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Abstract 

Background/Objectives: Brucella is a major global One Health threat, causing an estimated 2.1 
million human infections and substantial livestock losses annually, with no vaccine currently 
available for humans, underscoring the urgent need for a safe and effective vaccine. Methods: 
Employing a reverse vaccinology approach, a novel 175-mer multiepitope vaccine (Mvax) targeting 
Brucella FrpB was computationally designed in this study, incorporating two B-cell, two MHC class 
I (MHC-I), and three MHC class II (MHC-II) epitopes selected for their high predicted antigenicity, 
safety, and IFN-γ-inducing potential. To further enhance immune activation, human beta-defensin-
3 was fused to the N-terminus as an adjuvant, followed by comprehensive in silico evaluation of the 
construct. Results: Population coverage analysis showed the selected epitopes provide 99.59% global 
coverage for MHC class combined, suggesting broad immunogenic potential. Mvax is predicted to 
be substantially more soluble (Protein-SOL score 0.808 vs. 0.275) with greater antigenicity (VaxiJen 
score 1.06 vs. 0.61) than native FrpB. Dissociation constant (Kd) analysis at 37ºC predicts stronger 
binding of Mvax to human TLR4/MD2 and TLR2/TLR6 receptors. Immune simulations (over 100 
days and three years) indicate that a single dose of Mvax may elicit a strong Th1 response, generate 
durable T-cell memory lasting up to three years, and produce elevated IL-12, IFN-γ, and IL-2 levels, 
along with approximately ten-fold higher IgM responses compared with FrpB. Conclusions: In silico 
data from this study suggest that Mvax could serve as a safe and effective vaccine candidate for 
human brucellosis, with the potential to induce long-lasting immune memory; however, 
experimental validation is still required. 

Keywords: Brucella; zoonosis; vaccine; epitope; vaccination; in silico; simulation; virulence; iron; 
genes 
 

Introduction 

Brucellosis, one of the most common bacterial zoonosis globally, results from infection with non-
motile, Gram-negative Brucella organisms that persist as facultative intracellular pathogens [1,2]. 
Among the numerous Brucella species identified to date, three are highly virulent for both their 
natural hosts and humans and remain endemic in most countries, particularly in resource-limited 
settings [1]. These are B. melitensis, which primarily infects sheep and goats; B. suis, which mainly 
infects swine; and B. abortus, which primarily infects cattle [3]. Human infection primarily occurs 
through direct contact with infected animals or tissues, consumption of contaminated unpasteurized 
dairy products or undercooked meat, and inhalation of infectious aerosols in occupational settings 
like labs or abattoirs [4–6]. The global burden of human brucellosis has increased dramatically in 
recent years, with current estimates indicating approximately 2.1 million new cases annually 
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worldwide [1]. Africa and Asia bear the majority of this risk and caseload, though regions in the 
Americas and Europe remain of concern [1].  

Chronic brucellosis can occur despite appropriate treatment, with relapses ranging from 5-30% 
after therapy cessation, causing symptoms such as fatigue, joint pain, and depression [7,8]. Within 
macrophages and dendritic cells, the pathogen disrupts intracellular trafficking, delays lysosomal 
fusion, and manipulates host signaling to establish a permissive niche, allowing replication without 
host cell destruction and sustaining low-grade chronic inflammation [9]. Emerging research also 
implicates B cells in disease chronicity [10–12]. Similar to other intracellular pathogens, such as 
Mycobacterium, Salmonella, and Listeria, Brucella presents major therapeutic challenges due to the 
limited ability of most antibiotics to penetrate host cells and effectively reach its intracellular niches 
[13]. 

Despite decades of research, there is still no licensed vaccine for human brucellosis, posing 
significant challenges for disease control, particularly in endemic regions [8,14]. A primary challenge 
in developing an effective human Brucella vaccine lies in devising immunization strategies that elicit 
robust, long-lasting memory responses while ensuring complete safety [15]. Live attenuated Brucella 
vaccines are generally effective but raise significant safety concerns for human use [16]. Historically, 
attenuated strains such as Brucella abortus strain 19 (used in the Soviet Union) and strain 104M (tested 
in China) were administered to humans for brucellosis but were eventually discontinued due to 
safety concerns [17].  

Subunit and DNA vaccines are under active preclinical investigation, demonstrating superior 
safety and promising Th1 immunogenicity as potential alternatives to live-attenuated vaccines [8]. 
Recent advances in reverse vaccinology offer powerful tools for identifying protective antigens, 
predicting immune-dominant epitopes, and rationally designing vaccine constructs with enhanced 
safety and efficacy [18]. These computational approaches enable researchers to prioritize virulence-
associated proteins, optimize epitope combinations, and engineer vaccine candidates capable of 
eliciting strong and targeted immune responses [18]. Building on these innovations, next-generation 
optimized multiepitope vaccines that target key bacterial virulence factors could provide a promising 
path toward safer and more effective protection against Brucella infection [19–24]. 

As we previously evaluated the safety and efficacy of a green subunit Brucella vaccine in a mouse 
model [25] and characterized S19 vaccine-mediated immunity against B. melitensis [26], the present 
study builds on this foundation by proposing a novel in silico designed multiepitope vaccine 
targeting Brucella virulence. This vaccine was strategically constructed from highly antigenic epitopes 
with strong predicted binding affinity to immune receptors, derived from the multispecies Brucella 
iron-regulated outer membrane protein FrpB. Short- and long-term immune simulations of the 
designed construct demonstrated its potential as a potent immunogen, particularly in inducing Th1-
type immunity, Th cell memory responses, and IgM production, which are key components of 
protective immunity against brucellosis, highlighting its promise for further experimental validation. 

Materials and methods 

Retrieval of FrpB Protein Sequences and In Silico Analysis 

The TonB-dependent receptor domain-containing protein FrpB was selected as the target 
antigen for comparative sequence analysis. Protein sequence data were retrieved from the NCBI 
Identical Protein Groups database using the IPG accession WP_004681095.1 as the reference query, 
and sequence similarity was verified through direct comparison of identical protein group entries. A 
comprehensive in silico characterization was subsequently performed on the retrieved amino acid 
sequence. Signal peptide prediction was carried out with SignalP 6.0 
(https://services.healthtech.dtu.dk/services/SignalP-6.0/) [27]. Virulence potential was assessed using 
VirulentHunter (http://www.unimd.org/VirulentHunter) [28] and VirulentPred 
(https://bioinfo.icgeb.res.in/virulent/) [29]. Subcellular localization was predicted with CELLO v2.5 
(https://cello.life.nctu.edu.tw/) [30] and DeepLocPro 1.0 
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(https://services.healthtech.dtu.dk/services/DeepLocPro-1.0/) [31], while membrane topology was 
evaluated using the TOPCONS webserver (https://topcons.cbr.su.se/pred/) [32]. 

Epitope Selection  

Epitopes were predicted using the Next-Generation Immune Epitope Database (IEDB) tools 
(https://nextgen-tools.iedb.org/all-tools-list). B cell epitopes were predicted by the Bepipred Linear 
Epitope Prediction web server (https://tools.iedb.org/bcell/) at a threshold of 0.50. NetMHCpan EL 
4.1 tool (IEDB recommended epitope predictor 2023.09) that predicts elution of peptides from MHC 
molecules using artificial neural networks (ANNs) was used for prediction of both MHCI and MHCII 
epitopes [33,34]. The method is trained on a combination of more than 850,000 quantitative Binding 
Affinity (BA) and Mass-Spectrometry Eluted Ligands (EL) peptides. Using the Allele Finder, a panel 
of 27 alleles each for MHCI (HLA-A and HLA-B) and MHCII were selected and used as a reference 
for epitope prediction. This panel provides >97% global population coverage for MHC class I and 
>99% coverage for MHC class II molecules across diverse ethnicities worldwide [35]. For epitope 
selection, the IEDB-recommended percentile rank thresholds were applied, using a cutoff of ≤1% for 
MHC class I and ≤10% for MHC class II to prioritize peptides with stronger predicted binding [36,37]. 

Antigenicity and Toxicity Prediction and Conservancy Analysis 

The antigenicity of the predicted epitopes was determined by the Vaxijen v2.0 server 
(http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) [38] using a threshold of 0.40. 
Epitopes predicted to be protective antigens were then scanned by the ToxinPred web server 
(https://webs.iiitd.edu.in/raghava/toxinpred/protein.php) for toxicity prediction using SVM (Swiss-
Prot) based prediction method [39]. Moreover, epitope sequence conservancy was assessed using the 
IEDB Epitope Conservancy Analysis tool (https://tools.iedb.org/conservancy/) [40]. This tool 
calculates the degree of conservancy of an epitope within a given protein sequence set at different 
degrees of sequence identity. The degree of conservation is defined as the fraction of protein 
sequences containing the epitope at a given identity level [40]. 

In Silico Interferon Gamma Epitope Screening 

Interferon gamma (IFN-γ) is a pivotal cytokine mediating protective immunity against 
brucellosis [41]. Therefore, antigenic non-toxic MHCI and MHCII binding epitopes were evaluated 
for their capacity to induce IFN-γ production using the IFNepitope2 server 
(https://webs.iiitd.edu.in/raghava/ifnepitope2/predict_human.php) [42]. This server utilizes 
composition-based algorithms to predict whether a given peptide is likely to be an IFN-γ inducer or 
non-inducer. Epitopes predicted to induce IFN-γ were selected based on a probability threshold of 
0.47, set by the default dual peptide composition (DPC) based ET-model [42]. 

Population Coverage Analysis  

Given the extensive polymorphism of human MHC (HLA) genes, with thousands of allelic 
variants described and each T cell epitope capable of eliciting responses only in individuals 
expressing compatible MHC molecules [43], evaluating HLA coverage is critical for rational vaccine 
design. In this study, the global population coverage of the predicted MHCI and MHCII epitopes was 
estimated using the IEDB Population Coverage tool (http://tools.iedb.org/population/) [43]. 
Coverage was calculated separately for class I and class II epitope sets, and then in combination, to 
estimate the proportion of the world population predicted to mount an immune response to the 
multi-epitope vaccine construct. Population coverage analyses were performed globally and for 
regions where brucellosis is endemic, with particular focus on North Africa, China, and India [44], to 
ensure that the selected epitopes provide broad HLA representation in high-burden areas. 
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Epitope-Receptor Docking Analysis, Structure Assessment, and Binding Affinity 

3D structures of the B cell epitopes and MHC class II epitopes were generated using the PEP-
FOLD3 server (https://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD3), a 
computational tool designed for de novo prediction of peptide structures from amino acid sequences 
[45]. Molecular docking analyses using the ClusPro server were performed to evaluate the 
interactions of the epitopes with their corresponding receptors [46]. Crystal structure of the human 
B-cell antigen receptor of the IgM isotype (PDB code 7XQ8) [47] was retrieved from the Protein Data 
Bank for docking against the B cell epitopes. For docking MHC class II epitopes, crystal structures of 
the MHC II alleles HLA-DRA, DRB3*0101 (PDB code 2Q6W) [48] and HLA-DRB1*04:01 (PDB code 
5JLZ)  [49] were used. The top-ranked ClusPro model, defined by the largest cluster size, was 
retrieved and further assessed for structural quality using the Swiss Model structure assessment web 
server tool (https://swissmodel.expasy.org/assess) [50] and evaluated for binding affinity using the 
PRODIGY web server (https://rascar.science.uu.nl/prodigy/) [51], both established tools for structure 
validation and interaction energy prediction. ClusPro-generated 3D structures were visualized and 
analyzed using iCn3D, a web-based 3D molecular interactive structural analysis tool 
(https://www.ncbi.nlm.nih.gov/Structure/icn3d/) [52,53].  

Construction of the Multiepitope Vaccine Construct 

The final design of the multiepitope vaccine, Mvax, included 2 B cell, 2 MHC class I, and 3 MHC 
class II epitopes, which were strategically linked using a combination of flexible and rigid linkers 
including EAAAK, KK, AAY, and GPGPG. These linkers play critical roles in maintaining individual 
epitope immunogenicity and structural stability by preventing the formation of junctional epitopes 
and ensuring proper epitope processing [54–56]. To enhance the overall immunogenicity of the 
vaccine, human beta-defensin-3, a well-characterized antimicrobial peptide with immune-
stimulatory properties, was fused to the N-terminus of the construct via an EAAAK linker, serving 
as a natural adjuvant to stimulate immune responses [57].  

Secondary and 3D Structure Prediction and Validation 

Prediction of secondary structure of the vaccines was performed using SOPMA protein 
secondary structure prediction server (https://npsa.lyon.inserm.fr/cgi-
bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html) [58,59], which employs the Self-Optimized 
Prediction Method with Alignment to classify amino acid residues into secondary structure states 
such as alpha-helix, beta-sheet, turns, and coils. The trRosetta webserver 
(https://yanglab.qd.sdu.edu.cn/trRosetta/) [60] were used to generate 3D structure models for Mvax 
and FrpB. trRosetta predicts the protein structure based on direct energy minimizations with a 
restrained Rosetta [60]. The top-ranked model from trRosetta was further validated for structural 
quality using the ProSA-web server (https://prosa.services.came.sbg.ac.at/prosa.php) [61], which 
assesses overall model quality and potential errors. Subsequently, this model underwent refinement 
via the GalaxyWeb refine server (https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE) [62]. 
Model quality and stereochemical validity of refined 3D structure were assessed using the Errat tool 
and Ramachandran plot analysis through PROCHECK, both accessible via the Protein Structure 
Analysis and Verification Server, SAVES v6.1 (https://saves.mbi.ucla.edu/) [63].  

Physicochemical Properties and Prediction of Discontinuous B-Cell Epitopes 

The physicochemical properties of the vaccine candidates, including instability index, GRAVY 
index, and estimated half-life, were predicted using the Expasy ProtParam tool 
(https://web.expasy.org/protparam/) [64]. Antigenicity was evaluated via the VaxiJen server [38], 
while allergenicity was assessed using the AllerCatPro 2.0 web server (https://allercatpro.bii.a-
star.edu.sg/) [65]. Solubility predictions of the constructs were carried out with the Protein-Sol server 
(https://protein-sol.manchester.ac.uk/) [66]. 
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Discontinuous B-cell epitopes were predicted using the IEDB ElliPro server 
(http://tools.iedb.org/ellipro/) [67]. The vaccine’s 3D structure in PDB format was analyzed by ElliPro 
with default parameters, including a minimum score of 0.5 and a maximum distance of 6 angstrom. 

Vaccine-Immune Receptor Docking Analysis  

Molecular docking analyses were conducted using the ClusPro server [46] to simulate binding 
interactions between the vaccine constructs, Mvax and FrpB, and key human immune receptors. The 
selected receptors included the crystal structures of the human TLR4-MD2 complex (PDB code 3FXI) 
[68], TLR2/TLR6 complex (PDB code 3A79) [69] and the human B-cell antigen receptor of the IgM 
isotype (PDB code 7XQ8) [47]. TLR4 and TLR2/TLR6 were chosen for their critical role in innate 
immune recognition of Gram-negative bacteria like Brucella by detecting pathogen-associated 
molecular patterns (PAMPs) and initiating proinflammatory responses essential for protective 
immunity [70]. The pivotal role of vaccine-induced IgM antibodies in preventing early dissemination 
of Brucella by activating complement and restricting intracellular growth [26] underscores the 
importance of targeting IgM receptors in vaccine design for harnessing early immune defense. The 
ClusPro top-ranked docked complexes were validated with the PRODIGY web server to estimate 
binding affinity as noted earlier [51].  

Immune Simulation Kinetics 

The C-IMMSIM webserver (https://kraken.iac.rm.cnr.it/C-IMMSIM/index.php?page=1), which 
integrates position-specific scoring matrix (PSSM) and machine learning algorithms [71,72], was 
employed to simulate the human immune response to the vaccine candidates Mvax and FrpB. 
Simulation parameters were set as follows: simulation volume = 10, total simulation steps = 300 and 
3285 to capture early and long-term immune responses; a single vaccine injection without 
lipopolysaccharide (LPS); adjuvant quantity set to 100; and antigen quantity set to 1000. For the 
human leukocyte antigen (HLA) allele panel, a cocktail comprising HLA-A*01:01, HLA-A*11:01, 
HLA-B*15:01, HLA-B*58:01, HLA-DRB3*01:01, and HLA-DRB4*01:01. 

Results 

Brucella FrpB: A Promising Vaccine Candidate with Multiple Key Attributes 

Analysis of the TonB-dependent receptor domain-containing protein FrpB revealed 980 
assembly accessions across diverse Brucella species, including B. melitensis, B. abortus, and B. suis. 
NCBI protein database analysis conducted in this study showed that the FrpB protein exhibited 100% 
sequence identity among all retrieved Brucella accessions (Supplementary Spreadsheet S1). This 
conservation positions FrpB as an attractive vaccine target for developing broadly protective vaccines 
against diverse Brucella pathogens responsible for human brucellosis. Moreover, as shown in Figure 
1, in silico analyses predict that FrpB possesses multiple other features favorable for a vaccine 
candidate. SignalP6 identified a classical Sec/SPI signal peptide with a predicted cleavage site 
between positions 23 and 24 and a high confidence score of 0.999. TOPCONS topology analysis 
further confirmed a 23-residue signal peptide, with the remaining 638 residues located outside, 
indicating that most of the protein is likely accessible to the host immune system. Subcellular 
localization tools CELLO v.2.5 and DeepLocPro-1.0 also classified FrpB as an outer membrane 
protein, with high prediction scores of 4.65 and 1.0, respectively. Analysis with the VirulentPred 
server yielded a virulence score of 1.02, whereas VirulenceHunter produced a score of 0.96 and 
additionally predicted functional roles in immune modulation with a score of 0.988, adherence with 
a score of 0.486, and nutritional/metabolic processes with a score of 1.0. Employing the Vaxign2 server 
[73] further confirmed the uniqueness of FrpB, revealing no human or animal homologs and an 
adhesion function probability of 0.52, consistent with VirulenceHunter predictions.  
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Figure 1. Comprehensive in silico analysis of Brucella FrpB. A. SignalP 6.0 webserver prediction showing the 
presence of a 23-signal peptide sequence in FrpB. B. TOPCONS webserver analysis of the FrpB sequence 
depicting its predicted topology. C. Summary of in silico analysis outputs for FrpB obtained from multiple 
prediction servers showing predicted virulence and localization. Note: Citations for all computational servers 
utilized are included in the Materials and Methods section. 

Previous studies have identified FrpB as an iron-regulated outer membrane protein involved in 
maintaining cell envelope integrity and contributing to Brucella virulence [74]. It has also been 
detected in outer membrane vesicles and suggested to play roles in immune modulation and bacterial 
survival within the host [75]. Moreover, FrpB-based vaccination has been shown to elicit Th1 cell 
immune responses and confer protection against B. melitensis and B. abortus challenge in mice [76]. 

Together, these predictions and published findings support FrpB as a strong antigenic target for 
antivirulence vaccine development against Brucella infection. 

Selected B- and T-Cell Epitopes 

Following assessment of different FrpB’s properties, in this study, B cell and T cell epitopes were 
predicted using the IEDB resource to identify FrpB’s peptide sequences recognizable by the human 
immune system. The epitopes were predicted using cutoff values of 0.350 for B cell epitopes, ≤1% 
percentile rank for MHC class I, and ≤10% percentile rank for MHC class II to prioritize peptides with 
stronger predicted binding affinity [36,37]. As shown in Table 1, a final list of epitopes was selected 
based on their high prediction scores, including 2 B cell epitopes (16-mer at residue positions 179-194 
and 21-mer at positions 209-229), 2 MHC class I epitopes (9-mer at positions 412-420 and 53-61), and 
3 MHC class II epitopes (each 15-mer at 23-37, 278-292, and 303-317). The selected epitopes exhibited 
no toxicity and displayed antigenic scores ranging from 0.77 to 1.16, indicating strong potential as 
protective antigens. Using the IFNepitope2 webserver, both the MHCI and MHCII epitopes were 
identified as interferon-gamma inducers with scores ranging from 0.5 to 0.82. Sequence analysis 
revealed that all selected epitopes were 100% conserved across the retrieved Brucella FrpB sequences 
(Supplementary Spreadsheet S1, n= 980 assembly accessions) available in the NCBI Protein Database. 

Table 1. Summary of candidate epitopes selected for this study. 
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Residue 
position 

(start-end) 
Epitope Sequence Epitope 

type Conservancy % Vaxijen 
score 

IFNepitope2 
score Toxicity 

179-194 YGTNGRGFSGSTAAYG B-cell 100 1.54 - Non-Toxin 
209-229 SGHNYKNGDGTEILGTEPAAR B-cell 100 1.61 - Non-Toxin 
412-420 ASVNGTLSY MHCI 100 1.08 0.64 Non-Toxin 
53-61 ATGGTVLTY MHCI 100 1.12 0.82 Non-Toxin 
23-37 AQEVKRDTKKQGEVV MHCII 100 1.11 0.57 Non-Toxin 

278-292 DSVNIKYTRTDATDM MHCII 100 1.31 0.5 Non-Toxin 
303-317 RNDYWRNDYQNRTNG MHCII 100 0.77 0.52 Non-Toxin 

 

High Population Coverage of Selected T-Cell Epitopes in Brucellosis-Endemic Regions 

The shortlisted epitopes and their corresponding HLA alleles (Table 2) were subjected to 
population coverage analysis using the IEDB tool [43].  

Table 2. Predicted binding human alleles for the candidate epitopes. 

Epitope Sequence Predicted binding alleles 

ASVNGTLSY HLA-A*30:02, HLA-B*15:01, HLA-A*01:01, HLA-A*26:01, HLA-A*11:01, HLA-B*58:01, 
HLA-B*35:01, HLA-A*32:01, HLA-B*57:01, HLA-A*03:01 

ATGGTVLTY HLA-A*30:02, HLA-A*01:01, HLA-A*11:01, HLA-A*32:01, HLA-B*15:01, HLA-A*26:01, 
HLA-B*58:01, HLA-A*03:01, HLA-B*57:01, HLA-B*35:01 

AQEVKRDTKKQGEVV HLA-DRB1*03:01, HLA-DRB1*13:02, HLA-DRB1*11:01, HLA-DRB1*08:02, HLA-
DRB3*01:01 

DSVNIKYTRTDATDM 
HLA-DRB4*01:01, HLA-DRB1*04:01, HLA-DRB1*07:01, HLA-DQA1*04:01, HLA-

DQB1*04:02, HLA-DRB1*09:01, HLA-DRB1*04:05, HLA-DRB1*08:02, HLA-DQA1*05:01, 
HLA-DQB1*02:01, HLA-DQA1*03:01, HLA-DQB1*03:02 

RNDYWRNDYQNRTNG HLA-DRB3*01:01, HLA-DRB3*02:02, HLA-DRB1*03:01, HLA-DRB1*13:02, HLA-
DPA1*01:03, HLA-DPB1*02:01, HLA-DRB1*04:01, HLA-DPB1*04:01 

Analyses were performed globally and for brucellosis-endemic regions, with particular focus on 
North Africa, China, and India [44], to ensure broad HLA representation in high-burden areas. 
Coverage was calculated separately for MHC class I and class II epitope sets, and in combination, to 
estimate the proportion of the world population predicted to respond to the multi-epitope vaccine 
construct. As shown in Figure 2, the MHC class I epitopes achieved 64.93% global population 
coverage, whereas class II epitopes reached 98.82%, with class I and class II combined covering 
99.59% worldwide. Coverage in selected endemic regions was similarly high for class I, class II, and 
the combined classes: 52.64%, 97.68%, and 98.90% in North Africa; 58.02%, 99.50%, and 99.79% in 
India; and 64.95%, 97.52%, and 99.13% in China, respectively (Figure 2). As shown in Supplementary 
Spreadsheet S2, the analysis also showed that the vaccine has 100% class-combined coverage in the 
USA, Mexico, Brazil, Venezuela, and Sweden. These results demonstrate excellent population 
coverage, supporting the vaccine construct's potential for broad protective efficacy worldwide and 
in brucellosis-endemic areas. 
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Figure 2. Population coverage of selected epitopes worldwide and in selected Brucella-endemic regions. A-
D. Population coverage of selected MHCI epitopes across the world (A), North Africa (B), China (C), and India 
(D). E-H. Population coverage of selected MHCII epitopes across the world (E), North Africa (F), China (G), and 
India (H). I–L. Population coverage of combined MHCI and MHCII epitopes across the world (I), North Africa 
(J), China (K), and India (L). Population coverage analysis was performed using the IEDB resource. 

Selected B- and T-Cell Epitopes Exhibit High Binding Affinity to Human Receptors 

Following confirmation of broad T-cell epitope population coverage, B-cell and MHC class II 
epitopes were evaluated for binding to human receptors using ClusPro docking [46]. As revealed in 
Table 3, docking the B-cell epitope YGTNGRGFSGSTAAYG to the human IgM B-cell antigen receptor 
crystal structure (PDB: 7XQ8) yielded a top cluster with 333 members, while the epitope 
SGHNYKNGDGTEILGTEPAAR produced a cluster of 308 members with the same receptor. For 
MHC class II epitopes, docking AQEVKRDTKKQGEVV to HLA-DRB1*01:01 (PDB: 2Q6W) generated 
a cluster of 292 members, and docking RNDYWRNDYQNRTNG to the same allele resulted in 282 
members. Finally, docking DSVNIKYTRTDATDM to HLA-DRB1*04:01 (PDB: 5JLZ) yielded 171 
members. Although ClusPro reported highly negative PIPER docking scores for all top-ranked 
models in this study, PIPER energy does not represent actual binding free energy and should not be 
used for model ranking [46]. Therefore, evaluation of ClusPro docking output in this study relied 
solely on cluster population size rather than energy scores, as recommended [46]. Larger cluster sizes 
suggest more stable and reliable docking conformations.  

Table 3. Structure assessment and binding affinity of epitope-receptor complexes. 

Ligand 

Human receptor 
Top Model 

ClusPro 
cluster size 

SWISS-MODEL structure assessment 
PRODIGY binding 

affinity 

Description 
PDB 
code 

MolProbity 
Score 

Ramachandran 
favored 

Ramachandran 
outliers 

QMEAND
isCo 

Global 

ΔG  
(kcal mol-

1) 

Kd (M) at 
37 ℃ 

YGTNGRGFSGS
TAAYG 

Crystal structure of 
human B-cell antigen 
receptor of the IgM 

isotype 

7XQ8 333 3.20 92.76% 0.58% 0.71±0.05 -11.6 6.5 × 10⁻⁹ 
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SGHNYKNGDG
TEILGTEPAAR 

Crystal structure of 
human B-cell antigen 
receptor of the IgM 

isotype 

7XQ8 308 3.20 92.62% 0.74% 0.70±0.05 -8.1 2 × 10⁻⁶ 

AQEVKRDTKK
QGEVV 

Crystal structure of 
MHCII allele HLA-
DRA, DRB3*0101 

2Q6W 292 2.97 93.68% 0.66% 0.83±0.05 -13.0 6.7 × 10⁻¹⁰ 

DSVNIKYTRTD
ATDM 

Crystal structure of 
MHCII allele HLA-

DRB1*04:01 
5JLZ 171 2.35 96.60% 0.39% 0.86±0.05 -11.0 1.8 × 10⁻⁸ 

RNDYWRNDY
QNRTNG 

Crystal structure of 
MHCII allele HLA-
DRA, DRB3*0101 

2Q6W 282 2.95 93.95% 0.53% 0.83±0.05 -12.8 9.5 × 10⁻¹⁰ 

However, for further in silico validation, the ClusPro- top-ranked models underwent structural 
validation using SWISS-MODEL and binding affinity prediction with the PRODIGY server, ensuring 
thorough evaluation of model stability and interaction strength (Table 3). These analyses yielded 
MolProbity scores of 2.35-3.20, Ramachandran favored regions of 92.62-96.60%, Ramachandran 
outliers of 0.24-0.74%, QMEANDisCo global scores of 0.70±0.05 to 0.86±0.05, binding free energies 
(ΔG) of -8.1 to -13.0 kcal/mol, and dissociation constants (Kd) of 2×10⁻⁶ to 9.5 × 10⁻¹⁰ M at 37°C. These 
metrics confirm high-quality structures and strong predicted binding affinities, supporting the 
stability of the epitope-receptor interactions. 

After confirming the binding affinities between the epitopes and their respective receptors, the 
top-ranked 3D docked complexes were visualized and analyzed using iCn3D, a web-based 
interactive tool for molecular structural analysis [52,53]. As shown in Figure 3, the B-cell- and MHC 
II-epitopes bind to spatially distinct sites on their respective immune receptors, indicating non-
overlapping binding interfaces and suggesting that each epitope can independently engage its target 
receptor. This supports their compatibility within a multiepitope vaccine and suggests that the 
construct has the potential to elicit both humoral and CD4⁺ T cell-mediated immune responses. 

 

Figure 3. iCn3D visualization of molecular docking of selected B cell and MHCII epitopes with human 
immune receptors. Crystal structures were retrieved from the Protein Data Bank (https://www.rcsb.org/) prior 
to ClusPro docking. Epitope structures were generated by the PEP-FOLD3 server, and docking was performed 
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against the retrieved PDB crystal structures. The resulting ClusPro-generated 3D complexes were visualized and 
analyzed using iCn3D, a web-based interactive tool for 3D molecular structural analysis. The receptors are 
displayed in ribbon style with distinct colors, while the epitopes are shown in red sphere style and indicated by 
white arrows. A. Docking B cell epitope YGTNGRGFSGSTAAYG to the crystal structure of the human B-cell 
antigen receptor IgM isotype (PDB code 7XQ8). B. Docking B cell epitope SGHNYKNGDGTEILGTEPAAR to 
the crystal structure of the human B-cell antigen receptor IgM isotype (PDB code 7XQ8). C. Docking MHCII 
epitope AQEVKRDTKKQGEVV to the crystal structure of the MHCII allele HLA-DRA/DRB3*0101 (PDB code 
2Q6W). D. Docking MHCII epitope DSVNIKYTRTDATDM to the crystal structure of the MHCII allele HLA-
DRB1*04:01 (PDB code 5JLZ). E. Docking of the MHCII epitope RNDYWRNDYQNRTNG to the crystal structure 
of the MHCII allele HLA-DRA/DRB3*0101 (PDB code 2Q6W). 

Multi-Epitope Vaccine Assembly from Diverse Epitopes  

The selected epitopes from the FrpB sequence (Figure 4A) were assembled into a multi-epitope 
vaccine construct (Mvax) using optimized linkers to enhance immunogenicity and processing (Figure 
4B). Two B cell epitopes were joined by a KK linker, which minimizes junctional neoepitope 
formation, prevents unwanted antibody responses at linker junctions, and serves as cleavage sites for 
cathepsin B to facilitate MHC class II antigen presentation [77,78]. Two MHCI epitopes were 
connected via an AAY linker, which acts as specific proteasome cleavage sites to generate mature 
MHC class I epitopes and promote cytotoxic T cell responses [79,80]. Three MHCII epitopes were 
linked with GPGPG linkers to promote helper T cell responses while avoiding junctional epitopes 
that could compromise vaccine efficacy [78]. A rigid α-helical EAAAK linker was employed to 
separate epitope types and the B cell epitopes from the adjuvant, preserving domain functionality 
and enhancing overall protein stability [78]. Human β-defensin 3 was incorporated as an in-built 
adjuvant due to its established immunostimulatory properties that amplify both innate and adaptive 
immune responses [57]. 

 

Figure 4. Schematic representation of the final assembled multiepitope vaccine construct. A. Amino acid 
sequence of the native FrpB protein (accession WP_004681095.1). B. Sequence of the 175-mer multiepitope 
vaccine construct (Mvax) containing seven epitopes connected by different linkers. The rigid linker EAAAK 
separates different types of epitopes and links the Beta defensin (positions 1-45) at the N-terminus of the 
assembled epitopes. KK linkers connect the two B cell epitopes, AAY linkers connect the MHCI epitopes, and 
GPGPG linkers connect the MHCII epitopes. 
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Mvax Demonstrates Superior Physicochemical Properties  

Mvax is only 175 amino acids long, substantially shorter than the 661-residue native FrpB 
protein, which may facilitate easier production and purification. Additionally, in silico analyses 
demonstrate that Mvax possesses superior physicochemical properties compared to native FrpB, as 
detailed in Table 4. The molecular weight of FrpB is 72,932.84 Da, whereas Mvax is substantially 
lighter at 18,701.86 Da. Solubility is another key improvement: FrpB has a low scaled solubility 
(QuerySol) of 0.275, below the population average solubility (PopAvrSol = 0.45) for soluble E. coli 
proteins [66], while Mvax exhibits a much higher QuerySol of 0.808, indicating that Mvax is better 
suited for efficient expression and downstream handling. Antigenicity analysis revealed that the FrpB 
scored 0.602, while Mvax achieved a higher score of 1.06, indicating greater antigenic potential. 
Overall, these results demonstrate that Mvax has enhanced physicochemical properties, potentially 
supporting its suitability as a stable and effective vaccine candidate. 

Table 4. Physicochemical properties of the designed vaccine construct. 

Predicted score FrpB MAvax 
Molecular weight 72932.84 18701.86 

Theoretical pI 5.71 9.63 
Instability index 31.12 27.86 
Aliphatic index 66.19 49.20 
GRAVY index -0.486 -0.881 

Scaled solubility score 0.275 0.808 
Vaxijen score 0.602 1.06 
Allergenicity Non-allergenic Non-allergenic 

Estimated half-life 
30 hours (mammalian reticulocytes, in vitro). 

>20 hours (yeast, in vivo). 
>10 hours (Escherichia coli, in vivo) 

30 hours (mammalian reticulocytes, in vitro). 
>20 hours (yeast, in vivo). 

>10 hours (Escherichia coli, in vivo) 

Structural Modeling and Validation of Mvax Crystal Structure 

As presented in Figure 5A, the SOPMA secondary structure analysis indicates Mvax is 
predominantly flexible, with random coil comprising 98 residues (56%), followed by extended 
strands with 39 residues (22.29%) and alpha helices with 38 residues (21.71%). This distribution 
suggests a mixed secondary structure with substantial coil content that may favor epitope exposure 
and immune recognition. The 3D structure of Mvax was initially constructed using trRosetta, yielding 
a top model with an estimated TM-score of 0.335, indicating a moderate-confidence global fold. This 
model was subsequently refined with the GalaxyWeb server, which generated five candidate 
structures, from which the best-scoring model was selected for further analysis. The refined 3D model 
of Mvax (Figure 5B) was found to have a ProSA-web Z-score of -4.95 (Figure 5C). Further structural 
validation using SAVES server showed an overall model quality of 94.87% (Figure 5D). 
Ramachandran plot analysis by PROCHECK confirmed model stereochemical quality, with 97.9% of 
residues in allowed regions (91.7% most favored, 5.6% additional allowed, 0.7% generously allowed) 
and only 2.1% in disallowed regions (Figure 5E). Swiss-Model assessment tool further verified 0.58% 
Ramachandran outliers and 0% rotamer outliers. Together, these metrics affirm the structural 
reliability and correctness of the modeled protein geometry for downstream use and analysis. 
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Figure 5. Predicted secondary and tertiary structures of the designed multiepitope vaccine construct. A. 
Secondary structure model predicted and analyzed using the SOPMA server. B. 3D structure of the designed 
vaccine generated by trRosetta and refined using the GalaxyWeb server. C. Structural validation of the refined 
model using ProSA-web. D. Structural quality assessment using SAVES v6.1. E. Ramachandran plot and 
statistics generated by SAVES v6.1 to evaluate stereochemical quality. 

ElliPro Analysis Identifies Multiple High-Scoring Conformational Epitopes 

The refined 3D structure of Mvax was analyzed by Ellipro server for presence of conformational 
epitopes [67]. Analysis at a threshold of 0.50 predicted 4 conformational B-cell epitopes with lengths 
of 19, 36, 29, and 5 amino acid residues and corresponding scores of 0.83, 0.734, 0.67, and 0.614, 
respectively (Figure 6A-E). The presence of multiple conformational epitopes highlights the vaccine 
construct’s potential to stimulate humoral immune responses [81]. 

 

Figure 6. Predicted discontinuous epitopes in the designed vaccine construct. A-D. 3D structure of Mvax 
showing different conformational epitopes arranged from high to low based on their ElliPro scores. E. Summary 
table of residues, positions, residue numbers, and scores for each predicted conformational epitope. 
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Mvax Exhibits High Binding Affinity to Immune Receptors 

In order to assess the binding interactions of Mvax with various immune receptors, protein-
protein docking was performed using the ClusPro server [46]. Figure 7 shows the cluster sizes from 
ClusPro docking of Mvax with three receptors. The clusters have 52, 128, and 95 members for 
TLR4/MD2, TLR2/TLR6, and BCR-IgM, respectively. For comparison, the native FrpB protein was 
found to form smaller clusters of 32, 109, and 60 members with the same receptors. Larger ClusPro 
cluster sizes suggest a more stable native complex, occupying a well-defined energy well on the 
energy landscape [46]. To estimate binding free energy, PRODIGY was applied to the top-ranked 
ClusPro cluster for each complex. At 37°C, simulating human physiological temperature, PRODIGY 
predicted stronger binding affinities for Mvax to both TLRs compared with native FrpB. The 
TLR4/MD2-Mvax complex exhibited a ΔG of -22.6 kcal mol⁻¹ with a Kd of 1.2 × 10⁻¹⁶ M (Figure 7A), 
whereas the TLR4/MD2-FrpB complex showed -18 kcal mol⁻¹ and 1.7 × 10⁻¹³ M (Figure 7D). Similarly, 
the TLR2/TLR6-Mvax complex had a ΔG of -14 kcal mol⁻¹ and a Kd of 3.4 × 10⁻¹¹ M (Figure 7B), while 
the TLR2/TLR6-FrpB complex yielded -11.4 kcal mol⁻¹ and 3.4 × 10⁻¹¹ M (Figure 7E). In contrast, the 
IgM BCR-Mvax complex displayed a ΔG of -19.7 kcal mol⁻¹ and a Kd of 1.3 × 10⁻¹⁴ M (Figure 7C), 
whereas the IgM BCR-FrpB complex showed a stronger predicted affinity of -23 kcal mol⁻¹ and 5.1 × 
10⁻¹⁷ M (Figure 7F). Overall, lower (more negative) ΔG and Kd values correspond to tighter binding 
[82]; however, the exceptionally strong predicted binding affinities observed in this study remain in 
silico estimates that indicate relative rather than absolute affinity and require further experimental 
validation. Comparable PRODIGY scores have been reported with other in silico designed vaccines 
[83]. 

 

Figure 7. iCn3D visualization of molecular docking of Mvax and FrpB with human immune receptors. Crystal 
structures were retrieved from the Protein Data Bank (https://www.rcsb.org/) prior to ClusPro docking. ClusPro-
generated 3D complexes were visualized and analyzed using iCn3D, a web-based interactive tool for 3D 
molecular structural analysis. The receptors are shown in ribbon style with distinct non-red colors, whereas the 
epitopes are highlighted in red ribbon style. Cluster sizes from ClusPro and PRODIGY-derived binding affinities 
(ΔG in kcal·mol⁻¹ and Kd in M) for each docked complex are shown below each image. PRODIGY analysis was 
performed at 37 °C. A. Docking Mvax to the TLR4/MD2 complex (PDB code 3FXI). B. Docking Mvax to the 
TLR2/TLR6 complex (PDB code 3A79). C. Docking Mvax to the human B-cell antigen receptor IgM isotype (PDB 
7XQ8). D. Docking FrpB to the TLR4/MD2 complex (PDB code 3FXI). E. Docking FrpB to the TLR2/TLR6 complex 
(PDB code 3A79). F. Docking FrpB to the human B-cell antigen receptor IgM isotype (PDB 7XQ8). 
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Three-Year Modeling Highlights Mvax’s Enhanced Th1 Memory Response 

T-helper type 1 (Th1) cells and their cytokines (IL-12, IFN-γ, IL-2) play essential roles in the 
protective immune response against Brucella spp., driving macrophage activation and bacterial 
clearance [84,85]. In this study, a 100-day in silico simulation analysis following a single-dose 
injection demonstrated the overall superiority of Mvax in inducing T helper (Th) cell simulated 
responses (Figure 8). Specifically, Mvax elicited a strong Th1-type immune simulated response, with 
the Th1 cell population reaching approximately ~80,000 cells/mm³ (Figure 8A), compared with 
~30,000 cells/mm³ induced by a single dose of FrpB (Figure 8C). Cytokine profiles revealed rapid 
simulated innate immune activation following vaccination for either vaccine candidates (Figure 8B 
and D). IL-12 levels peaked at 5 days post-vaccination, reaching ~ 25,000 ng/ml for Mvax (Figure 8B) 
and ~23,500 ng/ml for FrpB (Figure 8D). IL-2 surged concurrently, with Mvax inducing ~500,000 
ng/ml (Figure 8B) compared with ~192,000 ng/ml for FrpB (Figure 8D). By day 12, interferon-gamma 
(IFN-γ) production reached its peak for both vaccines, with Mvax eliciting ~450,000 ng/ml (Figure 
8B) versus ~412,000 ng/ml for FrpB (Figure 8D). Additionally, Mvax triggered higher simulated levels 
of TGF-β (~215,000 ng/ml versus ~65,000 ng/ml) and IL-10 (~65,000 ng/ml versus ~37,500 ng/ml), likely 
suggesting enhanced immunoregulatory responses to help prevent excessive inflammation.  

 

Figure 8. Predicted T helper cell responses and cytokine profiles following a single dose of Mvax or FrpB. C-
ImmSim was used to simulate human immune responses to a single dose. Simulation parameters: simulation 
volume = 10; total steps = 300 (capturing early immune responses); single injection without LPS; adjuvant 
quantity = 100; antigen quantity = 1000. An HLA allele cocktail (HLA-A*01:01, HLA-A*11:01, HLA-B*15:01, HLA-
B*58:01, HLA-DRB3*01:01, HLA-DRB4*01:01) was used. A. Predicted populations and percentages of T helper 
subsets in response to a single dose of Mvax. B. Simulated cytokine profiles induced by a single dose of Mvax. 
C. Predicted populations and percentages of T helper subsets in response to a single dose of FrpB. D. Simulated 
cytokine profiles induced by a single dose of FrpB. 

As revealed in Figure 9, analysis at 20 days post-vaccination further demonstrated Mvax’s 
superiority in simulated memory induction, generating approximately ~3.4-fold more memory T 
helper (Th) cells per mm³ (~925 cells/mm³ for Mvax ((Figure 9A)) versus ~275 cells/mm³ for FrpB 
(Figure 9B)). Given the importance of durable memory T cell responses for long-term vaccine efficacy, 
a 3-year in silico simulation was conducted to assess sustained cellular immunity. Interesting, 
simulated memory responses persisted after a single dose of either vaccine; however, at day 1095 (~3 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 December 2025 doi:10.20944/preprints202512.0403.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.0403.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 24 

 

years), as shown in Figure 9C, Mvax maintained roughly double the memory Th cell count (~50 
cells/mm³) compared with FrpB (~25 cells/mm³) (Figure 9D). This enhanced persistence, combined 
with Mvax’s superior early cytokine induction and memory cell generation, highlights its potential 
to elicit robust Th1 immunity against Brucella.  

 

Figure 9. Predicted long-term immunological memory simulation following a single dose of Mvax or FrpB. 
Simulations were conducted using the same parameters as in Figure 8, with the number of simulation steps 
extending to 3285 to model immune responses over a 3-year period. A single-dose regimen was applied. 
Predicted T helper (Th) cell populations are shown for Mvax during the 100-day simulation period (A), FrpB 
during the 100-day simulation period (B), Mvax during the 3-year simulation period (C), and FrpB during the 
3-year simulation period (D). 

Simulation Demonstrates Mvax Enhances IgM Plasma Cells and IgM Antibody Levels 

We recently demonstrated that secretory IgM elicited by S19 vaccination activates complement 
pathways to restrict Brucella melitensis dissemination during the first two weeks post-challenge in 
mice, as evidenced by significantly higher splenic bacterial burdens in sIgM-deficient animals [26]. 
This early humoral immunity complements T cell responses by restricting systemic bacterial spread 
before adaptive cellular immunity fully engages later on. These findings underscore the strategic 
importance of inducing IgM in multiepitope vaccines designed to emulate the effectiveness of live-
attenuated vaccines like S19. 

In the present study, as revealed in Figure 10, simulation analysis revealed that Mvax increased 
simulated plasma cells of all isotypes, with IgM-isotype plasma cells notably elevated by 
approximately 7.7-fold compared with FrpB, 30 cells/mm³ for Mvax (Figure 10A) versus ~3.9 
cells/mm³ (Figure 10C). Correspondingly, simulated IgM antibody levels due to Mvax increased 
roughly 10-fold, ~40,000 ng/ml for Mvax (Figure 10B) versus ~4,000 ng/ml for FrpB.  

Besides the predicted induction of interferon-gamma, IL-12, and IL-2 as noted earlier (Figure 8), 
elevated levels of antibodies IgG1, IgG2, and IgM following Mvax or FrpB stimulation further 
support a Th1-type immune response (Figure 10B and D). This aligns with the known role of Th1 
cells in promoting IgM, IgG1, and IgG2 antibodies in humans [86]. 

Together with Mvax’s predicted ability to elicit robust Th1 responses and durable memory T cell 
populations, these findings highlight its potential to stimulate both humoral and cellular immunity, 
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positioning Mvax as a promising multiepitope vaccine candidate potentially capable of providing 
effective early protection against human brucellosis. 

 

Figure 10. Predicted plasma cell and antibody responses over 100 days following a single dose of Mvax or 
FrpB. A. Plasma B-lymphocyte counts by isotype (IgM, IgG1, IgG2) in response to Mvax. B. Antigen clearance 
and immunoglobulin levels (subdivided by isotype) following a single dose of Mvax. C. Plasma B-lymphocyte 
counts by isotype in response to FrpB. D. Antigen clearance and immunoglobulin levels following a single dose 
of FrpB. 

Discussion 

The global burden of human brucellosis has risen sharply in recent years, with current estimates 
reaching approximately 2.1 million new cases annually [1]. Similar to other intracellular pathogens 
such as Mycobacterium, Salmonella, and Listeria, Brucella poses major therapeutic challenges due to the 
limited ability of most antibiotics to penetrate host cells and effectively reach its intracellular niches 
[13]. This concerning trend underscores the urgent need for safe and effective vaccine development 
as a critical strategy to prevent brucellosis and overcome the limitations of antibiotic-based 
treatments. 

Using a reverse vaccinology strategy, this study introduces Mvax as a promising antivirulence 
multiepitope vaccine candidate for human brucellosis. The outer membrane protein FrpB was 
prioritized as a vaccine target based on both the in silico analyses conducted in this study and 
supporting evidence from prior research highlighting its role in Brucella virulence and 
immunogenicity [74–76].  

Although previous studies have used FrpB (or its orthologue BhuA) in multiepitope Brucella 
vaccine designs [24,87], they relied on epitope sets that differ entirely from those selected here. 
Specifically, the present vaccine construct, Mvax, focuses on Th1 and IgM inducing epitopes and 
incorporates seven carefully selected peptides representing ~15.1% of the native FrpB sequence (100 
of 661 amino acids). These epitopes were selected for their strong predicted binding affinities to 
immune receptors, high antigenicity, and lack of predicted toxicity. Because IFN-γ is a critical 
cytokine for host control of Brucella infection [85], an additional selection filter was applied to 
prioritize T-cell epitopes capable of inducing strong interferon responses. CD4⁺ T cells are the primary 
source of IFN-γ during brucellosis, although CD8⁺ T cells and other subsets also contribute [88]. 
Accordingly, both MHC-I and MHC-II interferon-inducing epitopes were preferentially selected for 
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the vaccine design. Each epitope was individually docked to its corresponding immune receptor 
prior to Mvax assembly, demonstrating favorable binding energies consistent with potentially 
efficient immune recognition. For B-cell epitopes, an IgM-isotype B-cell receptor was used to ensure 
high predicted affinity for membrane-bound IgM, with the specific aim of promoting Brucella-specific 
IgM responses. Following epitope prioritization, different selected epitopes were strategically linked 
using a combination of flexible and rigid linkers including EAAAK, KK, AAY, and GPGPG [54–56]. 
To enhance immunogenicity, human β-defensin-3 (hBD-3), an endogenous antimicrobial peptide 
with potent adjuvant activity, was fused to the N-terminus of the first B-cell epitope as a built-in 
adjuvant. In vaccine designs, hBD-3 is favored as an adjuvant because it enhances antigen uptake and 
presentation, drives phenotypic maturation of dendritic cells, and promotes a Th1-skewed response 
with increased IFN-γ production, which is critical for effective protective cellular immunity [57,89–
92].  

For docking Mvax to immune receptors, TLR4 and TLR2/TLR6 were selected due to their well-
documented roles in recognizing pathogen-associated molecular patterns and mediating immune 
resistance against Brucella infection [70]. TLR4 primarily recognizes lipopolysaccharides from Gram-
negative bacteria like Brucella, while TLR2 forms heterodimers with TLR6 to detect lipoproteins and 
glycolipids, triggering downstream signaling pathways critical for host defense [70].    

Human simulation analysis indicated a single dose of Mvax outperformed the parent FrpB 
protein in silico, inducing higher frequencies of memory T cells and increased levels of IL-12, IFN-γ, 
and IL-2, in line with a robust Th1- cell response. IL-12 plays a critical role in Brucella infection by 
driving Th1 differentiation, promoting IFN-γ production from CD4+/CD8+ T cells and NK cells, and 
activating macrophages for intracellular killing via iNOS upregulation [93]. IL-2 plays a key role in 
brucellosis immunity by promoting Th1 cell proliferation/differentiation and enhancing CD8+ T-cell 
and NK cell cytotoxicity against intracellular Brucella [85]. The predicted ability of Mvax to induce 
long-term Th1 immunity and high IFN-γ levels is promising but requires experimental validation, 
given that arming the host's mucosal immune defenses with resident memory T cells (TRMs) while 
expanding IFN-γ sources can prevent Brucella dissemination from the initial infection site to systemic 
tissue [94],  

Notably, Mvax elicited approximately a 7.7-fold increase in IgM-isotype plasma cells 
accompanied by 10-fold higher IgM levels relative to native FrpB, indicating strong humoral 
activation. Current understanding from human studies on brucellosis primarily focuses on IgM as a 
diagnostic marker of acute/recent infection rather than a defined protective mechanism [95,96]. 
Nonetheless, our recent studies have shown that S19 vaccine-elicited secretory IgM plays a critical 
role in limiting early dissemination of virulent Brucella melitensis during the first two weeks after 
challenge, largely through complement activation, as evidenced by markedly higher splenic bacterial 
burdens in IgM-deficient vaccinated mice [26]. These findings, together with Mvax’s demonstrated 
predicted capacity to induce strong Th1 responses and durable T-cell memory, underscore its ability 
to potentially coordinate potent humoral and cellular immunity.  

Conclusion 

This in silico study presents Mvax as a promising multiepitope vaccine candidate targeting 
Brucella virulence through high affinity, immunodominant epitopes. Immune simulations predict 
that Mvax elicits a robust Th1 cell response, characterized by activation of Th1 cells, memory 
formation, and cytokine production including IL-12, IFN-γ, and IL-2, which are critical for 
macrophage activation and intracellular bacterial clearance. Additionally, Mvax shows strong 
predicted induction of IgM, contributing to humoral immunity that may limit early Brucella 
dissemination and complement Th1-mediated protection. While experimental validation through in 
vitro, in vivo, and clinical studies is necessary, these in silico findings position Mvax as a next-
generation vaccine candidate with the potential to provide effective protection against human 
brucellosis, mimicking key protective features of live-attenuated vaccines in a safer, rationally 
designed format. 
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Abbreviations 

The following abbreviations are used in this manuscript: 
IEDB Immune Epitope Database 
NCBI National Center for Biotechnology Information 
MHCI Major Histocompatibility Complex Class I 
MHCII Major Histocompatibility Complex Class II 
PAMPs Pathogen-Associated Molecular Patterns 
IFN-γ Interferon-gamma 
Th T helper cell 
FrpB Iron-regulated outer membrane protein 
hBD-3 human β-defensin-3  
Mvax Multiepitope vaccine construct 
HLA Human Leukocyte Antigen 
CTL Cytotoxic T Lymphocyte 
HTL Helper T Lymphocyte 
CD4 Cluster of Differentiation 4 (T helper cell marker) 
CD8 Cluster of Differentiation 8 (Cytotoxic T cell marker) 
TLR2 Toll-Like Receptor 2 
TLR4 Toll-Like Receptor 4 
TLR6 Toll-Like Receptor 6 
IL-12 Interleukin-12 
IL-2 Interleukin-2 
IgM Immunoglobulin M 
sIgM Secretory IgM 
IgG Immunoglobulin G 
BCR B Cell Receptor 
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