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ABSTRACT: Marburg virus disease (MVD) caused by the Marburg virus
(MARV) generally appears with flu-like symptoms and leads to severe
hemorrhagic fever. It spreads via direct contact with infected individuals or
animals. Despite being considered to be less threatening in terms of appearances
and the number of infected patients, the high fatality rate of this pathogenic virus
is a major concern. Until now, no vaccine has been developed to combat this
deadly virus. Therefore, vaccination for this virus is necessary to reduce its
mortality. Our current investigation focuses on the design and formulation of a
multi-epitope vaccine based on the structural proteins of MARV employing
immunoinformatics approaches. The screening of potential T-cell and B-cell
epitopes from the seven structural proteins of MARV was carried out through
specific selection parameters. Afterward, we compiled the shortlisted epitopes by
attaching them to an appropriate adjuvant and linkers. Population coverage
analysis, conservancy analysis, and MHC cluster analysis of the shortlisted
epitopes were satisfactory. Importantly, physicochemical characteristics, human homology assessment, and structure validation of the
vaccine construct delineated convenient outcomes. We implemented disulfide bond engineering to stabilize the tertiary or
quaternary interactions. Furthermore, stability and physical movements of the vaccine protein were explored using normal-mode
analysis. The immune simulation study of the vaccine complexes also exhibited significant results. Additionally, the protein−protein
docking and molecular dynamics simulation of the final construct exhibited a higher affinity toward toll-like receptor-4 (TLR4).
From simulation trajectories, multiple descriptors, namely, root mean square deviations (rmsd), radius of gyration (Rg), root mean
square fluctuations (RMSF), solvent-accessible surface area (SASA), and hydrogen bonds, have been taken into account to
demonstrate the inflexible and rigid nature of receptor molecules and the constructed vaccine. Inclusively, our findings suggested the
vaccine constructs’ ability to regulate promising immune responses against MARV pathogenesis.

1. INTRODUCTION

The Marburg virus (MARV), a single-stranded RNA virus
responsible for causing Marburg virus disease (MVD) in
humans, was first identified after simultaneous outbreaks in
Marburg and Frankfurt of Germany in 1967. In 1987−88, this
virus had serious repercussions in the Soviet Union, Koltsovo,
and Kenya, leading to 100% mortality. In the year 2004 in
Angola, almost 400 people had been infected with MARV,
raising the mortality rate to almost 90%. It triggered outbreaks
in the USA, Netherlands, and also Uganda in 2008. Notably,
Uganda experienced multiple MARV outbreaks in 2012, 2014,
and 2017. Recently, Guinea recorded the first-ever case of
MARV on August 9, 2021. The Marburg virus is a negative-
sensed, unsegmented enveloped RNA virus that has a
filamentous structure and snail-like number 6 or spiral shape
and occasionally can be branched.1−4 Being a member of the
Filovirus family under the order of Mononegavirales, the

Marburg virus (MARV); similar to the Ebola virus (EBOV), is
responsible for causing severe MVD, which can be fatal.5

Although this virus has different strains, the Lake Victoria
Marburg virus strain was reported as responsible for causing
severe Marburg hemorrhagic fever (MHF) or MVD.1

Transmission of MARV takes place through mucosal
surfaces, skin abrasions, and also parenteral encounters.
Different types of bat species have been suggested as reservoir
hosts. There is notable confirmation about Rousettus
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aegyptiacus, the Egyptian fruit bat, as a reservoir for MARV.6 In
the course of an outbreak, the most common source of MARV
infection comes into contact with infected individuals or
animals, especially under nosocomial conditions where
parenteral introduction is the most noxious route of infection.7

MVD generally appears with flu-like symptoms, where the
symptoms include headache, fever, chills, joint pain, malaise,
and myalgia in 2−21 days after the infection occurs initially.
Abdominal pain, watery diarrhea, vomiting, lethargy, and
nausea can be observed in the patient within 2−5 days of the
first symptoms, and the severity of the infection gets enhanced
on days 5−7. Sustained fever, conjunctivitis, maculopapular
rash, and finally the symptoms of hemorrhagic fever such as
petechiae, mucosal bleeding, and blood in the vomitus, stool,
and venipuncture sites are experienced by the patients.6

Seven structural proteins are encoded by MARV genomes,
that is, nucleoprotein (NP), envelope glycoprotein (GP),
RNA-directed RNA polymerase L (L), matrix protein VP40
(VP40), polymerase cofactor VP35 (VP35), minor nucleopro-
tein VP30 (VP30), and membrane-associated protein VP24
(VP24). The NP, VP35, VP30, and L are four proteins that
associate to form a nucleocapsid complex, which encircles the
viral genome.8 Glycoprotein (GP), a single surface protein of
MARV, is responsible for facilitating viral entry and assisting in
the attachment of the virus to target cells.9 The entry of the
MARV and its insertion of replication machinery were found
to be associated with intravesicular glycoprotein cleavage by
host proteases. Thus, the viral core is released into the cell
cytoplasm and then replicates.10 Nucleoprotein (NP), the
principal nucleocapsid protein of MARV, is accountable for the
encapsidation of the genomic RNA of the virus. NP helps to
generate helical nucleocapsid precursors that assemble in
intracellular inclusions in infected cells and determines the
transcription and replication activity.11 The MARV VP40
protein not only regulates viral replication and transcription
but also stimulates virus egress.12 MARV VP35 is necessary for
nucleocapsid generation, which has some vital roles in different
stages of the viral replication cycle including production of
type I interferon (IFN), maturation of dendritic cells, and
activation of protein kinase R (PKR).13−16 MARV VP30 is
closely associated with the nucleocapsid by uniting with the
NP.17 This protein is not a requisite in replication or
transcription activity.11,18 Interestingly, a MARV full-length
clone can only be rescued in the presence of VP30, which
suggests its role in viral amplification.19 MARV VP24 generally
has roles in the formation of nucleocapsids and assembly.20

The VP24 protein is also involved in the step between
replication and budding.21 The large protein (L) is a
multifunctional protein that is necessary for replication and
transcription. It pairs with VP35 to form an RNA-dependent
RNA polymerase complex. This protein is thought to perform
capping, polyadenylation of viral RNAs, and synthesis of
RNA.22 Therefore, it can be concluded that the structural
proteins of MARV are significantly involved in the viral
pathogenesis and life cycle of the virus.
Introduction of the peptide allows B-cells to be stimulated

by helper T cells and become plasma cells to produce
antibodies. In addition to the neutralization of antibodies, the
body also counts on helper CD4+ T cells and CD8+ T cytotoxic
cells to completely clear the virus from the body. When a
mutant virus causes infection to the host cells by ruling out
antibodies, the body relies on immunity-mediated T-cells to
fight the virus. Also, T-cell immunity is highly dependent on

MHC−peptide complexes, which is reminiscent of antigen−
antibody binding. MHC proteins are encoded by the human
leukocyte antigen (HLA). Each of the HLA alleles represents
only a specific set of peptides on the surface of an infected cell
and is recognized by T-cell epitopes.23 Previously, several
approaches for designing a vaccine against MARV had been
followed. This included vaccines based on viral vectors such as
the vesicular stomatitis virus, adenovirus-vectored vaccines,
DNA plasmid vaccine, and virus-like particles composed of
several MARV proteins. Despite these trials, there is no
approved vaccine against MARV in the market.24−27

Identification, deep investigation, and setting up an
immunological correlation with MARV are some requisites
for the traditional method of commanding vaccine develop-
ment. The development of a vaccine by an experiment-based
method is very difficult, costly, and tedious. It takes quite a
number of years with a reasonable rate of failure to make a
vaccine commercially successful. This may also exhibit
contradiction with the normal complement system function
of the human body. Epitope-based peptide vaccine designing
and development by employing different visionary tools have
become areas of interest for researchers. In silico epitope-based
peptide vaccine could become a decent candidate against
MARV, as these vaccines lack the aforementioned limitations
and possess increased immunogenicity and safety. The
selection of antigen molecules mainly determines the efficacy
of the vaccines.28,29 The multi-epitope vaccines have been
designed for the generation of diverse immune responses for
incorporation of the antigens and also to reduce the limitation
associated with MHC restriction into one single unit.30 Peptide
vaccines based on epitopes have been delineated to be effective
against hepatitis B, hepatitis C, influenza A, Leishmania, and
Mayaro viruses by elucidating protective immunity.31−35 In
this research, we investigated the MARV structural proteins to
scrutinize prospective antigenic and immunogenic epitopes
that prompts not only humoral (B-cell) immune response but
also cell-mediated (T-cell) immune response. We have taken
potential epitopes from the selected structural proteins into
account and construct a multi-epitope vaccine with the
addition of an appropriate adjuvant and linkers. We expect
the present study to facilitate MARV vaccine development, and
experimental work will be performed further to validate our
current findings.

2. RESULTS
2.1. Retrieval and Analysis of Protein Sequences. The

entire viral proteome of MARV consists of seven structural
proteins, namely, nucleoprotein (NP), envelope glycoprotein
(GP), RNA-directed RNA polymerase L (L), matrix protein
VP40 (VP40), polymerase cofactor VP35 (VP35), minor
nucleoprotein VP30 (VP30), and membrane-associated
protein VP24 (VP24). We used the VaxiJen v2.0 online server
to assess the retrieved structural protein sequences. The
number of TM helices was predicted using the TMHMM v2.0
server. The antigenicity of the protein sequences ranges from
0.4107 to 0.5636, indicating the sequences as antigenic. The
proteins were also predicted as non-allergenic using the
AllergenFP v1.0 server. The number of transmembrane helices
was also suitable, as it ranges from 0 to 1. Therefore, we
selected all seven proteins for multi-epitope vaccine con-
struction. The selected protein sequences along with their
UniProt entry number, antigenicity, allergenicity, and TM
helices are displayed in Table 1.
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2.2. Prediction and Evaluation of Potential CTL
Epitopes. A total of 115 potential CTL epitopes from the
selected proteins were determined as antigenic, non-allergenic,
non-toxic, and also immunogenic under the specified selection
range (Table S1). NetCTL 1.2 was utilized to determine the
combinatorial score of the selected epitopes. After appropriate
screening, we shortlisted two promising CTL epitopes from
each of the NP and L proteins and one from each of the GP,
VP40, VP35, VP30, and VP24 proteins for multi-epitope
vaccine construction. The shortlisted CTL epitopes for vaccine
construction are incorporated in Table 2.
2.3. Prediction and Evaluation of Potential HTL

Epitopes. A total of 442 potential HTL epitopes from the
selected proteins were determined as antigenic, non-allergenic,
and non-toxic under the specified selection range (Table S2).
After evaluating the cytokine-inducing ability of the selected
HTL epitopes, we shortlisted two promising epitopes from the
L protein and one from each of the GP, NP, VP40, VP35, and
VP24 proteins for multi-epitope vaccine construction. The
shortlisted HTL epitopes for vaccine construction are
incorporated in Table 3.
2.4. Prediction and Evaluation of Potential LBL

Epitopes. A total of 151 potential LBL epitopes from the
selected proteins were determined as non-allergenic, antigenic,
and non-toxic (Table S3). Two promising LBL epitopes from
each of the NP and L proteins and one from each of the GP,
VP40, VP35, VP30, and VP24 proteins were selected for multi-
epitope vaccine construction based on the non-allergen nature,
highest antigenicity, toxicity profile, and probability scores.
The shortlisted LBL epitopes for vaccine construction are
compiled in Table 4.
2.5. Epitope Conservancy and Human Homology

Determination. Each shortlisted epitope from both MHC
classes displayed 100% maximum identity for conservancy.
Furthermore, selected LBL, CTL, and HTL epitopes were
non-homologous to the human proteome, confirming the
epitopes as antigens or foreign particles within the human
body. Human homology and conservancy analysis of the
selected epitopes are incorporated in Tables 2 and 3.
2.6. Molecular Docking Studies of the Alleles and CTL

Epitopes. Molecular docking simulation was employed to
investigate the binding efficacy of the targeted CTL epitopes
with their respective HLA alleles. We have selected the HLA-
B*35:01 (PDB ID: 1A1N) allele for RTTAPAAAF,
WTIGNRAPY, and NPHAQGIAL epitopes. HLA-A*01:01
(PDB ID: 6AT9) was selected for ISPNLLGIY,
FTYNLTNLV, and GSNDTELNY epitopes. HLA-B*14:02
(PDB ID: 3BXN) was selected for both epitopes of the
nucleoprotein, that is, FDERRHVAM and RPMNRPTAL.
Furthermore, the HLA-A*03:01 (PDB ID: 6O9B) allele was
selected for the SLTCAGIRK epitope of the VP30 protein.

Afterward, we validated the docking studies by considering co-
crystallized ligand epitopes as the positive control. Molecular
docking results concluded that the positive controls and the
shortlisted CTL epitopes interacted with the HLA alleles. All
the positive controls of the respective alleles possessed more
binding affinities than the targeted CTL epitopes except the
control of HLA-B*35:01, where RTTAPAAAF (−10 kcal/
mol) and WTIGNRAPY (−9.4 kcal/mol) epitopes produced
more docking scores than the positive control (−9.3 kcal/mol)
of the HLA-B*35:01 allele. Although they generated greater
docking scores than the positive control, the number of
hydrogen bond interactions was less than that for the positive
control of HLA-B*35:01. The targeted alleles and the positive
controls formed almost similar interactions in comparison with
the interactions formed between the CTL epitopes and the
targeted receptors. GSNDTELNY formed nine hydrogen
bonds with the HLA-A*01:01 allelethe highest amongst all
the epitopes, with the control of HLA-A*01:01 allele
displaying 11 hydrogen bonds. Although FDERRHVAM
(−8.6 kcal/mol) and RPMNRPTAL (−7.8 kcal/mol) epitopes
of NP represented a low docking score than the positive
control of HLA-B*14:02 (−10.0 kcal/mol), the number of
hydrogen bonds formed by these epitopes was greater than
that for the control. Furthermore, all the selected CTL
epitopes and the positive controls displayed a good number of
hydrophobic bond interactions with the receptors (Table 5
and Figures 2−5).

2.7. Population Coverage Analysis. The population
coverage analysis of the MHCI and MHCII epitopes displayed
95.75 and 51.08% coverage for the global population,
respectively. As a vaccine protein includes both classes of
MHC epitopes, we emphasized their combined population
coverage. The combined coverage involved 97.92% of the
world’s population. Europe had the highest population
coverage for combined MHC class-I and class-II epitopes
(99.23%) followed by North America (98.19%), East Asia
(96.27%), West Africa (95.89%), West Indies (95.56%),
Northeast Asia (95.33%), North Africa (95.05%), South Africa
(94.56%), South Asia (94.38%), Southeast Asia (93.71%), East
Africa (92.98%), Southwest Asia (92.20%), Central Africa
(91.09%), Oceania (89.52%), South America (86.22%), and
Central America (40.73%). The comparative population
coverages among MHC class-I epitopes, MHC class-II
epitopes, and combined MHC epitopes are displayed in
Figure 6, Table S4, and Figures S1−S3.

2.8. MHC Cluster Analysis. The MHCI alleles and
MHCII alleles that interacted with the epitopes from the
selected structural proteins were clustered using the
MHCcluster v2.0 server. A total of 25 alleles from each
MHC class were included in the analysis. Figure 7A,C displays
the cluster analysis for the MHCI and MHCII alleles,

Table 1. List of the Selected Structural Protein Sequences and Their Selection Parameters

UniProt
entry entry name protein name abbreviation antigenicity allergenecity

no. of TM
helices

P35253 VGP_MABVM envelope glycoprotein GP 0.5481 (probable antigen) probable non-allergen 0
P31352 L_MABVM RNA-directed RNA polymerase L L 0.4518 (probable antigen) probable non-allergen 1
P35260 VP40_MABVM matrix protein VP40 VP40 0.4107 (probable antigen) probable non-allergen 0
P27588 NCAP_MABVM nucleoprotein NP 0.4761 (probable antigen) probable non-allergen 0
P35259 VP35_MABVM polymerase cofactor VP35 VP35 0.4360 (probable antigen) probable non-allergen 0
P35256 VP24_MABVM membrane-associated protein VP24 VP24 0.5423 (probable antigen) probable non-allergen 0
P35258 VP30_MABVM transcriptional activator VP30 VP30 0.5636 (probable antigen) probable non-allergen 0
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respectively. In addition, Figure 7B,D demonstrates an
advanced tree map of MHCI and MHCII cluster analysis.
The red regions in the heatmap demonstrated stronger
interactions between the clustering HLA alleles, whereas the
red regions in the heatmap indicated weaker interactions
between the clustering HLA alleles.

2.9. Formulation of the Vaccine Construct. The
vaccine construct was formulated by assembling the most
promising LBL, CTL, and HTL epitopes with the assistance of
KK, AAY, and GPGPG linkers, respectively. The adjuvant 50S
ribosomal protein L7/L12 (NCBI ID: P9WHE3) was linked to
the front of the vaccine with the EAAAK linker. In the present
experiment of multi-epitope vaccine construction, a total of
nine CTL epitopes, seven HTL epitopes, and nine LBL
epitopes were chosen from the selected MARV structural
protein sequences. After proper combination and random-
ization, we formulated a vaccine construct comprising 542
amino acid residues. The final vaccine construct is
MAKLSTDELLDAFKEMTLLELSDFVKKFEETFEVTAAAP-
VAVAAAGAAPAGAAVEAAEEQSEFDVILEAAGDKKIG-
VIKVVREIVSGLGLKEAKDLVDGAPKPLLEKVAKEAA-
DEAKAKLEAAGATVTVKEAAAKGSNDTELNYAAYW-
TIGNRAPYAAYFDERRHVAMAAYRPMNRPTALAAYF-
TYNLTNLVAAYISPNLLGIYAAYSLTCAGIRKAAYRTTA-
PAAAFAAYNPHAQG IALGPGPGLGFPLGFN I -
DISCFKGPGPGSPLLDLRNHFICSLRGPGPGSQR-
G R I G L F L S F C S L G P G P G H P A V S I H P N L P -
PIVLGPGPGHVVNDHGKPSSIEIKGPGPGEITPVLKMGR-
TLEAIGPGPGWGAFFLYDRIASTTMKKPPLPTAR-
PEIKLTSTPKKASARSQCEDFSPKENPKKDELHDLNLKL-
QISDNKKKLELGTKPTAPHVRNKKKKDWPDMSF-
DERRHVAMNKKFSVKEGMMKKRGENSPKKAFLGVVPP-
VIRVKNFQKKPSVGGWTVKWGNFVFHKKSKPHYTNYH-
PRARSMS (Figure 8).

2.10. Antigenicity, Allergenicity, and Physicochem-
ical Profile Evaluation. The evaluation of physicochemical
characteristics of the formulated construct was performed. The
chemical formula of the vaccine was found to be
C2632H4161N721O743S16. The molecular weight was 58306.34
Da, indicating an average weight of the vaccine construct. The
theoretical PI property indicated the alkaline nature of the
vaccine, as it was 9.56. Additionally, the aliphatic index value
was 76.47, and the value of the instability index was found as
33.08. The nature of the construct was hydrophilic given the
value (−0.303) of the grand average of hydropathicity
(GRAVY). We further utilized multiple servers to assess the
allergenicity and antigenicity of the constructed vaccine. In
Vaxijen2.0 and ANTIGENPro servers, the antigenicity score
was found to be 0.7130 and 0.762192, respectively.
Importantly, in all the servers, the vaccine was determined as
antigenic and non-allergenic. Furthermore, the vaccine
construct was predicted to be soluble by both Solpro and
Protein-Sol servers, displaying a score of 0.928259 and 0.509,
respectively. Also, the vaccine construct did not display any
TM helices and signal peptides in their respective prediction
results (Table 6 and Figure S4).

2.11. BLAST Homology Assessment. The sequence
homology between the constructed vaccine protein sequence
and the proteome sequence of the host revealed that the query
coverage of the vaccine construct displayed only 22%
homology to Homo Sapiens proteins. The BLAST homology
assessment result indicated that the predicted vaccine protein
would not cause autoimmune responses to the host.T
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2.12. Secondary Structure Prediction. The assessment
of secondary structural features, including random coils, alpha-
helix, and beta-turn, in the constructed vaccine was carried out
using two servers. The SOPMA server predicted 36.72% α-
helix, 18.08% β-strand, and 45.20% random coils (Table 7 and
Figure S4), whereas the PSIPRED server predicted 34.32% α-
helix, 14.94% β-strand, and 50.74% random coils in the final
vaccine construct (Table 7 and Figure S4).
2.13. Homology Modeling, 3D Structure Refinement,

and Validation. The Raptor-X server was employed to
generate the 3D structure of the final vaccine. The server
developed five models for the given construct. Afterward,
ProSA and Procheck web servers were used to evaluate these
models. In our present study, the pre-refined crude model 4
represented the highest Z-score of −6.66, and 91.7% residues
were in the most favored regions (Figure S5). For refinement,
model 4 was submitted to the GalaxyRefine server. This server
also produces five models for the given crude model. After
refinement, all the models showed improved Rama-favored
regions compared with the initially submitted crude model.
Among the generated models, model 4 was determined as the
best refined model. It exhibited good GDT-HA (0.9156), rmsd
(0.509), MolProbity (2.086), clash score (21.2), poor rotamers
(0.7), and Rama-favored (96.1) scores in the GalaxyRefine
server (Table S5). The refined models were further validated
using ProSA and Procheck web servers. Here, model 4
possessed the best Z-score (−7.47) and delineated 93.2%
amino acid residues in the most favored regions of the
Ramachandran plot. Thus, in the present study, we have
selected model 4 for further analysis (Figure 9).
2.14. Disulfide Bond Engineering of the Constructed

Vaccine. In disulfide engineering, a total of 45 pairs of amino
acid residues were determined as suitable for generating
disulfide mutation via the Disulfide by Design v2.12 web server
(Table S10). After evaluating the χ3 angle and the energy
score, only three pairs of amino acids were finally selected as
their value fulfills the following criteria, that is, χ3 angle should
range between −87 and +97°, and the energy score should not
exceed 2.2 kcal/mol. Thus, six mutations were produced on
the residue pairs Leu269-Arg272, Gly283-Gly365, and Asp330-
Lys333, for which the χ3 angles were +81.84, −86.62, and
+89.66°, while the energy scores were 1.08, 1.49, and 1.57
kcal/mol, respectively (Figure 10 and Table S6).
2.15. Screening for Conformational B-Cell Epitopes.

In the vaccine construct sequence, eight conformational B-cell
epitopes were identified using the ElliPro tool (Figure 12). The
number of amino acid residues ranged from 4 to 86, and the
total number of residues was 294, displayed in Table 8. In
addition, the predicted conformational B-cell epitope score
ranged from 0.518 to 0.921.

2.16. Molecular Docking of the Vaccine Construct
and TLR Complex. For an effective and stable immune
response, the interaction between the immune cell and the
vaccine construct is required. The Cluspro program prepares
30 different clusters, which have higher interaction energies.
The top five clusters had an energy of −1034.9, −859.9, −812,
−723, and −716.3 kcal/mol. Based on the energy score, the
first cluster was selected, which had better energy (−1034.9
kcal/mol) than other clusters (Figure 11).

2.17. Normal-Mode Analysis. The normal-mode analysis
of the vaccine complexes was conducted in iMODS tools
where multiple descriptors were analyzed to explain the
stability and the physical movements of the atoms from the
vaccine molecules. From Figure 13B, it can be depicted that
the peaks in the graph represent the deformability region in the
protein. The B factor graph indicates the visualizations and
comparison between the NMA and PDB fields of the
complexes (Figure 13C). The eigenvalue graph of the
complexes illustrated in Figure 13D showed that the complex
had an eigenvalue of 4.779784 × 10−7. Figure 13E illustrates
the individual variance as red color, whereas the green color
represents the cumulative variance. The covariance map is
depicted in Figure 13F, where the red color represents the
correlated motion between pairs of residues, white color
indicates the uncorrelated motion, and the anticorrelated
motion is indicated by blue color. The elastic maps of the
complexes represented in Figure 13G represent the connection
between atoms, and darker gray indicates the stiffer complex.

2.18. In Silico Immune Simulation. The immune
simulation study was conducted for the vaccine complexes to
explore the generation of adaptive immunity and also the
immune interactions. The immune simulation study illustrated
that after every injection dose, the primary immune response
was increased significantly as gradual elevation or decrease
rates of the different immunoglobulins were observed.
Moreover, the secondary immune response was also increased
(Figure 14A). The increasing rate of active B-cells (Figure
14B,C), plasma B-cell (Figure 14D), helper T-cells (Figure
14E,F), and regulatory and cytotoxic T cells (Figure 14G−I)
was observed.
These results indicate the after every injection, strong

secondary immune response, increasing clearance of antigens,
and strong immune memory generation occur. Moreover, the
good antigen presentation was also observed by these antigen-
presenting cells from dendritic cell and macrophage cell
concentrations (Figure 14J,K). The vaccine protein was also
capable of forming a vast number of different types of
cytokines (Figure 14L).

2.19. Molecular Dynamics Simulation. The molecular
dynamics simulation study was conducted to understand the

Table 4. Shortlisted LBL Epitopes for the Final Vaccine Construction

epitopes protein probability score antigenicity allergenicity toxicity human homology

ASARSQCEDFSPKENP L 0.9560 1.2618 (probable antigen) probable non-allergen non-toxin non-homologue
DELHDLNLKLQISDNK L 0.9560 1.2314 (probable antigen) probable non-allergen non-toxin non-homologue
LELGTKPTAPHVRNKK NP 0.9560 1.6432 (probable antigen) probable non-allergen non-toxin non-homologue
DWPDMSFDERRHVAMN NP 0.9560 1.2572 (probable antigen) probable non-allergen non-toxin non-homologue
PPLPTARPEIKLTSTP GP 0.9560 1.1812 (probable antigen) probable non-allergen non-toxin non-homologue
FSVKEGMMKKRGENSP VP40 0.9560 1.0854 (probable antigen) probable non-allergen non-toxin non-homologue
AFLGVVPPVIRVKNFQ VP35 0.9560 1.0892 (probable antigen) probable non-allergen non-toxin non-homologue
SKPHYTNYHPRARSMS VP30 0.9560 1.2354 (probable antigen) probable non-allergen non-toxin non-homologue
PSVGGWTVKWGNFVFH VP24 0.9560 1.3286 (probable antigen) probable non-allergen non-toxin non-homologue
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stable nature of the TLR-4 complexes and the constructed
vaccine by analyzing multiple descriptors from the simulation
trajectories. The rmsd from the C-alpha atoms of the
complexes was analyzed to understand the stable nature of
the complexes. From Figure 15A, it can be observed that the

rmsd profile was lower at the initial phases, and then, it began
to rise till 20 ns. The complexes had a moderate level of
fluctuations in the rmsd profile at 40−45 and 70−80 ns
simulation times, but the degree of the deviations was little.
The whole rmsd profile from the beginning till the last phases

Figure 1. Schematic representation of the overall workflow applied in the multi-epitope-based vaccine design from MARV structural proteins.
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of times was below 2.5 Å, which defines the rigidness of the
complexes.
Moreover, the SASA of the vaccine and TLR-4 complexes

was analyzed to understand the change in the protein surface
volumes. A higher SASA value defines the expansion of the
protein surface, whereas a lower SASA value defines the
truncated nature of the proteins. Figure 15B demonstrates that
the complexes had a little upper trend from the beginning to
45 ns, which indicates the extension of the protein surface.

Then, the vaccine and TLR-4 complexes reached a steady state
and maintained a similar trend till the end. Although the SASA
trend had some deviations, they are not plentiful.
The radius of gyration profile from the simulation complexes

was also analyzed to examine the mobility and overall flexibility
of the complexes. The higher Rg profile is linked with the
folding or defolding nature of the complexes. Figure 15C
illustrates that the complex had higher aberrations from 0 to 40
ns, which indicates the labile nature of the complexes.
Therefore, the complexes were stabilized after then and
maintain the firm profile. Also, the hydrogen bond of the
complexes outlines the constant and steady nature of the
complexes. Figure 15D specifies that the vaccine and TLR-4
complexes had stable and lower aberrations in the hydrogen
bond during the whole simulation. Besides, the RMSF of the
complexes was analyzed to recognize the flexibility across the
amino acid residues from the complexes. Figure 15E indicates
that maximum residues had a lower RMSF and higher level of
stability, as they had an RMSF of below 2.5 Å.

3. DISCUSSION

Conventional or traditional methods for vaccine development
include whole organisms that may bring about unwanted
exposure to antigens and might cause allergic reactions.
Peptide vaccines that contain short fragments of immunogenic
peptides create powerful and targeted immune responses are
the candidates to solve this problem by escaping the risk of
allergic reactions. Vaccinations are now gaining popularity
against infectious diseases and prove highly effective against
yellow fever, chickenpox, rabies, mumps, Japanese encephalitis,
rubella, smallpox, influenza, and hepatitis A and B.36 Both
preclinical and clinical study phases of vaccine development
involve complex, laborious, and expensive in vivo and in vitro
protocols for assuring vaccine efficacy.37 Present-day progress
in computational biology and immunoinformatics lessens the
degree of in vitro experiments and paves the way to design
effective in silico vaccines.38,39 Importantly, designing a multi-
epitope vaccine against Mycobacterium tuberculosis was
validated experimentally through an in vitro study.40 The
main advantage of this process is that it can identify a wide
range of vaccine candidates without involving the propagation
of pathogenic organisms in the wet laboratory.37 Vaccines
against multiple viruses such as Chikungunya, Ebola, SARS-
CoV-2, MERS-CoV, HIV, Lassa, Oropouche, Cytomegalovi-
rus, Dengue, Hepatitis C, Zika, Flavivirus, Norovirus, and so
on are some of the promising examples that applied
vaccinomics to design a multi-epitope-based vaccine
model.38,41

Despite MARV being considered to be less intimidating, this
thought was needed to be re-evaluated, as MARV reappeared
in two substantial outbreaks; one in the Democratic Republic
of Congo (DRC) during the period of 1998−2000 and the
other in Angola during the period of 2004−2005, where it was
identified for the first time.42,43 The high fatality rate of 90% in
Angola and 83% in DRC opened a discussion for scientists for
considering it as threatening as EBOV.44,45 Recently, in
Guinea, a MARV case has been detected on August 9, 2021,
indicating the existing threat of the deadly virus.4 Because of its
potentiality to offer a serious threat to the safety and public
health, the Centre for Disease Control and Prevention (CDC)
classified it as a select agent. Additionally, the National
Institute of Allergy and Infectious Diseases (NIAID) classified

Figure 2. Three-dimensional representation of molecular docking
analysis between the predicted epitope (A) RTTAPAAAF, (B)
WTIGNRAPY, (C) NPHAQGIAL, and (D) positive control to the
groove of the HLA-B*35:01 allele. The interacting residues are
displayed as green balls and sticks, conventional hydrogen bonds are
displayed as green lines, pi−pi/pi−alkyl stacking bonds are displayed
as pink lines, pi−sigma bonds are displayed as violet lines, carbon−
hydrogen bonds are displayed as white lines, unfavorable bumps are
displayed as red lines, and attractive charges are displayed as gold
lines.
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it as a “category A pathogen”, and the World Health
Organization (WHO) declared it as a “risk group 4” agent.22

MARV enters the bloodstream or lymphatic system when
exposed to mucous membranes or abrasive skin or by needle

injections or other penetrating wounds and infects macro-
phages, monocytes, and dendritic cells. The fast replication in
these cells further spreads the virus to hepatocytes, fibroblasts,
and endothelial and epithelial cells.46 The virus does not

Figure 3. Three-dimensional representation of molecular docking analysis between the predicted epitope (A) ISPNLLGIY, (B) FTYNLTNLV,
(C) GSNDTELNY, and (D) positive control to the groove of the HLA-A*01:01 allele. The interacting residues are displayed as green balls and
sticks, conventional hydrogen bonds are displayed as green lines, pi−pi/pi−alkyl stacking bonds are displayed as pink lines, pi−sigma bonds are
displayed as violet lines, carbon−hydrogen bonds are displayed as white lines, unfavorable bumps are displayed as red lines, and attractive charges
are displayed as gold lines.
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directly infect the lymphocytes, but the apoptosis of T-
lymphocyte cells and killer cells induces large-scale lymphoid
cell depletion in the liver, spleen, thymus, and lymph nodes,
which negatively impacts the induction of adaptive immune

response.22,46 The clinical experience of research has shown
that no effective treatments such as drugs and vaccines have
been developed against the pathogenic MARV. Because no
cure exists for this virus, the high mortality rate makes

Figure 4. Three-dimensional representation of molecular docking analysis between the predicted epitope of MARV NP (A) FDERRHVAM, (B)
RPMNRPTAL, and (C) positive control to the groove of the HLA-B*14:02 allele. The interacting residues are displayed as green balls and sticks,
conventional hydrogen bonds are displayed as green lines, pi−pi/pi−alkyl stacking bonds are displayed as pink lines, pi−sigma bonds are displayed
as violet lines, carbon−hydrogen bonds are displayed as white lines, unfavorable bumps are displayed as red lines, and attractive charges are
displayed as gold lines.
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therapeutic identification a top priority. As the Marburg virus is
a potential pathogen and outbreaks happen occasionally, it is
important to take proper precautionary steps for preventing
human death.47 Thereupon, developing vaccines against this
pathogenic virus at present is a key challenge.
We retrieved all seven structural proteins of MARV from the

UniProt database. The protein sequences were then submitted
to the VaxiJen v2.0, AllergenFP v1.0, and TMHMM v2.0
servers to check the antigenicity, allergenicity, and TM helices
of the structural proteins, respectively. Generally, proteins
displaying >1 TM helices are not considered suitable vaccine
targets, as these proteins are difficult to purify and ineffective in
cloning and expression. Therefore, we did not utilize these

proteins in vaccine design.48,49 Importantly, all the protein
sequences were determined as antigenic and non-allergenic
and contained a suitable number of TM helices. For each
structural protein, all types of epitopes were primarily screened
based on their antigenicity, allergenicity, and toxicity profile.
Most vaccines nowadays produce immune system stimulation
and create allergic reactions. As per the WHO/FAO, a
sequence is considered potentially allergenic, if its sequence
has at least six contiguous amino acid identities within the
range of 80 amino acids (sequence identity of 0.35%) with a
known allergen. Therefore, this study allowed only the non-
allergenic epitopes from each structural protein for further
analysis.50 Based on the C-score provided by the NetCTL v1.2

Figure 5. Three-dimensional representation of molecular docking analysis between the predicted epitope of the MARV VP30 protein (A)
SLTCAGIRK and (B) positive control to the groove of the HLA-A*03:01 allele. The interacting residues are displayed as green balls and sticks,
conventional hydrogen bonds are displayed as green lines, pi−pi/pi−alkyl stacking bonds are displayed as pink lines, pi−sigma bonds are displayed
as violet lines, carbon−hydrogen bonds are displayed as white lines, unfavorable bumps are displayed as red lines, and attractive charges are
displayed as gold lines.
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server and IEDB MHC class-I binding result, two CTL
epitopes from each of the NP and L protein and one CTL
epitope from each of the remaining five proteins were finally
selected. After determining the aforementioned parameters,
conservancy was also considered here as a key determinant for
the prediction of the best possible epitopes under the selected
range. Importantly, all the shortlisted CTL and HTL epitopes
displayed 100% maximum identity for conservancy. WTIGNR-
APY, NPHAQGIAL, and RTTAPAAAF epitopes interacted
with the HLA-B*35:01 allele. Among them, two CTL epitopes,
namely, WTIGNRAPY and RTTAPAAAF, strongly interacted
with the HLA-B*35:01 allele and displayed better docking
scores than the respective positive control. In a previous study
of MARV, the WTIGNRAPY epitope of the L protein was
reported as a potential CTL epitope for computational vaccine
designing.1 ISPNLLGIY, FTYNLTNLV, and GSNDTELNY
interacted with the HLA-A*01:01 allele, where all the epitopes
displayed almost similar docking scores (7.7−7.8 kcal/mol),
and the amino acid residues (Thr73, Asn77, Asp116, Lys146,
Trp147, and Arg156) involved in the hydrogen bond
formation were almost similar to those of the control. In the
case of the NP protein, both FDERRHVAM and
RPMNRPTAL epitopes interacted with the HLA-B*14:02
allele. Therefore, we determine the docking interaction of
these epitopes toward the HLA-B*14:02 allele. Although the
positive control of the HLA-B*14:02 allele surpasses the
binding score produced by both FDERRHVAM and
RPMNRPTAL epitopes, the number of hydrogen bonds
formed by these epitopes was greater compared with that of
the positive control. The SLTCAGIRK epitope of the VP30
protein interacted with the HLA-A*03:01 allele and displayed
Asn66, Glu152, and Gln155 residues in the hydrogen bond
interaction, which is similar to the positive control of the allele.

Apart from the control of the HLA-B*14:02 allele, other
respective positive controls displayed significant interactions
toward the targeted alleles.
In order to elicit a prolonged and significant immune

response, the engagement of both B-cells and T-cells is needed
to stimulate and attach both humoral and cellular immunity,
respectively. There is another reason behind the selection of
the two types of episodes, that is, antigens can frequently avoid
memory B-cells where their detection is covert. Here, in the
prediction of B-cell epitopes, only LBL epitopes were involved
in the vaccine construct because of their better stability than
conformational epitopes. It is obligatory that the B-cell epitope
of a target molecule should combine with a T-cell epitope, so
that a peptide vaccine can be considerably immunogenic. In
the prediction of T-cells, both CD8+ (MHCI) and CD4+

(MHCII) were predicted to obtain a great number of
prospective epitopes that will have the ability to prompt a
more significant immune response.28,51

The vaccine protein has some important characteristics like
that it must not offer notable homology or sameness to the
host proteins as this kind of similarity with the host proteome
can lead to autoimmune diseases because there are possibilities
of cross-reactivity and molecular mimicry.52−54 For an epitope
to become antigenic and elicit a robust immune response, it
also must be recognized by MHC complex molecules. In
humans, the MHC alleles are reported to be the most
polymorphic and present in thousands of HLA combinations.
Consequently, high-frequency HLA alleles in most of the
world’s population are likely to have immunogenic effects.55

Our constructed vaccine has covered 97.92% of the world’s
population, indicating significant global population coverage of
the vaccine construct. The vaccine construct in this study
showed less similarity (22%) to the human proteins applying

Figure 6. Worldwide population coverage with MHCI, MHCII, and combined MHC epitopes based on their respective HLA binding alleles.
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the BLASTp tool, offering the vaccine as a suitable candidate
with no autoimmunity. Due to the importance of the MHC
superfamily in the construction of a vaccine and drug
development, MHC cluster analysis has been done. This
determined the functional relationship between the MHCI and
MHCII clustering variants.50

Vaccine efficacy can be enhanced in multiple ways from
increasing the response of the immune system to facilitating
vaccine transport and increasing its exposure duration. In silico
vaccines possess somewhat low immunogenicity in comparison
with live attenuated vaccines, which is a vital demerit for them.
Adjuvants are frequently used to eradicate this problem.
Therefore, adjuvants have been utilized extensively to enhance
the efficacy of vaccines. Adjuvants function by following the
principle of creating a deposit of the antigenic compound at
the site of the vaccine that is steadily released over time,
elongating the robust immune response.56 Linkers were
incorporated to assist each epitopes’ functional preservation.57

However, flexibility and structural rigidity are important

parameters regulated by the linkers. For multi-epitope vaccines,
the use of linkers provides major advantages, causing a
reduction in the junctional antigen formation probability and
improving the antigen presentation and processing.58 The 50S
ribosomal protein (L7/L12) functions as a TLR4 agonist.59

EAAAK, an empirical α-helical linker, has been used to
enhance the bi-functional catalytic activity, provide stiffness,
and improve fusion protein stability.60 The GPGPG linker was
used based on the HTL immune response-inducing ability and
was designed as a universal spacer with the ability to break the
junctional immunogenicity, leading to individual epitopes’
restoration of immunogenicity.61,62 This was explained
experimentally in mouse models by Livingstone and his
collaborators.62 In mammalian cells, AAY linkers played their
role in the cleavage site for proteasomes and also reduced the
junctional immunogenicity.63,64 When linked with T-cell
epitopes, these linkers (GPGPG and AAY) allow recognition
and separation of each epitope.65 KK, a bi-lysine basic linker,
was used to conserve the independent immunogenic function

Figure 7. Results of the MHC cluster analysis. Here, (A) heatmap of MHC class-I cluster analysis, (B) advanced tree map of MHC class-I cluster
analysis, (C) heatmap of MHC class-II cluster analysis, and (D) advanced tree map of MHC class-II cluster analysis.
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of LBL epitopes and bring the pH value close to the
physiological range.29,66 It was reported that the 50S ribosomal
protein L7/L12 can induce the maturation of dendritic cells
(DC) following the activation of naive T-cells and lead to the
formation of CD4+-, CD8+-, and IFN-γ-secreting cells.59

The constructed vaccine was determined to be highly
antigenic and non-allergenic by multiple servers, which reveals
its capability of triggering robust immune responses without
causing any unwanted allergic reaction. Moreover, the
molecular weight of the vaccine construct was an average
value (58.3 kDa), which further indicated its good antigenic
nature.67 Proteins having less than 110 kDa molecular weight
are considered as suitable vaccine candidates.68 The theoretical
isoelectric point (pI) of the vaccine protein is 9.56 (basic in
nature), indicating the stable interaction inside the human
body. The short half-life of peptides is considered as one of the
major limitations in the therapeutic protein field.69 The vaccine
construct displayed a half-life of more than 10 and 20 h in E.
coli (in vivo) and yeast cells (in vivo), respectively, whereas 30 h
half-life was predicted in mammalian reticulocytes (in vitro).
These half-life results are satisfactory based on previous
findings.67,70 Thermostability of a protein has a direct
correlation with the occupied aliphatic amino acid side chains
in the protein structure. The aliphatic index (AI) of the vaccine
was 77.08, which ensured the thermostability of the vaccine
protein at normal body temperature.71 The instability index
was recorded as 33.08 for the final vaccine protein, indicating
the stability of the vaccine in biological environments, as an
instability index (II) of less than 40 for a compound is
considered as stable.72 The negative GRAVY value indicated
the hydrophilic nature of the vaccine. The strong affinities for
water molecules aid in ease of formulation and purification of
the constructed vaccine.73,74 For many functional and
biochemical analyses, the solubility of the protein undergoing
over-expression in the E. coli host is significant.75 In both
Protein-Sol and SOLpro servers, the vaccine protein was found
to be soluble upon over-expression in E. coli. This
demonstrates better post-production results, as highly soluble
proteins during downstream processing demonstrate ease of
purification.76 The final vaccine construct also did not present
any TM helices and signal peptides, which further validates its
ease of purification and expression.77 Six mutations were
produced on the residue pairs in structural disulfide engineer-
ing, which plays a major role in protein folding and stability.
Additionally, disulfide engineering reduces the probable
number of conformations, resulting in an increased thermal
stability and decreased entropy.75

Figure 8. Graphical map of the formulated multi-epitope vaccine construct. The vaccine constructs included (left to right) an adjuvant and CTL,
HTL, and LBL epitopes, shown in the dark blue, green, red, and blue rectangular boxes, respectively. Herein, the adjuvant and the first CTL epitope
were linked by the EAAAK linker (blue), CTL epitopes were added together by AYY linkers (off-white), HTL epitopes were linked by GPGPG
linkers (dark yellow), and LBL epitopes were linked by KK linkers (black).

Table 6. Physicochemical, Antigenic, and Allergenic
Characteristics of the Vaccine Construct

characteristics findings remarks

number of amino acids 542 suitable
molecular weight 58306.34 Da average
theoretical pI 9.56 basic
chemical formula C2632H4161N721O743S16
extinction coefficient (at
280 nm in H2O)

50,100 M−1 cm−1

estimated half-life
(mammalian
reticulocytes, in vitro)

30 h satisfactory

estimated half-life
(yeast cells, in vivo)

>20 h satisfactory

estimated half-life (E. coli, in
vivo)

>10 h satisfactory

instability index of vaccine 33.08 stable
aliphatic index of vaccine 77.34 thermostable
grand average of
hydropathicity (GRAVY)

−0.303 hydrophilic

antigenicity 0.7130 (VaxiJen v2.0)
0.762192 (ANTIGENPro)

antigenic

allergenicity no (AllerTop v2.0) No
(AllergenFP v1.0) No
(AlgPred)

non-allergen

solubility 0.928259 (SolPro) 0.509
(Protein-Sol)

soluble

TM helices no suitable
signal peptides no suitable

Table 7. Secondary Structural Features of the Vaccine
Construct

SOMPA server PSIPRED server

features amino acid percentage (%) amino acid percentage (%)

alpha-helix 199 36.72 186 34.32
beta-strand 98 18.08 81 14.94
random coil 245 45.20 275 50.74
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After 3D structure prediction and refinement of the vaccine
model, a significant Z-score of 7.47 was determined, and the
Ramachandran plot showed most amino acid residues (93.2%)
in the preferable region. To predict the molecular interaction
between the constructed vaccine and TLR4, molecular studies
were used, and good interactions were found with a global
binding score of −1034.9 kcal/mol. TLRs belong to the
conserved pattern recognition receptor (PPR) family that are
responsible for identifying specific pathogen patterns, including
bacteria, viruses, or fungi, and are able to distinguish
themselves from foreign substances.78 The cytokine produc-
tion and MHC molecules are upregulated upon TLR activation
by specific ligands, resulting in linking of the adaptive immune
response with the innate immune system.79 TLRs have the
resemblance of the cytoplasmic region to the IL-1 receptor

Figure 9. (A) 3D structure of the final vaccine construct, (B) Z-score of the vaccine construct predicted using the PROSA server, and (C)
Ramachandran plot analysis of the vaccine construct.

Figure 10. Stability of the vaccine construct by disulfide bond engineering in (A) original form and (B) mutant form. Three pairs of amino acids
represented in the yellow stick (shown in a black circle).

Figure 11. Molecular docking of the TLR complex and vaccine
construct.
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family; nevertheless, there is a structural difference in
extracellular portions. Both the agonist and antagonist of
TLRs have been proposed as broad therapeutic potential
compounds against respiratory diseases with the association of
antiviral agents and vaccine adjuvants.80,81 TLR4 is unique
among the TLRs, as it requires myeloid differentiation factor 2
(MD-2), an accessory protein, to respond. It is a major
receptor that triggers non-infectious and infectious stimulation,
which induces a pro-inflammatory response. Since TLR4
signaling relies on TLR4/MD-2 complex formation, the
interface of TLR4 and MD-2 can be targeted to render a
new strategy for therapy development.82 TLR4 plays a critical
role in inflammatory response amplification and microbial
lipopolysaccharide (LPS) recognition.83,84 To enhance the
interaction of the constructed vaccine with the TLR4 agonist, a
molecular docking study was performed to determine the
binding affinity between TLR4 chain A and the final construct.
The docking study resulted in a negative value of binding
energy, which demonstrated the high binding affinity between
the vaccine construct and TLR4 chains. Thus, these
interactions with TLR4 are specialized to potentially elicit a
protective immune response.

To generate a strong immune response, the vaccine
construct should possess a strong immune response within
the host. Therefore, after injections of the vaccine, the primary
immune response was triggered, and the secondary immune
response associated with the constructed vaccine injections
was also activated. The increased concentration of multiple
immune cells, memory B-cells, plasma B-cells, helper T-cells,
cytotoxic T-cells, and multiple types of antibodies indicates the
elevated amount of immune response after the vaccine
injections.85 Moreover, diverse immune responses can be
exhibited from the lower Simpson index, which was found for
the constructed vaccine in immune simulation.86 Moreover,
the normal-mode analysis from iMODS revealed that the
vaccine complex had a higher level of eigenvalues, which
defines the lower degree of deformability. Also, the
deformability graph indicates that the vaccine construct
might have a higher chance of complex rigidity. Furthermore,
atomistic simulation can provide information about the
stability and conformation variations about the biological
systems. Moreover, multiple descriptors from the molecular
dynamics simulation trajectories allow the study of the
conformational variations and stability more precisely.87 The

Figure 12. Conformational B-cell epitopes present in the vaccine. The light-yellow spheres showing epitopes containing (A) 4 residues (AA539-
542) with 0.921; (B) 42 residues (AA1-32 and AA 34-43) with 0.849; (C) 39 residues (AA64-97 and AA99-103) with 0.77; (D) 13 residues
(AA51-63) with 0.734; (E) 86 residues (AA393-427, AA439-460, AA471, AA497-500, AA502-513, AA517-522, AA531, and AA534-538) with
0.696; (F) 30 residues (AA219-239 and AA241-249) with 0.655; (G) 75 residues (AA259-270, AA274, AA297-356, and AA361-362) with 0.616;
and (H) 5 residues (AA283-287) with 0.518 scores.
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rmsd, Rg, SASA, and RMSF of the vaccine complex had a
steady profile and exhibited a lower degree of fluctuation.
These trends in molecular dynamics simulations define the
stable nature of the complexes.

4. CONCLUSIONS

Multi-epitope vaccines may be regarded as a promising strategy
for therapy against viral infections and tumors. The recent
advancement of various computational biology and immu-
noinformatics tools made it plausible to design and develop
multi-epitope vaccines in a less-time-consuming and cost-
effective manner. This study designed and constructed a multi-
epitope vaccine targeting MARV structural proteins. As viruses
can trigger the cellular and humoral immune system,
stimulation of these particular immune responses might serve
to control viral infection. This vaccine was developed with the
combination of potential LBL, CTL, and HTL epitopes. At
first, reviewing the screening result of antigenicity, toxicity, and
allergenicity analysis of these epitopes, we applied an adjuvant
and different linkers to attach the shortlisted epitopes. The
physicochemical profile and 3D structure validation of our
constructed vaccine also represented positive results toward
the selected parameters. The final construct exhibited greater
binding affinity with the TLR4 receptor in the molecular
docking study. Importantly, the descriptors of normal-mode
analysis, immune simulation, and molecular dynamics
simulation studies were also satisfactory. Although the vaccine
showed significant in silico results in our present study, this
preliminary-designed vaccine is not exhaustive and requires
further in vivo and in vitro experiments to evaluate the
constructed vaccine’s effectiveness. We are hopeful that our
predicted vaccine model will exhibit positive effects in wet
laboratory verification and facilitate the future treatment of
MARV infection.

5. MATERIALS AND METHODS

In the current experiment, the methodologies we applied to
design an in silico vaccine candidate against structural proteins
of MARV included a minor modification from our previous
articles.23,88,89 The schematic representation of the overall
workflow applied in the present investigation is displayed in
Figure 1.

5.1. Retrieval and Analysis of Protein Sequences. The
Marburg virus (Marburg marburgvirus) Musoke-80 strain was
selected from the National Center for Biotechnology
Information (NCBI) database (https://www.ncbi.nlm.nih.
gov/).90 ViralZone, an online resource of the Swiss Institute
of Bioinformatics (https://viralzone.expasy.org/), was utilized
to further analyze the genus, genome, and proteome of the
selected strain.91 The UniProt database (https://www.uniprot.
org/) was used to retrieve the entire viral proteome of this
strain. UniProt is an established database providing a large
amount of biological protein information.92 The selected
protein sequences were extracted in the FASTA format.
Afterward, the VaxiJen v2.0 web server (http://www.ddg-
pharmfac.net/vaxijen/) was employed to find the antigenicity
of the proteins using the default threshold value for viruses.
This server uses an auto cross-covariance (ACC) trans-
formation method that produces 70−89% accuracy in the
prediction result.93,94 Then, allergenic profiles of the selected
proteins were determined using the AllergenFP v1.0 (https://
ddg-pharmfac.net/AllergenFP/) server. This server utilizes aT
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novel alignment-free descriptor-based fingerprint approach
with 88.9% accurate prediction.95 For transmembrane (TM)
helix prediction, the TMHMM v2.0 server (http://www.cbs.
dtu.dk/services/TMHMM/) based on the hidden Markov
model (HMM) was utilized.96 Finally, structural proteins
which are antigenic and non-allergenic and display less TM
helices were selected for the next step of investigation.
5.2. Prediction and Evaluation of Cytotoxic T-

Lymphocyte (CTL) Epitopes. Cytotoxic T-lymphocytes
(CTLs) play a significant role in the host defense mechanism.
These cells can directly interact and kill the infectious cells in
the immune system.97 The NetCTL v1.2 server (http://www.
cbs.dtu.dk/services/NetCTL/) is reported to demonstrate
high predictive performance, which uses artificial neural
networks and weight matrix to predict 9-mer CTL epitopes
against 12 supertypes (A1, A2, A3, A24, A26, B7, B8, B27, B39,

B44, B58, and B62). This server was utilized to anticipate the
CTL epitopes with high combined scores among the selected
protein sequences, using a threshold value of 0.90 to maintain
a sensitivity of 0.74 and specificity of 0.98.98 The MHC-I
binding tool of the IEDB resource (http://tools.iedb.org/
mhci/) was used to determine the MHC-I binding alleles for
each CTL epitope depending on the CONSENSUS method. A
percentile rank score of equal to or less than 2 was considered
to narrow down CTL epitopes, as a lower rank indicates higher
affinity.99 Then, antigenicity, the allergenic profile, toxicity
prediction, and immunogenicity were characterized for
individual CTL epitopes using the VaxiJen v2.0 server
(http://www.ddg-pharmfac.net/vaxijen/),93 AllerTOP v2.0
server (https://www.ddg-pharmfac.net/AllerTOP/),100 Tox-
inPred server (http://crdd.osdd.net/raghava/toxinpred/),101

and IEDB Class I Immunogenicity tool (http://tools.iedb.org/

Figure 13. Normal-mode analysis of the vaccine protein, (A) NMA mobility, (B) deformability, (C) B-factor, (D) eigenvalues, (E) variance (red
color indicates individual variances, and green color indicates cumulative variances), (F) covariance map (correlated (red), uncorrelated (white) or
anti-correlated (blue) motions), and (G) elastic network.
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immunogenicity/),102 respectively. The AllerTop v2.0 server
applies k-nearest neighbor (kNN) methods, amino acid
descriptors, and ACC transformation methods to isolate the
non-allergens from allergens with 85.3% prediction accuracy at
fivefold cross-validation.100 The ToxinPred server evaluates
properties of different peptides by applying support-vector
machines (SVM), a machine learning approach together with a
quantitative matrix for predicting toxicity.101 Immunogenicity
prediction was executed to confirm whether a specific epitope
will generate an immunogenic response. CTL epitopes that are
antigenic, non-allergenic, non-toxic, and immunogenic and
display high C-scores are considered for vaccine construction.
5.3. Prediction and Assessment of Helper T-Lympho-

cyte (HTL) Epitopes. Helper T cells (HTLs) are components
of adaptive immunity that can recognize foreign antigens and
activate B-cells and CTLs to destroy infectious pathogens.97

The MHC-II binding tool of the IEDB resource (http://tools.
iedb.org/mhcii/) was used for the prediction of 15-mer HTL
epitopes among the selected protein sequences.103 To predict
the respective binding alleles of the proteins, we used the
CONSENSUS method where a percentile rank threshold of
equal to or less than 2 was taken into consideration to retain
consistency.104 Then, allergenicity, antigenicity, and toxicity

were predicted for individual HTL epitopes using the
AllerTOP v2.0 server (https://www.ddg-pharmfac.net/
AllerTOP/),100 VaxiJen v2.0 server (http://www.ddg-
pharmfac.net/vaxijen/),93 and ToxinPred server (http://crdd.
osdd.net/raghava/toxinpred/), respectively.101 Antigenic, non-
allergenic, and non-toxic HTL epitopes were further evaluated
by considering their cytokine-inducing abilities. IFN-γ can
trigger both specific and native immune responses through
macrophages and natural killer cell activation. It also augments
MHC response to antigens and plays a major role in detaining
viral replication.38,105 We applied the IFNepitope server
(http://crdd.osdd.net/raghava/ifnepitope/) that provides
81.39% accuracy for the prediction of interferon-gamma
(IFN-γ)106 Also, the interleukin-4 (IL-4)-inducing property
was evaluated using the IL4pred server (https://webs.iiitd.edu.
in/raghava/il4pred/) with a threshold of 0.2, and for the
interleukin-10 (IL-10)-inducing property, the IL10pred server
(https://webs.iiitd.edu.in/raghava/il10pred/) was used with a
threshold value of −0.3. Both operations were executed by
applying SVM-based methods. IL4pred and IL10pred servers
provide 75.76 and 81.24% accuracy, respectively.107,108 We
prioritized the induction abilities of all three cytokines in HTL
epitope selection for vaccine construction. For those proteins,

Figure 14. Immune simulation of the predicted vaccine; (A) immunoglobulin and immunocomplex response to the antigen, (B) B lymphocyte
total count, (C) B lymphocyte population per entity state, (D) plasma B lymphocyte count, (E) CD4 T-helper lymphocyte count, (F) CD4 T-
helper lymphocyte count subdivided per entity state, (G) CD4 T-regulatory lymphocyte count, (H) CD8 T-cytotoxic lymphocyte count, (I) CD8
T-cytotoxic lymphocyte count per entity state, (J) natural killer cell population, (K) dendritic cell per state, and (L) macrophage population per
state.
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where none of the epitopes displayed all three cytokine-
inducing functions, we prioritized IFN-γ induction along with
either IL4- or IL10-inducing abilities of the HTL epitopes.41

5.4. Prediction and Assessment of Linear B-Lympho-
cyte (LBL) Epitopes. B-cell epitopes are key mediators for
inducing antibody-mediated or humoral immunity. The
ABCpred server (https://webs.iiitd.edu.in/raghava/abcpred/
), the first developed server built on a recurrent neural
network, was used to predict the LBL epitopes among the

selected protein sequences.109,110 The VaxiJen v2.0 server
(http://www.ddg-pharmfac.net/vaxijen/),93 AllerTOP v2.0
server (https://www.ddg-pharmfac.net/AllerTOP/),100 and
ToxinPred server (http://crdd.osdd.net/raghava/toxinpred/
)101 were utilized to evaluate the predicted LBL epitopes’
antigenic, allergenic, and toxic profiles respectively. In addition,
the iBCE-EL server (http://www.thegleelab.org/iBCE-EL/)
was applied to predict the probability scores of LBLs using
default parameters.111

Figure 15. Molecular dynamics simulation of the vaccine and TLR-4 complexes, (A) root mean square deviation, (B) solvent-accessible surface
area, (C) radius of gyration, (D) hydrogen bond analysis from the simulation system, and (E) root mean square fluctuations of the amino acid
residues.
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5.5. Epitope Conservancy and Human Homology
Determination. The conservancy analysis of the shortlisted
MHC-I and MHC-II epitopes was carried out using the
“epitope conservancy analysis” tool (https://www.iedb.org/
conservancy/) of the IEDB resource. This property indicates
the availability of an epitope in a range of different strains. For
final vaccine construction, those epitopes found with 100%
maximum identity in the conservancy analysis were selected.112

The epitope homology to the human proteome was evaluated
to indicate which epitope is homologous to the human
proteome. Only non-homologous epitopes were taken since
homologous epitopes may lack the ability to elicit a possible
immune response. To determine the human homology, the
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) tool’s pro-
tein BLAST module was used. In this experiment, the
comparison was done with default parameters with Homo
sapiens (taxid: 9606), and the threshold e-value was set to 0.05.
Epitopes were determined as a non-homologous peptide when
no hits under the threshold e-value were found.113,114

5.6. Peptide Modeling and Molecular Docking
Studies. The selected CTL epitopes were docked with the
HLA binding allele to evaluate the binding capability that
becomes part of the vaccine design. The targeted CTL
epitopes were modeled using the sOPEP sorting scheme by
applying 200 simulations in the PEP-FOLD v3.5 server
(https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-
FOLD3/). This server uses a de novo approach to predict the
small peptide conformations (5−50 amino acids). It applies
the Taboo/Backtract sampling algorithm for predicting
conformations.115 Five probable structures were predicted
using this server for each peptide sequence. SWISS-PDB
VIEWER was used to determine the energy of each structure,
and the structure displaying the lowest energy was taken for
further analysis.116 The human alleles HLA-A*01:01 (PDB ID:
6AT9), HLA-B*35:01 (PDB ID: 1A1N), HLA-A*03:01 (PDB
ID: 6O9B), and HLA-B*14:02 (PDB ID: 3BXN) were
selected for CTL epitopes, and the co-crystallized ligand
epitopes were selected as positive controls for the validation of
the docking approach. The RCSB Protein Data Bank (https://
www.rcsb.org/) was used to download the structure of HLA
alleles in the pdb format with co-crystallized ligands.117 At first,
the protein preparation wizard of UCSF Chimera (version
1.11.2) was used for the preparation of proteins by removing
the ligands attached to the structure followed by the addition
of hydrogens and Gasteiger−Marsili charges.118 Then, Open-
Babel was used to convert this file into the pdbqt format.119

After that, the ligand energy form was minimized and
converted to the pdbqt format using the OpenBabel module
of PyRx 0.8. The docking parameters were kept default in the
present operation. The grid box size for HLA-A*01:01, HLA-
B*35:01, HLA-A*03:01, and HLA-B*14:02 in AutoDock Vina
was set at 60.64 × 73.76 × 45.49 Å, 62.33 × 45.41 × 70.54 Å,
73.20 × 52.65 × 53.24 Å, and 61.25 × 48.69 × 72.95 Å, for X,
Y, and Z axes, respectively. The results of docking simulation
are represented as negative scores in kcal mol−1, and lower
docking scores present stronger binding affinity.120 The
visualization of the molecular docking analyses was done
using Discovery Studio (DS) version 4.5, and figures were
generated using UCSF Chimera and Microsoft PowerPoint
2019.118,121

5.7. Population Coverage Analysis. The expression and
distribution of the HLA allele vary by race and region around
the world.122 It may impact the development of a successful

epitope-based vaccine. To estimate the populace coverage of
the vaccine to be designed, the IEDB population coverage tool
(http://tools.iedb.org/population/) was implemented. For
this, we examined the shortlisted CTL and HTL epitopes
along with their corresponding HLA binding alleles of both
MHC class I and MHC class II separately and combined.123 In
our present study, we emphasized the overall world coverage of
the alleles and parts of different continents including Central
America, Central Africa, Europe, East Asia, East Africa, North
America, Northeast Asia, North Africa, Oceania, South
America, South Africa, South Asia, Southwest Asia, Southeast
Asia, West Indies, and West Africa.

5.8. MHC Cluster Analysis. The MHC genomic region is
of vast polymorphic nature in most species. The extremely
polymorphic human MHC genomic region (HLA) comprises
several thousand alleles. In the majority of the cases, the MHC
allele’s potentially unique specificity remains uncharacter-
ized.124 Both classes of MHC molecules having similar binding
specificities can be identified via cluster analysis of MHC
alleles. In this study, the MHCcluster 2.0 web server (http://
www.cbs.dtu.dk/services/MHCcluster/) was applied to gen-
erate phylogenetic tree-based visualizations and immensely
instinctive heatmaps of the functional cluster between MHC
variants by keeping the default parameters. In MHC class I
cluster analysis, the NetMHCpan-2.8 method was imple-
mented using a HLA-prevalent and -characterized module,
while the corresponding DRB allele modules were selected for
MHC class II cluster analysis.124,125

5.9. Formulation of the Vaccine Construct. The
vaccine construction was designed by applying the targeted
LBL, CTL, and HTL epitopes from the selected MARV
proteins. Additionally, an adjuvant was attached using a proper
linker during vaccine construction.126,127 We employed the
TLR4 agonist as an adjuvant because it is found that viral
glycoproteins recognize the TLR4 agonist.70,128 Hence, 50S
ribosomal protein L7/L12 was taken as an adjuvant (NCBI ID:
P9WHE3) and was linked to the vaccine front with a bi-
functional linker, EAAAK. On the other hand, the selected
LBL, CTL, and HTL were linked with aid of Lys-Lys (KK),
Ala-Ala-Tyr (AAY), and Gly-Pro-Gly-Pro-Gly (GPGPG)
linkers respectively.126,127 The AAY linker influences protein
stability and improves epitope presentation and immunoge-
nicity. The GPGPG or glycine−proline linker restrains
“junctional epitope” formation and helps in immune
processing, while the KK or bi-lysine linker facilitates the
preservation of constructed vaccines’ independent immuno-
genic activities.129,130

5.10. Physicochemical, Antigenicity, Allergenicity,
and Solubility Profile Evaluation. Analysis of physico-
chemical properties such as the molecular weight (MW),
theoretical isoelectric point (pI), aliphatic index (AI),
instability index (II), half-life (in vitro and in vivo), and
grand average hydropathicity (GRAVY) of the vaccine
construct were evaluated using the ProtParam server
(https://web.expasy.org/protparam/).131 Furthermore, multi-
ple servers were utilized to analyze the antigenic, allergenic,
and solubility profile of the constructed vaccine. The Vaxijen
v2.0 server (http://www.ddg-pharmfac.net/vaxijen/)93 and
ANTIGENPro tool (http://scratch.proteomics.ics.uci.edu/)
of the Scratch protein prediction server were used for
antigenicity prediction. ANTIGENPro displayed 76% precision
by cross-validation experiments on the combined dataset.94

The allergenic profile of the vaccine construct was predicted
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using the AllerTop v2.0 (https://www.ddg-pharmfac.net/
AllerTOP/) server,100 AllergenFP v1.0 (https://ddg-
pharmfac.net/AllergenFP/) server,95 and AlgPred (http://
crdd.osdd.net/raghava/algpred/) server, as there should be no
allergenic reaction.132 The solubility of the vaccine construct
was predicted using the SOLpro online tool (http://scratch.
proteomics.ics.uci.edu/) of the Scratch protein prediction
server upon overexpression in the E. coli host. The vaccine is
expected to be soluble if the prediction score is equal to or
more than 0.5.76 Additionally, the Protein-Sol online server
(https://protein-sol.manchester.ac.uk/) was also applied for a
better understanding of solubility.133 QuerySol (scaled
solubility value) is compared with the E. coli proteins’ average
solubility from the experimental dataset (PopAvrSol), and the
protein is considered soluble if the predicted score exceeds
0.45.134 The TMHMM v2.0 server (http://www.cbs.dtu.dk/
services/TMHMM/) was applied to predict the number of
transmembrane helices.96 Furthermore, potential signal pep-
tides were searched through the application of the SignalP 4.1
server (http://www.cbs.dtu.dk/services/SignalP-4.1/) in the
final vaccine construct.135

5.11. BLAST and Cross-Checking of Host Homology.
The NCBI Protein BLAST (BLASTp) module in the PSI-
BLAST algorithm was employed to find homology between
the human proteome and the final vaccine construct.136,137

The purpose of this cross-checking analysis was to negate the
risk of autoimmune response via molecular mimicry. The
search in BLASTp was restricted to the records of H. sapiens
(taxid: 9606). The query coverage must display no or less than
40% homology to the human proteome.52

5.12. Secondary Structure Prediction. The PSIPRED
v4.0 server (http://bioinf.cs.ucl.ac.uk/psipred/) and SOPMA
server (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.
pl?page=/NPSA/npsa_sopma.html) were used to identify the
secondary structural configurations in default parame-
ters.138,139 Both servers were utilized to calculate the
percentage of two-dimensional features, namely, the alpha-
helix, random coils, and beta-turn in the constructed vaccine.
The SOPMA server reported greater than 80% accuracy in the
prediction result.138 The PSIPRED server is regarded as one of
the most accurate secondary structure generators, displaying
78.1% accuracy in the prediction result.140

5.13. Homology Modeling and 3D Structure Refine-
ment and Validation. The Raptor-X server (http://raptorx.
uchicago.edu/), a homology modeling tool, was implemented
to produce the tertiary structure (3D) model of the vaccine
construct.141 RaptorX predicts the 3D model of the query
proteins based on the multiple-template threading method.
The 3D model with the lowest p-score is considered as the
best-quality model.142 The refinement of the 3D vaccine model
was done using the GalaxyRefine module of the GalaxyWEB
server (http://galaxy.seoklab.org/). Five refined models are
generated in the output result including different parameters
such as rmsd, GDT-HA, clash score, poor rotamers,
MolProbity, and Rama-favored.143 The predicted models
were validated using the ProSA-web server (https://
servicesn.mbi.ucla.edu/PROCHECK/). This server estimates
the Z-score and analyzes any protein structure’s stereochemical
quality by evaluating the residue-by-residue geometry and
overall structure geometry.144 The Procheck web server was
used to further analyze the Ramachandran plot for
determination of the overall quality of the refined 3D vaccine
structure.145 The Ramachandran plot visualizes the percentage

of amino acid residues in the most favored, disallowed,
generously allowed, and additional allowed regions on the basis
of dihedral angles psi (ψ) and phi (ϕ) of each amino acid. A
model is considered to be of good quality when more than
90% of residues are in the most favored regions.57

5.14. Disulfide Bond Engineering of the Vaccine
Protein. Disulfide bonds help to stabilize tertiary or
quaternary interactions within a protein.146 After refinement,
the vaccine protein was further submitted to the Disulfide by
Design v2.12 web server (http://cptweb.cpt.wayne.edu/
DbD2/) for disulfide bridging.147 The χ3 value and the Cα-
Cβ-Sγ angle were kept as default parameters. As previous
studies suggested, the χ3 angle must range between −87 and
+97°, and the energy score must not exceed 2.2 kcal/mol for
disulfide bridging.147 In the end, to allow bridging between
possible residue pairs, they had undergone mutation to
cysteine residues applying the server’s “Create/View Mutant”
option.

5.15. Screening for Conformational B-Cell Epitopes.
The ElliPro tool of the IEDB resource (http://tools.iedb.org/
ellipro/) was employed to predict the discontinuous or
conformational B-cell epitopes in the constructed vaccine by
keeping the default parameters, that is, 6 Å maximum distance
and 0.5 minimum score. The results are based on modified
Thornton’s method that uses the residue clustering algorithms.
The prediction is done by considering the residual protein
index (PI), neighbor residue clustering, and protein shape.148

5.16. Molecular Docking of the TLR Complex and
Vaccine Construct. The TLR4 complexes (PDB ID: 4G8A)
were retrieved from the protein data bank (RCSB) with a
resolution of 2.4 Å.117 The heteroatoms and B, C, and D
chains were removed in the Discovery Studio software
package.121 The protein was energy-minimized in Swiss PDB
Viewer software by employing the GROMOS 43B1 force
field.116 Then, the vaccine construct and the TLR4 complexes
were docked in ClusPro (https://cluspro.bu.edu/) tools.149

This tool represents an automated web-based program for
protein−protein or peptide−protein docking. This docking
program evaluates the billions of putative complexes with
favorable surface complementarities. According to the
clustering properties, the program outputs a short list of
putative complexes.

5.17. Normal-Mode Analysis. The collective motion of
the protein complexes can be explained using the iMODS
simulation server through the analysis of normal modes in
internal coordinates.150 This process is quicker and cost-
efficient compared to the other processes of molecular
dynamics simulations.151 This web server predicts the
eigenvalues, deformability, B-factors, and covariance. The
assessment of motif stiffness was done using eigenvalues,
whereas the deformity of the main chain was predicted from
the biological targets’ efficacy measurement.152

5.18. In Silico Immune Simulation. To understand and
explore the immunogenicity and immune response profile, an
immune simulation study was conducted. The C-ImmSim web
tool (http://150.146.2.1/CIMMSIM/index.php) was utilized
for the immune simulation study. This web tool program has
employed machine learning and real-life-like immune inter-
actions and response by applying a position-specific scoring
matrix.153 The parameters in CImmSim were set as defaults,
and the time step was set as 1, 84, and 170, where time step 1
is injection at time = 0, and each time step is 8 h. A total of
three injections were expected with the time duration between
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two injections set as four weeks, as commercial vaccines
recommend an interval between two doses of four weeks.154

5.19. Molecular Dynamics Simulation. The YASARA
dynamics software package (version 20.1.1) was utilized to
conduct the molecular dynamics simulation of the constructed
vaccine and the TLR4 complexes. In this software, the
AMBER14 force field was employed.155,156 The complexes
were initially cleaned, and hydrogen bond networks were
optimized. The TIP3P solvation model157 was used to solvate
the protein in a cubic simulation cell with periodic boundary
conditions by maintaining a solvent density of 0.997 g L−1. The
pKa or the acid dissociation constant value was calculated for
the amino acid present in the protein. The SCWRL algorithm
was applied to maintain the correct protonation state of each
amino acid residue.158 The physiological conditions were
maintained at pH 7.4 with the addition of Na and Cl ions at
298 K temperature.159 The energy of the complexes was
minimized using the steepest gradient approaches (5000
cycles) by simulated annealing methods. The time step of
the simulation system was set as 2.0 fs.160,161 The particle mesh
Ewald method was applied for the calculation of the long-range
electrostatic interactions with a cutoff radius of 8 Å.162 With a
Berendsen thermostat and constant pressure, the simulation
was conducted for 100 ns. The simulation trajectories were
saved after 100 ps intervals to calculate the root mean square
deviations (rmsd), Rg, RMSF, SASA, and hydrogen
bonds.163−166
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