, and heparin-binding hemagglutinin adhesin adjuvants. Insolubility 
was observed from the vaccine candidate with phenol-soluble modulin α 4 adjuvant. Therefore, 50S ribosomal 
protein L7/L12 was chosen as the most suitable adjuvant for the vaccine construct. Table 5 displays the com-
plete physicochemical properties of the final ASFV vaccine construct using the 50S ribosomal protein L7/L12 
as an adjuvant. Overall, the vaccine construct has 364 amino acids. Figure 1A illustrates the arrangement of the 
adjuvant, epitopes, and joining linkers.

Table 1.  Final epitope components of the African swine fever virus (ASFV) vaccine construct, and their 
respective protein sources.

Groups Epitopes Source proteins (ORFs)

LBL

GIAGRGIPLGNPHVKP Minor capsid protein p49 (B438L)

LDAVKMDKRNIK Envelope protein p22 (KP177R)

AKLQDTKFKWKYTLDP Transmembrane protein (C257L)

GRPSRRNIRFK Major capsid protein p72 (B646L)

CTL

TVSAIELEY Polyprotein p220 (CP2475L)

KTRDFFILY Transmembrane (C62L)

MMDFERVHY Cysteine protease (S273R)

KNLSIIWEY MGF 360-13L

KAIELYWVF MGF 360-18R

YLYEIEIEY Guanylyltransferase (NP868R)

HTL

SRRFRFVSLDAYNMG Termination factor (Q706L)

KIGFYSSKSTAHERE Helicase/primase (F1055L)

ESVYFAVETIHLKQQ EP424R

KYWYAIAVDYDLKDA MGF 360-11L

Table 2.  Antigenicity scores of final linear B-lymphocyte (LBL) epitopes.

CTL epitopes Antigenicity Scores

GIAGRGIPLGNPHVKP 1.43

LDAVKMDKRNIK 1.03

AKLQDTKFKWKYTLDP 1.37

GRPSRRNIRFK 1.83

Table 3.  Scores of final cytotoxic T-lymphocyte (CTL) epitopes on antigen processing and presentation 
servers.

CTL epitopes

Antigenicity No. of strong Cleavage TAP Immunogenicity

Scores binding MHCI Scores Scores Scores

TVSAIELEY 1.71 19 1.21 1.39 0.26

KTRDFFILY 1.49 24 1.45 1.33 0.37

MMDFERVHY 1.44 17 1.54 1.29 0.32

KNLSIIWEY 1.41 20 1.51 1.28 0.33

KAIELYWVF 1.36 24 1.53 1.26 0.34

YLYEIEIEY 1.09 26 1.30 1.28 0.49



4

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1354  | https://doi.org/10.1038/s41598-023-51005-3

www.nature.com/scientificreports/

Secondary structure characterization by GOR4 revealed that the vaccine construct has 58.38% residues in 
α-helices, 29.19% in random coils, and 12.43% in extended strands. Figure 1B shows the tertiary model of the 
ASFV vaccine construct predicted by ColabFold v1.5.2, refined by GalaxyRefine, and visualized by ChimeraX.

Table 4.  Scores of final helper T-lymphocyte (HTL) epitopes on MHCII antigen presentation and cytokine-
inducing prediction servers.

HTL epitopes Antigenicity scores
No. of strong 
binding MHCII

Immunogenicity 
scores IFN-γ inducer IL-4 inducer IL-10 inducer

SRRFRFVS-
LDAYNMG 1.40 14 36.51 No Yes Yes

KIGFYSSKSTA-
HERE 1.33 6 34.96 No No Yes

ESVYFAVETI-
HLKQQ 1.12 13 44.07 No Yes Yes

KYWYAIAVDY-
DLKDA 1.01 7 20.41 Yes Yes Yes

Table 5.  Complete physicochemical properties of the final vaccine construct and the servers used for 
evaluations.

Servers Properties Results

Protparam

Molecular weight 40,209.06

Isoelectric point 7.04

Stability Stable (instability index = 32.5)

Aliphatic index 82.47

VaxiJen 2.0 Antigenicity Antigenic (0.76)

AllerTOP 2.0 Allergenicity Non-allergenic

BlastP Cross-reactivity Zero

SolPro Solubility Soluble (87.6% probability)

Figure 1.  Designed multi-epitope subunit vaccine for African Swine Fever Virus (ASFV). (A) Graphical 
presentation showing the positions of epitopes, adjuvant, and linkers. (B) Tertiary model predicted by ColabFold 
v1.5.2, refined by GalaxyRefine, and visualized by ChimeraX.
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The ASFV vaccine construct achieved the recommended scores for high-quality structures in three quality 
assessment servers (see Supplementary Fig. 3) with a z-score of −3.73 in ProSA and an overall quality factor of 
96.4% in ERRAT while 97.5% of its residues are in favorable regions as predicted by PROCHECK.

GlobPlot2 identified two (2) globular regions in the ASFV vaccine construct: M1-I150 and K165-K297, 
and four (4) disordered regions: A151-P164, S298-R312, D319-S331, and Q343-K350. The first globular region 
spanned the entire adjuvant region and the first LBL epitope while the second globular region approximately 
covered the 3rd–4th LBL epitopes and all CTL epitopes. Predicted disordered regions spanned the 2nd LBL 
epitope (GIAGRGIPLGNPHVKP) and segments of HTL epitopes. Discotope and Ellipro identified eight (8) 
conformational B-lymphocyte epitopes within the multi-epitope region: R144-K146, K148-P164, K166-Q170, 
T179-E205, T299, H301-R311, L341-K350, and K362-A364. No conformational B-lymphocyte epitope was 
predicted within the adjuvant. The predicted globular-disordered regions and conformational B-lymphocyte 
epitope regions within the ASFV vaccine construct are displayed in Supplementary Fig. 4.

Immune simulation
Immune simulations using C-ImmSim revealed increasing amounts of antibody titers and population counts of 
helper T-lymphocytes (HTL) and B-lymphocytes from primary to secondary and tertiary immune responses. A 
decrease in antigen count was also observed after secondary administration of the vaccine construct. Figure 2 
compares the immune profiles of the ASFV vaccine construct to the adjuvant (50S ribosomal protein L7/L12) 
alone. The ASFV vaccine construct has relatively higher antibody titers and HTL and B-lymphocyte populations 
compared to the adjuvant alone.

Molecular docking and molecular dynamics
The CTL epitopes predicted in this study were docked to an MHCI molecule, SLA-1*04:01. The crystal structure 
of SLA-1*04:01 was retrieved from RCSB ID: 3QQ3 after the removal of an influenza-derived epitope (NSDT-
VGWSW) that was originally complexed in the structure. This epitope was used as a positive control in the study 
together with an ebola-derived epitope (ATA AAT EAY) complexed to SLA1*0401 in another crystal structure 
(RCSB ID: 3QQ4).

The ASFV vaccine construct was also docked to a crystal structure of toll-like receptor 4 (TLR4) from RCSB 
ID: 4G8A. For positive control, three (3) TLR4 protein agonists: enzyme lumazine synthase from Brucella spp., 
resuscitation-promoting factor (Rpf) E from Mycobacterium tuberculosis, and fusion protein DnaJ-�A146Ply 
from Streptococcus pneumoniae were used. The structures of the complexes predicted by Cluspro 2.0 are shown 
in Supplementary Fig. 5. The figures indicate the residues and specific atoms that bind or contact with TLR4. 
The predicted number of molecular interactions and binding energies of SLA-1*04:01 and TLR4 complexes are 
displayed in Table 6.

Although the “ATA AAT EAY” control has the highest number of hydrogen bonds, two of the CTL epitopes 
in the study (“TVSAIELEY” and “KNLSIIWEY”) have higher numbers of hydrogen bonds compared to the 
“NSDTVGWSW” control. Despite the lower number of molecular interactions observed, all CTL epitopes of 
the vaccine construct displayed higher � G (kcal/mol) compared to the controls.

The ASFV vaccine construct also exhibited lower numbers of molecular interactions in complex with TLR4 
but displayed the highest � G (kcal/mol) compared to the controls. While in molecular dynamics simulation 
of the TLR4 complexes, the ASFV vaccine construct had also the lowest eigenvalue with 4.85E−07, followed by 
S. pneumoniae DnaJ (2.69E−06), M. tuberculosis RpfE (1.46E−05), and Brucella lumazine synthase (1.57E−05). 
The graphs for main-chain deformability, B-factor, eigenvalues, variances, covariance, and elastic network are 
shown in Supplementary Fig. 6.

Figure 2.  In silico immune simulation results of the ASFV vaccine construct (solid lines) compared with 
adjuvant alone (dash line) administered at 0-4th-8th week intervals. Graphs: (A) immunoglobulin production 
and antigen clearance. (B) Helper T-lymphocyte populations. (C) B-lymphocyte populations.
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Codon optimization and in silico cloning
Following optimization of the codon sequence of the vaccine construct in expression to Escherichia coli K-12 
expression system, the codon adaptation index (CAI) predicted a value of 1.0 and a GC content of 48.26%. Sam-
ple cloning of the adapted sequence of the vaccine construct into the pET28a(+) vector is shown in Fig. 3. The 
adapted sequence was inserted into XhoI (158) and BamHI (1256) restriction sites.

Discussion
The landscape of vaccine development has undergone significant transformations due to discoveries in immunol-
ogy. Immunoinformatics, an approach that combines immunology with bioinformatics, led to the emergence of 
a new pattern of vaccine design where immune determinants can simply be scanned in the protein sequence of 
the pathogen of interest. Compared to conventional vaccine design, which makes use of extensive wet labora-
tory experiments, immunoinformatics-based vaccine design drastically reduces both time and labor needs in 
epitope screening. The shortened process of developing vaccines that this approach offers can effectively address 
the rapid emergence or re-emergence of numerous highly pathogenic infectious diseases.

Table 6.  Predicted molecular interactions and binding energies ( � G) of SLA-1*04:01 and TLR4 complexes. 
HB hydrogen bonds, NBC non-bonded contacts, SB salt bridges. Control: ainfluenza-derived epitope from 
RCSB ID: 3QQ3 and bebola-derived epitope from RCSB ID: 3QQ4, both bound to SLA1*0401 in crystal 
structures. c−eTLR4-agonists.

Complex Molecular interactions � G (kcal/mol)

SLA1*04:01-TVSAIELEY 13 HB, 130 NBC −12.1

SLA1*04:01-KTRDFFILY 11 HB, 142 NBC −12.1

SLA1*04:01-MMDFERVHY 9 HB, 108 NBC −11.3

SLA1*04:01-KNLSIIWEY 12 HB, 156 NBC −11.8

SLA1*04:01-KAIELYWVF 8 HB, 116 NBC −11.6

SLA1*04:01-YLYEIEIEY 10 HB, 129 NBC −11.3

SLA1*04:01-NSDTVGWSWa 11 HB, 120 NBC −10.8

SLA1*04:01-ATA AAT EAYb 14 HB, 142 NBC −11.2

TLR4-ASFV construct 6 SB, 15 HB, 199 NBC −14.0

TLR4-Brucella lumazine synthasec 7 SB, 15 HB, 257 NBC −9.9

TLR4-M. tuberculosis RpfEd 6 SB, 31 HB, 262 NBC −9.7

TLR4-S. pneumoniae DnaJe 4 SB, 18 HB, 156 NBC −13.1

Figure 3.  Result of in silico restriction cloning of the ASFV vaccine construct into the pET28a(+) vector using 
SnapGene software. The adapted sequence was inserted at XhoI (158) and BamHI (1256) restriction sites and is 
indicated in red, while the plasmid backbone was kept in black.
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This study used immunoinformatics to map epitopes and design a multi-epitope subunit vaccine for the 
African Swine Fever virus (ASFV), the causative agent of the highly contagious and fatal African Swine Fever 
(ASF) disease. Moreover, pan-proteomic screening was used to identify immunogenic epitopes, not only within 
structural proteins but even in the nonstructural proteins of ASFV. The inclusion of nonstructural viral proteins 
in this study was influenced by recommendations from various studies on different viruses citing that numer-
ous nonstructural proteins are involved in viral activity and can also trigger host  immunity35,36. ASFV genome 
encodes over 100 non-structural  proteins37, in which the functions of many of these proteins remain unknown. 
While a previous vaccine design study was able to screen T-cell epitopes on nonstructural proteins of  ASFV38, 
it is important to note that nonstructural proteins of ASFV can also elicit antibody responses to swine  hosts15, 
indicating their significance in the prediction of B-cell epitopes. B-cell epitopes from nonstructural proteins have 
also been included in the designs of multi-epitope subunit vaccines targeting other  pathogens35,39,40.

In screening for potential epitopes, this study prioritized proteins found in genotypes I and II. Isolates of ASFV 
can be classified into 24  genotypes41; however, only genotypes I and II have caused economically devastating 
epidemics outside  Africa42. Previous vaccine design  studies43,44 have recognized the importance of identify-
ing epitopes from these genotypes, specifically genotype  II38, the genotype responsible for the 2007-2022 ASF 
 outbreaks45.

Four (4) linear B-lymphocyte (LBL), six (6) cytotoxic T-lymphocyte (CTL), and four (4) helper T-lymphocyte 
(HTL) epitopes were considered as components for the multi-epitope subunit vaccine for ASFV. These epitopes 
were non-allergenic, non-toxic, and highly antigenic. Non-allergenicity and non-toxicity assessments are crucial 
to ensure safety when the vaccine is processed within hosts. Moreover, all epitopes demonstrated antigenicity that 
surpassed the score of 1.0, the threshold set for highly antigenic  epitopes46. Therefore, these epitopes are expected 
to have a substantial ability to be recognized as foreign materials that can potentially trigger an immune response.

The utilization of four prediction servers ensured the accuracy of the predicted LBL epitopes. The decision to 
prioritize BepiPred 3.0 server for the prediction was influenced by a study in which the server demonstrated its 
superior accuracy compared to other LBL epitope prediction  servers47. Moreover, utilizing SVMTrip, ABCPred, 
and LBTope increased the confidence in the predicted epitopes. The combination of multiple servers in LBL 
prediction was adapted in a previous  study48, however, the current study opted for LBTope over BCEPred, as 
LBTope demonstrated higher accuracy performance in a recent benchmark  study47.

To predict CTL epitopes, this study utilized tools spanning various stages of antigen presentation. These stages 
encompass proteasomal cleavage, TAP transport, binding to MHC-I molecules, and presentation of peptides to 
T-cell receptors. The NetCTLpan server covered the initial three stages. Although NetCTLpan predicts MHC-I 
binding, the study employed a separate server dedicated solely to MHC-I binding, NetMHCpan, owing to its 
extensive training on larger  datasets49. Additionally, an immunogenicity server was employed to predict the 
relative capability of a given set of peptides bound within an MHC complex to be recognized by T-cell recep-
tors. Altogether, the integration of these prediction tools in this study ensured that epitopes will be presented 
accurately to T-cells, and consequently induce an immune response.

To validate the result of the MHCI binding predictions, molecular docking of the final CTL epitopes to an 
MHCI molecule, SLA-1*04:01, was performed. This MHCI molecule was prevalent in different swine  breeds50, 
and was already used for docking with CTL epitopes in other swine vaccine design  studies28. Two (2) known 
CTL epitopes bound with SLA-1*04:01 in crystal  structures51 were used as controls in the study. The docking 
results revealed highly negative Gibbs Free energies ( � G) for the CTL epitopes, with some epitopes displaying 
higher numbers of molecular interactions compared to the control group. This observation strongly implies the 
formation of stronger bound complexes for these epitopes and the SLA molecule. This study primarily employed a 
single MHCI molecule for CTL epitope docking due to the constraints posed by the limited availability of MHCI 
molecules in existing databases. However, it is recommended to expand the scope of this investigation by includ-
ing a broader range of MHCI molecules in future docking studies. Polymorphisms in MHCI molecules affects 
the binding specificity in which the amino acids interact within the pockets of MHCI  molecules52. Since the 
anchor residues for peptide binding are different for each allelic variant, diversification in the MHCI molecules 
used for docking analysis is a critical aspect to be considered.

In the prediction of HTL epitopes, only binding and immunogenicity servers were available. In this study, two 
binding prediction servers were used to predict the binding affinity of peptides to MHCII molecules. Multiple 
servers can be used for cross-validation of the results which can enhance the accuracy, reliability, and depth of 
epitope prediction. Unlike MHCI binding predictions, human leukocyte antigens (HLAs) were used for MHCII 
binding predictions since no swine leukocyte antigens (SLAs) were available in the servers. Since HLAs were 
reported to have strong homology to class II  SLAs53, they were also used in MHCII binding predictions by other 
swine vaccine design  studies28,32,38. Aside from the high binding affinity to MHCII molecules and high recognition 
potential to T-cell receptors, some of the final HTL epitopes also showed cytokine-inducing potential, particularly 
IFN-γ , IL-4, and IL-10. IFN-γ can regulate ASFV replication by stimulating natural killer cells and macrophages 
to combat viral  infections26; whereas IL-4 and IL-10, as anti-inflammatory cytokines, play a role in promoting 
immunoregulatory responses, thus, contributing to a balanced and safe vaccine profile.

All the predicted epitopes were joined using peptide linkers and an immunogenic adjuvant at the N-terminus. 
As observed in the study, the addition of 50S ribosomal protein L7/L12 as an adjuvant resulted in favorable 
solubility and stability of the vaccine construct. This adjuvant has been previously employed in several vaccine 
design  studies54–56. It influences the maturation of dendritic cells (DCs), the most potent antigen-presenting cell, 
and the production of pro-inflammatory cytokines, which is partially mediated through the Toll-like receptor 4 
(TLR4) signaling  pathway57. The activation of DCs subsequently stimulates naïve T cells, leading to the effective 
polarization of CD4+ and CD8+ T cells, resulting in the secretion of IFN-γ and initiation of T cell-mediated 
cytotoxic responses.
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After designing the ASFV vaccine construct, further assessments of its physicochemical characteristics were 
conducted. While the assessment of epitopes is a critical aspect of vaccine development, focusing solely on 
epitopes overlooks important factors that contribute to the overall effectiveness and safety of a vaccine. The 
interaction between the components of the vaccine construct can significantly affect immune response. Therefore, 
understanding the effect of these components as a whole is crucial for designing a successful vaccine.

Overall, the designed ASFV vaccine has 364 amino acids and a molecular weight of 41 kDa. Proteins with a 
molecular weight under 110 kDa are often considered promising candidates for vaccine  development58 owing 
to their solubility and the ease of  purification59. The theoretical isoelectric point (pI) was predicted to be 7.22, 
aligned with the normal range of pH  conditions58. Designing vaccines with a pI that matches physiological con-
ditions increases the likelihood of maintaining protein solubility, preventing aggregation, and ensuring proper 
delivery and  administration60. Furthermore, the SolPro server predicted that the vaccine construct is soluble at a 
high level of certainty (94%). The ProtParam server also predicted that the vaccine construct is stable. Moreover, 
it has an aliphatic index of 81.14, higher than the indices of vaccine constructs in other  studies61,62. This high 
aliphatic content suggests substantial thermostability. Maintaining structural integrity at various temperatures 
is crucial for ensuring the effectiveness of vaccines during storage, transportation, and  administration63. Aside 
from being antigenic, the ASFV vaccine construct was predicted to be non-allergenic and non-cross-reactive to 
swine populations, therefore it does not induce unintended immune reactions which ensures the safety of the 
designed vaccine.

A well-designed secondary structure of a vaccine enhances its immunogenicity and ensures effective immune 
response generation. Globular regions within the vaccine construct, with a substantial presence of α-helices, 
suggest stable and well-structured regions in the vaccine. These structured regions are important in facilitating 
straightforward interactions with immune cells, thereby promoting a predictable immune response. While dis-
ordered regions can reduce the affinity of vaccine components to immune  receptors64, they can serve as flexible 
regions that are capable of adapting to different conformations, enhancing the ability of the vaccine to engage 
with the complex landscape of the immune system.

Aside from the induction of adaptive immunity, the capability of inducing innate immune response was also 
tested by docking the ASFV vaccine construct with TLR4. Successful binding with Toll-like receptors (TLRs) 
streamlines vaccine-induced immune response, resulting in an improved ability to establish a robust memory 
for the target pathogen. Due to their ability to link innate with adaptive immune response, TLR-agonists are 
highly promising vaccine  adjuvants65. Among 10 TLRs identified in  swine66, TLR4 was used in this study for 
docking with the vaccine construct since the adjuvant of the vaccine, 50S ribosomal protein L7/L12 is a known 
TLR4-agonist. TLR4-agonists activate myeloid differentiation primary response protein 88 (MyD88) and Toll/
IL-1R domain-containing adaptor inducing IFN-β (TRIF) signaling  pathways67, which may enhance activation 
of DCs and downstream immune responses, as described above.

Due to the absence of a specific swine TLR4 model, the study utilized the crystal structure of a human TLR4 
(RCSB ID: 4G8A), which exhibits approximately 70% similarity to the swine  counterpart68. This is the model 
closest to the structure of the swine TLR4 available in RCSB. For comparison, this study used three (3) TLR4 
protein agonists: enzyme lumazine synthase from Brucella spp., resuscitation-promoting factor (Rpf) E from 
Mycobacterium tuberculosis, and fusion protein DnaJ-�A146Ply from Streptococcus pneumoniae. In addition to 
the designed vaccine construct, docking analyses were also conducted with these three TLR4-agonists since no 
model or crystal structure is available in databases that show their binding and signaling mechanism with TLR4. 
The results of the docking of the ASFV vaccine construct to TLR4 revealed a highly negative � G compared to 
controls, indicating a more favorable binding to the receptor. However, molecular dynamics simulation suggested 
a highly dynamic movement of the vaccine construct in complex with the TLR4. A relatively low eigenvalue 
compared to controls was observed, indicating that the complex with the ASFV vaccine construct was more flex-
ible. This suggested that the vaccine can adapt and interact with TLR4 in various ways, enabling the formation 
of stable complexes via different binding modes.

Following optimization of the codon sequence of the vaccine construct, the codon adaptation index (CAI) 
reached a maximum possible value of 1.0. Additionally, 48.56% was the GC content of the optimized codon 
which is within the ideal range of 30-70%. Both parameters indicate optimal expression of the construct in the 
E. coli K-12 expression system.

Several proteins of ASFV have already shown promise in in vivo experiments. Majority of these are structural 
proteins, including p22 (KP177R), p30 (CP204L), p54 (E183L), p72 (B646L), and CD2v (EP402R)19,23,69,70. These 
proteins together with all proteins of ASFV were considered in the analysis. However, the results revealed that 
a greater number of epitopes from other protein sources exhibited higher immunogenicity than epitopes found 
on these structural proteins. Four out of the ten protein sources of the T-cell epitopes in the study, including 
polyprotein pp220 (CP2475L)27,71,72, guanylyltransferase (NP868R)22, helicase/primase (F1055L)72, and MGF 
360-11L20,72, induced T-cell responses against ASFV in in vitro experiments. Meanwhile, all four protein sources 
of the LBL epitopes—minor capsid protein p49 (B438L)73, envelope protein  p2222,74, transmembrane protein 
(C257)22, and major capsid protein p72 (B646L)22,73–76 have shown positive antibody response against the virus 
in in vitro studies. The six remaining T-cell epitope protein sources, including transmembrane (C62L) and five 
nonstructural proteins - cysteine protease (S273R), MGF 360-13L, MGF 360-18R, EP424R, and termination 
factor (Q706L) have not undergone extensive studies. Thus, further investigations are warranted to explore the 
ability of these proteins to induce an immune response.

Overall, the vaccine construct displayed favorable physicochemical properties and immunogenicity after a 
series of sequence and structure-based evaluations. By employing immunoinformatics, a safe, structurally stable, 
and immunogenic vaccine construct was made. This vaccine incorporates immunogenic epitope components of 
ASFV, emulating ASFV infection, and inducing immune memory to effectively counter subsequent infections of 
the pathogen. While immunoinformatics offers an efficient approach to vaccine development, it remains crucial 
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to prioritize the conduct of updated benchmark studies across server platforms to select the most effective tools 
for specific applications and reduce the likelihood of suboptimal vaccine candidates being pursued. This vaccine 
design study incorporated the most updated benchmark studies to ensure that the vaccine construct remained 
aligned with the current studies and discoveries in immunology.

To optimize the design of multi-epitope subunit vaccines for swine, the establishment of dedicated predic-
tion and evaluation servers specifically tailored for swine should also be prioritized. General prediction and 
evaluation servers may not provide accurate results for swine due to the differences in the immune system and 
genetics of hosts. It is important to note that all findings of the analysis were based on computational models of 
the servers used. In vivo investigations are necessary to validate the efficacy of the designed vaccine for ASFV.

Methods
Proteome screening and protein prioritization
All available ASFV proteomes were retrieved from  UniProt77 (https:// www. unipr ot. org) and  NCBI78 (https:// www. 
ncbi. nlm. nih. gov) on 20 February 2023. CD-HIT79 (https:// sites. google. com/ view/ cd- hit) was used to generate 
single representations of proteins with >80% sequence similarity and >75% alignment coverage.

Proteins from genotypes I and II were prioritized for screening of potential vaccine components. This was 
performed by first determining the genotypes of the isolates. Genotypes of ASFV isolates were identified using 
phylogenetic-based clustering  analysis80. All ASFV genomes were retrieved from the NCBI database and aligned 
through MAFFT  v781 (https:// mafft. cbrc. jp/ align ment/ serve r/) using default settings. With the same server, a 
neighbor-joining (NJ) tree of the conserved sites was constructed under the JTR model with 1000 bootstrap-
ping replications. Identification of genotypes was completed through clade clustering using isolates with NCBI 
genotype assignments as references. To prioritize genotypes responsible for the recent global ASFV outbreaks, 
only proteins found in ≥80% of genotype I or ≥80% of genotype II isolates were selected.

Clustered sequences were aligned using Clustal  Omega82 (https:// www. ebi. ac. uk/ Tools/ msa/ clust alo) and 
uploaded to the Protein Variability Server (PVS)83 (http:// imed. med. ucm. es/ PVS) to identify highly conserved 
fragments using Shannon variability entropy (H) of >1.0. Variability-masked sequences were kept for linear 
B-lymphocyte (LBL) epitope prediction. Contiguous conserved residues forming fragments of ≥ 9 were kept 
for cytotoxic T-lymphocyte (CTL) epitope prediction while contiguous conserved residues forming fragments 
of ≥ 15 were kept for helper T-lymphocyte (HTL) epitope prediction. These residues were selected based on the 
preference of Class I major histocompatibility complex (MHC) receptors for binding to 9-residue CTL  epitopes84 
and Class II MHC molecules for binding to 15-residue HTL  epitopes85.

Epitope prediction
BepiPred 3.086 (https:// servi ces. healt htech. dtu. dk/ servi ces/ BepiP red-3. 0),  SVMTrip87 (http:// sysbio. unl. edu/ 
SVMTr iP/ predi ction.  php),  ABCPred88 (https:// webs. iiitd. edu. in/ ragha va/ abcpr ed), and  LBTope89 (https:// webs. 
iiitd. edu. in/ ragha va/ lbtope) were used to predict Linear B-lymphocyte (LBL) epitopes. A threshold of 0.85 was 
used for ABCPred while parameters from other servers were kept at default. LBL epitopes were selected based 
on the following criteria: (1) presence in the variability-masked sequence, indicating conservation; (2) recogni-
tion as epitope by BepiPred; (3) recognition as epitope by either SVMTrip or ABCPred; (4) a ≥60% probability 
of correct prediction by LBTope; and (5) a length of ≥ 6 amino acids, as this is the minimum length accepted by 
antigenicity prediction.

A binding prediction server was first considered for screening CTL epitopes. The Immune Epitope Data-
base Analysis (IEDB) MHCI binding  prediction90 (http:// tools. iedb. org/ mhci) was used to select CTL epitopes 
with percentile rank (PR) ≤0.5 for strong binders. Promiscuous epitopes were prioritized by selecting epitopes 
that strongly bind to 20% of the MHC molecules  used91. Two processing servers were also used: IEDB MHCI 
 processing92 (http:// tools. iedb. org/ proce ssing) and NetCTLpan 1.193 (https:// servi ces. healt htech. dtu. dk/ servi ces/ 
NetCT Lpan-1. 1). IC50 concentration ≤100 nM and proteasomal cleavage and TAP transport scores ≥1.0 were 
used in IEDB processing while PR ≤0.5 in NetCTLpan 1.1.

Two servers were used for the selection of HTL epitopes: the IEDB MHCII binding  prediction94 (http:// tools. 
iedb. org/ mhcii) with PR ≤ 10 and NetMHCIIpan 4.195 (https:// servi ces. healt htech. dtu. dk/ servi ces/ NetMH CII-
pan- 4.0) with PR ≤1.0. Promiscuous epitopes, as defined above, were also considered in HTL epitope prediction.

Several criteria were applied to select final LBL, CTL, and HTL epitopes: (1) antigenicity score ≥1.0 in Vaxijen 
2.096 (http:// www. ddg- pharm fac. net/ vaxij en/); (2) non-allergen in AllerTOP v2.097 (https:// www. ddg- pharm fac. 
net/ Aller TOP); (3) non-toxic in  ToxinPred98 (https:// webs. iiitd. edu. in/ ragha va/ toxin pred); (4) immunogenicity 
score >0.25 in the IEDB immunogenicity  prediction99 (http:// tools. iedb. org/ immun ogeni city), for CTL epitopes, 
while combined score <50 in the IEDB CD4 T-cell immunogenicity  prediction100 (http:// tools. iedb. org/ CD4ep 
iscore) for HTL epitopes.  IFNepitope85 (http:// crdd. osdd. net/ ragha va/ ifnep itope),  IL4pred101 (http:// webs. iiitd. 
edu. in/ ragha va/ il4pr ed), and  IL10pred102 (http:// webs. iiitd. edu. in/ ragha va/  il10p red) were also used to determine 
the potential of HTL epitopes to induce cytokines.

Vaccine construction and evaluation
Epitopes were joined together using “KK”, “AAY”, and “GPGPG” linkers while the “HEYGAEALERAG” linker was 
used to join the epitope groups. The linked epitopes were separately joined to five different adjuvants: Sus scrofa 
β-defensin-1103, F3-A6 ASFV hemagglutinin  peptides28, phenol-soluble modulin α4104, 50S ribosomal protein 
L7/L12105, and heparin-binding hemagglutinin adhesin (HBHA)106 using “EAAAK” linker.

Several criteria were also applied to select the final ASFV vaccine construct: (1) antigenicity score ≥0.40 in 
VaxiJen v2.0; (2) non-allergen in AllerTOP v2.0; (3) no homology (80% sequence similarity) to proteins of Sus 
scrofa, S. scrofa domestica, and S. scrofa domesticus in  BlastP107 (https:// blast. ncbi. nlm. nih. gov/ Blast. cgi); (4) 
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soluble upon overexpression in Escherichia coli using SCRATCH  SolPro108 (https:// scrat ch. prote omics. ics. uci. 
edu); and (5) stable in Expasy  Protparam109 (https:// web. expasy. org/ protp aram).

The secondary structure composition of the ASFV vaccine construct was determined using  GOR4110 (https:// 
npsa- prabi. ibcp. fr/  NPSA/ npsa_ gor4. html) while the globular and disordered regions were determined using 
GlobPlot 2.3111 (http:// globp lot. embl. de/). The tertiary structure was predicted with ColabFold v1.5.2-patch112 
available in AlphaFold v.2.113. Templates were extracted in the pdb70 database where the top-ranking structure, 
with the highest average per-residue local distance difference test scores (pLDDT), was relaxed to improve 
local geometry. The predicted structure was refined through  GalaxyRefine114 (https:// galaxy. seokl ab. org/ cgi- 
bin/ submit. cgi? type= REFINE) and visualized through  ChimeraX115,116 (https:// www. cgl. ucsf. edu/  chime rax/). 
The quality of the predicted structure was validated by Protein Structural Analysis (ProSA)117 (https:// prosa. 
servi ces. cames bg. ac. at/ prosa. php) and SAVES v6.0 (https:// saves. mbi. ucla. edu) ERRAT 118 and  PROCHECK119. 
The presence of conformational B-lymphocyte epitopes in the ASFV vaccine construct was predicted using the 
Discotope  server120 (http:// tools. iedb. org/ disco tope).

Immune simulation
C-Immsim121 (https:// kraken. iac. rm. cnr. it/C- IMMSI M/) was used to estimate the host immune response upon 
administration of the ASFV vaccine construct. Three (3) injections of 1000 vaccine particles were administered 
at 1–84–168 time-steps and the simulation was run until 300 time-step. The adjuvant used in the final vaccine 
construct was used as the control and was administered using the same parameters applied to the vaccine con-
struct. The graphs of immune responses generated by the ASFV vaccine construct and the control were overlayed 
for comparison.

Molecular docking and molecular dynamics
The study conducted two docking analyses: CTL epitopes to SLA1*0401 (from ID:  3QQ351) and the designed 
ASFV vaccine to TLR4 (ID:  4G8A122). The crystal structures of the receptors were retrieved from  RCSB123 
(https:// www. rcsb. org) and were cleaned using Pymol v2 (https:// pymol. org/2), removing bound peptides and 
water molecules. CTL epitopes were docked into SLA1*0401 using  GalaxyPepDock124 (https:// galaxy. seokl ab. 
org/ cgi- bin/ submit. cgi? type= PEPDO CK) while the designed vaccine was docked to the TLR4 using ClusPro 
2.0125 (https:// clusp ro. bu. edu/ login. php). Binding free energies ( � G) were evaluated using  PRODIGY126 (https:// 
wenmr. scien ce. uu. nl/ prodi gy/) while molecular interactions in the complexes were predicted by  PDBSum127 
(http:// www. ebi. ac. uk/ thorn ton- srv/ datab ases/ pdbsu m/). The influenza-derived epitope bound in SLA1*0401 in 
RCSB ID: 3QQ3 and another ebola-derived epitope also bound in SLA1*0401 in another crystal structure, RCSB 
ID:  3QQ451, were used to compare the binding affinity of the final CTL epitopes to SLA1*0401 through their � G 
values and nature of molecular interactions. Since the crystal structure of the obtained TLR4 did not initially 
include any docked molecule, three (3) known TLR4-agonists: enzyme lumazine synthase from Brucella spp.128, 
resuscitation-promoting factor (Rpf) E from Mycobacterium tuberculosis129, and fusion protein DnaJ-�A146Ply 
from Streptococcus pneumoniae130 were docked to the TLR4 crystal structure to serve as control. The � G values 
and molecular interactions of the TLR4-agonists complexes were compared to the ASFV vaccine construct. The 
stability of the TLR4 complexes was analyzed through the  iMODS131 (https:// imods. iqfr. csic. es/) web server.

Codon optimization and in silico cloning
Java Codon Adaptation Tool (JCAT)132 (http:// www. jcat. de/ Start. jsp) was used to generate an optimized codon for 
the ASFV vaccine construct using the Escherichia coli K-12 expression system, avoiding rho-independent tran-
scription terminators and prokaryotic ribosome binding sites. The restriction cloning module of the SnapGene 
tool (http:// www. snapg ene. com) was employed to clone the adapted nucleotide sequence into the pET-28a(+) 
vector with XhoI and BamHI restriction enzymes added at the N-terminal and C-terminal sites, respectively.

Data availability
All datasets on which the conclusions of the manuscript rely are presented in the paper. The raw data is available 
from the corresponding author (F.L.O.) upon reasonable request.

Received: 20 September 2023; Accepted: 29 December 2023

References
 1. Dixon, L. K., Sun, H. & Roberts, H. African swine fever. Antiviral Res. 165, 34–41. https:// doi. org/ 10. 1016/j. antiv iral. 2019. 02. 

018 (2019).
 2. Mur, L. African swine fever (ASF)—Situation report 37. In Technical Report 37. (World Organization for Animal Health, 2023).
 3. Berthe, F. Technical Report (World Organization for Animal Health, 2023).
 4. Orosco, F. L. Current progress in diagnostics, therapeutics, and vaccines for African swine fever virus. Vet. Integr. Sci. 21, 751–781 

https:// doi. org/ 10. 12982/ VIS. 2023. 054 (2023).
 5. Sang, H. et al. Progress toward development of effective and safe African swine fever virus vaccines. Front. Vet. Sci.https:// doi. 

org/ 10. 3389/ fvets. 2020. 00084 (2020).
 6. Cadenas-Fernández, E. et al. High doses of inactivated African swine fever virus are safe, but do not confer protection against 

a virulent challenge. Vaccines (Multidisciplinary Digital Publishing Institute) 9, 242. https:// doi. org/ 10. 3390/ vacci nes90 30242 
(2021).

 7. Pikalo, J. et al. Vaccination with a gamma irradiation-inactivated African swine fever virus is safe but does not protect against 
a challenge. Front. Immunol. 13 (2022).

 8. Blome, S., Gabriel, C. & Beer, M. Modern adjuvants do not enhance the efficacy of an inactivated African swine fever virus 
vaccine preparation. Vaccine 32, 3879–3882. https:// doi. org/ 10. 1016/j. vacci ne. 2014. 05. 051 (2014).

https://scratch.proteomics.ics.uci.edu
https://scratch.proteomics.ics.uci.edu
https://web.expasy.org/protparam
https://npsa-prabi.ibcp.fr/NPSA/npsa_gor4.html
https://npsa-prabi.ibcp.fr/NPSA/npsa_gor4.html
http://globplot.embl.de/
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
https://www.cgl.ucsf.edu/chimerax/
https://prosa.services.camesbg.ac.at/prosa.php
https://prosa.services.camesbg.ac.at/prosa.php
https://saves.mbi.ucla.edu
http://tools.iedb.org/discotope
https://kraken.iac.rm.cnr.it/C-IMMSIM/
https://www.rcsb.org
https://pymol.org/2
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=PEPDOCK
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=PEPDOCK
https://cluspro.bu.edu/login.php
https://wenmr.science.uu.nl/prodigy/
https://wenmr.science.uu.nl/prodigy/
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
https://imods.iqfr.csic.es/
http://www.jcat.de/Start.jsp
http://www.snapgene.com
https://doi.org/10.1016/j.antiviral.2019.02.018
https://doi.org/10.1016/j.antiviral.2019.02.018
https://doi.org/10.12982/VIS.2023.054
https://doi.org/10.3389/fvets.2020.00084
https://doi.org/10.3389/fvets.2020.00084
https://doi.org/10.3390/vaccines9030242
https://doi.org/10.1016/j.vaccine.2014.05.051


11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1354  | https://doi.org/10.1038/s41598-023-51005-3

www.nature.com/scientificreports/

 9. Tran, X. H. et al. Evaluation of the safety profile of the ASFV vaccine candidate ASFV-GI177L. Viruses (Multidisciplinary Digital 
Publishing Institute) 14, 896. https:// doi. org/ 10. 3390/ v1405 0896 (2022).

 10. Urbano, A. C. & Ferreira, F. African swine fever control and prevention: An update on vaccine development. Emerg. Microbes 
Infect. (Taylor & Francis) 11, 2021–2033. https:// doi. org/ 10. 1080/ 22221 751. 2022. 21083 42 (2022).

 11. Lee, S. & Nguyen, M. T. Recent advances of vaccine adjuvants for infectious diseases. Immune Netw. 15, 51–57. https:// doi. org/ 
10. 4110/ in. 2015. 15.2. 51 (2015).

 12. Orosco, F. Recent advances in peptide-based nanovaccines for re-emerging and emerging infectious diseases. J. Adv. Biotechnol. 
Exp. Ther. 7, 106. https:// doi. org/ 10. 5455/ jabet. 2024. d10 (2024).

 13. Orosco, F. L. & Espiritu, L. M. Navigating the landscape of adjuvants for subunit vaccines: Recent advances and future perspec-
tives. Int. J. Appl. Pharmaceut.https:// doi. org/ 10. 22159/ ijap. 2024v 16i1. 49563 (2024).

 14. Bosch-Camós, L., López, E. & Rodriguez, F. African swine fever vaccines: A promising work still in progress. Porcine Health 
Manag. 6, 17. https:// doi. org/ 10. 1186/ s40813- 020- 00154-2 (2020).

 15. Gaudreault, N. N. & Richt, J. A. Subunit vaccine approaches for African swine fever virus. Vaccines (Multidisciplinary Digital 
Publishing Institute) 7, 56. https:// doi. org/ 10. 3390/ vacci nes70 20056 (2019).

 16. Rock, D. L. Thoughts on African swine fever vaccines. Viruses 13, 943. https:// doi. org/ 10. 3390/ v1305 0943 (2021).
 17. Zhang, H. et al. Vaccines for African swine fever: An update. Front. Microbiol. (Frontiers Media SA)https:// doi. org/ 10. 3389/ 

fmicb. 2023. 11394 94 (2023).
 18. Carrascosa, A. L., Sastre, I. & Viñuela, E. Production and purification of recombinant African swine fever virus attachment 

protein p12. J. Biotechnol. 40, 73–86. https:// doi. org/ 10. 1016/ 0168- 1656(95) 00035-o (1995).
 19. Ruiz-Gonzalvo, F., Rodríguez, F. & Escribano, J. M. Functional and immunological properties of the baculovirus-expressed 

hemagglutinin of African swine fever virus. Virology 218, 285–289. https:// doi. org/ 10. 1006/ viro. 1996. 0193 (1996).
 20. Goatley, L. C. et al. A pool of eight virally vectored African swine fever antigens protect pigs against fatal disease. Vaccines 

(Multidisciplinary Digital Publishing Institute) 8, 234. https:// doi. org/ 10. 3390/ vacci nes80 20234 (2020).
 21. Lokhandwala, S. et al. Adenovirus-vectored African swine fever virus antigen cocktails are immunogenic but not protective 

against intranasal challenge with Georgia 2007/1 isolate. Vet. Microbiol. 235, 10–20. https:// doi. org/ 10. 1016/j. vetmic. 2019. 06. 
006 (2019).

 22. Netherton, C. L. et al. Identification and immunogenicity of African swine fever virus antigens. Front. Immunol. 10 (2019).
 23. Argilaguet, J. M. et al. BacMam immunization partially protects pigs against sublethal challenge with African swine fever virus. 

Antiviral Res. 98, 61–65. https:// doi. org/ 10. 1016/j. antiv iral. 2013. 02. 005 (2013).
 24. Gallardo, C. et al. African swine fever virus (ASFV) protection mediated by NH/P68 and NH/P68 recombinant live-attenuated 

viruses. Vaccine 36, 2694–2704. https:// doi. org/ 10. 1016/j. vacci ne. 2018. 03. 040 (2018).
 25. Jaiswal, V. & Lee, H.-J. Conservation and evolution of antigenic determinants of SARS-CoV-2: An insight for immune escape 

and vaccine design. Front. Immunol. 13 (2022).
 26. Mahmud, S. et al. Designing a multi-epitope vaccine candidate to combat MERS-CoV by employing an immunoinformatics 

approach. Sci. Rep. (Nature Publishing Group) 11, 15431. https:// doi. org/ 10. 1038/ s41598- 021- 92176-1 (2021).
 27. Ivanov, V. et al. Vaccination with viral protein-mimicking peptides postpones mortality in domestic pigs infected by African 

swine fever virus. Mol. Med. Rep. (Spandidos Publications) 4, 395–401. https:// doi. org/ 10. 3892/ mmr. 2011. 454 (2011).
 28. Buan, A. K. G., Reyes, N. A. L., Pineda, R. N. B. & Medina, P. M. B. In silico design and evaluation of a multi-epitope and multi-

antigenic African swine fever vaccine. ImmunoInformatics 8, 100019. https:// doi. org/ 10. 1016/j. immuno. 2022. 100019 (2022).
 29. Herrera, L. R. D. M. & Bisa, E. P. In silico analysis of highly conserved cytotoxic T-cell epitopes in the structural proteins of 

African swine fever virus. Vet. World. https:// doi. org/ 10. 14202/ vetwo rld. 2021. 2625- 2633 (2021)
 30. Miao, C. et al. Identification of p72 epitopes of African swine fever virus and preliminary application. Front. Microbiol.https:// 

doi. org/ 10. 3389/ fmicb. 2023. 11267 94 (2023).
 31. Juan, A. K. A., Palma, K. M. C., Suarez, M. B. & De Mesa Herrera-Ong, L. R. Immunoinformatics-based identification of highly 

conserved cytotoxic T-cell epitopes in polyprotein pp220 of African swine fever virus. Biomed. Biotechnol. Res. J. (BBRJ) 6, 319 
https:// doi. org/ 10. 4103/ bbrj. bbrj_ 79_ 22 (2022).

 32. Rowaiye, A. B. et al. Design of multiepitope vaccine candidate from a major capsid protein of the African swine fever virus. Vet. 
Vaccine 2, 100013. https:// doi. org/ 10. 1016/j. vetvac. 2023. 100013 (2023).

 33. Duan, X. et al. Research progress on the proteins involved in African swine fever virus infection and replication. Front. 
Immunol.https:// doi. org/ 10. 3389/ fimmu. 2022. 947180 (2022).

 34. The UniProt Consortium. The Universal Protein Resource (UniProt) 2009. Nucleic Acids Res. 37, D169–D174. https:// doi. org/ 
10. 1093/ nar/ gkn664 (2009).

 35. Adam, K. M. Immunoinformatics approach for multi-epitope vaccine design against structural proteins and ORF1a polyprotein 
of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Trop. Dis. Travel Med. Vaccines 7, 22. https:// doi. org/ 10. 
1186/ s40794- 021- 00147-1 (2021).

 36. Verma, M. et al. Highly conserved epitopes of DENV structural and non-structural proteins: Candidates for universal vaccine 
targets. Gene 695, 18–25. https:// doi. org/ 10. 1016/j. gene. 2019. 02. 001 (2019).

 37. Yang, S. et al. Structure and function of African swine fever virus proteins: Current understanding. Front. Microbiol.https:// doi. 
org/ 10. 3389/ fmicb. 2023. 10431 29 (2023).

 38. Ros-Lucas, A., Correa-Fiz, F., Bosch-Camós, L., Rodriguez, F. & Alonso-Padilla, J. Computational analysis of African swine 
fever virus protein space for the design of an epitope-based vaccine ensemble. Pathogens (Multidisciplinary Digital Publishing 
Institute) 9, 1078. https:// doi. org/ 10. 3390/ patho gens9 121078 (2020).

 39. Kumar Pandey, R., Ojha, R., Mishra, A. & Kumar Prajapati, V. Designing B- and T-cell multi-epitope based subunit vaccine 
using immunoinformatics approach to control Zika virus infection. J. Cell. Biochem. 119, 7631–7642. https:// doi. org/ 10. 1002/ 
jcb. 27110 (2018).

 40. Sheng, X. et al. Development and evaluation of recombinant B-cell multi-epitopes of PDHA1 and GAPDH as subunit vaccines 
against Streptococcus iniae infection in Flounder (Paralichthys olivaceus). Vaccines 11, 624. https:// doi. org/ 10. 3390/ vacci nes11 
030624 (2023).

 41. Gallardo, C. et al. A multi gene-approach genotyping method identifies 24 genetic clusters within the genotype II-European 
African swine fever viruses circulating from 2007 to 2022. Front. Vet. Sci . https:// doi. org/ 10. 3389/ fvets. 2023. 11128 50 (2023).

 42. Njau, E. P. et al. The first genotype II African swine fever virus isolated in Africa provides insight into the current Eurasian 
pandemic. Sci. Rep. 11, 13081. https:// doi. org/ 10. 1038/ s41598- 021- 92593-2 (2021).

 43. Zhao, H. et al. Identification of a linear B cell epitope on p54 of African swine fever virus using nanobodies as a novel tool. 
Microbiol. Spectrum 11, e03362–e0332. https:// doi. org/ 10. 1128/ spect rum. 03362- 22 (2023).

 44. Zhou, G. et al. Preparation and epitope mapping of monoclonal antibodies against African swine fever virus P30 protein. Appl. 
Microbiol. Biotechnol. 106, 1199–1210. https:// doi. org/ 10. 1007/ s00253- 022- 11784-7 (2022).

 45. Ståhl, K. et al. Epidemiological analysis of African swine fever in the European Union during 2022. EFSA J. 21, e08016. https:// 
doi. org/ 10. 2903/j. efsa. 2023. 8016 (2023).

 46. Jagadeb, M., Pattanaik, K. P., Rath, S. N. & Sonawane, A. Identification and evaluation of immunogenic MHC-I and MHC-II 
binding peptides from Mycobacterium tuberculosis. Comput. Biol. Med. 130, 104203. https:// doi. org/ 10. 1016/j. compb iomed. 
2020. 104203 (2021).

https://doi.org/10.3390/v14050896
https://doi.org/10.1080/22221751.2022.2108342
https://doi.org/10.4110/in.2015.15.2.51
https://doi.org/10.4110/in.2015.15.2.51
https://doi.org/10.5455/jabet.2024.d10
https://doi.org/10.22159/ijap.2024v16i1.49563
https://doi.org/10.1186/s40813-020-00154-2
https://doi.org/10.3390/vaccines7020056
https://doi.org/10.3390/v13050943
https://doi.org/10.3389/fmicb.2023.1139494
https://doi.org/10.3389/fmicb.2023.1139494
https://doi.org/10.1016/0168-1656(95)00035-o
https://doi.org/10.1006/viro.1996.0193
https://doi.org/10.3390/vaccines8020234
https://doi.org/10.1016/j.vetmic.2019.06.006
https://doi.org/10.1016/j.vetmic.2019.06.006
https://doi.org/10.1016/j.antiviral.2013.02.005
https://doi.org/10.1016/j.vaccine.2018.03.040
https://doi.org/10.1038/s41598-021-92176-1
https://doi.org/10.3892/mmr.2011.454
https://doi.org/10.1016/j.immuno.2022.100019
https://doi.org/10.14202/vetworld.2021.2625-2633
https://doi.org/10.3389/fmicb.2023.1126794
https://doi.org/10.3389/fmicb.2023.1126794
https://doi.org/10.4103/bbrj.bbrj_79_22
https://doi.org/10.1016/j.vetvac.2023.100013
https://doi.org/10.3389/fimmu.2022.947180
https://doi.org/10.1093/nar/gkn664
https://doi.org/10.1093/nar/gkn664
https://doi.org/10.1186/s40794-021-00147-1
https://doi.org/10.1186/s40794-021-00147-1
https://doi.org/10.1016/j.gene.2019.02.001
https://doi.org/10.3389/fmicb.2023.1043129
https://doi.org/10.3389/fmicb.2023.1043129
https://doi.org/10.3390/pathogens9121078
https://doi.org/10.1002/jcb.27110
https://doi.org/10.1002/jcb.27110
https://doi.org/10.3390/vaccines11030624
https://doi.org/10.3390/vaccines11030624
https://doi.org/10.3389/fvets.2023.1112850
https://doi.org/10.1038/s41598-021-92593-2
https://doi.org/10.1128/spectrum.03362-22
https://doi.org/10.1007/s00253-022-11784-7
https://doi.org/10.2903/j.efsa.2023.8016
https://doi.org/10.2903/j.efsa.2023.8016
https://doi.org/10.1016/j.compbiomed.2020.104203
https://doi.org/10.1016/j.compbiomed.2020.104203


12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1354  | https://doi.org/10.1038/s41598-023-51005-3

www.nature.com/scientificreports/

 47. Galanis, K. A. et al. Linear B-cell epitope prediction for in silico vaccine design: A performance review of methods available via 
command-line interface. Int. J. Mol. Sci. (Multidisciplinary Digital Publishing Institute) 22, 3210. https:// doi. org/ 10. 3390/ ijms2 
20632 10 (2021).

 48. Yang, Z., Bogdan, P. & Nazarian, S. An in silico deep learning approach to multi-epitope vaccine design: A SARS-CoV-2 case 
study. Sci. Rep. (Nature Publishing Group) 11, 3238. https:// doi. org/ 10. 1038/ s41598- 021- 81749-9 (2021).

 49. Fleri, W. et al. The immune epitope database and analysis resource in epitope discovery and synthetic vaccine design. Front. 
Immunol. 8, 278. https:// doi. org/ 10. 3389/ fimmu. 2017. 00278 (2017).

 50. Ho, C.-S. et al. Nomenclature for factors of the SLA system, update 2008. Tissue Antigens 73, 307–315. https:// doi. org/ 10. 1111/j. 
1399- 0039. 2009. 01213.x (2009).

 51. Zhang, N. C. et al. Pandemic swine-origin Influenza A H1N1 virus cytotoxic T lymphocyte epitope peptides. J. Virol. (American 
Society for Microbiology) 85, 11709–11724. https:// doi. org/ 10. 1128/ jvi. 05040- 11 (2011).

 52. Janeway, C., Travers, P., Walport, M. & Shlomchik, M. J. The major histocompatibility complex and its functions. In Immunobiol-
ogy: The Immune System in Health and Disease. 5th ed (Garland Science, 2001).

 53. Techakriengkrai, N., Nedumpun, T., Golde, W. T. & Suradhat, S. Diversity of the swine leukocyte antigen class I and II in com-
mercial pig populations. Front. Vet. Sci.https:// doi. org/ 10. 3389/ fvets. 2021. 637682 (2021).

 54. Ismail, S. et al. Design of a multi-epitopes vaccine against hantaviruses: An immunoinformatics and molecular modelling 
approach. Vaccines 10, 378. https:// doi. org/ 10. 3390/ vacci nes10 030378 (2022).

 55. Madanagopal, P., Muthusamy, S., Pradhan, S. N. & Prince, P. R. Construction and validation of a multi-epitope in silico vaccine 
model for lymphatic filariasis by targeting Brugia malayi: A reverse vaccinology approach. Bull. Natl. Res. Centre 47, 47. https:// 
doi. org/ 10. 1186/ s42269- 023- 01013-0 (2023).

 56. Tahir ul Qamar, M. et al. Designing multi-epitope vaccine against Staphylococcus aureus by employing subtractive proteomics, 
reverse vaccinology and immuno-informatics approaches. Comput. Biol. Med. 132, 104389. https:// doi. org/ 10. 1016/j. compb 
iomed. 2021. 104389 (2021).

 57. Díaz-Dinamarca, D. A. et al. Protein-based adjuvants for vaccines as immunomodulators of the innate and adaptive immune 
response: Current knowledge, challenges, and future opportunities. Pharmaceutics 14, 1671. https:// doi. org/ 10. 3390/ pharm 
aceut ics14 081671 (2022).

 58. Dar, H. A. et al. Multiepitope subunit vaccine design against COVID-19 based on the spike protein of SARS-CoV-2: An in silico 
analysis. J. Immunol. Res. 2020, 8893483. https:// doi. org/ 10. 1155/ 2020/ 88934 83 (2020).

 59. Parvege, M. M., Rahman, M. & Hossain, M. S. Genome-wide analysis of Mycoplasma hominis for the identification of putative 
therapeutic targets. Drug Target Insights 8, 51–62. https:// doi. org/ 10. 4137/ DTI. S19728 (2014).

 60. Agarwal, S. et al. Characterizing and minimizing aggregation and particle formation of three recombinant fusion-protein bulk 
antigens for use in a candidate trivalent rotavirus vaccine. J. Pharmaceut. Sci. 109, 394–406. https:// doi. org/ 10. 1016/j. xphs. 2019. 
08. 001 (2020).

 61. Pal, S. & Sengupta, K. In silico analysis of phylogeny, structure, and function of arsenite oxidase from unculturable microbiome 
of arsenic contaminated soil. J. Genet. Eng. Biotechnol. 19, 47. https:// doi. org/ 10. 1186/ s43141- 021- 00146-x (2021).

 62. Panda, S. & Chandra, G. Physicochemical characterization and functional analysis of some snake venom toxin proteins and 
related non-toxin proteins of other chordates. Bioinformation 8, 891–896. https:// doi. org/ 10. 6026/ 97320 63000 8891 (2012).

 63. Hosangadi, D., Martin, E. K., Watson, M., Bruns, R. & Connell, N. Supporting use of thermostable vaccines during public health 
emergencies: Considerations and recommendations for the future. Vaccine 39, 6972–6974. https:// doi. org/ 10. 1016/j. vacci ne. 
2021. 10. 065 (2021).

 64. Ameri, M., Nezafat, N. & Eskandari, S. The potential of intrinsically disordered regions in vaccine development. Expert Rev. 
Vaccines (Taylor & Francis) 21, 1–3. https:// doi. org/ 10. 1080/ 14760 584. 2022. 19976 00 (2022).

 65. Luchner, M., Reinke, S. & Milicic, A. TLR agonists as vaccine adjuvants targeting cancer and infectious diseases. Pharmaceutics 
13, 142. https:// doi. org/ 10. 3390/ pharm aceut ics13 020142 (2021).

 66. Mair, K. et al. The porcine innate immune system: An update. Dev. Comp. Immunol. 45, 321–343. https:// doi. org/ 10. 1016/j. dci. 
2014. 03. 022 (2014).

 67. Lee, S. J. et al. A potential protein adjuvant derived from Mycobacterium tuberculosis Rv0652 enhances dendritic cells-based 
tumor immunotherapy. PLOS ONE (Public Library of Science) 9, e104351. https:// doi. org/ 10. 1371/ journ al. pone. 01043 51 (2014).

 68. Vaure, C. & Liu, Y. A comparative review of toll-like receptor 4 expression and functionality in different animal species. Front. 
Immunol.https:// doi. org/ 10. 3389/ fimmu. 2014. 00316 (2014).

 69. Gómez-Puertas, P. et al. The African swine fever virus proteins p54 and p30 are involved in two distinct steps of virus attachment 
and both contribute to the antibody-mediated protective immune response. Virology 243, 461–471. https:// doi. org/ 10. 1006/ 
viro. 1998. 9068 (1998).

 70. Barderas, M. G. et al. Antigenic and immunogenic properties of a chimera of two immunodominant African swine fever virus 
proteins. Arch. Virol. 146, 1681–1691. https:// doi. org/ 10. 1007/ s0070 50170 056 (2001).

 71. Zajac, M. D. et al. Adenovirus-vectored African swine fever virus pp220 induces robust antibody, IFN-gamma, and CTL 
responses in pigs. Front. Vet. Sci. 9, 921481. https:// doi. org/ 10. 3389/ fvets. 2022. 921481 (2022).

 72. Jancovich, J. K. et al. Immunization of pigs by DNA prime and recombinant vaccinia virus boost to identify and rank African 
swine fever virus immunogenic and protective proteins. J. Virol.https:// doi. org/ 10. 1128/ jvi. 02219- 17 (2018).

 73. Lokhandwala, S. et al. Induction of robust immune responses in swine by using a cocktail of adenovirus-vectored African swine 
fever virus antigens. Clin. Vaccine Immunol. 23, 888–900. https:// doi. org/ 10. 1128/ CVI. 00395- 16 (2016).

 74. Neilan, J. G. et al. Neutralizing antibodies to African swine fever virus proteins p30, p54, and p72 are not sufficient for antibody-
mediated protection. Virology 319, 337–342. https:// doi. org/ 10. 1016/j. virol. 2003. 11. 011 (2004).

 75. Lopera-Madrid, J. et al. Safety and immunogenicity of mammalian cell derived and Modified Vaccinia Ankara vectored African 
swine fever subunit antigens in swine. Vet. Immunol. Immunopathol. 185, 20–33. https:// doi. org/ 10. 1016/j. vetimm. 2017. 01. 004 
(2017).

 76. Leitao, A., Malut, A., Cornelis, P. & Martins, C. Identification of a 25-aminoacid sequence from the major African swine fever 
virus structural protein VP72 recognised by porcine cytotoxic T lymphocytes using a lipoprotein based expression system. J. 
Virol. Methods (Elsevier) 75, 113–119. https:// doi. org/ 10. 1016/ S0166- 0934(98) 00105-0 (1998).

 77. The UniProt Consortium. UniProt: The Universal Protein Knowledgebase in 2023. Nucleic Acids Res. 51, D523–D531. https:// 
doi. org/ 10. 1093/ nar/ gkac1 052 (2023).

 78. Sayers, E. W. et al. Database resources of the National Center for Biotechnology Information. Nucleic Acids Res. 50, D20–D26. 
https:// doi. org/ 10. 1093/ nar/ gkab1 112 (2022).

 79. Fu, L., Niu, B., Zhu, Z., Wu, S. & Li, W. CD-HIT: Accelerated for clustering the next-generation sequencing data. Bioinformatics 
28, 3150–3152. https:// doi. org/ 10. 1093/ bioin forma tics/ bts565 (2012).

 80. Muñoz-Escalante, J. C. et al. Respiratory syncytial virus A genotype classification based on systematic intergenotypic and 
intragenotypic sequence analysis. Sci. Rep. (Nature Publishing Group) 9, 20097. https:// doi. org/ 10. 1038/ s41598- 019- 56552-2 
(2019).

 81. Katoh, K. & Standley, D. M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability. 
Mol. Biol. Evolut. 30, 772–780. https:// doi. org/ 10. 1093/ molbev/ mst010 (2013).

https://doi.org/10.3390/ijms22063210
https://doi.org/10.3390/ijms22063210
https://doi.org/10.1038/s41598-021-81749-9
https://doi.org/10.3389/fimmu.2017.00278
https://doi.org/10.1111/j.1399-0039.2009.01213.x
https://doi.org/10.1111/j.1399-0039.2009.01213.x
https://doi.org/10.1128/jvi.05040-11
https://doi.org/10.3389/fvets.2021.637682
https://doi.org/10.3390/vaccines10030378
https://doi.org/10.1186/s42269-023-01013-0
https://doi.org/10.1186/s42269-023-01013-0
https://doi.org/10.1016/j.compbiomed.2021.104389
https://doi.org/10.1016/j.compbiomed.2021.104389
https://doi.org/10.3390/pharmaceutics14081671
https://doi.org/10.3390/pharmaceutics14081671
https://doi.org/10.1155/2020/8893483
https://doi.org/10.4137/DTI.S19728
https://doi.org/10.1016/j.xphs.2019.08.001
https://doi.org/10.1016/j.xphs.2019.08.001
https://doi.org/10.1186/s43141-021-00146-x
https://doi.org/10.6026/97320630008891
https://doi.org/10.1016/j.vaccine.2021.10.065
https://doi.org/10.1016/j.vaccine.2021.10.065
https://doi.org/10.1080/14760584.2022.1997600
https://doi.org/10.3390/pharmaceutics13020142
https://doi.org/10.1016/j.dci.2014.03.022
https://doi.org/10.1016/j.dci.2014.03.022
https://doi.org/10.1371/journal.pone.0104351
https://doi.org/10.3389/fimmu.2014.00316
https://doi.org/10.1006/viro.1998.9068
https://doi.org/10.1006/viro.1998.9068
https://doi.org/10.1007/s007050170056
https://doi.org/10.3389/fvets.2022.921481
https://doi.org/10.1128/jvi.02219-17
https://doi.org/10.1128/CVI.00395-16
https://doi.org/10.1016/j.virol.2003.11.011
https://doi.org/10.1016/j.vetimm.2017.01.004
https://doi.org/10.1016/S0166-0934(98)00105-0
https://doi.org/10.1093/nar/gkac1052
https://doi.org/10.1093/nar/gkac1052
https://doi.org/10.1093/nar/gkab1112
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1038/s41598-019-56552-2
https://doi.org/10.1093/molbev/mst010


13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1354  | https://doi.org/10.1038/s41598-023-51005-3

www.nature.com/scientificreports/

 82. Sievers, F. & Higgins, D. G. Clustal Omega for making accurate alignments of many protein sequences. Protein Sci. 27, 135–145. 
https:// doi. org/ 10. 1002/ pro. 3290 (2018).

 83. Garcia-Boronat, M., Diez-Rivero, C. M., Reinherz, E. L. & Reche, P. A. PVS: A web server for protein sequence variability analysis 
tuned to facilitate conserved epitope discovery. Nucleic Acids Res. 36, W35–W41. https:// doi. org/ 10. 1093/ nar/ gkn211 (2008).

 84. Wieczorek, M. et al. Major histocompatibility complex (MHC) class I and MHC class II proteins: Conformational plasticity in 
antigen presentation. Front. Immunol.https:// doi. org/ 10. 3389/ fimmu. 2017. 00292 (2017).

 85. Dhanda, S. K., Vir, P. & Raghava, G. P. Designing of interferon-gamma inducing MHC class-II binders. Biol. Dir. 8, 30. https:// 
doi. org/ 10. 1186/ 1745- 6150-8- 30 (2013).

 86. Clifford, J. N. et al. BepiPred-3.0: Improved B-cell epitope prediction using protein language models. Protein Sci. 31, e4497. 
https:// doi. org/ 10. 1002/ pro. 4497 (2022).

 87. Yao, B., Zhang, L., Liang, S. & Zhang, C. SVMTriP: A method to predict antigenic epitopes using support vector machine to 
integrate tri-peptide similarity and propensity. PLOS ONE (Public Library of Science) 7, e45152. https:// doi. org/ 10. 1371/ journ 
al. pone. 00451 52 (2012).

 88. Saha, S. & Raghava, G. P. S. Prediction of continuous B-cell epitopes in an antigen using recurrent neural network. Proteins 
Struct. Funct. Bioinform. 65, 40–48. https:// doi. org/ 10. 1002/ prot. 21078 (2006).

 89. Singh, H., Gupta, S., Gautam, A. & Raghava, G. P. S. Designing B-cell epitopes for immunotherapy and subunit vaccines. Methods 
Mol. Biol. (Clifton, N.J.) 1348, 327–340. https:// doi. org/ 10. 1007/ 978-1- 4939- 2999-3_ 28 (2015).

 90. Moutaftsi, M. et al. A consensus epitope prediction approach identifies the breadth of murine T(CD8+)-cell responses to vac-
cinia virus. Nat. Biotechnol. 24, 817–819. https:// doi. org/ 10. 1038/ nbt12 15 (2006).

 91. Sharma, P., Sharma, P., Mishra, S. & Kumar, A. Analysis of promiscuous T cell epitopes for vaccine development against west 
Nile virus using bioinformatics approaches. Int. J. Peptide Res. Ther. 24, 377–387. https:// doi. org/ 10. 1007/ s10989- 017- 9624-2 
(2018).

 92. Tenzer, S. et al. Modeling the MHC class I pathway by combining predictions of proteasomal cleavage, TAP transport and MHC 
class I binding. Cell. Mol. Life Sci. CMLS 62, 1025–1037. https:// doi. org/ 10. 1007/ s00018- 005- 4528-2 (2005).

 93. Stranzl, T., Larsen, M. V., Lundegaard, C. & Nielsen, M. NetCTLpan: pan-specific MHC class I pathway epitope predictions. 
Immunogenetics 62, 357–368. https:// doi. org/ 10. 1007/ s00251- 010- 0441-4 (2010).

 94. Reynisson, B. et al. Improved prediction of MHC II antigen presentation through integration and motif deconvolution of mass 
spectrometry MHC eluted ligand data. J. Proteome Res. 19, 2304–2315. https:// doi. org/ 10. 1021/ acs. jprot eome. 9b008 74 (2020).

 95. Reynisson, B., Alvarez, B., Paul, S., Peters, B. & Nielsen, M. NetMHCpan-4.1 and NetMHCIIpan-4.0: Improved predictions of 
MHC antigen presentation by concurrent motif deconvolution and integration of MS MHC eluted ligand data. Nucleic Acids 
Res. 48, W449–W454. https:// doi. org/ 10. 1093/ nar/ gkaa3 79 (2020).

 96. Doytchinova, I. A. & Flower, D. R. VaxiJen: A server for prediction of protective antigens, tumour antigens and subunit vaccines. 
BMC Bioinform. 8, 4. https:// doi. org/ 10. 1186/ 1471- 2105-8-4 (2007).

 97. Dimitrov, I., Bangov, I., Flower, D. R. & Doytchinova, I. AllerTOP vol 2—A server for in silico prediction of allergens. J. Mol. 
Model. 20, 2278. https:// doi. org/ 10. 1007/ s00894- 014- 2278-5 (2014).

 98. Gupta, S. et al. In silico approach for predicting toxicity of peptides and proteins. PloS One 8, e73957. https:// doi. org/ 10. 1371/ 
journ al. pone. 00739 57 (2013).

 99. Calis, J. J. A. et al. Properties of MHC class I presented peptides that enhance immunogenicity. PLoS Comput. Biol. 9, e1003266. 
https:// doi. org/ 10. 1371/ journ al. pcbi. 10032 66 (2013).

 100. Dhanda, S. K. et al. Predicting HLA CD4 immunogenicity in human populations. Front. Immunol. 9 (2018).
 101. Dhanda, S. K., Gupta, S., Vir, P. & Raghava, G. P. S. Prediction of IL4 inducing peptides. Clin. Dev. Immunol. 2013, 263952. 

https:// doi. org/ 10. 1155/ 2013/ 263952 (2013).
 102. Nagpal, G. et al. Computer-aided designing of immunosuppressive peptides based on IL-10 inducing potential. Sci. Rep. 7, 

42851. https:// doi. org/ 10. 1038/ srep4 2851 (2017).
 103. Fagbohun, O. A., Aiki-Raji, C. O. & Omotosho, O. O. Contriving a multi-epitope vaccine against African swine fever utilizing 

immunoinformatics. Preprint https:// doi. org/ 10. 21203/ rs.3. rs- 19782 38/ v1 (2022).
 104. Pang, M. et al. Design of a multi-epitope vaccine against Haemophilus parasuis based on pan-genome and immunoinformatics 

approaches. Front. Vet. Sci.https:// doi. org/ 10. 3389/ fvets. 2022. 10531 98 (2022).
 105. Maleki, A., Russo, G., Parasiliti Palumbo, G. A. & Pappalardo, F. In silico design of recombinant multi-epitope vaccine against 

influenza A virus. BMC Bioinform. 22, 617. https:// doi. org/ 10. 1186/ s12859- 022- 04581-6 (2022).
 106. Lei, Y. et al. Enhanced efficacy of a multi-epitope vaccine for type A and O foot-and-mouth disease virus by fusing multiple 

epitopes with Mycobacterium tuberculosis heparin-binding hemagglutinin (HBHA), a novel TLR4 agonist. Mol. Immunol. 121, 
118–126. https:// doi. org/ 10. 1016/j. molimm. 2020. 02. 018 (2020).

 107. Boratyn, G. M. et al. BLAST: A more efficient report with usability improvements. Nucleic Acids Res. 41, W29-33. https:// doi. 
org/ 10. 1093/ nar/ gkt282 (2013).

 108. Magnan, C. N., Randall, A. & Baldi, P. SOLpro: Accurate sequence-based prediction of protein solubility. Bioinformatics 25, 
2200–2207. https:// doi. org/ 10. 1093/ bioin forma tics/ btp386 (2009).

 109. Gasteiger, E. et al. Protein identification and analysis tools on the ExPASy server. In The Proteomics Protocols Handbook. Springer 
Protocols Handbooks (Walker, J. M. ed.). 571–607. https:// doi. org/ 10. 1385/1- 59259- 890-0: 571 (Humana Press, 2005).

 110. Garnier, J., Gibrat, J. F. & Robson, B. GOR method for predicting protein secondary structure from amino acid sequence. Methods 
Enzymol. 266, 540–553. https:// doi. org/ 10. 1016/ s0076- 6879(96) 66034-0 (1996).

 111. Linding, R., Russell, R. B., Neduva, V. & Gibson, T. J. GlobPlot: Exploring protein sequences for globularity and disorder. Nucleic 
Acids Res. 31, 3701–3708. https:// doi. org/ 10. 1093/ nar/ gkg519 (2003).

 112. Mirdita, M. et al. ColabFold: Making protein folding accessible to all. Nat. Methods (Nature Publishing Group) 19, 679–682. 
https:// doi. org/ 10. 1038/ s41592- 022- 01488-1 (2022).

 113. Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature (Nature Publishing Group) 596, 583–589. 
https:// doi. org/ 10. 1038/ s41586- 021- 03819-2 (2021).

 114. Heo, L., Park, H. & Seok, C. GalaxyRefine: Protein structure refinement driven by side-chain repacking. Nucleic Acids Res. 41, 
W384–W388. https:// doi. org/ 10. 1093/ nar/ gkt458 (2013).

 115. Goddard, T. D. et al. UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein Sci. ( A Publication of 
the Protein Society) 27, 14–25. https:// doi. org/ 10. 1002/ pro. 3235 (2018).

 116. Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for researchers, educators, and developers. Protein Sci. (A Publica-
tion of the Protein Society) 30, 70–82. https:// doi. org/ 10. 1002/ pro. 3943 (2021).

 117. Wiederstein, M. & Sippl, M. J. ProSA-web: Interactive web service for the recognition of errors in three-dimensional structures 
of proteins. Nucleic Acids Res. 35, W407–W410. https:// doi. org/ 10. 1093/ nar/ gkm290 (2007).

 118. Colovos, C. & Yeates, T. O. Verification of protein structures: Patterns of nonbonded atomic interactions. Protein Sci. (A Publica-
tion of the Protein Society) 2, 1511–1519. https:// doi. org/ 10. 1002/ pro. 55600 20916 (1993).

 119. Laskowski, R. A., MacArthur, M. W., Moss, D. S. & Thornton, J. M. PROCHECK: A program to check the stereochemical quality 
of protein structures. J. Appl. Crystallogr. (International Union of Crystallography) 26, 283–291. https:// doi. org/ 10. 1107/ S0021 
88989 20099 44 (1993).

https://doi.org/10.1002/pro.3290
https://doi.org/10.1093/nar/gkn211
https://doi.org/10.3389/fimmu.2017.00292
https://doi.org/10.1186/1745-6150-8-30
https://doi.org/10.1186/1745-6150-8-30
https://doi.org/10.1002/pro.4497
https://doi.org/10.1371/journal.pone.0045152
https://doi.org/10.1371/journal.pone.0045152
https://doi.org/10.1002/prot.21078
https://doi.org/10.1007/978-1-4939-2999-3_28
https://doi.org/10.1038/nbt1215
https://doi.org/10.1007/s10989-017-9624-2
https://doi.org/10.1007/s00018-005-4528-2
https://doi.org/10.1007/s00251-010-0441-4
https://doi.org/10.1021/acs.jproteome.9b00874
https://doi.org/10.1093/nar/gkaa379
https://doi.org/10.1186/1471-2105-8-4
https://doi.org/10.1007/s00894-014-2278-5
https://doi.org/10.1371/journal.pone.0073957
https://doi.org/10.1371/journal.pone.0073957
https://doi.org/10.1371/journal.pcbi.1003266
https://doi.org/10.1155/2013/263952
https://doi.org/10.1038/srep42851
https://doi.org/10.21203/rs.3.rs-1978238/v1
https://doi.org/10.3389/fvets.2022.1053198
https://doi.org/10.1186/s12859-022-04581-6
https://doi.org/10.1016/j.molimm.2020.02.018
https://doi.org/10.1093/nar/gkt282
https://doi.org/10.1093/nar/gkt282
https://doi.org/10.1093/bioinformatics/btp386
https://doi.org/10.1385/1-59259-890-0:571
https://doi.org/10.1016/s0076-6879(96)66034-0
https://doi.org/10.1093/nar/gkg519
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1093/nar/gkt458
https://doi.org/10.1002/pro.3235
https://doi.org/10.1002/pro.3943
https://doi.org/10.1093/nar/gkm290
https://doi.org/10.1002/pro.5560020916
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1107/S0021889892009944


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1354  | https://doi.org/10.1038/s41598-023-51005-3

www.nature.com/scientificreports/

 120. Kringelum, J. V., Lundegaard, C., Lund, O. & Nielsen, M. Reliable B cell epitope predictions: Impacts of method development 
and improved benchmarking. PLoS Comput. Biol. 8, e1002829. https:// doi. org/ 10. 1371/ journ al. pcbi. 10028 29 (2012).

 121. Rapin, N., Lund, O., Bernaschi, M. & Castiglione, F. Computational immunology meets bioinformatics: The use of prediction 
tools for molecular binding in the simulation of the immune system. PLOS ONE (Public Library of Science) 5, e9862. https:// 
doi. org/ 10. 1371/ journ al. pone. 00098 62 (2010).

 122. Ohto, U., Yamakawa, N., Akashi-Takamura, S., Miyake, K. & Shimizu, T. Structural analyses of human toll-like receptor 4 poly-
morphisms D299G and T399I. J. Biol. Chem. (Elsevier) 287, 40611–40617. https:// doi. org/ 10. 1074/ jbc. M112. 404608 (2012).

 123. Berman, H. M. et al. The protein data bank. Nucleic Acids Res. 28, 235–242. https:// doi. org/ 10. 1093/ nar/ 28.1. 235 (2000).
 124. Lee, H., Heo, L., Lee, M. S. & Seok, C. GalaxyPepDock: A protein-peptide docking tool based on interaction similarity and 

energy optimization. Nucleic Acids Res. 43, W431–W435. https:// doi. org/ 10. 1093/ nar/ gkv495 (2015).
 125. Kozakov, D. et al. The ClusPro web server for protein-protein docking. Nat. Protoc. 12, 255–278. https:// doi. org/ 10. 1038/ nprot. 

2016. 169 (2017).
 126. Vangone, A. & Bonvin, A. PRODIGY: A contact-based predictor of binding affinity in protein–protein complexes. Bio-Protocol 

. https:// doi. org/ 10. 21769/ BioPr otoc. 2124 (2017).
 127. Laskowski, R. A., Jablonska, J., Pravda, L., Vareková, R. S. & Thornton, J. M. PDBsum: Structural summaries of PDB entries. 

Protein Sci. (A Publication of the Protein Society) 27, 129–134. https:// doi. org/ 10. 1002/ pro. 3289 (2018).
 128. Berguer, P. M., Mundiñano, J., Piazzon, I. & Goldbaum, F. A. A polymeric bacterial protein activates dendritic cells via TLR41. 

J. Immunol. 176, 2366–2372. https:// doi. org/ 10. 4049/ jimmu nol. 176.4. 2366 (2006).
 129. Choi, H.-G. et al. Mycobacterium tuberculosis RpfE promotes simultaneous Th1- and Th17-type T-cell immunity via TLR4-

dependent maturation of dendritic cells. Eur. J. Immunol. 45, 1957–1971. https:// doi. org/ 10. 1002/ eji. 20144 5329 (2015).
 130. Wang, X. et al. Expression of toll-like receptor 2 by dendritic cells is essential for the DnaJ-A146Ply-mediated Th1 immune 

response against Streptococcus pneumoniae. Infect. Immun. 86, e00651–e00717. https:// doi. org/ 10. 1128/ IAI. 00651- 17 (2018).
 131. López-Blanco, J. R., Aliaga, J. I., Quintana-Ortí, E. S. & Chacón, P. iMODS: Internal coordinates normal mode analysis server. 

Nucleic Acids Res. 42, W271-276. https:// doi. org/ 10. 1093/ nar/ gku339 (2014).
 132. Grote, A. et al. JCat: A novel tool to adapt codon usage of a target gene to its potential expression host. Nucleic Acids Res. 33, 

W526–W531. https:// doi. org/ 10. 1093/ nar/ gki376 (2005).

Acknowledgements
Philippine Council for Agriculture, Aquatic and Natural Resources Research and Development (PCAARRD) who 
funded the project under the Virology and Vaccine Institute of the Philippines Program is highly acknowledged. 
Special thanks and acknowledgments are also extended to Albert Neil G. Dulay for the valuable discussions and 
insightful comments that greatly enhanced this paper. Extending acknowledgments to the reviewers for their 
dedication in reviewing the manuscript. All valuable comments and suggestions received played a crucial role 
in improving the quality of the manuscript.

Author contributions
A.M.S. and E.C.B. formulated the methodology, carried out data curation and analysis, and wrote the original 
version of the manuscript. F.L.O. conceptualized the study and edited the manuscript. E.M.J.S.S. and N.M.O.O. 
formulated the methodology and edited the manuscript. E.C.B. revised the manuscript based on the comments 
and suggestions of the reviewers. All authors reviewed the revised manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 51005-3.

Correspondence and requests for materials should be addressed to F.L.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1371/journal.pcbi.1002829
https://doi.org/10.1371/journal.pone.0009862
https://doi.org/10.1371/journal.pone.0009862
https://doi.org/10.1074/jbc.M112.404608
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/gkv495
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.21769/BioProtoc.2124
https://doi.org/10.1002/pro.3289
https://doi.org/10.4049/jimmunol.176.4.2366
https://doi.org/10.1002/eji.201445329
https://doi.org/10.1128/IAI.00651-17
https://doi.org/10.1093/nar/gku339
https://doi.org/10.1093/nar/gki376
https://doi.org/10.1038/s41598-023-51005-3
https://doi.org/10.1038/s41598-023-51005-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Immunoinformatics-guided approach for designing a pan-proteome multi-epitope subunit vaccine against African swine fever virus
	Results
	Proteome screening and protein prioritization
	Epitope prediction
	Vaccine construction and evaluation
	Immune simulation
	Molecular docking and molecular dynamics
	Codon optimization and in silico cloning

	Discussion
	Methods
	Proteome screening and protein prioritization
	Epitope prediction
	Vaccine construction and evaluation
	Immune simulation
	Molecular docking and molecular dynamics
	Codon optimization and in silico cloning

	References
	Acknowledgements


