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Abstract 
Background  COVID-19 has proved to be a fatal dis-
ease of the year 2020, due to which thousands of peo-
ple globally have lost their lives, and still, the infec-
tion cases are at a high rate. Experimental studies 
suggested that SARS-CoV-2 interacts with various 
microorganisms, and this coinfection is accountable 
for the augmentation of infection severity.
Methods and results  In this study, we have designed 
a multi-pathogen vaccine by involving the immuno-
genic proteins from S. pneumonia, H. influenza, and 
M. tuberculosis, as they are dominantly associated 
with SARS-CoV-2. A total of 8 antigenic protein 

sequences were selected to predict B-cell, HTL, and 
CTL epitopes restricted to the most prevalent HLA 
alleles. The selected epitopes were antigenic, non-
allergenic, and non-toxic and were linked with adju-
vant and linkers to make the vaccine protein more 
immunogenic, stable, and flexible. The tertiary struc-
ture, Ramachandran plot, and discontinuous B-cell 
epitopes were predicted. Docking and MD simulation 
study has shown efficient binding of the chimeric vac-
cine with the TLR4 receptor.
Conclusion  The in silico immune simulation analy-
sis has shown a high level of cytokines and IgG after 
a three-dose injection. Hence, this strategy could be 
a better way to decrease the disease’s severity and 
could be used as a weapon to prevent this pandemic.

Keywords  Adjuvant · COVID-19 · Co-infection · 
Multi-pathogen · Multiepitope vaccine · Immune 
response

Introduction

The year 2020 has proved quite fatal due to the pan-
demic COVID-19 disease, caused by life-threatening 
SARS-CoV-2 (wild-type strain), severe acute res-
piratory syndrome coronavirus 2) of the Coronaviri‑
dae family (genus- Betacoronavirus), and is spread-
ing its impression all over the world. Wuhan, China, 
reported the first case of this infectious disease, and 
then this deadly disease spread rapidly worldwide. As 
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of September 2, 2022, ~ 608 million confirmed cases 
of COVID-19, out of which ~ 6.5 million deaths were 
reported by the World Health Organization (https://​
www.​who.​int/). The wild-type strain of SARS-CoV-2 
majorly affects all age groups and, in severe cases, 
harshly infects the lungs, causing complications like 
pneumonia and ARDS (acute respiratory distress syn-
drome), and bronchitis necessitates hospitalization 
(Hu et  al. 2021). Several national and international 
organizations are working together to develop thera-
peutics against this severe infection, and as of now, 
11 vaccinations have received emergency authoriza-
tion. These vaccines are produced using a variety of 
vaccine types, including protein subunit vaccines, 
RNA vaccines, vaccinations based on non-replicating 
viral vectors, and inactivated vaccines. Two  protein 
subunit vaccines developed against COVID-19 are 
COVOVAX and Nuvaxovid by Novavax, produced by 
Serum Institute of India and Novavax, respectively. 
Compared to Nuvaxovid, which has been approved 
in 39 countries and has 20 trials across 13 nations, 
Covovax has four approved trials in two  countries, 
and five approved this vaccine. The two most popu-
lar RNA vaccines are Spikevax by Moderna (author-
ized in 88 countries with 68 trials in 24 countries) 
and Comirnaty by Pfizer/BioNTech (approved in 149 
countries with the approval of  90 trials in 29 coun-
tries) (https://​covid​19.​track​vacci​nes.​org/​vacci​nes/).

Most COVID-19 vaccines are developed using 
non-replicating virus-based vaccines. Covishield 
(Oxford/AstraZeneca formulation) received permis-
sion in 40 countries with four trials in a single coun-
try. Three vaccines- Covaxin from Bharat Biotech, 
Covilo from Sinopharm (Beijing), and CoronaVac 
from Sinovac are listed as possessing emergency 
authorization approval under the COVID-19 vaccine 
category for inactivated vaccines. Covilo has been 
approved in 93 countries, with 38 trials throughout 
16 countries. CoronaVac gets approval for trial in 10 
countries with 40 trials and is currently being used in 
56 countries, whereas Covaxin has been authorized in 
14 countries with 14 trials in two counties (McGill-
University 2022; WHO 2022).

COVID-19 and other respiratory ailments range 
from acute to chronic, instigated by various micro-
organisms. Recent studies demonstrated that SARS-
CoV-2 infection is associated with many antibiotic 
resistance bacteria (Vaillancourt and Jorth 2020; 
Zhou et  al. 2020). The rigorous usage of antibiotics 

throughout the SARS-CoV-2 pandemic led to 
upsurges in the pervasiveness of multidrug-resistant 
bacteria. Several antibiotic-resistant bacteria are 
known to be associated with SARS-CoV-2 patients, 
such as S. aureus, P. aeruginosa, Klebsiella  spp.,  S. 
pneumonia, etc. (Zhou et al. 2020).

In a multicenter study of 476 patients (suffering 
from COVID-19) inclusive of three groups, such as 
moderately ill, severely ill, and critically ill patients, 
it was found that critically ill patients have the maxi-
mum number of bacterial coinfections associated 
with SARS-CoV-2 compared to severely and moder-
ately ill patients (Feng et al. 2020). Another study of 
COVID-19 detection, using real-time PCR, suggested 
that 243 patients have shown coinfection with at least 
1 of 39 different pathogens; among the bacterial, 
fungal, and viral coinfection, the former was leading 
(Zhu et al. 2020).

Wang et  al. and colleagues reported that 5.8% of 
patients who tested positive for COVID-19 had been 
diagnosed with multiple pathogens coinfection (Mas-
sey et  al. 2020). Later, Feldman et. al., in a review, 
concluded that bacterial coinfections (having pneu-
monia-like symptoms) and secondary infections asso-
ciated with COVID-19-affected patients seem to be 
allied with the severity of COVID-19 infection and 
poor consequences (Feldman and Anderson 2021). 
Zhu et  al. stated that 39 respiratory illness-related 
pathogens (bacteria, viruses, and fungus) were asso-
ciated with SARS-CoV-2 infection in humans and are 
accountable for the augmentation of infection sever-
ity (Zhu et al. 2020). These microbes share common 
symptoms such as a runny nose, coughing, sneezing, 
fever, nasal and chest congestion, etc. The microbial 
coinfection of Streptococcus pneumonia, Hemophilus 
influenza, and Mycobacterium tuberculosis was pre-
dominantly associated with SARS-CoV-2, and coin-
fections primarily arose in 1–4 days of the beginning 
of COVID-19 (Zhu et  al. 2020). These pathogens 
interact with each other in the nasopharynx to occupy 
the same habitat for their survival and spread the 
host’s infection by developing the microbial commu-
nity. These pathogenic organism spectacles the com-
mensal relationship, in which one organism acquire 
benefits from the other without harming it. These 
commensal organisms’ direct or indirect interaction 
helps each other penetrate the host cell to cause severe 
lower and upper respiratory tract infections (Bosch 
et  al. 2013). Coinfection with antibiotic-resistant 
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bacteria could make the COVID-19 treatment more 
challenging and result in septic shock in patients (Lai, 
et al. 2020a).

Some observational studies showed that the coun-
tries like India, with a compulsory BCG vaccina-
tion, had shown fewer critical COVID-19 cases than 
the BCG vaccine nonobligatory countries (TB non-
endemic) like Europe and USA (Mohapatra et  al. 
2021). In South Africa, BCG vaccination (Bacilli 
Calmette-Guérin), an FDA-approved vaccine for M. 
tuberculosis, has been registered, is recruiting health-
care workers, and has successfully reached phase 
3 of a clinical trial (ClinicalTrials.gov Identifier: 
NCT04379336). The in vivo studies have shown that 
BCG vaccination can provide non-specific protec-
tive effects against many other respiratory tract infec-
tions. It is believed that the BCG protective immunity 
in humans is mediated by heterologous activation of 
lymphocytes and hence induces the immune memory 
cells, which may be responsible for the clearance of 
SARS-CoV-2 (Mohapatra et  al. 2021). Around 23 
BCG vaccination trials against SARS-CoV-2 have 
been registered as per clinicaltrials.gov data (https://​
clini​caltr​ials.​gov/​ct2/​resul​ts?​cond=​Covid​19&​term=​
BCG&​cntry=​&​state=​&​city=​&​dist =) (ClinicalTrials.
gov 2022). However, these studies demand substan-
tial evidence to get a recommendation from the World 
Health Organization.

Vaccination is the only preventive measure as 
it has proved to be safer and more efficacious than 
therapeutic medicines and could prevent infections 
from spreading worldwide and provide long-lasting 
immunity. A conjugate multi-pathogen vaccine could 
be effective against this disastrous COVID-19 and 
its associated common pneumococcal coinfections. 
Here, in this study, we have framed a multi-pathogen-
based multiepitope probable vaccine candidate com-
posed of antigenic and highly pathogenic proteins 
from each pathogen, interacting with SARS-CoV-2; 
this microbial coinfection leads to the prognosis of 
the disease (Chen, et al. 2020; Ojha et al. 2019). The 
utilization of immunogenic epitopes (B-cell, HTL, 
and CTL) would generate probable cell-mediated and 
humoral immune responses. The involvement of HLA 
(Human leukocyte antigen) restricted T cell epitopes 
would be specific and cover the worldwide popula-
tion. This strategy could be a better way to decrease 
the disease’s severity and can be used as a weapon to 
prevent this pandemic.

Methodology

Investigation of multi‑pathogen protein sequences for 
vaccine designing

Here, in this study, we have targeted four patho-
gens and two proteins from each different patho-
gen. Like, from the SARS-Cov-2- Spike glyco-
protein (QIC53213.1) and Nucleocapsid protein 
(QIC53221.1) (Dutta et  al. 2020), from Mycobac‑
terium tuberculosis (H37Rv)- Rv2608 (PPE family 
protein PPE42_KBF82311 (Hatherill et  al. 2020) 
and Rv1813 (NP_216329) (Coler, et al. 2018), from 
Streptococcus pneumonia- PhtD (pneumococcal his-
tidine triad protein WP_061818224.1) and PCPA 
(choline-binding protein CAB04758.1) (Pichichero 
et  al. 2016) whereas from Hemophilus influenzae 
type B- Protein D (AAA24998.1) (Forsgren and 
Riesbeck 2008) and Protein E (TWU89946.1) (Singh 
et  al. 2010) were selected. These selected proteins 
have already been reported as potential vaccine can-
didates. Sequences of proteins were retrieved from 
NCBI (National Center for Biotechnology Informa-
tion- https://​www.​ncbi.​nlm.​nih.​gov/) database. Next, 
we looked into important parameters like antigenic-
ity, allergenicity, and toxicity for the selected protein 
sequences with VaxiJen, AllerTop, and ToxinPred 
servers.

Prediction of immunogenic epitopes for 
multi‑pathogen vaccine designing

B‑cell epitopes prediction

B-cell epitopes are vital for instigating humoral 
immunity, i.e., secretion of antibodies; for this, they 
must be recognized by the B-cell receptors (BCR). 
Here, in this study, the prediction of immunogenic 
B-cell epitopes from the antigenic protein sequences 
was made with the assistance of the ABCpred server 
(http://​crdd.​osdd.​net/​ragha​va/​abcpr​ed/). The server’s 
highest prediction accuracy means specificity and 
sensitivity to predict an epitope was the only rationale 
behind selecting the ABCPred server. This server uti-
lizes the ANN (artificial neural network) and machine 
learning language. The server extracted the B-cell 
epitopes from BCIPEP (B-cell epitope database), and 
this data set consists of experimentally evidenced 
immunogenic (1617) and immunodominant (654) 

https://clinicaltrials.gov/ct2/results?cond=Covid19&term=BCG&cntry=&state=&city=&dist
https://clinicaltrials.gov/ct2/results?cond=Covid19&term=BCG&cntry=&state=&city=&dist
https://clinicaltrials.gov/ct2/results?cond=Covid19&term=BCG&cntry=&state=&city=&dist
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http://crdd.osdd.net/raghava/abcpred/
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epitopes from a pathogenic microorganism (bacteria, 
virus, parasite, and fungi); the dataset later screened 
for immunogenic epitopes from the non-immuno-
genic ones (Saha and Raghava 2006).

HTL (Class II MHC molecules) epitopes prediction

T-lymphocytes are the dominant warriors involved in 
the induction of cell-mediated and humoral immune 
responses against pathogens. As the name suggests, 
Helper T-lymphocytes HTL signals the immune sys-
tem’s other cells to generate immune responses. To 
acquire the potential antigenic epitopes, we have uti-
lized IEDB, the immune epitope database (https://​
www.​iedb.​org/) server, to predict MHC-II binding 
epitopes. This easily offered online server encom-
passes the data on experimentally approved immune 
epitopes of species like primates and humans about 
various infectious and inflammatory diseases (Fleri 
et  al. 2017). The MHC-II binding prediction tool 
(epitope analysis resource) accepted all the selected 
sequences in FASTA format, and the prediction was 
made using the human allele reference data set.

CTL (Class I MHC molecules) epitopes prediction

The class I MHC molecules presented the antigens on 
their surface are responsible for activating cytotoxic 
T cells. To identify immunogenic cytotoxic T cell 
epitopes from the multi-pathogen protein sequences, 
we have utilized the NetCTL 1.2 (http://​www.​cbs.​dtu.​
dk/​servi​ces/​NetCTL/) server. The reliability, specific-
ity, and epitope prediction accuracy of this server are 
higher than others, and it is so because of TAP trans-
port efficiency, MHC class I affinity, and proteasomal 
cleavage (Larsen et al. 2007). Apart from these abilities, 
the server consists of 12 standard HLA (Human leu-
kocyte antigen) supertypes associated with the potent 
peptide binding specificities distributed widely among 
the world population. All the parameters at the time of 
epitope prediction were set as default except supertypes.

Antigenicity, allergenicity, and toxicity analysis of 
elected epitopes

Solitary epitope prediction is not sufficient for vac-
cine designing; they should be antigenic enough 

to bind with the immune cell receptors (TCRs and 
BCRs) to engender specific immune responses. The 
antigenicity of each sorted epitope was predicted 
via the VaxiJen v2.0 (http://​www.​ddg-​pharm​fac.​net/​
vaxij​en/​VaxiJ​en/​VaxiJ​en.​html) server. This server 
is based on ACC (auto cross-covariance). It is also 
an advanced platform for predicting protective anti-
gens from the various target organisms, scilicet 
viruses, bacteria, parasites, tumors, parasites, and 
fungi compared to the sequence alignment method 
(Doytchinova and D.R.J.B.b. Flower  2007).

Our next parameter was allergenicity and Toxic-
ity prediction of each antigenic epitope, which was 
done individually with AllerTop and ToxinPred 
servers’ aid. AllerTop (https://​www.​ddg-​pharm​
fac.​net/​Aller​TOP/) prediction tool is also based 
on ACC (auto cross-covariance) and applied the 
k-nearest neighbor algorithm to finalize the output 
from the training dataset, which consists of 2427 
allergens and the same number of non-allergens 
from many species (Dimitrov et al. 2014). The Tox-
inPred (http://​crdd.​osdd.​net/​ragha​va/​toxin​pred/) 
server scans the entire protein to identify the non-
toxic and toxic portion of the same function for the 
peptides (Gupta et al. 2013).

Framing of multi‑pathogen‑based multiepitope 
vaccine candidate with optimal TLR4 agonist as 
adjuvant

After sorting and analyzing antigenic B-cell, HTL, 
and CTL epitopes from the pathogenic protein 
sequences, the epitopes were linked with each other 
with the linkers’ help. KK (Lys-Lys), AAY (Ala-
Ala), and GPGPG (Gly-Pro-Gly-Pro-Gly) spacer 
sequences were exploited to fuse the B-cell, HTL, 
and CTL epitopes, respectively. For the vaccine to 
drive competently by generating a robust immune 
response, we have added adjuvants (TLR-4 agonist) 
to the N-terminal part of the designed vaccine pro-
tein sequences. In this study, three optimal TLR-4 
agonist adjuvants were selected, namely TR-433 
(TLR4 derived peptide adjuvant ranges from 433 
to 452 amino acid residues), 50S ribosomal (Acces-
sion no.- P9WHE3), and HABA (Heparin-binding 
hemagglutinin; Accession no.- AGV15514.1). The 
details have been discussed in the result section.

https://www.iedb.org/
https://www.iedb.org/
http://www.cbs.dtu.dk/services/NetCTL/
http://www.cbs.dtu.dk/services/NetCTL/
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
https://www.ddg-pharmfac.net/AllerTOP/
https://www.ddg-pharmfac.net/AllerTOP/
http://crdd.osdd.net/raghava/toxinpred/
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Evaluation of antigenic vaccine candidate factors and 
physiochemical property assessment

Valuation of various factors such as antigenicity, aller-
genicity, and toxicity of the framed vaccine candidate 
was done with the same servers: VaxiJen, AllerTop, 
and ToxinPred, respectively (the details of the serv-
ers have already been discussed). Physicochemical 
property assessment of the vaccine candidates was 
achieved with the ProtParam (https://​web.​expasy.​org/​
protp​aram/) server (Gasteiger 2005). The ExPASy 
web tool calculates the various protein parameters, 
for instance, molecular weight, theoretical pI, insta-
bility index, extinction coefficient, GRAVY, aliphatic 
index, and so forth.

Tertiary structure prediction of vaccine candidates 
and the validation described above

For the prediction of tertiary structure, Robetta- The 
Baker lab server (https://​robet​ta.​baker​lab.​org/) was 
utilized and uninterruptedly evaluated by CAMEO 
(continuous automated model evaluation) for the 
assessment of the predictions. The server can perform 
comparative modeling (if the input protein sequence 
has homologs), ab  initio modeling (when the input 
protein sequence has no homologs), and domain pre-
diction in which each protein domain can be modeled 
independently. Validation of the predicted tertiary 
structure was shown in the Ramachandran plot, and 
the same was predicted by the RAMPAGE server 
(http://​mordr​ed.​bioc.​cam.​ac.​uk/​~rapper/​rampa​ge.​
php). This server defines the input tertiary model as 
allowed, favored, and disallowed regions. The regions 
were predicted by analyzing the rotations of phi and 
psi angles (Lovell et al. 2003).

Molecular docking analysis of vaccine candidate and 
TLR4 receptor

The ClusPro server (https://​clusp​ro.​org/​login.​php) 
was used to perform the molecular docking between 
the vaccine construct and the TLR4 receptor (Chou-
han et al. 2022). This server performs the rigid dock-
ing, RMSD clustering, and energy minimization of 
the docking complex by generating dozens of confir-
mations with the lowest energy. The server utilized 
a Fast Fourier Transform approach-based PIPER 
program to perform the rigid docking between the 

protein and ligand. The server selected the models 
with the best desolvation and electrostatic free ener-
gies for the clustering process by the server, and the 
finest docked complex was selected based on cluster 
members and the lowest energy score (Kozakov et al. 
2017; Sharma et al. 2022).

Immune simulation study of the designed vaccine 
candidate

The in silico immune stimulation is vital in study-
ing the immune system response generated by pro-
posed vaccine candidates. For evaluating the immune 
reaction profile generated from vaccine protein in 
this study, we have utilized the C-ImmSim server 
(https:/kraken.iac.rm.cnr.it/C-IMMSIM/server). This 
server is an agent-based immune simulator and is 
freely accessible to all users. The C-ImmSim simula-
tor utilizes the position to define the scoring matrix 
(PSSM) and machine learning techniques to predict 
immune responses (Rapin et  al. 2010). Three injec-
tions for the designed vaccine profile for a preventa-
tive multi-pathogen vaccine are simulated at intervals 
of 4 weeks.

Consequently, vaccine construct injections have 
been tested with conserved HLA alleles at four 
weeks and a time stage of 1, 84, and 168 (each step 
equals eight real-life hours, and phase 1 injection 
at time = 0). The volume and steps for simulation 
were set to 100 and 1050. Simulation parameters 
were set by default (random seed = 12,345, what 
to inject = vaccine (no LPS), adjuvants = 100, and 
amount Ag to inject = 1000).

Molecular dynamics studies of designed vaccine 
candidate and TLR‑4 receptor

Molecular dynamics simulation was usually per-
formed to analyze the stability of the complex mac-
romolecules. Here in this study, the protein complex 
(vaccine protein and TLR4 immune receptor) simula-
tion was conducted with the GROMCS (GROningen 
MAchine for Chemical Dynamics) package by using 
the Gromos96 43a1 force field (Abraham et al. 2015). 
Next, the topology generation was achieved, which is 
the foremost step, as this contains all the information 
related to nonbonded and bonded parameters essen-
tial to characterize the docked complex inside a simu-
lation. A Rhombic dodecahedron boundary box in the 

https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
https://robetta.bakerlab.org/
http://mordred.bioc.cam.ac.uk/~rapper/rampage.php
http://mordred.bioc.cam.ac.uk/~rapper/rampage.php
https://cluspro.org/login.php
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system was used to mimic the natural environment 
along with a protein complex, water (solvent; SPC 
water model), and ions added (Singh 2022; Singh 
and Prajapati 2022). Further, the complex was energy 
minimized to reduce steric clashes and weak interac-
tions. Later, the system was stabilized with NVT and 
NPT at 100 ps time frames. Finally, the MD simula-
tion was carried out for 100  ns to calculate RMSD 
(Root Mean Square Deviation) and RMSF (Root 
Mean Square Fluctuation) for the protein backbone 
and side chains, respectively (Singh 2022; Singh and 
Prajapati 2022).

Result and discussion

Selection of pathogens and their antigenic protein 
sequences

Recently, it was reported that the diagnostic samples 
taken from COVID-19-infected patients had shown 
the presence of a variety of microorganisms, and this 
coinfection is directly or indirectly involved in the 
augmentation of disease severity. The highest coin-
fection rates were seen in people aged 15–44, whereas 
people under 15 had the lowest number of coinfection 
cases (Zhu et  al. 2020). Due to the unavailability of 
precise treatment, in this study, we have designed the 
multi-pathogen-based multiepitope vaccine by using 
pathogens that have some physiobiological interac-
tion with SARS-CoV-2 and somewhat resemblance 
in the symptoms with each other. The pathogens and 
proteins selected were identified through a literature 
survey and have already been reported as promising 
vaccine candidates. The role of each protein has been 
mentioned in Fig. 1.

Prediction of immunogenic epitopes‑B‑cell, HTL, 
and CTL

Continuous B-cell epitopes from the ABCPred server 
were predicted and selected based on their highest score. 
The higher score and rank of the epitopes represent the 
probability of an epitope being antigenic. Hence, all the 
selected protein sequences were submitted to the server 
for obtaining the probable B-cell epitopes. One B-cell 
epitope was selected from each protein sequence; hence, 
this study chose eight top antigenic epitopes based on 
the highest score obtained (Table 1).

Further, all the sequences were subjected to 
the IEDB server individually to predict the HTL 
epitopes. The lowest percentile rank denotes that the 
epitope will have the highest binding affinity with the 
MHC class II molecules to generate robust immune 
responses. For each epitope, IC50 (inhibitory concen-
tration) value lower than 50 was selected. The subse-
quent norm was the allele selection, and the allele-
specific epitopes will be beneficial in developing a 
highly polymorphic vaccine (Table 2).

The binding and presentation of antigen on MHC 
molecules are diverse for each antigen, and each 
allele defines the expression of MHC class I and II 
molecules differently; therefore, in this study, those 
types of HLA alleles were selected which have the 
highest allelic frequency and covers approx. 90% of 
the world population is at broad-spectrum, and the 
same was achieved with the help of the Allele fre-
quency database (http://​www.​allel​efreq​uenci​es.​net/​
hla60​06a.​asp) (Fig. 2) (Wang et al. 2010).

MHC class I CTL epitopes were predicted via 
NetCTL server for all the protein sequences, and this 
was done by taking A2, A3, and B7 supertypes into 
contemplation, because the HLA supertype restricted 
epitopes obtained by using this will mutually cover a 
broad range of human population (nearly 86%) (Vejbae-
sya et  al. 2015). After the supertype selection, the 
epitopes were sorted based on their combined score, 
and the highest score denotes the excellent binding effi-
ciency of epitopes (Sharma, et al. 2022) (Table 3).

Antigenicity, allergenicity, and toxicity analysis of 
chosen epitopes

The analysis of allergenicity, antigenicity, and 
toxicity are the crucial aspects of examining the 
epitope eminence, that is, whether the selected 
epitopes would be able to generate a tremendous 
immune response or not against the pathogen. Fol-
lowing this, the antigenicity of each epitope (B-cell, 
HTL, and CTL) was predicted by VaxiJen by set-
ting the threshold filter as 0.4 (default). The result 
showed that all the epitopes were probable anti-
genic, with scores between 0.5 and 1. Allergenicity 
prediction (via AllerTop) affirmed that all epitopes 
were probable non-allergen; the antigen would not 
induce inflammatory responses or hypersensitivity 
reactions inside the host. The final aspect, toxicity 
prediction of each epitope, concluded that all the 

http://www.allelefrequencies.net/hla6006a.asp
http://www.allelefrequencies.net/hla6006a.asp
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selected epitopes were non-toxic (Tables  1, 2, and 
3).

Multi‑pathogen‑based multiepitope vaccine candidate 
framing with optimal TLR4 agonist adjuvant

All the carefully chosen epitopes were linked with 
each other with the help of spacer sequences or link-
ers. Apposite linkers are essential for the fusion of 

epitopes and provide flexibility and stability to the 
protein sequences. For the multiepitope vaccine 
design, the linkers should be insusceptible to the 
degradation via host proteases, as sometimes they 
can be proved as the target for degradation. Here, in 
this study, we have utilized KK (for B-cell epitopes), 
GPGPG (for HTL epitopes), and AAY spacer 
sequences (for CTL epitopes) (Yano et al. 2005; Liv-
ingston et al. 2002; Ojha et al. 2020).

Fig. 1   Diagrammatic representation of multiple pathogens involved in SARS-CoV-2 coinfection along with the role of selected pro-
teins used for multiepitope vaccine designing
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Epitopes alone could not be sufficient for initiat-
ing likely immune responses, so we have added an 
adjuvant to the designed vaccine candidate (Fig.  3 
A). TLR4 is mainly responsible for mediating the 
immune response against bacterial pathogens by rec-
ognizing LPS (Lipopolysaccharide). However, when 
we designed this study and looked at the literature, 
we found that the SARS-CoV-2 infection triggered an 
anti-bacterial-like response at the early stage of infec-
tion via the TLR4 receptor (Zhao et al. 2021). It has 
also been reported that the spike protein of SARS-
CoV 2 is mainly involved in initiating the TLR 4 
signaling (Choudhury and Mukherjee  2020). Here, 
in this study, for the generation of a robust immune 
response, we have exploited three different TLR4 
agonists as adjuvants for framing the vaccine con-
struct- (1) TR-433, a synthetic and non-toxic adju-
vant, possesses pro-inflammatory and self-assembling 
characteristics (Tandon et  al. 2018). (2) The second 
adjuvant was from Mycobacterium tuberculosis 
(Rv0652); that is, 50S ribosomal L7/L12 protein, a 
natural adjuvant, has been shown to induce dendritic 
cell maturation, which activates the naïve T cells to 
instigate cell-mediated immune responses. The adju-
vant is also known to enhance Tumor Necrotic Fac-
tor-alpha production, interleukin-1beta, and interleu-
kin-6 pro-inflammatory cytokines (Lee et  al. 2014). 
(3) The last one was HABA, a natural adjuvant 

from M. tuberculosis, which is proficient enough 
to activate the TLR4 signaling, which activates the 
CD4 + T-cells (Hasan et al. 2019; Gupta et al. 2020). 
These selected adjuvants were linked with the help of 
the EAAAK linker, a helix forming linker, and a total 
of six vaccine candidates were designed based on 
epitopes rearrangement; the details of each has given 
in the supplementary file as supplementary Fig.  1 
(VC-1–6).

Assessment of physicochemical properties and other 
aspects of designed exogenous vaccine candidates

The designed vaccine candidates were assessed for 
their physicochemical parameters (evaluating the 
characteristics of protein-based in  vitro or in  vivo 
environment), antigenicity, and allergenicity. Out of 
6 designed vaccine constructs, we have filtered out 
2 VC (vaccine candidates) that are VC2 and VC5 
(having 50S ribosomal L7/L12 adjuvant) based on 
various parameters such as antigenicity, half-life, 
instability index, and aliphatic index, etc. (Supple-
mentary Table  1). Construct 2 and 5 showed simi-
larity between various physiochemical parameters 
(Supplementary Table 2), so we have performed 3D 
modeling followed by discontinuous B-cell epitope 
screening for both.

Table 1   B-cell epitopes, along with their start position, scores allergenicity, toxicity, and antigenicity prediction

S.no Pathogen 
selected

Selected proteins B-cell epitopes Start position Epitope scores Antigenicity Toxicity and 
allergenicity

1 SARS-CoV-2 Spike Glycopro-
tein

STFKCYGVSP 375 0.81 1.1040 Non-Toxic and 
Non-Allergen

Nucleocapsid 
Protein

ALTQHGKEDL 55 0.84 0.5691 Non-Toxic and 
Non-Allergen

2 Mycobacterium 
tuberculosis

RV2608 ATQLAPIQEG 204 0.80 1.1260 Non-Toxic and 
Non-Allergen

RV1813 DAHLANGSMS 31 0.79 1.0106 Non-Toxic and 
Non-Allergen

3 Streptococcus 
pneumoniae

PhtD WNGKQGSRPS 230 0.85 1.6523 Non-Toxic and 
Non-Allergen

PCPA ELEEIELPAS 175 0.80 0.5390 (Probable 
ANTIGEN)

Non-Toxic and 
Non-Allergen

4 Hemophilus 
influenzae 
type B

Protein D HHQNGKDIAA 182 0.84 0.5535 (Probable 
ANTIGEN)

Non-Toxic and 
Non-Allergen

Protein E TLSLGLLTAC​ 7 0.74 0.5284 (Probable 
ANTIGEN

Non-Toxic and 
Non-Allergen
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Tertiary structure prediction validation and 
refinement of the vaccine candidate

Tertiary structure prediction for the selected VC 2 and 
VC 5 was made with the Robetta server’s help. By 
analyzing the data, the confidence score (GDT score) 
for both the predicted models was found to be the 
same, i.e., 0.11; hence, it denotes that the predicted 
3D model has average model quality (Fig. 3 B and C). 
Further, with the help of Ramachandran plot assess-
ment, we have found that VC2 has 98.6% of residues 
in the favored regions, whereas 1.2% (8) and 0.2% 
(1) residues were suspected in allowed and outlier 
regions, respectively. However, the Ramachandran 
plot for VC5 suggested that 98.8% (653) of residues 
were found to be in the favored region, and 1.1% (7) 
were in allowed regions, whereas 0.2% (1) of residues 
appeared in the outlier region (Supplementary Fig. 2).

Additionally, with the DiscoTope server’s help 
(http://​www.​cbs.​dtu.​dk/​servi​ces/​Disco​Tope/) (Haste 
Andersen et  al. 2006), the discontinuous B-cell 
epitopes were predicted for the two selected vaccine 
candidates as this would help in the generation of the 
specific antibodies. This comparative analysis found 
that VC5 has a higher propensity (78 B-cell epitopes 
among 653 residues) for the generation of antibod-
ies compared to VC2 (72 B-cell epitopes among 653 
residues). Considering the Ramachandran plot and 
discontinuous B-cell epitopes result, it was concluded 
that VC5 was the finest and could be used for further 
study.

Protein–Protein interaction between vaccine 
candidate and TLR4 receptor

In this multi-pathogen vaccine study, we have exploited 
key receptor TLR4, which has been triggered by LPS 
(lipopolysaccharides) in the case of infectious dis-
eases (bacterial and viral) and leads to the induction of 
inflammatory and immune responses by the secretion 
of various cytokines (Duthie et al. 2011). By perform-
ing the molecular docking of vaccine candidates with 
the TLR4 receptor, a total of 30 models were gener-
ated, along with their energy scores. With the help 
of obtained data, it was found that among 30 models, 
cluster_23 has a significantly lower binding energy 
score, i.e., − 1143.8 concerning the higher number of 
interacting residues between VC and TLR-4, having 
cluster size 10, and center energy -1138.1; henceforth Ta

bl
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appraised as the best-docked complex. The interaction 
of amino acid residues between the TLR4 and VC was 
generated with the help of the PDBSUM server (http://​
www.​ebi.​ac.​uk/​thorn​ton-​srv/​datab​ases/​pdbsum/​Gener​
ate.​html) (Fig.  4). This interaction map found that 
Chains B and D of TLR-4 positively and efficiently 
interacted with the designed VC5. Finally, the Prodigy 
server calculates the binding affinity (ΔG) and dissocia-
tion constant (Kd) between the VC5 and Chain B and 
Chain D of TLR4 receptor to be − 19.2 kcal mol-1 and 
7.7E-15 M at 25.0 °C.

Immune simulation to check the immune responses 
obtained by the designed vaccine candidate

Results section

The immune simulation study was performed using 
the C-ImmSim server, which provides a possible map 
for the immune response upon immunization. The 
immune response graph plots were obtained using the 
server’s default settings. It was observed that the vac-
cine candidate could elicit the B and T cell response. 
The simulation results have been obtained upon three 

injections of the vaccine candidates and the data 
observed concludes that every injection potentially 
elicited the immune response. Also, the secondary 
and tertiary immune response was greater than the 
primary immune response. Because an increased level 
of IgM + IgG, IgM, IgG1 + IgG1, and IgG2 popu-
lations/peaks reflected the presence of a secondary 
response, all of which appear to peak in the middle of 
50–100 days at high titer (Fig. 5A). In the case of the 
humoral immune response, the B cell population was 
also at a peak between 50 and 100 days (Fig. 5B&C). 
Likewise, T-cell-mediated immunity, i.e., Tc and Th 
cells, was also higher at 30–100 days. The IFN‐γ level 
was high and almost similar at all exposures. This tells 
us that the vaccine candidate developed in this study 
elicited a robust immune response at first injection, 
which was consequently increased (Shepard et al. 1978; 
Rajput, et al. 2021; Singh, et al. 2020) (Fig. 5).

A molecular dynamics simulation study of the 
docked complex

To check the docked complex’s stability (vaccine 
protein and TLR4 receptor) obtained from ClusPro 

Fig. 2   Graphical presentation of HLA with the geographical region and allelic frequency selected for the prediction of HTL epitopes

http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
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was achieved by performing the GROMACS MD 
simulation. In the initial step, the docked com-
plex’s energy minimization was performed, and the 
obtained average potential energy of the complex 
was − 1.12333e + 07, which denotes that the complex 
was energetically minimized and ready for the MD 
simulation. Next, the solvent and ions surrounding 
the protein must be equilibrated to begin the simula-
tion. The two-step equilibration process was achieved 
by calculating the NVT (constant Number Volume 
Temperature) at 300  K temperature and NPT (con-
stant Number Pressure Temperature) at a constant 
1 bar pressure 100-ps. Both NVT and NPT plots rep-
resent that the system was stable throughout the MD 
simulation. Afterward, MD simulation was executed 

at 100 ns, and the RMSD and RMSF plots were gen-
erated concerning the protein backbone. The RMSD 
plot (Fig.  6A) suggested that the docked complex 
was stabilized after 40 ns, whereas RMS fluctuation 
(Fig. 6B) of the residues was higher at 160, 325, and 
600 residue positions, which denotes the presence of 
flexible regions. With this, it can be concluded that 
the docked complex was stable, flexible, and had 
fewer deformed regions.

Conclusion

This is utterly true that our planet is facing dark times, 
and there is no exit solution/strategy to this crisis unless 

Fig. 3   A Designed vaccine construct arrangement in order 
of pathogens and their selected proteins. B Tertiary structure 
modeling. 3D model prediction with the help of Robetta server 

(A) showing, Vaccine candidate 2 (blue color) and C Vaccine 
candidate 5 (red color)
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Fig. 4   Docked complex 
analysis. A Vaccine candi-
date (VC) and TLR4 docked 
complex, Chain 1 represent-
ing the VC (red), whereas 
Chain A (purple), B (yel-
low), C (blue), and D (cyan) 
represent the chains of 
TLR4 receptor. The red and 
yellow globular dots show 
the interface or interacting 
residues between chain 1 of 
VC and chain B of TLR4 
receptor, respectively. 
In contrast, correspond-
ingly, blue and cyan color 
globular dots represent the 
interacting residues between 
chain 1 of VC and chain D 
of TLR4 receptor. B show-
ing the types of interaction 
between the VC and chains 
of TLR4 receptor. C Inter-
acting residues and types 
of interaction between VC 
(chain 1) and TLR4 (chain 
B), whereas D show the 
interacting residues between 
chain 1 of VC and chain D 
of TLR4 receptor
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there is a suitable vaccine for this newly dubbed con-
tinuously dangerous unseen creature SARS-CoV-2. 
The infection of COVID-19, which is different from its 

other SARS cousins in severity, will not vanish from 
the globe until science takes us to the vaccine. The 
secondary & tertiary waves of infection will threaten 

Fig. 5   In silico immune simulation response predicted after 
three consecutive doses of injections of the proposed vaccine 
as an antigen. A Antigen and Immunoglobins, B B-cell popu-
lation, C B-cell population per state, D Helper T-cell popula-

tion per state, E Helper T-cell population, F Cytotoxic T-cell 
population, G Cytotoxic T-cell population per state, H Mac-
rophages population per state, I Dendritic cell population per 
state, and J Cytokine production
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us long-term and create havoc worldwide. Science lost 
interest after previous coronavirus outbreaks; if we 
had made the successful vaccine even after the SARS 
and MERS outbreaks, it would have been used for the 
recurrent coronavirus outbreaks. We must not be at the 
same fault again and be intelligently prepared to work 
towards a universal vaccine of a broad range for coro-
navirus and its associated coinfections. It is petrifying 
that, in some cases, the person infected with SARS-
CoV-2 is not showing the symptoms; this makes them 
asymptomatic carriers. However, many infected per-
sons show symptoms related to respiratory illnesses 
or pneumonia-like diseases (Lai et  al. 2020b). From 
several other recent ongoing studies, the SARS-CoV-2 
infection accompanies other coinfections that could be 
viral or bacterial, which intensifies the disease’s sever-
ity. The study has developed a multi-pathogen subunit 
vaccine, which is efficaciously antigenic, non-toxic, 
and non-allergenic. This involves epitopes from SARS-
CoV-2, S. pneumonia, H. influenza, and M. tuberculosis 
since the last three microorganisms are recently known 
to be dominantly associated with COVID-19 infection. 
It has also been seen that old age people having cardio-
vascular and other comorbidities are more prone to bac-
terial coinfection that has been clinically identified and 
also has the probability of multiple organ failures.

Therefore, in this study, we identified the immu-
nogenic B-cell epitopes, HTL and CTL, and 

further analyzed the epitopes’ eminence to gener-
ate the immune response, toxicity, antigenicity, and 
allergenicity of all the predicted epitopes were ana-
lyzed. For the enhancement of the immunogenicity, 
three TLR agonists (adjuvants) were tested, and six 
vaccine constructs were framed with suitable linkers. 
Based on physicochemical parameters, vaccine con-
structs VC2 and VC5 (both having 50S ribosomal L7/
L12 adjuvant) were selected for further studies. Ter-
tiary structures of both constructs were predicted, fol-
lowed by their refinement and validation via plotting 
the Ramachandran curve to analyze the percentage of 
favored region residues.

Furthermore, the discontinuous B-cell epitopes 
were also predicted for VC2 and VC5. Based on results 
obtained from the Ramachandran plot and discontinu-
ous B-cell, VC5 was best used for downstream stud-
ies. The binding specificity and active binding resi-
dues were assessed by molecular docking interaction 
studies where the lowest energy score of clusters_23, 
i.e., -1143.8, showed the best-docked complex/strong 
interaction between the TLR4 binding groove and 
VC5. The in silico immune response simulation stud-
ies of the VC5 revealed an excellent immune response 
for brief exposures and enhanced immunity even after 
repetitive exposures. Finally, the docked complex was 
simulated, and the RMSD and RMSF results sug-
gested that the developed vaccine candidate, VC5 with 

Fig. 6   Molecular dynamics simulation between vaccine protein and immune receptor TLR4 obtained via GROMACS. A RMSD 
(Root Mean Square Deviation) for 100 ns and B RMSF (Root Mean Square Fluctuation)
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human TLR4 receptor, is stable and flexible and has 
less deformed regions. This study gives insights into 
an innovative chimeric/universal vaccine for SARS-
CoV-2 and its associated coinfections and encourages 
developing a universal vaccine for other emerging viral 
and bacterial infections. The vaccine candidate would 
prevent not only the SARS-CoV-2 infection but also 
the infection of those pathogens which interact with 
SARS-CoV-2 and generate a similar type of disease 
symptoms, enhancing disease severity in the host. The 
epitopes from each pathogen proved to be highly anti-
genic, cytokine-producing, non-toxic, non-allergenic, 
and stable and could possess the ability to generate 
the defined immune response. So, combining different 
pathogens conclusively allows protection against sev-
eral diseases at once and can generate a broad immune 
response against the pathogen encounter solely.
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