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Human Respiratory Syncytial Virus (RSV) is one of the leading causes of lower respiratory tract 
infections (LRTI), responsible for infecting people from all age groups—a majority of which comprises 
infants and children. Primarily, severe RSV infections are accountable for multitudes of deaths 
worldwide, predominantly of children, every year. Despite several efforts to develop a vaccine against 
RSV as a potential countermeasure, there has been no approved or licensed vaccine available yet, 
to control the RSV infection effectively. Therefore, through the utilization of immunoinformatics 
tools, a computational approach was taken in this study, to design a multi-epitope polyvalent 
vaccine against two major antigenic subtypes of RSV, RSV-A and RSV-B. Potential predictions of the 
T-cell and B-cell epitopes were followed by extensive tests of antigenicity, allergenicity, toxicity, 
conservancy, homology to human proteome, transmembrane topology, and cytokine-inducing 
ability. The peptide vaccine was modeled, refined, and validated. Molecular docking analysis with 
specific Toll-like receptors (TLRs) revealed excellent interactions with suitable global binding energies. 
Additionally, molecular dynamics (MD) simulation ensured the stability of the docking interactions 
between the vaccine and TLRs. Mechanistic approaches to imitate and predict the potential immune 
response generated by the administration of vaccines were determined through immune simulations. 
Subsequent mass production of the vaccine peptide was evaluated; however, there remains a 
necessity for further in vitro and in vivo experiments to validate its efficacy against RSV infections.

The Human Respiratory Syncytial Virus (hRSV), a member of the family of Paramyxoviridae, is known to be 
the primary cause of lower respiratory tract infections (LRTI), including pneumonia and bronchitis—in infants, 
children, as well as elderly and immunocompromised individuals1,2. RSV is an enveloped virus that contains a 
single-stranded, negative-sense RNA with a genome size of about 15.2 kb. As of yet, two major RSV antigenic 
subtypes have been identified, RSV-A and RSV-B, exhibiting differential sequence divergence throughout their 
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genome; RSV-A has been seen to be more prevalent than RSV-B2,3. However, the two subtypes can coexist and 
thrive, owing to RSV reinfections being common throughout the life of an infected individual, indicating that 
cross-immunity against distinct strains is only partial4. RSV severely affects immunocompromised infants as 
well as the geriatric population with weakened immune systems. The implicated virus infection is considered 
globally to be the second largest cause of death, in children under one year of age. RSV-associated acute LRTI 
is responsible for around 33 million serious respiratory infections globally every year, according to the World 
Health Organization (WHO); resulting in more than 3 million hospitalizations and about 60,000 deaths of chil-
dren under 5 years of age, and 6.7% of all deaths in infants younger than a year-old. RSV infects the cells, lining 
the human respiratory pathway, including the ciliated epithelial cells, and causes upper and lower respiratory 
tract complications. Influenza-like diseases and LRTI display clinical symptoms of serious RSV infection2,5. 
Consequently, over the past two decades, RSV has become a major focus for vaccination studies to decrease the 
morbidity of lower respiratory tract infections. Despite the failure of the first RSV vaccine trial in 1960, many 
vaccines have been developed and investigated, but no one is licensed yet for commercial use6,7. In addition to 
vaccine development approaches, the use of RSV anti-infective drugs as a palliative treatment option is being 
explored as a potential strategy to fight against RSV infections8. Merely two approved RSV antivirals are currently 
available, which include, palivizumab, a humanized preventive monoclonal antibody, and aerosolized ribavirin 
for therapy. While these two antivirals can help alleviate the symptoms of RSV infections, they are not ideal for 
prophylactic use. Furthermore, the efficacy of ribavirin in improving outcomes for severe RSV patients remains 
uncertain9,10. Hence, the available research highlights the urgent need to develop effective RSV vaccines to suc-
cessfully combat the infections caused by the virus.

In this study, an immunoinformatics approach was used to generate a polyvalent epitope-based vaccine blue-
print capable of inducing a substantial immune response against both RSV-A and RSV-B types. We have targeted 
four highly virulent proteins for designing the subunit vaccine such as phosphoprotein (P protein), nucleoprotein 
(N protein), fusion glycoprotein (F protein), and major surface glycoprotein (mG protein). The F protein medi-
ates the fusion and attachment of the virus to its target cells along with the mG protein, thus facilitating viral 
entry11. Whereas, N protein surrounds the viral genome of RSV, and the P protein is a vital component of the 
viral RNA-dependent RNA polymerase complex which is necessary for the proper replication and transcription 
of RSV12. Hence, this study aimed to identify potential epitopes from the P, N, F, and mG proteins of RSV, with 
the goal of designing a polyvalent vaccine capable of stimulating an immune response to combat RSV infection.

Results
Protein sequences identification and retrieval
From the NCBI database, the RSV viral strains and the query proteins were identified. Following that, the four 
RSV-A and RSV-B Query Proteins including P protein, N protein, F protein, and mG, were retrieved from the 
UniProt online database. The UniProt Accession Number and the length of the query proteins are listed in 
Table 1.

Epitope prediction and sorting the most promising epitopes
All of the selected proteins were found to be antigenic in the initial antigenicity analysis and the biophysical 
property analyses of the query proteins are listed in S1 Table. Afterwards, the RSV-A proteins were selected as 
models during the prediction of the T-cell and B-cell epitopes by the IEDB server for the construction of the 
polyvalent vaccine, meaning that the epitopes were selected using only the RSV-A proteins and then only the 
fully conserved epitopes were taken therefore, the epitopes should confer immunity to the selected strains of 
both RSV-A and RSV-B. Based on the ranking, the top MHC Class-I or Cytotoxic T Lymphocyte (CTL) and 
MHC Class-II or Helper T Lymphocyte (HTL) epitopes as well as top B-cell epitopes with lengths over ten amino 
acids were taken into consideration for further analysis. Following this, few criteria were selected to filter the best 
epitopes which included high antigenicity, non-allergenicity, non-toxicity, conservancy, and human proteome 
non-homology. Furthermore, the cytokine (i.e., IFN-γ, IL-4, and IL-10) inducing ability of HTL epitopes was 
also considered to determine whether they can produce at least one of these cytokines. Finally, the epitopes that 
met these criteria were listed as the most promising epitopes in Table 2 and were later used for the construction 
of the vaccine. Also, the analysis of transmembrane topology by the TMHMM v2.0 server of the most promising 

Table 1.   List of targeted proteins with their UniProt accession numbers.

Strain type Protein UniProt accession number Sequence length

RSV-A

P protein P03421 241

N protein P03418 391

F protein P03420 574

mG protein P03423 298

RSV-B

P protein O42062 241

N protein O42053 391

F protein O36634 574

mG protein O36633 299
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epitopes revealed that PEFHGEDANNR, SFKEDPTPSDNPFS, EVAPEYRHDSPD, VFPSDEFDASISQVNEK, 
IPNKKPGKKTTTKPTKKPTLKTTKKDPKPQTTKSKEVPTTKP epitopes were exposed outside.

Potential epitopes of P protein, N protein, F protein and mG protein are listed in S2, S3, S4 and S5 Tables, 
respectively.

Population coverage and cluster analyses of the epitopes and their MHC alleles
The population coverage analysis showed that 85.70% and 87.92% of the world population were covered by the 
MHC class-I and class-II alleles and their epitopes, respectively, and 84.62% of the world population was covered 
by the combined MHC class-I and class-II. While India had the highest percentage of population coverage for 
the CTL epitopes (87.56%) as well as HTL epitopes (93.51%), China had the highest percentage of population 
coverage for CTL and HTL epitopes in combination (91.80%) (Fig. 1). On the other hand, Cluster analysis of 
the potential alleles of MHC class I and MHC class II that may interfere with the predicted epitopes of the RSV 
query proteins was also conducted. S1 Fig shows the heat maps and tree maps representing the clusters. The heat 
map represents the strength of interaction between the alleles, with the red zone indicating stronger interactions 
and the yellow zone indicating weaker interactions. On the other hand, the tree map shows the hierarchical 
clustering of the alleles, with larger clusters represented by larger rectangles and smaller clusters by smaller 
rectangles. Together, these visualizations provide insight into the relationships between MHC alleles and can 
aid in understanding the genetic diversity of a population.

Vaccine construction and biophysical property analyses
The vaccine sequence was constructed by linking the most promising T-cell and B-cell epitopes with appropriate 
linkers. Additionally, hBD-3 adjuvant and PADRE sequence were conjugated in the appropriate positions. A sche-
matic presentation of the vaccine sequence is illustrated in Fig. 2. Later, during the biophysical property analyses 
of the vaccine, it was observed that the vaccine possessed potent antigenic properties and was non-allergenic. 
The vaccine had a high theoretical (basic) pI of 9.75. It had a reasonably adequate half-life in mammalian cells 
of 30 h and of more than 10 h in the E. coli cell culture system. The GRAVY value of the vaccine was considered 
to be significantly negative at -0.362. Additionally, both servers, Sol-Pro and Protein-sol, have also shown that 
the vaccine protein is soluble, attesting to its negative value. The instability index of the protein was found to be 
less than 40 (27.55), indicating the vaccine to be quite stable. The extinction coefficient and the aliphatic index 
of the vaccine were also found to be high with values, 45,770 M−1 cm−1 and 80.85, respectively.

Vaccine structure prediction, refinement and validation
The secondary structure of the vaccine protein was analyzed, revealing that the coil structure had the largest 
number of amino acids, while the β-strand showed the lowest percentage. Predictions from four different serv-
ers, as depicted in Fig. 3, were compared and the amino acid percentages of α-helix, β-strand, and coil structure 
were listed in Table 3. The servers showed similar predictions, and the adjuvant appeared to generate potential 
variations in the vaccine protein’s secondary structure.

A 3D model of the vaccine was generated using the RaptorX online server, which had a significantly good 
quality with a low p-value of 8.71e-05 in four domains. Homology modeling was performed using 1KJ6A as a 
template from the Protein Data Bank. Additionally, the vaccine structure was modeled using Modeller to further 
improve its quality, as shown in Fig. 4.

Table 2.   List of the epitopes eventually selected for the construction of the vaccine.

Name of the protein MHC class-I epitopes MHC class-II epitopes B cell epitopes

P protein

VSLNPTSEK LGMLHTLVVASAGPT PEFHGEDANNR

QTNDNITAR​ LHTLVVASAGPTSAR EVTKESPITSNSTIINPTNETDDTAGNKPNYQRK

– – SFKEDPTPSDNPFS

– – RNEESEKMAKDTSDEVSLNPTSEK

N protein

CIAALVITK EVLTLASLTTEIQIN EVAPEYRHDSPD

RSGLTAVIR – EYRGTPRNQDLYDA

SVKNIMLGH – –

F protein

KTNVTLSKK IVIIVILLSLIAVGL VFPSDEFDASISQVNEK

KSALLSTNK VIIVILLSLIAVGLL –

IASGVAVSK EEFYQSTCSAVSKGY –

KQLLPIVNK – –

ITIELSNIK – –

LTSKVLDLK – –

mG protein

TTTQTQPSK LSILAMIISTSLIIA TSQIKNTTPTYLTQNPQLGISPSNPSEITS

IFIASANHK TLSILAMIISTSLII IPNKKPGKKTTTKPTKKPTLKTTKKDPKPQTTKSKEVPT
TKPTEEPTINTT

– QNPQLGISPSNPSEI SNTTGNPELTSQ
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Afterwards, the modelled structure of the vaccine was refined and validated using the Ramachandran plot 
and z-score plot. The Ramachandran plot revealed that 93.5% of the amino acids in the vaccine protein were in 
the most preferred region, while 6.3% were in additional approved regions, 0.2% in the generously permitted 
regions, and no residues in the disallowed regions. The z-score of the modelled vaccine was − 5.08. Overall, the 
protein validation analyses revealed a reasonably consistent structure in the refined form, as shown in Fig. 4. The 
structure was deemed suitable for further molecular docking and simulation studies.

Analysis of conformational B‑lymphocytic epitopes and disulfide engineering of vaccine
The ElliPro server was used to predict the conformational B-cell epitopes of the vaccine protein. The analysis 
revealed three non-contiguous B-cell epitopes, encompassing a total of 333 amino acid residues with values 
ranging from 0.506 to 0.675. The conformational epitopes varied in size, ranging from 4 to 394 residues. The 
three-dimensional representation of the conformational B-cell epitopes of the designed multi-epitope-based 
RSV vaccine and the epitope residues are presented in Fig. 5 and listed in S6 Table. The disulfide bonds of the 
vaccine structure were predicted using the DbD2 server for disulfide engineering analysis. Three pairs of amino 
acids with bond energy below 2.2 kcal/mol were selected: 23 Cys and 38 Cys, 414 Ala and 414 Lys, and 513 Tyr 

Figure 1.   The result of the population coverage analysis of the most promising epitopes and their selected 
MHC alleles.
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and 516 Thr. The selected pairs of amino acids were used to form the mutant vaccine in the DbD2 server, which 
contains potential disulfide bonds within (S2 Fig).

Post‑translational modification analysis
In the post-translational modification analysis of the vaccine, Four N-glycosylation sites and sixty-three 
O-glycosylation sites were predicted in the vaccine construct sequence. The findings suggest that a significant 
amount of glycosylation may have occurred inside the predicted vaccine construct, which might improve the 
vaccine’s efficacy and immunogenicity. In addition, the vaccine protein sequence has ninety-six phosphorylated 
residues (i.e., serine residues (S), threonine (T), and tyrosine (Y) phosphorylation sites) according to the NetPhos 
v2.0 server output. The server-provided plots containing the N-glycosylation sites and phosphorylation are 
given in S3 Fig.

Analysis of protein–protein docking
Protein–protein docking analysis was performed to demonstrate the vaccine’s ability to interact with various 
crucial molecular immune components i.e., TLRs. When docked using ClusPro 2.0, it demonstrated very high 
binding affinities with all its targets (TLRs). It has been further studied using the ZDOCK server where the 
vaccine protein also displayed very strong interaction with the TLRs. The lowest energy level obtained for 
docking between the vaccine construct and TLR-1, TLR-2, TLR-3, TLR-4, and TLR-9 were − 986.1, − 1236.7, 
− 1084.4, − 1260.8, and − 1226.4, respectively. The lowest energy level between the vaccine and TLRs indicated 
the highest binding affinity.

Molecular dynamics simulation studies and MM‑PBSA calculations
MD simulation is an effective method for the analysis of biological systems and it provides many mechanistic 
insights into the possible behavior of the system under a simulated biological environment13. Gromacs 2020.4 

Figure 2.   Designing of the vaccine construct. (A) Schematic representation of the potential vaccine construct 
with linkers (EAAAK, AAY, GPGPG, and KK), PADRE sequence, adjuvant (hBD-3) and epitopes (CTL, HTL, 
and LBL) in a sequential and appropriate manner. (B) Sequence of the vaccine protein. The letters in bold 
represent the linker sequences.
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Figure 3.   The results of the secondary structure prediction of the vaccine. (A) PRISPRED prediction, (B) GOR 
IV prediction, (C) SOPMA prediction, (D) SIMPA96 prediction.

Table 3.   Results of the secondary structure analysis of the vaccine construct.

Secondary structure elements PRISPRED GOR IV SOPMA SIMPA96

α-helix 33.51% 32.98% 30.56% 29.61%

β-strand 16.22% 15.58% 18.46% 14.50%

Coil structure 50.25% 51.44% 50.98% 55.74%
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was used to carry out the production phase MD and the analysis of resulting trajectories was undertaken to 
understand the structural properties, and interaction between different TLRs and the predicted vaccine protein 
at a molecular level. The snapshots of equilibrated structures of each TLR-vaccine complex and the snapshots of 
the last trajectories are shown in Fig. 6. The visual inspection of trajectories at different time intervals suggested 
that the side chains of the vaccine make different interactions with chain A of all TLRs except TLR1, where vac-
cine side chains were found to be interacting with side chains of both A and B chains.

Root mean square deviations (RMSD) analysis gives insights into how the backbone atoms move relative 
to the initial equilibrated positions. Lower the RMSD, better the stability of the corresponding system. In the 
present work, we measured the RMSD in backbone atoms of entire protein–protein complexes of TLRs with a 
vaccine. Figure 7A shows the RMSD in the investigated systems. The evaluation of root means square fluctua-
tions (RMSF) provides insights into the possible changes in the secondary structure of protein under investiga-
tion. In the present work, the RMSF in the side chain atoms of residues in each system was measured. As the 
TLR-vaccine systems have multiple chains, the RMSF evaluation is performed on each chain of the complex to 
understand which residues are involved in the key contacts. The RMSF in the TLR side-chain atoms is shown in 

Figure 4.   Prediction, refinement and validation of the tertiary structure of vaccine. (A) The tertiary or 3D 
structure of the vaccine construct modelled, refined and visualized by RaptorX, GalaxyWEB server, and 
BIOVIA Discovery Studio Visualizer v. 17.2 respectively. (B) The results of the Ramachandran plot analysis 
generated by PROCHECK server and (C) quality score or z-score graph generated by the ProSA-web server of 
the refined vaccine construct. In the Ramachandran plots, the orange and deep yellow coloured regions are the 
allowed regions, the light yellow regions are the generously allowed regions and the white regions are the outlier 
regions and the glycine residues are represented as triangles.
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Fig. 7B. The RMSF in other chains in each of the TLRs is given in S4 Fig. The analysis of radius of gyration (Rg) 
provides the overall measurement of compactness of the system14. The results of total Rg are shown in Fig. 7C. 
Analysis of non-bonded interactions such as hydrogen bonds is quite challenging in protein–protein complexes. 
The side chains of the proteins participate in hydrogen bond interactions. The hydrogen bond analysis of all the 
trajectories was performed with the h-bond module of Gromacs, while the key residues at the interface of the 
TLR chain and vaccine chain were analyzed through the chimeraX program15. The results of the hydrogen bond 
analysis are shown in S5 Fig.

Immune simulation studies
The immune simulation study of the designed vaccine was conducted using the C-ImmSimm server which fore-
casts the activation of adaptive immunity as well as the immune interactions of the epitopes with their specific 
targets. The analysis exhibited that the primary immune reaction to the vaccine could be stimulated substantially 
after administration of the vaccine, as demonstrated by a steady rise in the levels of different immunoglobulins 
i.e., (IgG1 + IgG2, and IgG + IgM antibodies) (Fig. 8A). It was also expected that the concentrations of active 
B cells (Fig. 8B,C), plasma B cells (Fig. 8D), helper T cells (Fig. 8E,F), and cytotoxic T cells (Fig. 8H,I) could 
steadily increase, reflecting the vaccine’s capacity to create a very high secondary immune response and healthy 
immune memory. However, Fig. 8G demonstrates that the concentration of regulatory T cells would gradually 
decrease throughout the phases of the injections, which represents the decrease in suppression of vaccine-induced 
immunity by regulatory T cells. In comparison, the rise in dendritic cell and macrophage concentrations showed 
that these APCs had a competent presentation of antigen (Fig. 8J,K). The simulation result also predicted that 
the constructed vaccine could generate numerous forms of cytokines, including IFN-γ, IL-23, IL-10, and IFN-β; 
some of the most critical cytokines for producing an immune response to viral infections (Fig. 8L). Therefore, 
the overall immune simulation analysis showed that after administration, the proposed polyvalent multi-epitope 
vaccine would be able to elicit a robust immunogenic response.

Codon adaptation, in silico cloning, and interpretation of the vaccine mRNA secondary 
structure
The protein sequence of the vaccine was optimized for in-silico cloning and plasmid construction using the JCat 
server. The Codon Adaptation Index (CAI) value was 0.98, and the GC content was 50.23%, which falls within the 
desired range. The sequence was graphically illustrated after codon adaptation, as shown in S6 Fig. The codon-
adapted vaccine DNA sequence was then inserted between the EaeI and StyI restriction sites into the pETite 
vector plasmid. The resulting recombinant plasmid was named "Cloned_pETite" (Fig. 9). Later, the secondary 
structure of the vaccine mRNA was predicted using the Mfold and RNAfold servers. The minimum free energy 
scores predicted by the Mfold and RNAfold servers were − 549.30 kcal/mol and − 526.30 kcal/mol, respectively. 
These scores were consistent with each other. The vaccine mRNA secondary structure is depicted in S7 Fig.

Figure 5.   Graphical representations of the predicted conformational B-cell epitopes of the modelled vaccine 
indicated by yellow coloured ball-shaped structures.
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Discussion
Our study used immunoinformatics techniques to design a polyvalent epitope-based vaccine against RSV A and 
B subtypes by targeting four antigenic proteins of the viruses. The proteins’ antigenicity and biophysical properties 
were predicted and found to be antigenic, with high aliphatic index, extinction coefficient, and negative GRAVY 
values, suggesting their stability, light-absorption ability, and hydrophilic nature. The potential T-cell and B-cell 
epitopes of the selected proteins, crucial in activating cytotoxic T-cells, helper T-cells, and B-cells to generate an 
effective immune response16, were analyzed in our study. To identify potential epitopes that can elicit an immune 
response in individuals with diverse human leukocyte antigen (HLA) genotypes, epitope prediction for multiple 
alleles was considered. The high polymorphism and variability in HLA allele combinations among individuals 
can significantly impact their ability to present and respond to specific epitopes, emphasizing the need for epitope 
prediction for multiple HLA alleles. This approach is essential in developing effective vaccines and 
immunotherapies that can target a wider population. A rigorous screening process was conducted to identify 
epitopes that were highly conserved, antigenic, non-allergenic, and non-toxic. This screening process was critical 
in ensuring that the vaccine is safe for use and has broad-spectrum activity against both RSV-A and RSV-B 
viruses. Specifically, HTL epitopes that demonstrated the ability to elicit cytokine production such as IFN-γ, 
IL-4, or IL-10 were ultimately chosen for the development of the vaccine. These cytokines are known to play a 
crucial role in modulating the immune response to viral infections such as RSV17. IFN-γ is a pro-inflammatory 
cytokine that has been strongly linked to respiratory syncytial virus (RSV) pathogenesis. Studies suggest that, 
IFN-γ plays a dual role in the control of RSV infection by limiting viral replication and preventing airway 
obstruction18. In contrast, IL-10 is an anti-inflammatory cytokine that has been demonstrated to regulate the 

Figure 6.   Snapshots of equilibrated (initial) systems and last trajectories. Vaccine bound complexes of (A) 
TLR1, (B) TLR2, (C) TLR3, (D) TLR4, and (E) TLR9 (For each snapshot the surface representation and cartoon 
representations are shown).
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immune response to viral infection by reducing the production of pro-inflammatory cytokines and limiting 
tissue damage caused by excessive inflammation19,20. IL-4 is also an anti-inflammatory cytokine that can play a 
crucial role in the regulation of the immune response to RSV infection by promoting Th2 cell differentiation and 
antibody production. It stimulates the production of immunoglobulin E (IgE) and Th2 cytokines, such as IL-5 
and IL-13, which can help in clearing the virus and preventing further infection21. Therefore, cytokines like 
IFN-γ, IL-10, and IL-4 were given special consideration during the selection of HTL epitopes for the vaccine, 
since they may play a crucial role in mediating communication between various immune cells after the vaccine 
is administered22. In the MHC cluster analysis, the result presented indicates that the MHC Class-I and Class-II 
alleles and their epitopes, when considered separately, have a population coverage of over 85% globally, which 
suggests that the vaccine has the potential to provide protection to a large proportion of the world’s population. 
When the MHC Class-I and Class-II alleles and their epitopes are combined, the coverage drops slightly to 84%, 
still representing a significant proportion of the population. Moreover, when the selected epitopes are compared 
to the overall population, they exhibit a greater individual percentage coverage, which suggests that the vaccine 
has the potential to be effective worldwide against RSV infections. This is an important consideration when 
developing vaccines since diseases like RSV can affect people globally, and a vaccine that can provide broad 
protection across different populations can be very valuable in preventing and controlling the spread of the 
disease. For vaccine construction, we selected four linkers (EAAAK, AAY, GPGPG, and KK) for conjugation 
with the most promising RSV epitopes based on their ability to provide optimal spacing, flexibility, and stability 
to the conjugates. The EAAAK linker contains glutamic acid and lysine residues, AAY contains alanine and 
tyrosine residues, GPGPG contains glycine and proline residues, and KK contains lysine residues. These linkers 
were chosen to enhance solubility, flexibility, stability, and immunogenicity of the conjugates23–25. An innate 
antimicrobial peptide, hBD-3, was selected as an adjuvant to improve the antigenicity, immunogenicity, durability, 
and longevity of the vaccine26. The peptide was chosen due to its potential to induce the expression of 
co-stimulatory molecules on the surface of monocytes and myeloid dendritic cells, as well as its ability to prevent 
the fusion of the virus and stimulate various immune responses27,28. Additionally, the PADRE sequence was 

Figure 7.   Results of the molecular dynamics simulation studies. (A) Root mean square deviations in the 
investigated systems, (B) Root mean square fluctuations in the side chain atoms of vaccine, and (C) Radius of 
gyration of the vaccine.
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Figure 8.   C-IMMSIMM representation of the immune simulation of the designed vaccine construct. (A) 
The immunoglobulin and immunocomplex response to the vaccine inoculations (lines hued in black) and 
specific subclasses are indicated by coloured lines, (B,C) elevation of the B-cell population throughout the three 
injections, (D) rise in the plasma B-cell population throughout the injections, (E,F) elevation of the helper 
T-cell population throughout the three injections, (G) decrease in the regulatory T lymphocyte concentration 
throughout the three injections, (H,I) augmentation in the cytotoxic T lymphocyte population throughout the 
injections, (J,K) augmentation in the population of active dendritic cell and macrophage respectively, per state 
throughout the three injections, (L) Rise in the concentration of different types of cytokines throughout the 
three injections.
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incorporated to further strengthen the immunogenic reaction of the vaccine29. After constructing the vaccine, 
its antigenicity, allergenicity, and biophysical properties were assessed, revealing the vaccine protein to be suitable 
for further refinement and validation processes. The results indicate that the constructed vaccine protein is a 
basic, hydrophilic, and stable protein with desirable biophysical properties. The high theoretical pI, negative 
GRAVY value, low instability index, high extinction coefficient, and aliphatic index suggest that the protein is 
soluble, less likely to undergo conformational changes or degradation, and highly stable. These properties make 
the vaccine protein a promising candidate for further modelling refinement and validation30–33. The secondary 
structure analysis of the vaccine showed a higher abundance of coiled regions and a lower amount of β-strand, 
indicating greater stability and conservation of the predicted vaccine model. The tertiary structure was predicted 
and refined, resulting in a high p-value of 8.71e−05 in four domains of the protein, indicating an accurate 
prediction. In an effort to increase the stability of the vaccine structure, disulfide engineering was conducted to 
identify potential disulfides that can increase the protein’s thermal stability34. Following the prediction and 
refinement of the tertiary structure of the vaccine, an analysis of disulfide engineering and posttranslational 
modifications was conducted. The aim of this analysis is to provide insight for future synthesis of the vaccine, 
with the potential to increase the vaccine’s stability and immunogenicity. Through disulfide engineering, three 
pairs of amino acids in the vaccine were identified which could improve protein stability and facilitate the study 
of protein dynamics and interactions35. Further, the vaccine construct was analysed for posttranslational 
modifications and identified four N-glycosylation sites, sixty-three O-glycosylation sites, and ninety-six 
phosphorylated residues. Incorporating these modifications into vaccine designs can optimize vaccine efficacy 
and improve protection against viral infection. Posttranslational modifications, including glycosylation, 
phosphorylation, and acetylation, play a significant role in vaccine effectiveness and immunological responses. 
Glycosylation, in particular, can enhance antigenicity and immunogenicity, while phosphorylation and 
acetylation can promote immune recognition and improve protein stability36–38. The proposed RSV vaccine was 
analyzed using molecular docking, which revealed a strong interaction with Toll-like receptors (TLRs) critical 
in RSV pathogenesis. TLR4 showed the lowest energy level with the vaccine, indicating the highest interaction, 
while TLR2 and TLR9 also demonstrated high interactions. TLR2, TLR1, TLR6, TLR3, and TLR4 are critical 
TLRs in RSV pathogenesis, with TLR2/1 and TLR2/6 complexes enhancing early innate inflammatory responses 
and controlling viral replication. The vaccine’s strong affinity with all target TLRs suggests that it may induce a 
robust immune response upon administration39–43. Following the molecular docking analysis, MD simulation 
was performed to examine the molecular stability of five docked vaccine-TLR complexes in response to external 
forces exerted by the surrounding environment. The TLR1-vaccine complex was found to be the most stable, 
while the TLR4-vaccine complex had higher RMSD despite having a similar number of chains. The RMSF analysis 
revealed that the residues in the range 190–240 and 480–530 had large magnitudes of fluctuations in all the 
complexes, with TLR3-vaccine complex showing slightly larger fluctuating side chains than others. The 

Figure 9.   In-silico cloning of the vaccine sequence in the pETite plasmid vector. The codon sequence of the 
final vaccine is presented in red generated by the JCat server. The pETite expression vector is in black.
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non-bonded interaction analysis showed that the TLR1-vaccine complex had the highest number of hydrogen 
bonds, with around 10 beingformed till around 50 ns MD time interval, which steadily lowered to around 5 
hydrogen bonds till 80 ns and thereafter rose to 10 hydrogen bonds. The TLR4-vaccine complex had the lowest 
number of hydrogen bonds formed, around 5, compared to other systems. Overall, the study showed that the 
docked vaccine-TLR complexes had reasonable stability, and the TLR1-vaccine complex had the highest stability 
among the five complexes. Actual residues involved in the hydrogen bond formation as investigated in the last 
trajectory are tabulated in the S7 Table. The proposed vaccine was found to induce humoral and cell-mediated 
immune responses, resulting in increased memory and plasma B cells, cytotoxic and helper T cells, and various 
antibodies. The activation of helper T cells led to strong adaptive immunity and antigen presentation. The 
cytokine profile was enriched, and gradual increases in mucosal immunoglobulins were predicted, which is 
crucial for respiratory viruses like RSV. The vaccine also showed a potential decrease in regulatory T cell sup-
pression of vaccine-induced immunity. Overall, the vaccine provides broad-spectrum immunity against viral 
invasions and stimulates the immune system predominantly at mucosal surfaces. These results suggest that the 
proposed vaccine construct is likely to be effective after vaccination. Finally, the study aimed to identify potential 
codons required for generating a recombinant plasmid that can express the vaccine in E. coli strain K12 for mass 
manufacturing. Codon adaptation and in silico cloning studies were performed, and the results showed signifi-
cantly good results with a CAI value of 0.98 and a GC content of 50.23%, indicating the potential for high-level 
expression44. The optimized vaccine DNA sequence was inserted into the pETite plasmid vector, containing 
SUMO and 6X His tags that could promote purification and downstream processing of the vaccine45. The stability 
of the vaccine mRNA secondary structure was predicted using Mfold and RNAfold servers, showing a much 
lower minimal free energies, indicating that the predicted vaccine could be very stable upon transcription. 
Overall, these findings suggest that the proposed vaccine construct has the potential for mass production and 
could be very stable, making it a promising candidate for further development. However, further research through 
in vitro or in vivo studies is required to strongly verify the immunogenicity, efficacy, stability, safety, and diverse 
biophysical properties of the proposed vaccine.

Methods
The high throughput immunoinformatics and MD approaches of vaccine designing are illustrated in a step-by-
step processes in Fig. 10.

Protein sequences identification and retrieval
Through existing literature reviews in the National Center for Biotechnology Information (NCBI) (https://​www.​
ncbi.​nlm.​nih.​gov/) database, the RSV-A and RSV-B viruses were identified and selected along with their target 
proteins (i.e., P protein, N protein, F protein, and mG protein). The sequences of target proteins of the selected 
strains (i.e., RSV strain A2 and RSV strain B1) were then extracted from the UniProt (https://​www.​unipr​ot.​org/) 
database in FASTA format. The NCBI Protein database is a collection of SwissProt, PIR, PRF, and PDB sequences. 
It also includes GenBank, RefSeq, and TPA translations from elucidated coding regions.

Prediction of T‑cell and B‑cell epitopes
Before epitopes prediction, antigenicity and biophysical properties of the target proteins were analysed. Using the 
online antigenicity prediction tool, VaxiJen v2.0 (http://​www.​ddg-​pharm​fac.​net/​vaxij​en/​VaxiJ​en/​VaxiJ​en.​html), 
the antigenicity of the target protein sequences was predicted with the prediction precision parameter threshold 
kept at 0.446. Subsequently, ProtParam tool of the ExPASy server (https://​web.​expasy.​org/​protp​aram/) was used to 
determine the biophysical properties of the target proteins47. Afterwards, the T-cell and B-cell epitope prediction 
was performed using the Immune Epitope Database or IEDB (https://​www.​iedb.​org/), which contains extensive 
experimental data on antibodies and epitopes48. For the prediction of CTL epitopes for several HLA alleles, i.e., 
HLA A*01:01, HLA A*03:01, HLA A*11-01, HLA A*02:01, HLA A*02:06, and HLA A*29:02, the recommended 
IEDB NetMHCpan 4.0 prediction method was used. The default prediction method selection of the server is 
‘IEDB recommended’ which utilizes the best available technique for a specific MHC molecule based on the 
availability of predictors and observes the predicted performance for a specific allele. Again, for the prediction 
of HTL epitopes for DRB1*03:01, DRB1*04:01, DRB1*15:01, DRB3*01:01, DRB5*01:01, and DRB4*01:01 alleles, 
the recommended IEDB 2.22 prediction method was used. Henceforth, based on their ranking, the top-scored 
HTL and CTL epitopes that were found to be common for all of the selected corresponding HLA alleles were 
considered for further analyses. All the parameters were retained by opting for default during the T-cell epitope 
prediction. Later, B-cell epitopes of the proteins were predicted using the BepiPred linear epitope prediction 
method 2.0, maintaining all the default parameters and thus, the top-scored LBL epitopes containing more than 
ten amino acids were primarily regarded as potential candidates for further analysis49. Also, the conformational 
B-cell epitopes of the modeled 3D structure of the vaccine were predicted using IEDB ElliPro, an online server 
(http://​tools.​iedb.​org/​ellip​ro/) using the default parameters of a minimum score of 0.5 and a maximum distance 
of 6 angstroms50.

Assessment of antigenicity, allergenicity, toxicity, and topology prediction of the epitopes
In this step, several methods for predicting their conservancy, antigenicity, allergenicity, and toxicity were used 
to evaluate the initially predicted T-cell and B-cell epitopes. To assess the conservancy of the chosen epitopes, the 
conservancy prediction method of the IEDB server (https://​www.​iedb.​org/​conse​rvancy/) was used51. Also, the 
antigenicity determination tool VaxiJen v2.0 was used again for determination of antigenicity of the epitopes. Two 
different tools were then used, i.e. AllerTOP v2.0 (https://​www.​ddg-​pharm​fac.​net/​Aller​TOP/) and AllergenFP 
v1.0 (http://​ddg-​pharm​fac.​net/​Aller​genFP/) to obtain the highest precision for prediction of allergenicity. Both 
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https://web.expasy.org/protparam/
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https://www.iedb.org/conservancy/
https://www.ddg-pharmfac.net/AllerTOP/
http://ddg-pharmfac.net/AllergenFP/
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of the tools are based on auto cross-covariance (ACC) transformation of protein sequences into uniform equal-
length vectors. However, the AllerTOP v2.0 server has a better 88.7% prediction accuracy than the AllergenFP 
v1.0 server (87.9%)52,53. In addition, the ToxinPred (http://​crdd.​osdd.​net/​ragha​va/​toxin​pred/) server was used 
to predict toxicity for all epitopes by using the Support Vector Machine (SVM) prediction method to keep all 
the default parameters. Finally, using the TMHMM v2.0 server (https://​servi​ces.​healt​htech.​dtu.​dk/​servi​ce.​php?​
TMHMM-2.0), the transmembrane topology prediction of all the epitopes was performed to predict whether 
the epitopes were exposed inside or outside, keeping the parameters at their default values. TMHMM uses 

Figure 10.   The step-by-step procedures of immunoinformatics and molecular dynamics approaches used in the 
vaccine designing study.

http://crdd.osdd.net/raghava/toxinpred/
https://services.healthtech.dtu.dk/service.php?TMHMM-2.0
https://services.healthtech.dtu.dk/service.php?TMHMM-2.0
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an algorithm called N-best (or 1-best in this case) to predict the most probable location and orientation of 
transmembrane helices in the sequence54.

Cytokine inducing capacity prediction of the epitopes
The induction capacity of the predicted HTL epitopes for interferon-γ (IFN-γ) was determined using the 
IFNepitope (http://​crdd.​osdd.​net/​ragha​va/​ifnep​itope/) server55. Based on analyzing a dataset that includes IFN-γ 
inducing and non-inducing peptides, the server determines the probable IFN-γ inducing epitopes. To determine 
the IFN-γ inducing capacity, the Design module and the Hybrid (Motif + SVM) prediction approach were used. 
In addition, IL-4 and IL-10 inducing HTL epitope properties were determined using the servers IL4pred (https://​
webs.​iiitd.​edu.​in/​ragha​va/​il4pr​ed/​index.​php) and IL10pred (http://​crdd.​osdd.​net/​ragha​va/​IL-​10pred/)56,57. The 
SVM method was used on both servers, where the default threshold values were kept at 0.2 and − 0.3, respectively.

Conservancy and human proteome homology prediction
The conservancy analysis of the specified epitopes was conducted using the IEDB server’s epitope conservancy 
analysis module51. Afterwards, the homology of the human proteome epitopes was determined by the BLAST 
(BlastP) protein module of the BLAST tool (https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi), where Homo sapiens (taxid: 
9606) was used for comparison, keeping all other default parameters. An e-value cut-off of 0.05 was set and 
epitopes were selected as non-homologous pathogen peptides that showed no hits below the e-value inclusion 
threshold58. The epitopes found to be highly antigenic, non-allergenic, non-toxic, fully conserved, and non-
homologous to the human proteome were finally considered as the most promising epitopes, and only these 
selected epitopes were used in the construction of the vaccine.

Population coverage and cluster analyses of the epitopes and their MHC alleles
The IEDB server (http://​tools.​iedb.​org/​popul​ation/) was used for analyzing the population coverage of the 
most promising epitopes across several HLA alleles in various regions around the world59. Denominated 
MHC restriction of T cell responses and polymorphic HLA combinations were considered in the analysis. 
All the parameters were maintained at their default conditions during the study. Furthermore, to evaluate the 
relationship between the selected MHC alleles, cluster analysis of the MHC alleles was done using the online 
tool MHCcluster 2.0 https://​servi​ces.​healt​htech.​dtu.​dk/​servi​ce.​php?​MHCcl​uster-2.0)60. During the study, 50,000 
peptides to be used were retained, 100 bootstrap measurements were retained, and both HLA supertype (MHC 
Class-I) and HLA-DR (MHC class-II) representatives were chosen.

Vaccine construction and biophysical property analyses
The most promising antigenic epitopes were linked with each other to create a fusion peptide using an adjuvant 
and linkers. Human beta-defensin-3 (hBD-3) was used as an adjuvant sequence that was linked to the epitopes 
by EAAAK linkers. The epitopes were also appended to the pan HLA-DR epitope (PADRE) sequence. In the 
conjugation of the CTL, HTL, and LBL epitopes, the AAY, GPGPG, and KK linkers were used, respectively. 
Once the vaccine construct was prepared, antigenicity of the sequences was measured using VaxiJen v2.0 server, 
keeping the threshold value fixed at 0.4. The findings of the Vaxijen v2.0 server were further cross-checked by 
the ANTIGENpro module of the SCRATCH protein predictor (http://​scrat​ch.​prote​omics.​ics.​uci.​edu/), holding 
all the default parameters61, to achieve better prediction precision. Three different online methods were used to 
accurately perform the allergenicity of the vaccine i.e. AlgPred (http://​crdd.​osdd.​net/​ragha​va/​algpr​ed/), AllerTop 
v2.0 and AllergenFP v1.0, to ensure optimum prediction precision. The biophysical properties of the vaccine 
were then analysed ProtParam. Thereafter, the solubility of vaccine constructs was also estimated alongside the 
biophysical property study by the SOLpro module of the SCRATCH protein predictor (http://​scrat​ch.​prote​omics.​
ics.​uci.​edu/) and further validated by the Protein-Sol server (https://​prote​in-​sol.​manch​ester.​ac.​uk/)62. All the 
parameters of the servers were maintained at their default values during the solubility review.

Secondary and tertiary structure prediction of the vaccine construct
The vaccine construct was subjected to secondary structure prediction following biophysical property analysis. 
For this, several online tools were used to preserve all the default parameters, i.e. PSIPRED (http://​bioinf.​cs.​ucl.​
uk/​psipr​ed/) (using the PSIPRED 4.0 prediction method), GOR IV (https://​npsa-​prabi.​ibcp.​fr/​cgi-​bin/​npsa_​
autom​at.​pl?​page=/​NPSA/​npsa_​gor4.​html), SOPMA (https://​npsa-​pbil.​ibcp.​fr/​cgi-​bin/​npsa_​autom​at.​pl?​page=/​
NPSA/​npsa_​sopma.​html) and SIMPA96 (https://​npsa-​prabi.​ibcp.​fr/​cgi-​bin/​npsa_​autom​at.​pl?​page=/​NPSA/​npsa_​
simpa​96.​html). To predict the percentages or quantities of amino acids in α helix, β-sheet, and coil structure 
formations, these servers are considered to be reliable, quick, and effective63–67. Moreover, 3D modelling of the 
vaccine construct was carried out using the RaptorX online server (https://​bio.​tools/​rapto​rx). Using an easy and 
powerful template-based method68, the server predicts the tertiary structure of a query protein. RaptorX uses a 
deep learning method to enable distance-based protein folding69.

Refinement and validation of tertiary structure of the vaccine
GalaxyWEB server (http://​galaxy.​seokl​ab.​org/) using the GalaxyRefine module was used to refine the predicted 
model of the vaccine improving its resolution so that it resembles the native protein structure. The server uses 
dynamic simulation and the refinement approach is tested by CASP10 to refine the tertiary protein structures70,71. 
Furthermore, validation of the refined protein was carried out by analyzing the Ramachandran plot created by 
the PROCHECK (https://​www.​ebi.​ac.​uk/​thorn​ton-​srv/​softw​are/​PROCH​ECK/) tool72. Along with PROCHECK 
for protein validation, another online platform, ProSA-web (https://​prosa.​servi​ces.​came.​sbg.​ac.​at/​prosa.​php) was 
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also used73. A z-score that expresses the consistency of a query protein structure is created by the PROCHECK 
server.

Vaccine protein disulfide engineering analysis
In this experiment, the Disulfide by Design (DbD) 2 v12.2 (http://​cptweb.​cpt.​wayne.​edu/​DbD2/) online tool 
was used to predict the locations and further design the disulfide bonds within the vaccine proteins74. The tool 
was developed using computational approaches to predict the protein structure, and the algorithm of this server 
accurately estimates the χ3 torsion angle based on 5the Cβ–Cβ distance using a geometric model derived from 
native disulfide bonds. The Caf-Cβ-Sγ angle is allowed some tolerance in the DbD2 server based on the wide 
range found in native disulfides. To facilitate the ranking process, DbD2 estimates an energy value for each 
potential disulfide and mutant PDB files may be generated for selected disulfides75,76. The χ3 angle was held at 
− 87° or + 97° ± 10 during the experiment to cast off various putative disulfides that were generated using the 
default angles of + 97° ± 30° and − 87° ± 30°. Additionally, the angle of Caf-Cβ-Sγ was set to its default value of 
114.6° ± 10. Finally, to allow disulfide bridge formation, residue pairs with energy less than 2.2 kcal/mol were 
selected and mutated to cysteine residue77.

Post‑translational modification analysis
For posttranslational modification analysis of the vaccine construct comprising of the B-cell and T-cell 
epitopes, the NetNGlyc-1.0 (http://​www.​cbs.​dtu.​dk/​servi​ces/​NetNG​lyc-1.0), NetOGlyc4.0 (http://​www.​cbs.​
dtu.​dk/​servi​ces/​NetOG​lyc-4.0), and NetPhos-3.1 (http://​www.​cbs.​dtu.​dk/​servi​ces/​NetPh​os-3.1) servers were 
utilized. The NetNglyc server uses artificial neural networks to predict N-glycosylation sites in human proteins 
by examining the sequence context of Asn-Xaa-Ser/Thr sequons78. The NetOglyc server predicts mucin type 
GalNAc O-glycosylation sites in mammalian proteins using neural networks79. This server provides a list of 
probable glycosylation sites for each input sequence, together with their positions in the sequence and prediction 
confidence scores. Using ensembles of neural networks, the NetPhos 3.1 server predicts serine, threonine, or 
tyrosine phosphorylation sites in eukaryotic proteins80.

Analysis of protein–protein docking
The vaccine protein was docked against several toll-like receptors (TLRs) in protein–protein docking analysis. 
In this study, different TLRs have been docked with the vaccine protein, i.e. TLR-1 (PDB ID: 6NIH), TLR-2 
(PDB ID: 3A7C), TLR-3 (PDB ID: 2A0Z), TLR-4 (PDB ID: 4G8A), and TLR9 (PDB ID: 3WPF). ClusPro v2.0 
(https://​clusp​ro.​bu.​edu/​login.​php) was used to conduct the docking, where the lower energy score corresponds 
to the stronger binding affinity. Based on the following equation, the ClusPro server calculates the energy score:

The repulsions and attraction energies owing to van der Waals interactions are denoted by Erep and Eattr, 
respectively, whereas Eelec signifies the electrostatic energy component. The Decoys’ pairwise structure-based 
potential is represented by EDARS as the Reference State (DARS) method81,82. Furthermore, another round 
of docking was carried out using the ZDOCK server (https://​zdock.​umass​med.​edu/) which is a rigid-body 
protein–protein docking tool that employs a combination of shape complementarity, electrostatics, and statistical 
potential terms for scoring and uses the Fast Fourier Transform algorithm to enable an efficient global docking 
search on a 3D grid. In the most current benchmark version (Accelerating protein docking in ZDOCK utilizing 
an advanced 3D convolution library), ZDOCK achieves high predictive accuracy on protein–protein docking 
benchmarks, with > 70% success in the top 1000 predictions for rigid-body instances83.

Molecular dynamics simulation studies and MM‑PBSA calculations
The docked complexes from the ZDOCK server were used in MD simulations. The complexes being 
protein–protein in nature with multiple chains, the MD simulations were computationally expensive and 
performed on the HPC cluster at Bioinformatics Resources and Applications Facility (BRAF), C-DAC, Pune 
with Gromacs 2020.484 MD simulation package. The CHARMM-36 force field parameters85,86 were employed 
to prepare the topology of protein chains. The system of each TLR along with the bound vaccine was solvated 
with the single point charge water model87 in the dodecahedron unit cells and neutralized with the addition 
of Na+ or Cl− counter-ions. The solvated systems were initially energy minimized to relieve the steric clashes 
if any with the steepest descent criteria until the threshold (Fmax < 10 kJ/mol) was reached. These energy 
minimized systems were then equilibrated at constant volume and temperature conditions 300 K using modified 
Berendsen thermostat88 and then at constant volume and pressure Berendsen barostat89 for 100 ps each. The 
equilibrated systems were later subjected to 100 ns production phase MD simulations, where the modified 
Berendsen thermostat and Parrinello-Rahman barostat90 were used with covalent bonds restrained using the 
LINCS algorithm91. The long-range electrostatic interaction energies were measured with the cut-off of 12 Å, 
with the Particle Mesh Ewald method (PME)92. The resulting trajectories were analyzed for root mean square 
deviations (RMSD) in protein backbone atoms, root mean square fluctuations (RMSF) in the side chain atoms 
of individual chains in each protein complex, the radius of gyration (Rg), and several hydrogen bonds formed 
between vaccine protein chain and the respective TLR protein chain.

Immune simulation studies
To forecast the immunogenicity and immune response profile of the proposed vaccine, an immune simulation 
analysis was performed. For the immune simulation study, the C-ImmSim server (http://​150.​146.2.​1/​CIMMS​

E = 0.40Erep+ (−0.40Eatt)+ 600Eelec + 1.00EDARS
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IM/​index.​php) was used to predict real-life immune interactions using machine learning techniques and PSSM 
(Position-Specific Scoring Matrix)93. During the experiment, all the variables except for the time steps were kept 
at their default parameters. However, the time steps at 1, 84, and 170 were retained (time step 1 is injection at 
time = 0), and the number of simulation steps was set to 1050. Thus, three injections at four-week intervals were 
administered to induce recurrent antigen exposure94.

Codon adaptation and in silico cloning within E. coli system
Java Codon Adaptation Tool or JCat server (http://​www.​jcat.​de/) was used for codon optimization95, and the 
optimized codon sequence was further analyzed for expression parameters, codon adaptation index (CAI), and 
GC-content %. The optimum CAI value is 1.0, while a score of > 0.8 is considered acceptable, and the optimum 
GC content ranges from 30 to 70%96. For in silico cloning simulation, the pETite vector plasmid was selected 
which contains a small ubiquitin-like modifier (SUMO) tag as well as a 6 × polyhistidine (6X-His)   tag97. The 
vaccine protein sequence was reverse-translated to the optimized DNA sequence by the server to which EaeI 
and StyI restriction sites were incorporated at the N-terminal and C-terminal sites, respectively. The newly 
adapted DNA sequence was then inserted between the EaeI and StyI restriction sites of the pETite vector using 
the SnapGene restriction cloning software (https://​www.​snapg​ene.​com/​free-​trial/) to confirm the expression of 
the vaccine98,99.

Prediction of the vaccine mRNA secondary structure
Two servers, i.e. Mfold (http://​unafo​ld.​rna.​albany.​edu/?q=​mfold) and RNAfold (http://​rna.​tbi.​univie.​ac.​at/​cgi-​
bin/​RNAWe​bSuite/​RNAfo​ld.​cgi), were used for the mRNA secondary structure prediction100,101. Both of these 
servers thermodynamically predict the mRNA secondary structures and provide each of the generated structures 
with minimum free energy (’G Kcal/mol’). To analyze the mRNA folding and secondary vaccine structure, the 
optimized DNA sequence was first taken from the JCat server and converted via the DNA <-> RNA-> Protein tool 
(http://​biomo​del.​uah.​es/​en/​lab/​cyber​tory/​analy​sis/​trans.​htm) to a possible RNA sequence. The RNA sequence 
was then gathered from the tool and utilized for prediction into the Mfold and RNAfold servers using the default 
settings for all the parameters.

Data availability
All the data generated during the experiment are provided in the manuscript/supplementary material.

Received: 14 November 2022; Accepted: 16 May 2023

References
	 1.	 Meng, J., Stobart, C. C., Hotard, A. L. & Moore, M. L. An overview of respiratory syncytial virus. PLoS Pathog. 10(4), e1004016. 

https://​doi.​org/​10.​1371/​journ​al.​ppat.​10040​16 (2014).
	 2.	 Clark, C. M. & Guerrero-Plata, A. Respiratory syncytial virus vaccine approaches: A current overview. Curr. Clin. Microbiol. 

Rep. 4(4), 202–207. https://​doi.​org/​10.​1007/​s40588-​017-​0074-6 (2017).
	 3.	 Killikelly, A. et al. Respiratory syncytial virus: Overview of the respiratory syncytial virus vaccine candidate pipeline in Canada. 

Can. Commun. Dis. Rep. 46(4), 56. https://​doi.​org/​10.​14745/​ccdr.​v46i0​4a01 (2020).
	 4.	 Vandini, S., Biagi, C. & Lanari, M. Respiratory syncytial virus: The influence of serotype and genotype variability on clinical 

course of infection. Int. J. Mol. Sci. 18(8), 1717. https://​doi.​org/​10.​3390/​ijms1​80817​17 (2017).
	 5.	 Bianchini, S. et al. Role of respiratory syncytial virus in pediatric pneumonia. Microorganisms. 8(12), 2048. https://​doi.​org/​10.​

3390/​micro​organ​isms8​122048 (2020).
	 6.	 Agoti, C. N. et al. Genomic analysis of respiratory syncytial virus infections in households and utility in inferring who infects 

the infant. Sci. Rep. 9(1), 1–4. https://​doi.​org/​10.​1038/​s41598-​019-​46509-w (2019).
	 7.	 Karron, R. A. et al. Evaluation of two live, cold-passaged, temperature-sensitive respiratory syncytial virus vaccines in chim-

panzees and in human adults, infants, and children. J. Infect. Dis. 176(6), 1428–1436. https://​doi.​org/​10.​1086/​514138 (1997).
	 8.	 Hurwitz, J. L. Respiratory syncytial virus vaccine development. Expert Rev. Vaccines. 10(10), 1415–1433. https://​doi.​org/​10.​

1586/​erv.​11.​120 (2011).
	 9.	 Griffiths, C., Drews, S. J. & Marchant, D. J. Respiratory syncytial virus: Infection, detection, and new options for prevention and 

treatment. Clin. Microbiol. Rev. 30(1), 277–319. https://​doi.​org/​10.​1128/​CMR.​00010-​16 (2017).
	 10.	 Jordan, R. et al. Antiviral efficacy of a respiratory syncytial virus (RSV) fusion inhibitor in a bovine model of RSV infection. 

Antimicrob. Agents Chemother. 59(8), 4889–4900. https://​doi.​org/​10.​1128/​AAC.​00487-​15 (2015).
	 11.	 Collins, P. L., Fearns, R. & Graham, B. S. Respiratory syncytial virus: Virology, reverse genetics, and pathogenesis of dis-

ease. In Challenges and Opportunities for Respiratory Syncytial Virus Vaccines 3–38 (Springer, 2013). https://​doi.​org/​10.​1007/​
978-3-​642-​38919-1_1.

	 12.	 Lu, B., Ma, C. H., Brazas, R. & Jin, H. The major phosphorylation sites of the respiratory syncytial virus phosphoprotein are 
dispensable for virus replication in vitro. J. Virol. 76(21), 10776–10784. https://​doi.​org/​10.​1128/​JVI.​76.​21.​10776-​10784.​2002 
(2002).

	 13.	 Khan, M. T. et al. Immunoinformatics and molecular dynamics approaches: Next generation vaccine design against West Nile 
virus. PLoS ONE 16(6), e0253393. https://​doi.​org/​10.​1371/​journ​al.​pone.​02533​93 (2021).

	 14.	 Lobanov, M. Y., Bogatyreva, N. S. & Galzitskaya, O. V. Radius of gyration as an indicator of protein structure compactness. Mol. 
Biol. 42(4), 623–628. https://​doi.​org/​10.​1134/​S0026​89330​80401​95 (2008).

	 15.	 Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for researchers, educators, and developers. Protein Sci. 30(1), 
70–82. https://​doi.​org/​10.​1002/​pro.​3943 (2021).

	 16.	 Zhang, L. Multi-epitope vaccines: A promising strategy against tumors and viral infections. Cell. Mol. Immunol. 15(2), 182–184. 
https://​doi.​org/​10.​1038/​cmi.​2017.​92 (2018).

	 17.	 Sanchez-Trincado, J. L., Gomez-Perosanz, M. & Reche, P. A. Fundamentals and methods for T-and B-cell epitope prediction. J. 
Immunol. Res. https://​doi.​org/​10.​1155/​2017/​26801​60 (2017).

	 18.	 van Schaik, S. M. et al. Role of interferon gamma in the pathogenesis of primary respiratory syncytial virus infection in BALB/c 
mice. J. Med. Virol. 62(2), 257–266. https://​doi.​org/​10.​1002/​1096-​9071(200010)​62:2%​3c257::​AID-​JMV19%​3e3.0.​CO;2-M (2000).

http://150.146.2.1/CIMMSIM/index.php
http://www.jcat.de/
https://www.snapgene.com/free-trial/
http://unafold.rna.albany.edu/?q=mfold
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://biomodel.uah.es/en/lab/cybertory/analysis/trans.htm
https://doi.org/10.1371/journal.ppat.1004016
https://doi.org/10.1007/s40588-017-0074-6
https://doi.org/10.14745/ccdr.v46i04a01
https://doi.org/10.3390/ijms18081717
https://doi.org/10.3390/microorganisms8122048
https://doi.org/10.3390/microorganisms8122048
https://doi.org/10.1038/s41598-019-46509-w
https://doi.org/10.1086/514138
https://doi.org/10.1586/erv.11.120
https://doi.org/10.1586/erv.11.120
https://doi.org/10.1128/CMR.00010-16
https://doi.org/10.1128/AAC.00487-15
https://doi.org/10.1007/978-3-642-38919-1_1
https://doi.org/10.1007/978-3-642-38919-1_1
https://doi.org/10.1128/JVI.76.21.10776-10784.2002
https://doi.org/10.1371/journal.pone.0253393
https://doi.org/10.1134/S0026893308040195
https://doi.org/10.1002/pro.3943
https://doi.org/10.1038/cmi.2017.92
https://doi.org/10.1155/2017/2680160
https://doi.org/10.1002/1096-9071(200010)62:2%3c257::AID-JMV19%3e3.0.CO;2-M


18

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9702  | https://doi.org/10.1038/s41598-023-35309-y

www.nature.com/scientificreports/

	 19.	 Turner, M. D., Nedjai, B., Hurst, T. & Pennington, D. J. Cytokines and chemokines: At the crossroads of cell signalling and 
inflammatory disease. Biochim. Biophys. Acta Mol. Cell Res. 1843(11), 2563–2582. https://​doi.​org/​10.​1016/j.​bbamcr.​2014.​05.​
014 (2014).

	 20.	 Chang, H. D. & Radbruch, A. The pro-and anti-inflammatory potential of interleukin-12. Ann. N. Y. Acad. Sci. 1109(1), 40–46. 
https://​doi.​org/​10.​1196/​annals.​1398.​006 (2007).

	 21.	 Brown, M. A. & Hural, J. Functions of IL-4 and control of its expression. Crit. Rev. Immunol. 17(1), 1–32. https://​doi.​org/​10.​
1615/​critr​evimm​unol.​v17.​i1.​10 (1997).

	 22.	 Luckheeram, R. V., Zhou, R., Verma, A. D. & Xia, B. CD4+ T cells: Differentiation and functions. Clin. Dev. Immunol. https://​
doi.​org/​10.​1155/​2012/​925135 (2012).

	 23.	 Mohammadi, Y., Nezafat, N., Negahdaripour, M., Eskandari, S. & Zamani, M. In silico design and evaluation of a novel mRNA 
vaccine against BK virus: A reverse vaccinology approach. Immunol. Res. 29, 1–20. https://​doi.​org/​10.​1007/​s12026-​022-​09351-3 
(2022).

	 24.	 Hajighahramani, N. et al. Computational design of a chimeric epitope-based vaccine to protect against Staphylococcus aureus 
infections. Mol. Cell Probes. 46, 101414. https://​doi.​org/​10.​1016/j.​mcp.​2019.​06.​004 (2019).

	 25.	 Bagheri, A., Nezafat, N., Eslami, M., Ghasemi, Y. & Negahdaripour, M. Designing a therapeutic and prophylactic candidate vac-
cine against human papillomavirus through vaccinomics approaches. Infect. Genet. Evol. 95, 105084. https://​doi.​org/​10.​1016/j.​
meegid.​2021.​105084 (2021).

	 26.	 Abinaya, R. V. & Viswanathan, P. Biotechnology-based therapeutics. In Translational Biotechnology 27–52 (Academic Press, 
2021). https://​doi.​org/​10.​1016/​B978-0-​12-​821972-​0.​00019-8.

	 27.	 Funderburg, N. et al. Human β-defensin-3 activates professional antigen-presenting cells via Toll-like receptors 1 and 2. Proc. 
Natl. Acad. Sci. 104(47), 18631–18635. https://​doi.​org/​10.​1073/​pnas.​07021​30104 (2007).

	 28.	 Judge, C. J. et al. HBD-3 induces NK cell activation, IFN-γ secretion and mDC dependent cytolytic function. Cell. Immunol. 
297(2), 61–68. https://​doi.​org/​10.​1016/j.​celli​mm.​2015.​06.​004 (2015).

	 29.	 Negahdaripour, M. et al. Structural vaccinology considerations for in silico designing of a multi-epitope vaccine. Infect. Genet. 
Evol. 58, 96–109. https://​doi.​org/​10.​1016/j.​meegid.​2017.​12.​008 (2018).

	 30.	 Štěpánová, S. & Kašička, V. Application of capillary electromigration methods for physicochemical measurements. In Capillary 
Electromigration Separation Methods 547–591 (Elsevier, 2018). https://​doi.​org/​10.​1016/​B978-0-​12-​809375-​7.​00024-1.

	 31.	 Kyte, J. & Doolittle, R. F. A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 157(1), 105–132. 
https://​doi.​org/​10.​1016/​0022-​2836(82)​90515-0 (1982).

	 32.	 Chang, K. Y. & Yang, J. R. Analysis and prediction of highly effective antiviral peptides based on random forests. PLoS ONE 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00701​66 (2013).

	 33.	 Hamasaki-Katagiri, N. et al. The importance of mRNA structure in determining the pathogenicity of synonymous and non-
synonymous mutations in haemophilia. Haemophilia 23(1), e8-17. https://​doi.​org/​10.​1111/​hae.​13107 (2017).

	 34.	 Craig, D. B. & Dombkowski, A. A. Disulfide by design 2.0: A web-based tool for disulfide engineering in proteins. BMC Bioinform. 
14(1), 346. https://​doi.​org/​10.​1186/​1471-​2105-​14-​346 (2013).

	 35.	 Dombkowski, A. A. & Crippen, G. M. Disulfide recognition in an optimized threading potential. Protein Eng. 13(10), 679–689. 
https://​doi.​org/​10.​1093/​prote​in/​13.​10.​679 (2000).

	 36.	 Shental-Bechor, D. & Levy, Y. Effect of glycosylation on protein folding: A close look at thermodynamic stabilization. Proc. Natl. 
Acad. Sci. 105(24), 8256–8261. https://​doi.​org/​10.​1073/​pnas.​08013​40105 (2008).

	 37.	 Ojha, R. & Prajapati, V. K. Cognizance of posttranslational modifications in vaccines: A way to enhanced immunogenicity. J. 
Cell. Physiol. https://​doi.​org/​10.​1002/​jcp.​30483 (2021).

	 38.	 Zarling, A. L. et al. Phosphorylated peptides are naturally processed and presented by major histocompatibility complex class 
I molecules in vivo. J. Exp. Med. 192(12), 1755–1762. https://​doi.​org/​10.​1084/​jem.​192.​12.​1755 (2000).

	 39.	 Murawski, M. R. et al. Respiratory syncytial virus activates innate immunity through Toll-like receptor 2. J. Virol. 83(3), 1492–
1500. https://​doi.​org/​10.​1128/​JVI.​00671-​08 (2009).

	 40.	 Chang, S., Dolganiuc, A. & Szabo, G. Toll-like receptors 1 and 6 are involved in TLR2-mediated macrophage activation by 
hepatitis C virus core and NS3 proteins. J. Leukoc. Biol. 82(3), 479–487. https://​doi.​org/​10.​1189/​jlb.​02071​28 (2007).

	 41.	 Compton, T. et al. Human cytomegalovirus activates inflammatory cytokine responses via CD14 and Toll-like receptor 2. J. 
Virol. 77(8), 4588–4596. https://​doi.​org/​10.​1128/​JVI.​77.8.​4588-​4596.​2003 (2003).

	 42.	 Kurt-Jones, E. A. et al. Herpes simplex virus 1 interaction with Toll-like receptor 2 contributes to lethal encephalitis. Proc. Natl. 
Acad. Sci. 101(5), 1315–1320. https://​doi.​org/​10.​1073/​pnas.​03080​57100 (2004).

	 43.	 Jin, B., Sun, T., Yu, X. H., Yang, Y. X. & Yeo, A. E. The effects of TLR activation on T-cell development and differentiation. Clin. 
Dev. Immunol. https://​doi.​org/​10.​1155/​2012/​836485 (2012).

	 44.	 Shey, R. A. et al. In-silico design of a multi-epitope vaccine candidate against onchocerciasis and related filarial diseases. Sci. 
Rep. 9(1), 1–18. https://​doi.​org/​10.​1038/​s41598-​019-​40833-x (2019).

	 45.	 Carbone, A., Zinovyev, A. & Képes, F. Codon adaptation index as a measure of dominating codon bias. Bioinformatics 19, 
2005–2015. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btg272 (2003).

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

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

	 48.	 Vita, R. et al. The Immune Epitope Database (IEDB): 2018 update. Nucleic Acids Res. https://​doi.​org/​10.​1093/​nar/​gky10​06 (2018).
	 49.	 Jespersen, M. C., Peters, B., Nielsen, M. & Marcatili, P. BepiPred-2.0: Improving sequence-based B-cell epitope prediction using 

conformational epitopes. Nucleic Acids Res. 45(W1), W24–W29. https://​doi.​org/​10.​1093/​nar/​gkx346 (2017).
	 50.	 Ponomarenko, J. et al. ElliPro: A new structure-based tool for the prediction of antibody epitopes. BMC Bioinform. 9(1), 1–8. 

https://​doi.​org/​10.​1186/​1471-​2105-9-​514 (2008).
	 51.	 Bui, H. H., Sidney, J., Li, W., Fusseder, N. & Sette, A. Development of an epitope conservancy analysis tool to facilitate the design 

of epitope-based diagnostics and vaccines. BMC Bioinform. 8(1), 361. https://​doi.​org/​10.​1186/​1471-​2105-8-​361 (2007).
	 52.	 Dimitrov, I., Flower, D. R. & Doytchinova, I. AllerTOP-a server for in-silico prediction of allergens. In BMC Bioinformatics, vol. 

14, no. 6, S4. (BioMed Central, 2013) https://​doi.​org/​10.​1186/​1471-​2105-​14-​S6-​S4.
	 53.	 Dimitrov, I., Naneva, L., Doytchinova, I. & Bangov, I. AllergenFP: Allergenicity prediction by descriptor fingerprints. Bioinfor-

matics 30(6), 846–851. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btt619 (2014).
	 54.	 Krogh, A., Larsson, B., Von Heijne, G. & Sonnhammer, E. L. Predicting transmembrane protein topology with a hidden Markov 

model: Application to complete genomes. J. Mol. Biol. 305(3), 567–580. https://​doi.​org/​10.​1006/​jmbi.​2000.​4315 (2001).
	 55.	 Dhanda, S. K., Vir, P. & Raghava, G. P. Designing of interferon-gamma inducing MHC class-II binders. Biol. Direct. 5(8), 30. 

https://​doi.​org/​10.​1186/​1745-​6150-8-​30 (2013).
	 56.	 Dhanda, S. K., Gupta, S., Vir, P. & Raghava, G. P. Prediction of IL4 inducing peptides. Clin. Dev. Immunol. https://​doi.​org/​10.​

1155/​2013/​263952 (2013).
	 57.	 Nagpal, G. et al. Computer-aided designing of immunosuppressive peptides based on IL-10 inducing potential. Sci. Rep. 17(7), 

42851. https://​doi.​org/​10.​1038/​srep4​2851 (2017).

https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1196/annals.1398.006
https://doi.org/10.1615/critrevimmunol.v17.i1.10
https://doi.org/10.1615/critrevimmunol.v17.i1.10
https://doi.org/10.1155/2012/925135
https://doi.org/10.1155/2012/925135
https://doi.org/10.1007/s12026-022-09351-3
https://doi.org/10.1016/j.mcp.2019.06.004
https://doi.org/10.1016/j.meegid.2021.105084
https://doi.org/10.1016/j.meegid.2021.105084
https://doi.org/10.1016/B978-0-12-821972-0.00019-8
https://doi.org/10.1073/pnas.0702130104
https://doi.org/10.1016/j.cellimm.2015.06.004
https://doi.org/10.1016/j.meegid.2017.12.008
https://doi.org/10.1016/B978-0-12-809375-7.00024-1
https://doi.org/10.1016/0022-2836(82)90515-0
https://doi.org/10.1371/journal.pone.0070166
https://doi.org/10.1111/hae.13107
https://doi.org/10.1186/1471-2105-14-346
https://doi.org/10.1093/protein/13.10.679
https://doi.org/10.1073/pnas.0801340105
https://doi.org/10.1002/jcp.30483
https://doi.org/10.1084/jem.192.12.1755
https://doi.org/10.1128/JVI.00671-08
https://doi.org/10.1189/jlb.0207128
https://doi.org/10.1128/JVI.77.8.4588-4596.2003
https://doi.org/10.1073/pnas.0308057100
https://doi.org/10.1155/2012/836485
https://doi.org/10.1038/s41598-019-40833-x
https://doi.org/10.1093/bioinformatics/btg272
https://doi.org/10.1186/1471-2105-8-4
https://doi.org/10.1385/1-59259-890-0:571
https://doi.org/10.1093/nar/gky1006
https://doi.org/10.1093/nar/gkx346
https://doi.org/10.1186/1471-2105-9-514
https://doi.org/10.1186/1471-2105-8-361
https://doi.org/10.1186/1471-2105-14-S6-S4
https://doi.org/10.1093/bioinformatics/btt619
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1186/1745-6150-8-30
https://doi.org/10.1155/2013/263952
https://doi.org/10.1155/2013/263952
https://doi.org/10.1038/srep42851


19

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9702  | https://doi.org/10.1038/s41598-023-35309-y

www.nature.com/scientificreports/

	 58.	 Altschul, S. F., Gish, W., Miller, W., Myers, E. W. & Lipman, D. J. Basic local alignment search tool. J. Mol. Biol. 215(3), 403–410. 
https://​doi.​org/​10.​1016/​S0022-​2836(05)​80360-2 (1990).

	 59.	 Bui, H. H. et al. Predicting population coverage of T-cell epitope-based diagnostics and vaccines. BMC Bioinform. 17(7), 153. 
https://​doi.​org/​10.​1186/​1471-​2105-7-​153 (2006).

	 60.	 Thomsen, M., Lundegaard, C., Buus, S., Lund, O. & Nielsen, M. MHCcluster, a method for functional clustering of MHC mol-
ecules. Immunogenetics 65(9), 655–665. https://​doi.​org/​10.​1007/​s00251-​013-​0714-9 (2013).

	 61.	 Cheng, J., Randall, A. Z., Sweredoski, M. J. & Baldi, P. SCRATCH: A protein structure and structural feature prediction server. 
Nucleic Acids Res. 33(Web Server issue), W72–W76. https://​doi.​org/​10.​1093/​nar/​gki396 (2005).

	 62.	 Hebditch, M., Carballo-Amador, M. A., Charonis, S., Curtis, R. & Warwicker, J. Protein-Sol: A web tool for predicting protein 
solubility from sequence. Bioinformatics 33(19), 3098–3100. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btx345 (2017).

	 63.	 Buchan, D. W. & Jones, D. T. The PSIPRED protein analysis workbench: 20 years on. Nucleic Acids Res. 47(W1), W402–W407. 
https://​doi.​org/​10.​1093/​nar/​gkz297 (2019).

	 64.	 Jones, D. T. Protein secondary structure prediction based on position-specific scoring matrices. J. Mol. Biol. 292(2), 195–202. 
https://​doi.​org/​10.​1006/​jmbi.​1999.​3091 (1999).

	 65.	 Garnier, J., Gibrat, J. F. & Robson, B. [32] GOR method for predicting protein secondary structure from amino acid sequence. 
In Methods in Enzymology Vol. 266 540–553 (Academic Press, 1996). https://​doi.​org/​10.​1016/​S0076-​6879(96)​66034-0.

	 66.	 Geourjon, C. & Deleage, G. SOPMA: Significant improvements in protein secondary structure prediction by consensus predic-
tion from multiple alignments. Bioinformatics 11(6), 681–684. https://​doi.​org/​10.​1093/​bioin​forma​tics/​11.6.​681 (1995).

	 67.	 Levin, J. M., Robson, B. & Garnier, J. An algorithm for secondary structure determination in proteins based on sequence similar-
ity. FEBS Lett. 205(2), 303–308. https://​doi.​org/​10.​1016/​0014-​5793(86)​80917-6 (1986).

	 68.	 Källberg, M. et al. Template-based protein structure modeling using the RaptorX web server. Nat. Protoc. 7, 1511. https://​doi.​
org/​10.​1038/​nprot.​2012.​085 (2012).

	 69.	 Wang, S., Li, W., Zhang, R., Liu, S. & Xu, J. CoinFold: A web server for protein contact prediction and contact-assisted protein 
folding. Nucleic Acids Res. 44(W1), W361–W366. https://​doi.​org/​10.​1093/​nar/​gkw307 (2016).

	 70.	 Ko, J., Park, H., Heo, L. & Seok, C. GalaxyWEB server for protein structure prediction and refinement. Nucleic Acids Res. 40(W1), 
W294–W297. https://​doi.​org/​10.​1093/​nar/​gks493 (2012).

	 71.	 Nugent, T., Cozzetto, D. & Jones, D. T. Evaluation of predictions in the CASP10 model refinement category. Proteins Struct. 
Funct. Bioinform. 82, 98–111. https://​doi.​org/​10.​1002/​prot.​24377 (2014).

	 72.	 Laskowski, R. A., MacArthur, M. W. & Thornton, J. M. PROCHECK: Validation of Protein-Structure Coordinates (2006).
	 73.	 Wiederstein, M. & Sippl, M. J. ProSA-web: Interactive web service for the recognition of errors in three-dimensional structures 

of proteins. Nucl. Acids Res. 35(suppl_2), W407–W410. https://​doi.​org/​10.​1093/​nar/​gkm290 (2007).
	 74.	 Dombkowski, A. A. Disulfide by Design™: A computational method for the rational design of disulfide bonds in proteins. Bio-

informatics 19(14), 1852–1853. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btg231 (2003).
	 75.	 Dombkowski, A. A., Sultana, K. Z. & Craig, D. B. Protein disulfide engineering. FEBS Lett. 588(2), 206–212. https://​doi.​org/​10.​

1016/j.​febsl​et.​2013.​11.​024 (2014).
	 76.	 Moin, A. T. et al. Immunoinformatics approach to design novel subunit vaccine against the Epstein–Barr virus. Microbiol. Spectr. 

10(5), e0115122. https://​doi.​org/​10.​1128/​spect​rum.​01151-​22 (2022).
	 77.	 Petersen, M. T. N., Jonson, P. H. & Petersen, S. B. Amino acid neighbours and detailed conformational analysis of cysteines in 

proteins. Protein Eng. 12, 535–548. https://​doi.​org/​10.​1093/​prote​in/​12.7.​535 (1999).
	 78.	 Gupta, R. & Brunak, S. Prediction of glycosylation across the human proteome and the correlation to protein function. In Pac 

Symp Biocomput. 310–322 (2002).
	 79.	 Steentoft, C. et al. Precision mapping of the human O-GalNAc glycoproteome through SimpleCell technology. EMBO J. 32(10), 

1478–1488. https://​doi.​org/​10.​1038/​emboj.​2013.​79 (2013).
	 80.	 Blom, N., Gammeltoft, S. & Brunak, S. Sequence and structure-based prediction of eukaryotic protein phosphorylation sites. J. 

Mol. Biol. 294(5), 1351–1362. https://​doi.​org/​10.​1006/​jmbi.​1999.​3310 (1999).
	 81.	 Kozakov, D. et al. The ClusPro web server for protein-protein docking. Nat. Protoc. 12(2), 255–278. https://​doi.​org/​10.​1038/​

nprot.​2016.​169 (2017).
	 82.	 Moin, A. T. et al. Computational designing of a novel subunit vaccine for human cytomegalovirus by employing the immuno-

informatics framework. J. Biomol. Struct. Dyn. 41(3), 833–855. https://​doi.​org/​10.​1080/​07391​102.​2021.​20149​69 (2023).
	 83.	 Pierce, B. G. et al. ZDOCK server: Interactive docking prediction of protein-protein complexes and symmetric multimers. 

Bioinformatics 30(12), 1771–1773. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btu097 (2014).
	 84.	 Berendsen, H. J., van der Spoel, D. & van Drunen, R. GROMACS: A message-passing parallel molecular dynamics implementa-

tion. Comput. Phys. Commun. 91(1–3), 43–56. https://​doi.​org/​10.​1016/​0010-​4655(95)​00042-E (1995).
	 85.	 Best, R. B. et al. Optimization of the additive CHARMM all-atom protein force field targeting improved sampling of the backbone 

ϕ, ψ and side-chain χ1 and χ2 dihedral angles. J. Chem. Theory Comput. 8(9), 3257–3273. https://​doi.​org/​10.​1021/​ct300​400x 
(2012).

	 86.	 Vanommeslaeghe, K. et al. CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM 
all-atom additive biological force fields. J. Comput. Chem. 31(4), 671–690. https://​doi.​org/​10.​1002/​jcc.​21367 (2010).

	 87.	 Zielkiewicz, J. Structural properties of water: Comparison of the SPC, SPCE, TIP4P, and TIP5P models of water. J. Chem. Phys. 
123(10), 104501. https://​doi.​org/​10.​1063/1.​20186​37 (2005).

	 88.	 Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 126(1), 014101. https://​
doi.​org/​10.​1063/1.​24084​20 (2007).

	 89.	 Berendsen, H. J., Postma, J. V., van Gunsteren, W. F., DiNola, A. R. & Haak, J. R. Molecular dynamics with coupling to an external 
bath. J. Chem. Phys. 81(8), 3684–3690. https://​doi.​org/​10.​1063/1.​448118 (1984).

	 90.	 Parrinello, M. & Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 52(12), 
7182–7190. https://​doi.​org/​10.​1063/1.​328693 (1981).

	 91.	 Hess, B., Bekker, H., Berendsen, H. J. & Fraaije, J. G. LINCS: A linear constraint solver for molecular simulations. J. Comput. 
Chem. 18(12), 1463–1472. https://​doi.​org/​10.​1002/​(SICI)​1096-​987X(199709)​18:​12%​3c146​3::​AID-​JCC4%​3e3.0.​CO;2-H (1997).

	 92.	 Petersen, H. G. Accuracy and efficiency of the particle mesh Ewald method. J. Chem. Phys. 103(9), 3668–3679. https://​doi.​org/​
10.​1063/1.​470043 (1995).

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

	 94.	 Castiglione, F., Mantile, F., De Berardinis, P. & Prisco, A. How the interval between prime and boost injection affects the immune 
response in a computational model of the immune system. Comput. Math. Methods Med. https://​doi.​org/​10.​1155/​2012/​842329 
(2012).

	 95.	 Grote, A. et al. JCat: A novel tool to adapt codon usage of a target gene to its potential expression host. Nucleic Acids Res 33, 
W526–W531. https://​doi.​org/​10.​1093/​nar/​gki376 (2005).

	 96.	 Chang, K. Y. & Yang, J. R. Analysis and prediction of highly effective antiviral peptides based on random forests. PLoS ONE 
8(8), e70166. https://​doi.​org/​10.​1371/​journ​al.​pone.​00701​66 (2013).

https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1186/1471-2105-7-153
https://doi.org/10.1007/s00251-013-0714-9
https://doi.org/10.1093/nar/gki396
https://doi.org/10.1093/bioinformatics/btx345
https://doi.org/10.1093/nar/gkz297
https://doi.org/10.1006/jmbi.1999.3091
https://doi.org/10.1016/S0076-6879(96)66034-0
https://doi.org/10.1093/bioinformatics/11.6.681
https://doi.org/10.1016/0014-5793(86)80917-6
https://doi.org/10.1038/nprot.2012.085
https://doi.org/10.1038/nprot.2012.085
https://doi.org/10.1093/nar/gkw307
https://doi.org/10.1093/nar/gks493
https://doi.org/10.1002/prot.24377
https://doi.org/10.1093/nar/gkm290
https://doi.org/10.1093/bioinformatics/btg231
https://doi.org/10.1016/j.febslet.2013.11.024
https://doi.org/10.1016/j.febslet.2013.11.024
https://doi.org/10.1128/spectrum.01151-22
https://doi.org/10.1093/protein/12.7.535
https://doi.org/10.1038/emboj.2013.79
https://doi.org/10.1006/jmbi.1999.3310
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.1080/07391102.2021.2014969
https://doi.org/10.1093/bioinformatics/btu097
https://doi.org/10.1016/0010-4655(95)00042-E
https://doi.org/10.1021/ct300400x
https://doi.org/10.1002/jcc.21367
https://doi.org/10.1063/1.2018637
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.328693
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12%3c1463::AID-JCC4%3e3.0.CO;2-H
https://doi.org/10.1063/1.470043
https://doi.org/10.1063/1.470043
https://doi.org/10.1371/journal.pone.0009862
https://doi.org/10.1155/2012/842329
https://doi.org/10.1093/nar/gki376
https://doi.org/10.1371/journal.pone.0070166


20

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9702  | https://doi.org/10.1038/s41598-023-35309-y

www.nature.com/scientificreports/

	 97.	 Choi, E. S., Lee, S. G., Lee, S. J. & Kim, E. Rapid detection of 6×-histidine-labeled recombinant proteins by immunochromatog-
raphy using dye-labeled cellulose nanobeads. Biotech. Lett. 37(3), 627–632. https://​doi.​org/​10.​1007/​s10529-​014-​1731-y (2015).

	 98.	 GSL Biotech LLC. SnapGene [Computer software]. https://​www.​snapg​ene.​com/ (2021).
	 99.	 Araf, Y. et al. Immunoinformatic design of a multivalent peptide vaccine against mucormycosis: Targeting FTR1 protein of 

major causative fungi. Front. Immunol. 13, 863234. https://​doi.​org/​10.​3389/​fimmu.​2022.​863234 (2022).
	100.	 Mathews, D. H., Sabina, J., Zuker, M. & Turner, D. H. Expanded sequence dependence of thermodynamic parameters improves 

prediction of RNA secondary structure. J. Mol. Biol. 288(5), 911–940. https://​doi.​org/​10.​1006/​jmbi.​1999.​2700 (1999).
	101.	 Mathews, D. H., Turner, D. H. & Zuker, M. RNA secondary structure prediction. Curr. Protoc. Nucleic Acid Chem. 28(1), 11–12. 

https://​doi.​org/​10.​1002/​04711​42700.​nc110​2s28 (2007).

Acknowledgements
With utmost gratitude, we extend our deepest appreciation to the distinguished couple, Alhajj Muhammad 
Abu Taher and Syeda Jasmin Akter, who have provided us with unwavering support, love, and encouragement 
throughout the research journey. We would also like to extend our heartfelt tribute to two remarkable individuals, 
Syeda Mumtaz Begum and the late Syeda Anwara Begum, who had been a profound source of inspiration for 
us. Our utmost appreciation also goes to our esteemed supervisors and all the revered teachers at the Depart-
ment of Genetic Engineering and Biotechnology, University of Chittagong, Chattogram, Bangladesh, for their 
constant guidance and mentorship. Lastly, we dedicate this study to the young and ambitious student research-
ers of Bangladesh, who never falter in pursuing their dreams. To everyone who has extended their unwavering 
support and encouragement, we offer our heartfelt thanks.

Author contributions
The study was conceptualized by A.T.M. Experiments and data analyses were carried out by A.T.M., R.B.P., and 
M.A.U., who also generated the figures. The primary draft of the manuscript was written by A.T.M., M.A.U., 
R.B.P., N.A.F., and Y.A. The manuscript was subsequently revised by A.T.M., N.A.F., S.D., M.S.H., M.F.M., and 
K.M.K.U. The study was supervised by D.U.S.C. and S.I. The manuscript underwent review by all the authors, who 
made significant contributions to its submission, and they unanimously agreed on the final version of the article.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​35309-y.

Correspondence and requests for materials should be addressed to A.T.M., D.U.S.C. or S.I.

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

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

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

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

© The Author(s) 2023, corrected publication 2024

https://doi.org/10.1007/s10529-014-1731-y
https://www.snapgene.com/
https://doi.org/10.3389/fimmu.2022.863234
https://doi.org/10.1006/jmbi.1999.2700
https://doi.org/10.1002/0471142700.nc1102s28
https://doi.org/10.1038/s41598-023-35309-y
https://doi.org/10.1038/s41598-023-35309-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A computational approach to design a polyvalent vaccine against human respiratory syncytial virus
	Results
	Protein sequences identification and retrieval
	Epitope prediction and sorting the most promising epitopes
	Population coverage and cluster analyses of the epitopes and their MHC alleles
	Vaccine construction and biophysical property analyses
	Vaccine structure prediction, refinement and validation
	Analysis of conformational B-lymphocytic epitopes and disulfide engineering of vaccine
	Post-translational modification analysis
	Analysis of protein–protein docking
	Molecular dynamics simulation studies and MM-PBSA calculations
	Immune simulation studies
	Codon adaptation, in silico cloning, and interpretation of the vaccine mRNA secondary structure

	Discussion
	Methods
	Protein sequences identification and retrieval
	Prediction of T-cell and B-cell epitopes
	Assessment of antigenicity, allergenicity, toxicity, and topology prediction of the epitopes
	Cytokine inducing capacity prediction of the epitopes
	Conservancy and human proteome homology prediction
	Population coverage and cluster analyses of the epitopes and their MHC alleles
	Vaccine construction and biophysical property analyses
	Secondary and tertiary structure prediction of the vaccine construct
	Refinement and validation of tertiary structure of the vaccine
	Vaccine protein disulfide engineering analysis
	Post-translational modification analysis
	Analysis of protein–protein docking
	Molecular dynamics simulation studies and MM-PBSA calculations
	Immune simulation studies
	Codon adaptation and in silico cloning within E. coli system
	Prediction of the vaccine mRNA secondary structure

	References
	Acknowledgements


