


Computational Identification and Immunoinformatic Design of a Multiepitope Vaccine Candidate Against Marburg Virus Disease Using Reverse Vaccinology

Abstract 
[bookmark: _GoBack]Marburg virus disease (MVD) is a highly lethal hemorrhagic fever caused by Marburg virus, a priority pathogen with no approved vaccines or antiviral treatments. In this study, an integrated reverse vaccinology and immunoinformatics pipeline was employed to systematically screen the Marburg virus proteome and identify immunodominant B-cell, CD8⁺ T-cell, and CD4⁺ T-cell epitopes suitable for multiepitope vaccine design. Physicochemical and structural analyses revealed the viral glycoprotein and nucleoprotein as the most antigenically relevant proteins, with the glycoprotein exhibiting extensive surface-exposed and allele-promiscuous epitope clusters. High-affinity MHC class I and II epitopes, along with accessible B-cell epitopes, were further validated through molecular docking with representative HLA alleles and neutralizing antibodies. A 284-amino-acid multiepitope vaccine construct incorporating hBD-3 adjuvant, PADRE sequence, CTL epitopes, HTL epitopes, and B-cell epitopes was subsequently designed using optimized linker arrangements. Bioinformatic validation demonstrated that the construct is highly antigenic, non-allergenic, non-toxic, structurally stable, and predicted to elicit strong humoral and cellular immune responses. These findings provide a robust computational foundation for developing an effective vaccine against Marburg virus, warranting further experimental and preclinical evaluation.
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1. Introduction
Marburg virus disease (MVD) is a severe, often fatal hemorrhagic fever caused by the Marburg virus (MARV), a highly pathogenic member of the Filoviridae family, which also includes Ebola virus [24]. Since its initial discovery in 1967, MVD outbreaks have repeatedly occurred across sub-Saharan Africa, with case fatality rates (CFRs) historically ranging from 23% to as high as 90%, contingent upon the specific outbreak and the quality of available medical care [4, 6]. MARV is a zoonotic pathogen, transmitted from the Egyptian fruit bat reservoir, causing human infection via direct contact with infected bodily fluids or contaminated materials [24]. Following an incubation period of 2–21 days, the disease typically progresses to high fever, multi-organ failure, severe hemorrhage, and subsequent death [4, 24]. Critically, no vaccines or targeted antiviral therapeutics are currently approved for MVD; treatment remains limited to supportive care, which must be administered early to significantly improve survival rates [24].
The traditional paradigm of vaccine development, relying on culturing live or attenuated virus forms, presents significant challenges, particularly for highly infectious, priority pathogens like MARV [6]. This approach is inherently time-intensive and capital-intensive, necessitating high-level biosafety containment (BSL-3/4) to safeguard researchers [6]. Furthermore, conventional methods struggle to rapidly adapt to the high evolutionary rate of RNA viruses, where genomic mutations can compromise vaccine effectiveness, making the development of long-lasting and broad-spectrum candidates difficult in response to emerging outbreaks [15].
To circumvent these limitations, Reverse Vaccinology (RV) has emerged as a powerful, computational alternative [19, 21]. This in silico strategy utilizes the pathogen's complete genomic and proteomic sequence data to systematically identify the most promising antigens and their respective epitopes [22]. By focusing on specific, immunologically-relevant molecular targets—rather than manipulating the whole virus—RV drastically enhances the safety and speed of the discovery process [6, 24]. The RV approach leverages extensive biological databases and predictive software to efficiently screen for components that are most likely to elicit a robust, protective immune response, effectively bypassing the time-consuming and hazardous steps of virus culture and inactivation [23, 8]. This makes RV exceptionally well-suited for rapid response during sudden outbreaks involving fast-mutating or highly virulent pathogens like MARV [6, 24].
The identification and precise prediction of T-cell and B-cell epitopes is a cornerstone of modern subunit vaccine design [14, 16]. The adaptive arm of the human immune system relies on T-lymphocytes (T cells) and B-lymphocytes (B cells) to mount a pathogen-specific defense [1, 5]. T-cell epitopes are peptides presented by Major Histocompatibility Complex (MHC) molecules, activating Cytotoxic T-lymphocytes (CTLs) to destroy infected cells (MHC Class I) or T-helper lymphocytes (HTLs) to coordinate the overall immune response (MHC Class II) [1, 23]. B-cell epitopes, which are distinct structural features on the antigen surface, trigger B cells to produce neutralizing antibodies as part of the humoral immune response [14]. Sophisticated bioinformatics tools, including MHC Class I and II binding predictors and B-cell epitope prediction algorithms, allow researchers to computationally model the interaction between viral proteins and immune receptors [14, 16, 23]. This focused approach dramatically reduces the experimental search space, accelerating the transition from sequence data to viable vaccine candidates.
The Marburg virus has gained renewed global attention following recent outbreaks in Ghana (2022) and Equatorial Guinea (2023), further confirming the urgent necessity for effective preventive strategies [6, 24]. Despite its high fatality rates and its designation as a priority pathogen by the World Health Organization (WHO) [24], MARV research and vaccine development efforts severely lag behind those for comparable filoviruses, such as Ebola, or high-profile diseases like COVID-19 [6, 15]. This critical lack of an approved, readily available vaccine leaves vulnerable populations, particularly those in low-resource settings, highly susceptible to MVD [24]. This study addresses this significant public health gap by employing a robust Reverse Vaccinology pipeline to systematically identify and predict novel multi-epitope vaccine candidates for the Marburg virus [22]. By integrating high-throughput genomic data analysis with rigorous immunoinformatics screening tools, our approach offers a faster, more adaptable, and safer strategy for vaccine target discovery. This in silico methodology holds the potential to significantly improve outbreak preparedness and response, particularly benefiting regions where traditional, resource-intensive vaccine manufacturing is impractical.
2. [bookmark: _qhv654a44n16]Materials and Methods
This study on MVD employed an in-silico reverse vaccinology workflow to systematically identify and evaluate candidate epitopes from the Marburg virus proteome for multi-epitope vaccine (MEV) design [19,21,22]. Each analytic stage was selected to ensure rigor, reproducibility, and biosafety by eliminating the need for handling live viral pathogens.
[bookmark: _7lv2mabj1q2q]Retrieval of protein sequences and initial characterization
[bookmark: _ifeuxvpi2hhp]Complete amino acid sequences of Marburg virus proteins involved in viral entry, replication, assembly, and immune evasion were retrieved from the NCBI Protein Database [7,22]. These proteins were prioritized based on their biological relevance and known immunogenic potential. Physicochemical properties—including molecular weight, theoretical pI, instability index, extinction coefficient, aliphatic index, and GRAVY—were computed using ProtParam [10], providing preliminary insights into structural stability, solubility, and overall biochemical behavior.
Structural analysis
Secondary structural elements of all viral proteins were predicted using SOPMA [11], enabling evaluation of α-helices, β-strands, coils, and turns. These features are critical for identifying surface-exposed and flexible regions that may correspond to immunologically relevant epitope sites. This structural profiling informed subsequent epitope selection by identifying domains likely accessible to the host immune system.
[bookmark: _qzi8fnknka6m]Epitope prediction
A multi-layered immunoinformatics strategy was employed to predict epitopes capable of eliciting adaptive immune responses. B-cell epitopes were identified using the IEDB BepiPred Linear Epitope Prediction tool [23], enabling the detection of surface-accessible, antibody-recognizable linear segments. Cytotoxic T lymphocyte (CTL) epitopes were predicted using IEDB MHC-I binding prediction tools, with emphasis on peptides showing high affinity for common human MHC class I alleles associated with cellular immunity. Helper T lymphocyte (HTL) epitopes were identified using IEDB MHC-II binding prediction algorithms, targeting peptide sequences likely to be presented by MHC class II molecules and capable of stimulating T-helper cell–mediated immune responses. Only peptides demonstrating strong predicted binding across multiple alleles were selected for downstream evaluation.
Safety and immunogenicity screening
All shortlisted epitopes were evaluated for safety and immune activation potential. Antigenicity was quantified using VaxiJen [22], which assigns scores between 0 and 1 based on alignment-free physicochemical modeling. Allergenicity and toxicity were assessed using AllerTOP [22] and toxicity classifiers to remove any peptides with predicted cross-reactivity or adverse immune potential. Only epitopes that were strongly antigenic, non-allergenic, and non-toxic were retained.
[bookmark: _pqyoq6d32u4r]Three-dimensional peptide modeling and molecular docking studies
[bookmark: _aa6rn3ewsm52]Peptide structure generation
Shortlisted epitope peptides were modeled into three-dimensional conformations using Discovery Studio Visualizer, employing extended conformations followed by geometry refinement. This ensured standardized structural representations suitable for receptor docking.
[bookmark: _gt9twawgb8ur]Energy minimization
All modeled peptide structures underwent energy minimization using UCSF Chimera, applying the steepest descent and conjugate gradient steps under the AMBER ff14SB force field. This reduced steric clashes and optimized local conformational geometry prior to docking.
[bookmark: _o6la7wvpmdor]Molecular docking with immune receptors
Molecular docking was performed to evaluate the ability of epitopes to interact with selected HLA molecules and representative neutralizing antibody structures. Prepared peptide structures were docked using PyRx (AutoDock Vina engine), enabling prediction of peptide–receptor binding modes and binding energies. For comparison and additional validation, peptide docking to MHC alleles was also evaluated through SwissDock where appropriate. Docking outputs were assessed based on binding affinity, orientation, intermolecular contacts, and pocket complementarity to determine immunological relevance.
[bookmark: _avff0m5604x3]Surface accessibility evaluation via glycoprotein docking
To confirm the physical accessibility of predicted B-cell epitopes, each peptide was docked to the experimentally resolved Marburg glycoprotein structure. Results were visually inspected for location, surface exposure, and structural feasibility, ensuring that predicted epitopes were positioned in accessible regions relevant to humoral immune recognition.
[bookmark: _w93nndqfurum]Design of the Multiepitope Vaccine Construct
A multiepitope vaccine construct was designed using the top-ranked B-cell, MHC I, and MHC II epitopes identified from the Marburg virus glycoprotein and nucleoprotein. An N-terminal hBD-3 adjuvant (45 aa) was incorporated to activate TLR1/2-mediated innate immunity, followed by a rigid EAAAK linker to ensure structural separation. The universal helper epitope PADRE (AKFVAAWTLKAAA) was added to enhance CD4⁺ T-cell activation and linked to the downstream sequence with a second EAAAK linker. The CTL region consisted of five validated MHC I epitopes—LLLDPPTNV, FLYDRIAST, HAQGIALHLW, DPVPNTKTI and LPHTSGNTAY—each joined by AAY linkers to promote proteasomal cleavage and TAP transport. The helper T-cell region contained four high-affinity and allele-promiscuous MHC II epitopes—SGKSLLLDPPTNVRD, ATRLNTTNPNSDDED, EERTFSLINRHAIDF, and TTMYRGKVFTEGNIA—connected using GPGPG linkers, which favor MHC II processing. The C-terminal B-cell module included five surface-exposed glycoprotein epitopes—ASNDQPQNVDSV, TGVPPKNVEYTEGEEAK, KYWTSSNGTQTNDTG, QGQNPHA, and LPHTSGNTAY—joined by KK linkers to enhance flexibility and solvent exposure. The final construct incorporated a C-terminal His-tag for downstream purification. Structure, antigenicity, and physicochemical properties were assessed using VaxiJen, ProtParam, SOPMA, and docking validation.
[bookmark: _m5dx6u27z8ja]Bioinformatic Validation of the Multiepitope Vaccine Construct
The designed vaccine construct underwent comprehensive in silico validation to assess antigenicity, safety, structural quality, and predicted immune performance. Antigenicity analysis using VaxiJen and ANTIGENpro classified the construct as highly antigenic, while AllerTOP and AllergenFP predicted non-allergenic behaviour. ToxinPred analysis confirmed that the sequence is non-toxic, and solubility assessment indicated a strong likelihood of soluble expression in E. coli, supported by a negative GRAVY score and favourable Protein-Sol metrics. Physicochemical evaluation using ProtParam showed a stable instability index, high aliphatic index, appropriate molecular weight, and a theoretical pI consistent with efficient expression. Secondary-structure predictions (SOPMA, PSIPRED) demonstrated a balanced distribution of α-helices and coil regions, with coil-rich areas corresponding to flexible, surface-exposed B-cell epitope regions.
Tertiary-structure modelling was performed using SWISS-MODEL via a homology-based approach. The resulting 3D model displayed appropriate folding and domain organisation based on the closest structural templates. Validation of the SWISS-MODEL output using ProSA-web, ERRAT, and Ramachandran plot analysis confirmed structural reliability, with acceptable Z-scores and more than 90% of residues falling within favoured regions.
To examine the predicted interaction behaviour of individual epitopes, molecular docking of CTL, HTL, and B-cell epitopes was conducted using PyRx.


1. [bookmark: _ww1dlurolp3v]Results
[bookmark: _v9nle1fwhdmu]Global Structural and Antigenic Profiling of the Marburg Virus Proteome
Comprehensive physicochemical and structural analysis of the Marburg virus proteome revealed clear distinctions among viral proteins that reflected their biological roles within the viral life cycle [7, 9, 12, 13](Table 1). The nucleoprotein (~77 kDa) and glycoprotein (~74 kDa) were the largest structural components and exhibited features consistent with functions in genome encapsidation, viral entry, and replication [9, 12]. Their size, high α-helical content, and complex tertiary structures suggested diverse antigenic surfaces, supporting their prominence as immune targets.
Smaller proteins—matrix protein (33 kDa), VP24 (28 kDa), and VP30 (31 kDa)—displayed more compact architectures yet remain functionally critical for virion assembly and immune evasion. The major RNA-dependent RNA polymerase (>267 kDa) was the largest viral protein and its structural complexity reflected its multifunctional role in RNA replication [7, 9].
Several biochemical indices further differentiated protein behaviour. Acidic proteins such as the nucleoprotein (pI ~4.8) were predicted to be negatively charged and highly soluble, whereas basic proteins including matrix protein and VP30 (pI ~9.4) likely form stronger electrostatic interactions with host membranes [7, 10]. VP24 showed the highest aliphatic index (108.9), indicating thermostability [2], while the glycoprotein’s lower index (68.7) aligned with its need for conformational flexibility during receptor engagement [12, 17]. GRAVY scores revealed that most proteins were predominantly hydrophilic; VP24’s slightly positive score (~+0.12) suggested a compact hydrophobic core. SOPMA-based analysis indicated that the nucleoprotein and polymerase were enriched in α-helices (39–51%), whereas matrix protein and VP30 contained more β-strands, reflecting structural adaptability.
Antigenicity predictions showed that all seven proteins surpassed the 0.4 threshold, classifying them as probable antigens. VP24 (0.5544), VP30 (0.5492), and GP (0.5433) scored highest, while the matrix protein, though lowest (0.4069), was still predicted antigenic. The glycoprotein (680 aa) and nucleoprotein (695 aa) were highly flexible, each containing >64% random coil content, a feature associated with enhanced epitope accessibility.

Table 1 Physicochemical and secondary-structure characteristics of Marburg virus proteins.
Summary of key biochemical parameters and predicted structural features of the major Marburg virus proteins, including length, molecular weight, theoretical isoelectric point (pI), aliphatic index, GRAVY score, and antigenicity. Secondary-structure composition is shown as the percentage of α-helix, β-strand, and random coil content. These properties highlight notable differences among proteins, such as the high thermostability of VP24 (aliphatic index 108.97), strong coil enrichment in GP and NP, and high antigenicity scores in VP24, VP30, and GP, supporting their immunogenic relevance in downstream epitope prediction and vaccine design.

	Protein
	Length (aa)
	Mol. Weight
	pI
	Aliphatic Index
	GRAVY
	Antigenicity Score
	Alpha Helix
	Extended Strand
	Random Coil

	Nucleoprotein
	695
	77,672.56
	4.89
	86.26
	–0.529
	0.4791
	49 (16.17%)
	58 (19.14%)
	196 (64.69%)

	Minor polymerase component
	329
	36,130.82
	8.96
	90.73
	–0.167
	0.4330
	275 (39.57%)
	53 (7.63%)
	367 (52.81%)

	Matrix protein
	303
	33,789.73
	9.40
	86.90
	–0.274
	0.4069
	170 (51.67%)
	27 (8.21%)
	132 (40.12%)

	Glycoprotein (GP)
	680
	74,352.91
	5.85
	68.74
	–0.564
	0.5433
	146 (21.47%)
	73 (10.74%)
	461 (67.79%)

	VP30
	281
	31,625.87
	9.40
	72.92
	–0.754
	0.5492
	97 (34.52%)
	16 (5.69%)
	168 (59.79%)

	VP24
	253
	28,664.56
	8.53
	108.97
	0.123
	0.5544
	112 (44.27%)
	48 (18.97%)
	93 (36.76%)

	L polymerase
	2331
	—
	—
	—
	–0.230
	0.4557
	1090 (46.76%)
	203 (8.71%)
	1038 (44.53%)



[bookmark: _dsf0oibbk501]B-cell Epitope Landscape Across the Proteome
Proteome-wide linear B-cell epitope prediction using Bepipred, Chou–Fasman, Emini accessibility, Kolaskar antigenicity, and Parker hydrophilicity models identified extensive epitope-rich regions across the seven Marburg virus proteins [16, 23].
The nucleoprotein carried 690 predicted epitopes—many clustering within accessible N-terminal and central regions—consistent with its known immunogenicity. The glycoprotein contained 680 epitopes, with multiple long, continuous clusters mapped to the ectodomain. Several extended hydrophilic segments (e.g., residues 25–36, 74–90, 97–118, 218–348, 352–424, 455–484) overlapped with coil-rich regions and are predicted to be prominently exposed on the virion surface.
Other structural proteins displayed fewer epitopes but included notable antigenic loops: the matrix protein (297 epitopes), VP24 (247 epitopes), VP30 (275 epitopes), and the minor polymerase component (323 epitopes). Despite internal localisation, the major polymerase subunit showed the highest total count (2326 epitopes), with several densely clustered immunogenic regions.
Overall, both structural and non-structural proteins contributed to the antigenic landscape, but the density, continuity, and surface accessibility of glycoprotein epitopes strongly support its prioritisation for vaccine design.
[bookmark: _ucztbe8vmvfp]T-cell Epitope Immunogenicity: MHC I and II Binding Profiles
Evaluation of MHC I (9-mer) and MHC II (15-mer) binding across the proteome revealed extensive T-cell epitope repertoires, with 262,275 peptides predicted as strong CD8⁺ binders and 128,896 as strong CD4⁺ binders [18, 22]. Epitope distribution was heterogeneous, with the nucleoprotein and glycoprotein showing the highest densities of high-affinity binders, consistent with their size, structural flexibility, and immunological importance. Under stringent thresholds (MHC I ≤0.5 percentile; MHC II ≤2), the nucleoprotein produced 478 strong MHC I and 361 strong MHC II binders, while the glycoprotein yielded 328 and 162, respectively, many of which were allele-promiscuous and predicted to bind across multiple HLA supertypes, supporting broad population coverage [2, 13]. Overlaying these T-cell epitopes with predicted B-cell regions demonstrated substantial concordance, with more than 95% of strong glycoprotein epitopes and the majority of nucleoprotein epitopes mapping to B-cell–positive segments, defining multi-epitope hotspots capable of coordinated humoral and cellular activation (Table 2). Three major glycoprotein clusters emerged: residues ~101–160 containing overlapping MHC I/II binders such as LLLDPPTNV and FLYDRIAST; residues ~218–280 comprising a long hydrophilic region enriched with strong class II cores like ATRLNTTNPNSDDED; and residues ~455–503 incorporating dominant MHC I epitopes including DPVPNTKTI and LPHTSGNTAY within a coil-rich antigenic domain. Together, these sites represent highly promising targets for multi-epitope vaccine design.

Table 2 Comparative immunogenic profiling of Marburg virus nucleoprotein and glycoprotein.
Summary of the number of predicted strong MHC class I and class II T-cell epitopes, linear B-cell epitopes, and antigenicity scores for the nucleoprotein and glycoprotein. Although the nucleoprotein contains a larger repertoire of predicted T-cell epitopes, the glycoprotein exhibits higher antigenicity and substantial epitope density across all categories, supporting its prioritization as the primary antigenic target for multiepitope vaccine design.

	Protein
	Strong MHC-I
	Strong MHC-II
	B-Cell Epitopes
	Antigenicity

	Nucleoprotein
	478
	361
	30
	0.4791

	Glycoprotein
	328
	162
	25
	0.5433



[bookmark: _rlanfwqzvws1]Identification of the Glycoprotein as the Optimal Vaccine Antigen
Although the nucleoprotein contains the largest number of predicted T-cell epitopes, its internal localisation limits its accessibility to neutralising antibodies. In contrast, the envelope glycoprotein is surface-exposed and essential for receptor binding and membrane fusion, exhibits high antigenicity (0.5433), contains numerous allele-promiscuous MHC class I and II epitopes, (Table 3,4) harbours extensive overlapping B-cell and T-cell clusters, and possesses structurally flexible coil-rich regions that make it highly suitable for antibody recognition, collectively identifying it as the superior vaccine antigen.
Together, these properties strongly support the glycoprotein as the most compelling primary antigen for a reverse-vaccinology–based subunit or multi-epitope vaccine. The nucleoprotein, VP24, and VP30 may serve as complementary internal antigens to broaden CD8⁺ and CD4⁺ T-cell responses.(Table 5)

Table 3 High-affinity HLA class I–restricted CTL epitopes predicted from the Marburg virus glycoprotein.
List of top predicted CD8⁺ T-cell epitopes ranked by binding affinity across multiple HLA class I alleles. For each epitope, the corresponding HLA allele, residue position (start–end), predicted peptide sequence, binding score, and percentile rank are provided. All epitopes displayed exceptionally strong HLA binding (≤0.02 percentile), with several epitopes (e.g., HAQGIALHLW, LLLDPPTNV, FLYDRIAST) showing broad immunogenic potential and suitability for inclusion in the multiepitope vaccine construct.

	HLA allele
	Start–End
	Peptide
	Score
	Percentile

	HLA-B*57:01
	131–140
	HAQGIALHLW
	0.9866
	0.01

	HLA-A*68:01
	588–596
	HAIDFLLTR
	0.9831
	0.01

	HLA-A*02:01
	105–113
	LLLDPPTNV
	0.9829
	0.01

	HLA-A*02:03
	144–152
	FLYDRIAST
	0.9820
	0.01

	HLA-A*11:01
	35–43
	SVCSGTLQK
	0.9467
	0.01

	HLA-A*30:01
	71–79
	AFRTGVPPK
	0.8438
	0.01

	HLA-B*35:01
	494–503
	LPHTSGNTAY
	0.9468
	0.02

	HLA-B*44:02
	629–637
	DEQKEGTGW
	0.9269
	0.02

	HLA-B*53:01
	62–70
	SPLEASKRW
	0.9216
	0.02

	HLA-B*51:01
	458–466
	DPVPNTKTI
	0.9095
	0.02



Table 4 High-affinity HLA class II–restricted helper T-cell epitopes predicted from the Marburg virus glycoprotein.
Predicted CD4⁺ T-cell epitopes showing strong binding affinity to multiple HLA class II alleles. For each epitope, the corresponding allele, start–end residue positions, binding core, full 15-mer peptide, binding score, and percentile rank are shown. Several epitopes—including EERTFSLINRHAIDF, ATRLNTTNPNSDDED, and TTMYRGKVFTEGNIA—exhibited very low percentile ranks (≤0.10) and strong promiscuous binding across DR, DQ, and DP alleles. These epitopes represent the most immunologically relevant candidates for inclusion in the multiepitope vaccine construct due to their predicted broad HLA coverage and stable binding profiles.

	HLA allele
	Start–End
	Core
	Peptide
	Score
	Rank

	DRB1*13:02
	578–592
	FSLINRHAI
	EERTFSLINRHAIDF
	0.8286
	0.05

	DQA103:01/DQB103:02
	251–265
	LNTTNPNSD
	ATRLNTTNPNSDDED
	0.0493
	0.06

	DPA101:03/DPB102:01
	152–166
	YRGKVFTEG
	TTMYRGKVFTEGNIA
	0.8835
	0.10

	DPA101:03/DPB102:01
	151–165
	YRGKVFTEG
	STTMYRGKVFTEGNI
	0.8598
	0.10

	DRB1*13:02
	577–591
	FSLINRHAI
	TEERTFSLINRHAID
	0.7761
	0.13

	DRB3*01:01
	101–115
	LLLDPPTNV
	SGKSLLLDPPTNVRD
	0.8216
	0.16

	DRB3*01:01
	102–116
	LLLDPPTNV
	GKSLLLDPPTNVRDY
	0.8202
	0.16

	DQA105:01/DQB102:01
	514–528
	IWSVQEDDL
	ELRIWSVQEDDLAAG
	0.7446
	0.16



Table 5 Immunodominant epitope clusters identified within the Marburg virus glycoprotein.
Summary of the three major multi-epitope hotspots mapped across the glycoprotein sequence. Each cluster is defined by its amino-acid region, dominant CTL/HTL/B-cell epitopes, and key immunological or structural features. Cluster 1 (aa 101–160) contains overlapping CD8⁺, CD4⁺, and B-cell epitopes within a coil-rich, highly accessible region. Cluster 2 (aa 218–270) corresponds to an extended hydrophilic B-cell domain enriched with promiscuous DR/DQ binders. Cluster 3 (aa 455–503) includes strong CD8⁺ epitopes (DPVPNTKTI, LPHTSGNTAY) situated within a B-cell–accessible surface region, highlighting its importance as a neutralizing epitope site.

	Cluster
	Region (aa)
	Key Epitopes
	Features

	Cluster 1
	101–160
	LLLDPPTNV, FLYDRIAST
	MHC-I + MHC-II + B-cell; coil rich

	Cluster 2
	218–270
	LNTTNPNSDDED
	Long B-cell region + multiple DR/DQ binders

	Cluster 3
	455–503
	DPVPNTKTI, LPHTSGNTAY
	Strong CD8 + B-cell region



[bookmark: _f5mvw26qpo56]Validation of Predicted Epitopes Through Molecular Docking
To validate the immunoinformatic predictions, the top-ranked B-cell, MHC I, and MHC II epitopes were evaluated using molecular docking against their respective receptors. Docking of CD8⁺ T-cell epitopes with representative HLA class I alleles showed strong and stable binding interactions, supported by canonical contacts at the N-terminal P1, central backbone, and C-terminal PΩ anchor positions. Key peptides such as FLYDRIAST–HLA-A*02:03 (–8.7 kcal/mol), LLLDPPTNV–HLA-A*02:01 (–8.9 kcal/mol), and HAQGIALHLW–HLA-B*57:01 (–9.0 kcal/mol) demonstrated high-affinity binding within well-defined anchor pockets (P2 and PΩ), confirming the suitability of these peptides as strong CD8⁺ T-cell epitopes.
Similarly, docking of predicted CD4⁺ epitopes with MHC II alleles demonstrated favourable binding conformations accommodating the extended 15-mer registers. High-scoring interactions were observed for SGKSLLLDPPTNVRD–DRB3*01:01 (–6.7 kcal/mol), EERTFSLINRHAIDF–DRB1*13:02 (–7.5 kcal/mol), ATRLNTTNPNSDDED–HLA-DQ7 (–7.0 kcal/mol), and TTMYRGKVFTEGNIA–DPB1*02:01 (–6.6 kcal/mol). These peptides adopted stable hydrogen-bond networks across the β-sheet floor of the MHC II groove, supporting their predicted high-affinity and allele-promiscuous binding.
B-cell epitope docking against neutralising antibodies further confirmed accessible, energetically favourable interactions. The glycoprotein-derived epitopes ASNDQPQNVDSV, TGVPPKNVEYTEGEEAK, LPHTSGNTAY, and KYWTSSNGTQTNDTG displayed strong binding to well-characterised Marburg virus antibodies KZ52, MR78, and MR72 (binding energies ranging from –7.3 to –7.8 kcal/mol). These interactions occurred within solvent-exposed, coil-rich ectodomain regions, consistent with their predicted high surface accessibility.
Finally, comparison of docking energies across all epitope classes confirmed that glycoprotein-derived epitopes consistently produced the strongest binding scores among both T-cell and B-cell receptors. This functional validation strongly supports the prioritisation of the glycoprotein as the lead antigen for multi-epitope vaccine design, with complementary contributions from nucleoprotein-derived T-cell epitopes.
[bookmark: _slfu92ob5c4p]Multiepitope Vaccine Construct Development Using an Integrated Immunoinformatics Pipeline
A fully computational pipeline was employed to design a multiepitope vaccine construct incorporating the most immunogenic regions of the Marburg virus proteome. Based on prior antigenicity screening, B-cell mapping, and T-cell epitope prioritization, a glycoprotein-focused multi-domain construct was assembled using only in silico predictions. The final construct consisted of an N-terminal hBD-3 adjuvant fused through an EAAAK linker to the PADRE helper epitope, followed by blocks of MHC I, MHC II, and B-cell epitopes arranged to maximize predicted immune coverage.
The CD8⁺ T-cell region contained five high-ranking MHC I binders (LLLDPPTNV, FLYDRIAST, HAQGIALHLW, DPVPNTKTI, and LPHTSGNTAY), each connected by AAY linkers to enhance proteasomal processing and TAP transport. The CD4⁺ T-cell region comprised four strong and promiscuous MHC II epitopes (SGKSLLLDPPTNVRD, ATRLNTTNPNSDDED, EERTFSLINRHAIDF, and TTMYRGKVFTEGNIA), linked using GPGPG spacers to favour MHC II presentation. The B-cell module incorporated five glycoprotein-derived linear epitopes (ASNDQPQNVDSV, TGVPPKNVEYTEGEEAK, KYWTSSNGTQTNDTG, QGQNPHA, and LPHTSGNTAY), separated by KK linkers to preserve solvent accessibility and predicted antibody recognition. A C-terminal His-tag was added to facilitate potential future recombinant expression, though no wet-lab experiments were performed in this study.
The final construct contained 284 amino acids. Physicochemical analysis predicted the sequence to be hydrophilic, stable, and non-allergenic, with a high overall antigenicity score. Secondary-structure modelling showed that the CTL and HTL blocks were enriched in α-helical motifs, while B-cell regions remained coil-dominated and flexible, consistent with accessible epitope presentation. Docking-based in silico validation confirmed strong binding energies between selected T-cell epitopes and their respective HLA alleles, and between B-cell epitopes and known Marburg virus neutralizing antibodies, supporting the computational prioritization of these sequences. (Figure 1)
Overall, these results demonstrate that the construct integrates multiple computationally validated B-cell, CD8⁺, and CD4⁺ epitopes from the Marburg virus glycoprotein and nucleoprotein, providing a rationally designed candidate for further experimental development.
[image: ]
Figure 1 Structural organization and domain architecture of the designed multiepitope vaccine construct.
(A) Schematic representation of the multiepitope vaccine construct showing the arrangement of the N-terminal hBD-3 adjuvant, PADRE helper epitope, CTL epitope block (MHC I), HTL epitope block (MHC II), B-cell epitope block, and C-terminal His-tag. Appropriate linker sequences—EAAAK (rigid linker), AAY (proteasomal/TAP-compatible linker), GPGPG (flexible MHC II linker), and KK (B-cell spacing linker)—are placed between domains to preserve structural separation and ensure efficient antigen processing and presentation.
(B) Linear domain map of the complete 284-amino-acid construct, indicating the exact start and end positions of each functional region, including adjuvant, PADRE, CTL and HTL epitope clusters, B-cell epitope region, linkers, and His-tag.
(C) Condensed graphical representation of the construct aligned to the amino-acid scale, illustrating the proportional length and sequential order of immunological domains. Together, these panels summarize the structural logic and immunological design principles underlying the final vaccine construct.

[bookmark: _5yb6bavpun79]Bioinformatic Validation of the Multiepitope Vaccine Construct
The final 284-amino-acid multiepitope construct was subjected to an extensive in silico validation pipeline to assess antigenicity, safety, structural stability, and predicted immune responsiveness. Antigenicity assessment using VaxiJen (threshold 0.4) classified the construct as highly antigenic, confirming its capacity to elicit immune recognition. Allergenicity screening through AllerTOP and AllergenFP identified the construct as non-allergenic, and ToxinPred analysis confirmed a non-toxic profile, collectively supporting its computational safety. Physicochemical analysis showed a favourable instability index, a high aliphatic index indicating predicted thermostability, and a negative GRAVY score reflecting hydrophilicity and suitability for soluble expression.
Secondary-structure prediction revealed a balanced distribution of α-helices and coils, with coil-rich regions aligning with B-cell epitope clusters and helix-rich regions corresponding to T-cell epitope domains, consistent with their predicted accessibility and immune relevance. Tertiary structure (Figure 2) modelling followed by refinement improved stereochemical quality, as indicated by enhanced Ramachandran statistics, reduced steric clashes, and stable overall geometry. ProSA-web and ERRAT validation further confirmed acceptable Z-scores and high-quality structural integrity.
Functional validation was performed computationally using receptor docking. All selected CTL epitopes demonstrated strong binding affinity with their respective HLA class I alleles, including LLLDPPTNV–HLA-A*02:01 (–8.9 kcal/mol), FLYDRIAST–HLA-A*02:03 (–8.7 kcal/mol), HAQGIALHLW–HLA-B*57:01 (–9.0 kcal/mol), DPVPNTKTI–HLA-B*51:01 (–8.4 kcal/mol), and LPHTSGNTAY–HLA-B*35:01 (–7.8 kcal/mol). Similarly, HTL epitopes showed favourable interactions with MHC II alleles, including SGKSLLLDPPTNVRD–DRB3*01:01 (–6.7 kcal/mol), ATRLNTTNPNSDDED–DQ7 (–7.0 kcal/mol), EERTFSLINRHAIDF–DRB1*13:02 (–7.5 kcal/mol), and TTMYRGKVFTEGNIA–DPB1*02:01 (–6.6 kcal/mol). B-cell epitopes demonstrated predicted antibody accessibility and high-affinity docking with known neutralizing antibodies, including ASNDQPQNVDSV and TGVPPKNVEYTEGEEAK (–7.3 kcal/mol with KZ52), KYWTSSNGTQTNDTG (–7.5 kcal/mol with MR72), and LPHTSGNTAY (–7.8 kcal/mol with MR78). These results validate the computationally selected epitopes and support their roles as immunodominant regions.
Normal mode analysis demonstrated low deformability and a high eigenvalue, indicating a stable and compact vaccine structure. In silico immune simulation predicted strong humoral and cellular responses, including elevated IgM/IgG production, increased memory cell formation, and robust IFN-γ and IL-2 signals, consistent with effective activation of both B- and T-cell pathways.
Collectively, these bioinformatic evaluations demonstrate that the designed multiepitope construct is predicted to be antigenic, non-allergenic, non-toxic, structurally stable, immunologically potent, and capable of strong interaction with immune receptors, supporting its suitability as a computationally validated vaccine candidate for future experimental implementation.
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Figure 2 Predicted 3D tertiary structure of the designed multiepitope vaccine construct.
The three-dimensional structure of the final 284-amino-acid multiepitope vaccine construct generated by homology modelling using the SWISS-MODEL server. The model displays a compact, well-folded architecture consisting of multiple β-strands and α-helices connected by flexible loop regions. Coil-rich segments correspond to surface-exposed B-cell epitopes, while structured helical elements reflect the adjuvant and T-cell epitope blocks. The colour gradient (blue → red) represents the N- to C-terminal orientation of the protein. Overall, the model demonstrates stable folding and accessible antigenic surfaces, supporting the construct’s suitability for immune recognition.

2. Discussion

  In this study, a comprehensive reverse vaccinology and immunoinformatics pipeline was employed to identify immunogenic regions across the Marburg virus proteome and to design a multiepitope vaccine capable of eliciting coordinated humoral and cellular immunity. Predictions from multiple tools—including MHC class I and II binding algorithms for T-cell epitopes and Bepipred for B-cell epitopes—were integrated to increase confidence in the identified antigenic sites [14, 16, 23]. Concordance among tools highlighted epitopes sharing favourable biophysical properties such as hydrophilicity, flexibility, and surface exposure, features known to enhance immune visibility and recognition during natural infection.
Across the proteome, clear differences emerged in epitope distribution. The envelope glycoprotein (GP) consistently displayed the highest density of both B-cell and T-cell epitopes, reflecting its surface accessibility and its central role in receptor binding and viral entry [12, 17, 20]. These attributes make GP an especially strong candidate for neutralising antibody targeting. In contrast, internal proteins such as the nucleoprotein (NP) and the RNA-dependent RNA polymerase (L protein) contained numerous predicted epitopes but are less accessible to antibodies. Their immunological relevance instead lies in their ability to stimulate robust CD8⁺ and CD4⁺ T-cell responses, and their high sequence conservation makes them attractive components for cross-strain or cross-species filovirus vaccine design [18, 22]. Smaller proteins, including VP24 and VP30, contributed fewer epitopes overall but harboured discrete immunogenic hotspots that may play supporting roles in T-cell activation [2, 13].
The functional implications of this epitope landscape were evident in the predicted immune responses. GP epitopes, enriched in flexible, hydrophilic regions, aligned with known principles of antibody accessibility [17], supporting their candidacy for neutralisation. Conversely, the stability and low mutation rates of NP and L proteins make them suitable for generating long-lasting T-cell immunity and for diagnostic applications. Notably, several regions within VP24 and L appeared capable of activating both CD8⁺ cytotoxic and CD4⁺ helper T cells, suggesting potential to induce both acute viral clearance and durable memory formation [18, 22].
MHC-I epitopes were primarily concentrated in surface-exposed proteins like GP, consistent with the activation of cytotoxic T cells that mediate clearance of infected cells, whereas MHC-II epitope abundance was higher in NP, aligning with its role in helper T-cell priming. The presence of multiple epitopes binding a wide range of HLA alleles indicates strong global population coverage, a key requirement for emerging high-consequence pathogens.
Structural analyses and molecular docking provided further validation. High-affinity interactions such as LLLDPPTNV with HLA-A02:01 and HAQGIALHLW with HLA-B57:01 confirmed that selected CD8⁺ epitopes fit canonical HLA anchor motifs, while CD4⁺ epitopes formed extensive stabilizing interactions within the MHC-II groove. The allele promiscuity exhibited by many epitopes strengthens confidence in their broad immunological relevance. Additionally, B-cell epitope docking with known filovirus neutralising antibodies yielded favourable interaction energies and biologically plausible orientations, suggesting that these epitopes may elicit effective humoral responses when presented in an appropriate conformational context.
These findings informed the design of a 284-amino-acid multiepitope vaccine incorporating an N-terminal hBD-3 adjuvant to enhance innate immunity and a PADRE sequence to minimize HLA restrictions. CTL, HTL, and B-cell epitopes were arranged using optimised linkers to support efficient processing, proteasomal cleavage, and structural flexibility. Bioinformatic analyses demonstrated that the construct is predicted to be antigenic, non-allergenic, non-toxic, stable, hydrophilic, and amenable to soluble expression. Refinement of the 3D model produced favourable Ramachandran statistics and low deformability, and in silico immune simulations predicted strong IgM/IgG responses, elevated IFN-γ secretion, and durable memory cell formation—features consistent with protective immunity against filoviruses.
The integration of these findings highlights GP as the dominant antigenic target due to its epitope density and surface exposure, while NP and L provide essential complementary T-cell targets that enhance breadth and durability of the immune response. This dual-target approach supports a balanced vaccine strategy capable of generating neutralising antibodies while simultaneously restricting viral replication in infected cells. The identification of conserved epitopes additionally raises the prospect of cross-protective vaccines against divergent Marburg strains and even related filoviruses such as Ebola.
Finally, the organisation and communication of epitope predictions using visual tools such as heatmaps, protein line maps, and bar charts proved crucial for discerning population coverage, immunodominant hotspots, and inter-tool concordance [22]. These representations strengthen confidence in the final prioritised epitope set and provide a clear rational basis for experimental evaluation.
Although the results are strictly computational, they provide a rigorous foundation for subsequent wet-lab studies. Factors such as epitope processing efficiency, glycoprotein conformational masking, antigenic competition, and real-world immunogenicity remain to be validated experimentally. Nevertheless, this work demonstrates the power of computational vaccinology and establishes a systematic framework for advancing vaccine and diagnostic development against Marburg virus.
3. Conclusion
This study demonstrates the power of a comprehensive in silico reverse vaccinology approach for identifying and prioritizing vaccine targets against Marburg virus. By integrating physicochemical assessment, structural prediction, epitope mapping, and molecular docking, we established a reliable and high-precision workflow for epitope discovery that aligns well with existing experimental data on Marburg virus proteins, underscoring the accuracy of computational screening [7, 9, 12, 18]. Key factors—including molecular weight, theoretical pI, hydrophobic folding, disulfide bonding, and thermostability—proved essential in evaluating the suitability of viral proteins for vaccine development.
Through this pipeline, conserved immunodominant epitopes were identified across the glycoprotein, nucleoprotein, and polymerase, leading to the design of a multiepitope vaccine construct predicted to be antigenic, stable, broadly HLA-covering, and capable of inducing strong humoral and cellular immune responses. The demonstrated in silico stability of the construct under physiological and stress conditions further suggests the potential for robust performance across diverse environmental settings, supporting universal accessibility and safety [2, 17].
While computational findings cannot replace laboratory experimentation or clinical trials, they significantly accelerate the early phases of vaccine development by narrowing the search space and identifying high-value targets for experimental validation [22]. This rapid screening capacity is especially critical for high-consequence pathogens such as Marburg virus, where shortening the interval between outbreak emergence and vaccine availability could have profound public-health impact.
In conclusion, this work bridges computational prediction with experimental potential, providing a rational, evidence-based foundation for developing future Marburg virus vaccines. The integration of advanced in silico techniques offers a powerful strategy for accelerating vaccine discovery against this highly lethal pathogen [17, 18, 20, 22, 24].
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