
Introduction

Human rhinoviruses (HRVs), first discovered in 1950’s, 
are non-enveloped RNA viruses belonging to the Picor-
naviridae family (Glanville and Johnston 2015). It infects 
the upper and lower respiratory tracts in humans (Arruda 
et al. 1995; Jakiela et al. 2008) and is accountable for acute 
respiratory complexities in various ethnicities worldwide 
(Rotbart and Hayden 2000). HRVs are associated with 
common cold, wheezing, asthma, pneumonia, chronic 
obstructive pulmonary disease, and flu-like symptoms 
(Arden and Mackay 2009; Cordey et al. 2010). They have 
a high rate of mutation assisting adaptability and trans-
missibility (Cordey et al. 2010). HRVs are categorized 
into HRV-A, HRV-B, and HRV-C respectively (Hao et 
al. 2012). Multiple lines of evidence have revealed that 
HRV-C is more predominant and virulent compared to 
HRV-A and HRV-B (Hao et al. 2012). The high virulence 
of rhinovirus C stems from its ability to bind to host cells 
using cadherin-related family member 3 receptor (Scully 
et al. 2018). HRV-C is linked to severe symptoms. It is 
responsible for greater respiratory damage (Palmenberg 
et al. 2010). HRV-C has been linked to asthma exacerba-

tions worldwide in children (Bizzintino et al. 2011; Mak 
et al. 2011). Some workers have found a distinct correla-
tion between maternal atopy and asthma in offspring 
(Miller et al. 2011). HRVs comprise many serotypes whose 
categorization is based on factors like receptor specific-
ity, predisposition to antiviral responses, similarity in 
nucleotide sequences, etc. (Lau et al. 2010). The genome 
of HRVs is made up of a single gene. Nevertheless, its 
translated product yields structural and non-structural 
proteins (Jacobs et al. 2013). The capsid contains structural 
proteins viz. VP1, VP2, VP3, VP4, and VPg whereas non-
structural proteins function in replication and assembly 
(Palmenberg et al. 2010). 

Acute airway infections are the major cause of morbid-
ity and mortality worldwide. Although HRV-C is more 
virulent and linked to the high incidence of asthma, 
chronic obstructive pulmonary disease in adults, and 
severe respiratory complexities in children (Bochkov 
and Gern 2012), little has been achieved in developing a 
vaccine in the last 70 years. However, the development 
of effective vaccines is time-consuming and costly. For 
clinicians, the antigenic diversity of HRVs, the number of 
serotypes along with lack of good animal models became 
stumbling blocks for developing vaccines (Papi and Con-
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toli 2011). The capsid proteins of HRV-C viz. VP1, VP2, 
VP3, VP4, and VPg arranged in an icosahedral structure 
have been the target of many antiviral studies (Stone 
and Miller 2016). However, the development of effective 
therapeutics remained partially successful resulting in 
seasonal occurrences of HRV-C-mediated illness. Re-
search on immunized rats has illustrated the possibility 
of developing cross-serotype protection (McLean 2014). 
A model tested in rhesus macaques indicated the effec-
tiveness of a polyvalent inactivated vaccine in generating 
virus-neutralizing antibodies against HRV types (Lee et 
al. 2016). Some workers hypothesized the use of a highly 
conserved and immunogenic epitope to design a universal 
rhinovirus vaccine that can protect against all serotypes 
(Stepanova et al. 2019). However, a lot needs to be done 
on human models. In the absence of a suitable vaccine, 
the treatment has been supportive in the form of non-
prescription cold remedies, and the use of corticosteroids 
and bronchodilators targeted at providing symptomatic 
relief (Glanville and Johnston 2015; Jacobs et al. 2013). 
Again, inhalation of glucocorticoids failed to provide a 
positive outcome in acute cases (Papi and Contoli 2011).

The objective of this work has been in silico design 
of multi-epitope construct housing appropriate proper-
ties, using an immunoinformatics approach that may 
be efficient against HRV-C. With newer technologies 
in bioinformatics, and the advent of high-quality im-
munoinformatics tools, designing multi-epitope-based 
constructs has been successful (Korber et al. 2006; Purcell 
et al. 2006; Seib et al. 2012). Epitope-based vaccines are 
known to have improved potency with better safety issues 
(Majid and Andleeb 2019). In the present study, robust 
bioinformatics analyses were carried out to predict the 
most antigenic protein and determine the most suitable 
cytotoxic T lymphocyte (CTL), helper T cell (HTL), and 
linear B cell epitopes. The multi-epitope construct was 
designed with the addition of adjuvant, linkers and tag. An-
tigenicity, immunogenicity, MHC allele binding capability, 
non-allergenicity, non-toxicity, and physicochemical and 
structural properties of the construct were assessed. This 
was followed by molecular docking, codon optimization, 
and immune simulation studies. The outcome is aimed 
at supporting clinicians and experimental biologists to 
validate the findings from this work and facilitate HRV 
-C vaccine development.

Materials and methods

Retrieval and screening of sequences
Amino acid sequences of the polyprotein of human rhi-
novirus C (HRV-C) strains/isolates were visualized in the 
Bacterial and Viral Protein Resource Center Database 

(https://www.bv-brc.org/). We strictly restricted the 
dataset to complete sequences and discarded partial and 
duplicated sequences. This was vital for quality control. 
Thus, as of 30/09/022, we retrieved 231 sequences of HRV-
C strains/isolates (Supplementary Table 1) for performing 
the analysis. It was observed that the polyproteins of each 
of these strains/isolates had structural and non-structural 
proteins. All the non-structural proteins were omitted 
and structural proteins like VP1, VP2, VP3, VP4, and 
VPg were considered for the analysis. Hence, amino 
acid sequences of the proteins in FASTA format from 
the selected HRV-C strains/isolates were considered for 
antigenicity prediction.

Identification of the most antigenic protein
Vaxijen v2.0 (Doytchinova and Flower 2007) was used to 
predict the most antigenic protein amongst the selected 
structural proteins. A threshold of 0.4 (Doytchinova and 
Flower 2007) was set.

Prediction of cytotoxic T lymphocytes (CTL) epitopes 
CTL epitopes are significant for vaccine design 
since these peptide fragments have the property 
of stimulating immune responses (Adhikari et al. 
2018). NetCTL 1.2 (http://www.cbs.dtu.dk/services/
NetCTL/) server was used to predict interacted cy-
totoxic T-lymphocyte epitopes. The epitopes were 
determined based on MHC class I supertypes (A1, 
A2, A3, A24, A26, B7, B8, B27, B39, B44, B58, and 
B62). For determining the epitope, a threshold was 
set at 0.75, having a sensitivity of 0.80 and specific-
ity of 0.97 (Larsen et al. 2007). The initial selection 
was based on the highest combined score; however, 
the final selection was made after predicting anti-
genicity and immunogenicity of the epitopes using 
Vaxijen v2.0 (Doytchinova and Flower 2007) and 
IEDB server (www.iedb.org). The epitopes were 
investigated using stabilized matrix base method 
(SMM) in the IEDB analysis tool (http://tools.iedb.
org/mhci/) (Peters et al. 2005) for determining 
common and non-frequently occurring MHC-I-
binding alleles. To predict MHC-I-binding alleles 
the cut-off for amino acid length of the peptide was 
set at 9.0 (Peters et al. 2005) and IC50 value less than 
200 since, high binding affinities to MHC-I binding 
alleles were possible with IC50 values lower than 
200 (Khatoon et al. 2017). Peptides having IC50 
values < 50nM indicated the highest affinity, fol-
lowed by <500nM with intermediate affinity, and 
<5000nM with low affinity respectively (Khatoon 
et al. 2017). The NetMHCII 2.3 server was utilized 
to estimate the binding of peptides to HLA-DR, 
HLA-DQ, and HLA-DP alleles (Nielsen and Lund 
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2009) using default parameters. The prediction 
was based on receptor affinity, inferred from the 
IC50 values. Conservancy (http://tools.iedb.org/
conservancy/) and immunogenicity http://tools.
iedb.org/immunogenicity/) tools of IEDB database 
were used (Nielsen et al. 2007; Calis et al. 2013) to 
predict epitope conservancy and immunogenicity.

Prediction of helper T lymphocyte epitope
The Net MHCII 2.3 server (https://services.healthtech.
dtu.dk/service.php?NetMHCII-2.3) was used to predict 
HTL epitopes of 15-mer length for human alleles. Fur-
thermore, the binding capacity of the epitopes to HLA-
DR, HLA-DQ, and HLA-DP alleles was also determined 
based on IC50 values. 

Identification of linear B-cell epitopes
The identification of suitable B-cell epitopes was crucial 
for designing vaccines since they are known to interact 
with B lymphocytes for eliciting immune response (Nair 
et al. 2002). The BCEPS epitope prediction software (Ras-
Carmona et al. 2021) was used to determine the B-cell 
epitopes from the most antigenic protein using default 
parameters. The IEDB database was used to predict 
conservancy.

Evaluation of allergenicity and toxicity
AllergenFP 1.0 (Dimitrov et al. 2014) was employed to 
evaluate allergenicity or non-allergenicity of the CTL, 
HTL, and linear B cell epitopes. ToxIBTL was utilized 
to determine toxicity or non-toxicity of the same (Wei 
et al. 2022).

Designing multi-epitope construct
The multi-epitope construct was designed using the best 
CTL, HTL and linear B cell epitopes. Furthermore, adju-
vant and linkers were used for effective construction and 

epitope design. The 50S ribosomal protein L7/L12 (NCBI 
ID: P9WHE3) was used as adjuvant since it is known to 
be a human toll-like receptor 4 (TLR4) agonist (Olejink 
et al. 2018). It was attached to the N-terminal end of the 
construct with EAAAK linker. The CTL epitopes were 
linked to the former using AAY (Ala-Ala-Tyr) linkers. 
Next, the HTL epitopes were linked together with the 
CTL epitopes using GPGPG (Gly-Pro-Gly-Pro-Gly) 
linkers. Next, the linear B cell epitope was linked to the 
HTL epitopes using a KK (Lys-Lys) linker. An EPEA tag 
was attached to the C-terminal end to facilitate efficient 
purification ( Jin et al. 2017). The AAY, GPGPG and KK 
linkers are reported to assist in stability, epitope pre-
sentation and preservation of immunogenic properties 
(Abdellrazeq et al. 2020).

Prediction of IFN-γ inducing epitopes
IFN-γ inducing epitopes in the construct were predicted 
using the hybrid approach in IFNepitope server (Dhanda 
et al. 2013).

Prediction of antigenicity, allergenicity and toxicity of 
the multi-epitope construct

Vaxijen v2.0, AllergenFP 1.0, and ToxIBTL were used 
to predict antigenicity, allergenicity, and toxicity of the 
multi-epitope construct.

Cross-checking of human homology
BLASTp within the PSI-BLAST algorithm was utilized 
to detect homology between the multi-epitope construct 
and human proteome. This was carried out to eliminate 
the risk of autoimmune response. The BLASTp search 
was limited to Homo sapiens (taxid: 9606).

Prediction of physicochemical properties of the multi-
epitope construct

ExPASy ProtParam (Gasteiger et al. 2005) was used to 

Features Value

Number of amino acids 250

Molecular weight 26128.81 Da

Theoretical pI 5.28

Total number of negatively charged residues (Asp + Glu) 34

Total number of positively charged residues (Arg + Lys) 27

Molecular formula  C1171 H1877 N307 O361 S3

Total number of atoms 3719

Extinction coefficient 21430

Instability index 20.31

Aliphatic index 91.48

Grand average of hydropathicity (GRAVY) -0.115

Table 1. Physicochemical properties of the multi-epitope construct.

Multi-epitope construct against human rhinovirus C
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determine the number of amino acids, molecular weight, 
extinction coefficient, isoelectric point (pI), instability 
index, aliphatic index and grand average hydropathicity 
(GRAVY) values of the multi-epitope construct. The solu-
bility of the construct was predicted using a recombinant 
protein solubility prediction tool (https://biotech.ou.edu/). 
It assumed of the protein construct’s overexpression in 
E. coli (Diaz et al. 2010).

Extrapolation of the secondary structure and tertiary of 
the multi-epitope construct

PSIPRED server (McGuffin 2000) was used to predict the 
secondary structural properties, while DISOPRED3 (Jones 
and Cozzetto 2015) was used for visualizing disordered 
regions in the construct. The tertiary structure of the 
multi-epitope construct was determined using trRosetta 
(Du et al. 2021). This tertiary structure was refined using 
GalaxyRefine server (Heo et al. 2013). The refined struc-
ture was examined for quality using ProSA (Wiederstein 
and Sippl 2009), ProQ (Wallner and Elofsson 2003), and 
SAVES (https://servicesn.mbi.ucla.edu/SAVES/).

Ligand binding pocket prediction
PrankWeb ( Jendele et al. 2019) was utilized to predict 
ligand binding pockets in the multi-epitope construct. It 
employed machine learning algorithms for determining 
ligand binding sites with high accuracy.

Determination of conformational B-Cell epitopes
IEDB conformational B-cell prediction tool ElliPro (Pono-
marenko et al. 2008) was employed to determine the dis-
continuous B-cell epitopes of the multi-epitope construct. 
This tool incorporated various algorithms for stabilizing 
the shape of proteins and determining PI (protrusion 
index) (Ponomarenko et al. 2008). The minimum score 
and maximum distance were set to default scores of 0.5 

and 6, respectively (Ponomarenko et al. 2008).

Molecular docking of the construct with human TLR-2 
and TLR-4

ClusPro 2.0 server (Kozakov et al. 2017) was used to ex-
ecute molecular docking of the multi-epitope construct 
with human TLR-2 (PDB ID: 6NIG) and TLR-4 (PDB 
ID: 4G8A). Based on energy scores, the cluster having 
the lowest energy was selected.

Normal mode analysis of the docked complexes
iMODS (Lopez-Blanco et al. 2014) was employed to in-
vestigate the collective motion of the complexes formed 
by the construct and human TLR-2 and 4, respectively, 
using normal mode analysis. 

Codon optimization and in silico cloning
Java Codon Adaptation Tool (JCAT) (http://www.prodoric.
de/JCat) was utilized for performing reverse translation 
of the multi-epitope construct protein sequence as well 
as codon optimization. Optimization is important for 
the protein to be expressed as a foreign gene in a host 
e.g., E. coli (strain K12) (Mittal et al. 2020). The output 
from JCAT reveals codon adaptation index (CAI) value 
and GC percentage. The former implied protein expres-
sion. A CAI value higher than 0.8 suggested suitability 
(Majid and Andleeb 2019). Likewise, GC content within 
30-70% emphasized a positive effect on the transcription 
and translation (Majid and Andleeb 2019). The optimized 
sequence was subjected to in silico cloning (Adam et al. 
2021) into E. coli ELF pET-28a vector and EcoRI and 
HincII restriction sites were exploited.

Immune profile of the multi-epitope construct
C-ImmSim server (Rapin et al. 2010) was used to analyse 
immune response of the construct. The default immune 
simulation parameters viz., random seed: 12,345, simula-
tion steps: 100 and simulation volume: 10 μ L were used. 
The server used, antigen sequence as input and four 
matrices for MHC class I, two HLA-A and two HLA-B, 
and two matrices for MHC class II in addition to other 
variables and parameters to perform in silico simulation. 
The multi-epitope construct was injected at the time steps 
of 1, 42, and 84, respectively. 

Results

Retrieval of amino acid sequences
The amino acid sequences of the structural proteins from 
HRV-C strains/isolates, (Supplementary Table 1) were 
retrieved from the Bacterial and Viral Protein Resource 
Center Database.

Figure 1. Graphical representation of the multi-epitope construct. CTL, 
HTL & linear B cell epitopes are colored yellow, red and white.
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Selection of the highest antigenic protein

The structural proteins were analysed with Vaxijen 
2.0, and it resulted in the prediction of an overall an-
tigenic score for each protein. It also indicated which 
protein sequences were antigenic or non-antigenic. It 
was found that VP2 protein of Rhinovirus C53 strain 
USA/CO/2014-20993, (GenBank: MF775366.1/protein_
id="ASW23000.1") was the most antigenic protein with 
an overall score of 0.5835. This protein was selected, and 
it contained 261 residues of amino acid.

Identification of Cytotoxic T lymphocytes (CTL) epitopes 
and their characterization 

NetCTL 1.2 server predicted 9-mer CTL epitopes from 
the most antigenic protein. It was observed that VAY-
GEWPEY, KPTHPETSA, and NSVVAYGEW revealed 
antigenicity and immunogenicity scores of 0.848, 0.6956, 
0.5408; and 0.388, 0.064, 0.1766 respectively. These in-
dicated that they possessed an increased probability of 
eliciting a greater immune response. Interestingly, they 
were non-allergenic and non-toxic. These CTL epitopes 
were recognised by different MHC-I alleles from human, 
i.e., HLA-A, HLA-B, and HLA-C. VAYGEWPEY showed 
strong binding affinities to the MHC-I alleles, HLA-
C*03:03, HLA-C*12:03, HLA-B*35:01, HLA-C*14:02, 
HLA-A*30:02, HLA-A*29:02. While, KPTHPETSA had 
strong binding affinities to HLA-C*12:03, HLA-C*03:03, 
NSVVAYGEW elicited high binding affinities to HLA-
C*12:03, HLA-C*03:03, HLA-B*58:01 and HLA-B*57:01. 
The highest binding to the corresponding alleles were 
based on IC50 values less than 200 (Khatoon et al. 2017). 
Lower IC50 values designated greater binding capacity 
of the epitopes to the MHC-I molecules. However, the 
outcome of NetMHCII 2.3 server did not indicate suitable 
binding to the HLA-DR, HLA-DQ, and HLA-DP alleles 
because of poor IC50 scores. These CTL epitopes were 
considered for the multi-epitope construct.

Helper T lymphocyte (HTL) epitope estimation
The Net MHCII 2.3 server predicted 15-mer HTL epitopes. 
The HTL epitopes HNNISLVIIPLVRLK, LAYIGGGNAN-
VKYKH, HQMINLRTNNSATLI were ultimately con-
sidered for the multi-epitope construct. They were found 
to be antigenic, non-allergenic and non-toxic.

Linear B-cell epitope identification

BCEPS epitope prediction tool predicted linear B-cell 
epitopes. The linear B-cell epitope RLKQITIGDSTITTQD 
showed the highest antigenicity of 1.2918 and exhibited 
the properties of non-allergenicity, non-toxicity, and 
conservancy. It had better properties compared to others. 
Hence, it was shortlisted for designing the multi-epitope 
construct.

Preparation of the multi-epitope construct
The multi-epitope construct (Fig. 1) was prepared using 
the best CTL, HTL, and linear B-cell epitopes, derived 
from the most antigenic protein. The proper function-
ing of the epitopes was guaranteed by the insertion of 
AAY, GPGPG, and KK linkers. These linkers connected 
the CTL, HTL, and linear B-cell epitopes. The EAAAK 
linker was used to link the 50S ribosomal protein L7/L12 
at the N terminal end. Additionally, the C-terminal end 
of the multi-epitope construct consisted of an EPEA tag. 
The formulated multi-epitope construct, after the addi-
tion of the adjuvant, linkers, epitopes, and tag comprised 
of 250 amino acid residues. The final construct was 
MAKLSTDELLDAFKEMTLLELSDFVKKFEET-
FEVTAAAPVAVAAAGAAPAGAAVEAAEEQSEFD-
V ILE A AGDK K IGV IK V V R EI VSGLGLK E A K-
DLVDGAPKPLLEKVAKEA ADEAK AKLEA AGAT-
VTVKEA A AKVAYGEWPEYA AYKPTHPETSA A-
AYNSV VAYGEWGPGPGHNNISLVIIPLVRLKG-
PGPGLAYIGGGNAN VK YKHGPGPGHQMIN-
LRTNNSATLIKKRLKQITIGDSTITTQDEPEA.

IFN-γ inducing epitopes
IFN-γ is known to catalyze macrophages and natural 
killer cells during immune response (Dhanda et al. 2013). 
Around 242 IFN-γ inducing epitopes (Supplementary 
Table 2), were predicted from the multi-epitope construct 
using the SVM methodology in IFN epitope server. All 
of them were found to be positive.

Antigenicity, non-allergenicity and non-toxicity of the 
multi-epitope construct

The antigenicity of the multi-epitope construct predicted 
using VaxiJen 2.0 server was found to be 0.5117. VaxiJen 
score greater than 0.4 specified it to be a probable anti-

Pocket Pocket score Probability score Amino acid count Residues

1 10.42 0.560 19 156, 157, 158, 159, 160, 162, 168, 169, 170, 171, 174, 175, 176, 178, 179, 180, 181, 182, 248

2 2.94 0.095 10 53, 57, 135, 136, 138, 210, 211, 212, 213, 214,

3 2.66 0.078 11 49, 187, 189, 190, 192, 205, 207, 211, 212, 247, 249

4 1.95 0.040 9 159, 162, 164, 166, 168, 182, 183, 184, 250

Table 2. Predicted binding pockets in the multi-epitope construct.

Multi-epitope construct against human rhinovirus C
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gen. The multi-epitope construct was found to be non-
allergenic and non-toxic. These observations indicated 
that this antigenic construct is a good candidate.

BLAST homology assessment
The sequence homology between the multi-epitope con-
struct and the proteome sequence of Homo sapiens re-
vealed no significant similarity. The outcome of BLAST 
homology assessment pointed out that, the multi-epitope 
construct is not likely to cause autoimmune responses 
in humans.

Physicochemical analysis of the multi-epitope construct
Table 1 represented the physicochemical properties of 
the multi-epitope construct. The molecular weight of 
the construct was 26128.81 Da. The theoretical pI (iso-
electric point) was 5.28.  It indicated the acidic nature of 
the construct. The instability index of 20.31 confirmed 
it to be a stable protein. The total number of negative 
and positively charged residues incident in the multi-
epitope construct vaccine were 34 and 27, respectively. 
The aliphatic index was predicted to be 91.48, while the 
Grand average of hydropathicity (GRAVY) was -0.115. 
The former guaranteed its thermo-stability, while the 
latter revealed hydrophilic properties of the construct, 

and its capability to interact with water molecules. The 
solubility of the multi-epitope construct was estimated 
to be 99.9% when overexpressed in E. coli.

Secondary and tertiary structure prediction
The secondary structure of the multi-epitope construct 
revealed 103, 109, and 38 amino acid residues in the for-
mation of alpha-helix, coil, and beta-strand, respectively. 
Hence, the construct consisted of 41.2%, 43.6%, and 15.2% 
residues as alpha-helix, coil, and beta-strand. 6.8% of the 
residues were disordered. 

The tertiary structure (Fig. 2) of the multi-epitope 
construct revealed satisfactory model quality. ProSa-
web gave a Z score of -3.61. This score was in the range 
of proteins of comparable size. The predicted LGscore 
from ProQ was 10.173 for the model. The ERRAT server 
revealed 87.70% overall quality factor. Additionally, the 
Ramachandran plot analysis showed 92.9%, 4.3% and 
2.9% residues in the favoured, allowed, and generously 

Figure 2. Ribbon diagram of the predicted tertiary structure of the 
multi-epitope construct.

Figure 3. Binding pockets in the multi-epitope construct. Pockets 1 
and 2 colored black and red are conserved.
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allowed/disallowed regions, respectively. All these por-
trayed that the predicted 3D structure was acceptable, 
and most of the evaluation tests indicated it to be a good 
quality designed model.

Assessment of ligand binding pockets
The outcome of Prankweb analysis revealed four ligand 
binding pockets (Fig. 3). Out of these pockets 1 and 2 

were found to be conserved. Table 2 exhibited the pock-
ets ranked by score. The surface volumes of the binding 
pockets were assessed in the centre x-axis, y-axis, and 
z-axis. Numerous residues associated with the pocket 
formation may be future targets of suitable ligands for 
docking simulation studies. The outcome of binding 
pockets pointed out that the amino acid residues might 
assist in designing inhibitors.

No. Residues Score 3D structure

1 A:M1, A:A2, A:K3 0.979 Fig. 4a

2 A:L4, A:S5, A:T6, A:D7, A:E8, A:L9, A:L10, A:D11, A:A12, A:F13, A:E15, A:M16, A:T17, A:L18, A:L19, A:E20, A:L21, A:S22, A:D23, A:F24, A:V25, 
A:K26, A:K27, A:F28, A:E29, A:V34, A:T35, A:A36, A:A37, A:A38

0.861 Fig. 4b

3 A:E30, A:T31, A:F32 0.851 Fig. 4c

4 A:P142, A:E143, A:Y144, A:A145, A:A146, A:Y147 0.729 Fig. 4d

5 A:L67, A:E68, A:A69, A:A70, A:G71, A:D72, A:K73, A:K74, A:I75, A:G76, A:V77, A:I78, A:K79, A:V80, A:V81, A:R82, A:E83, A:I84, A:V85, A:S86, 
A:G87, A:L88, A:G89, A:L90, A:K91, A:E92, A:A93, A:K94, A:D95, A:L96, A:V97, A:D98, A:G99, A:A100, A:P101, A:K102, A:P103, A:E115, 
A:A116, A:K117, A:A118, A:K119, A:L120, A:E121, A:A122, A:A123, A:G124, A:A125, A:T126, A:V127

0.681 Fig. 4e

6 A:L194, A:A195, A:Y196, A:I197, A:G198, A:G199, A:G200, A:N201, A:A202, A:N203, A:V204 0.629 Fig. 4f

7 A:K148, A:P149, A:T150, A:H151, A:P152, A:E153, A:T154, A:S155, A:A156, A:A157, A:A158 0.611 Fig. 4g

8 A:G171, A:P172, A:G173, A:H174, A:N175, A:N176, A:I177, A:S178, A:R231, A:L232, A:K233, A:Q234, A:I235, A:T236, A:I237, A:G238, 
A:D239, A:S240, A:T241, A:I242, A:T243, A:T244, A:Q245

0.564 Fig. 4h

Table 3. Predicted conformational epitopes from the multi-epitope construct

Figure 4. Predicted eight (a-h) conformational B-cell epitopes in the multi-epitope construct. The epitopes are represented by blue spheres.
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Investigation of conformational or discontinuous B-cell 
epitopes

Conformational epitopes are known to account for more 
than 90% of B-cell epitopes (Ponomarenko et al. 2008; 
Adhikari et al. 2018). ElliPro revealed 8 discontinuous 
or conformational B-cell epitopes (Fig. 4a-4h) in the 
structure. Table 3 showed that the protrusion index (PI) 
scores ranged between 0.564-0.979. Epitopes with PI 
score above 0.8 tend to have greater acceptability since 
high scores imply enhanced capacity for solvent acces-
sibility. Taking a cue from this the second epitope with 
30 residues and score of 0.861, was regarded as the most 
appropriate discontinuous B-cell epitope. All the identified 
discontinuous or conformational epitopes on the surface 
of the construct denoted accessibility for the virus.

Molecular docking of the multi-epitope construct with 
immunological receptors

The ClusPro protein-protein docking server, performed 
the molecular docking between the refined 3D structure 

of the multi-epitope construct, and immune receptors 
like TLR2 and TLR4, respectively. The docking program 
generated 30 clusters for each docked complex. Cluster 8 
of TLR2-multi-epitope construct docked complex (Fig. 
5a-5b) comprising of 32 members had the lowest energy 
of -1168.1. On the other hand, Cluster 2 of TLR4 - multi-
epitope construct docked complex (Fig. 5c-5d) with 42 
members had the lowest energy of -1376.4. Docking 
simulation revealed satisfactory interactions and several 
binding residues.

Normal mode analysis
Normal mode analysis of the docked complexes illustrated 
the stability and movement of the atoms (Supplementary 
Fig 1- Fig. 2). Supplementary Fig. 1b and 2b, demonstrated 
regions of deformability in the protein delineated by 
peaks in the graph. The comparison between NMA and 
PDB of the TLR2-construct and TLR4-construct com-
plexes is indicated by the B factor graphs (Supplementary 
Fig. 1c and 2c). Eigenvalues of the TLR2-construct and 

Figure 5. Molecular docking of the multi-epitope construct with (a-b) human TLR2 and (c-d) human TLR4. TLR2 and TLR4 are colored green while 
the multi-epitope construct is colored sky blue.
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TLR4-construct complexes (Supplementary Fig. 1d and 
2d) were 1.378714e-05 and 2.793110e-05 respectively. 
Supplementary Fig. 1e and 2e portrayed individual and 
cumulative variances. The covariance maps (Supplemen-
tary Fig. 1f and 2f) revealed the correlated, uncorrelated 
and anticorrelated motions between pairs of residues. The 
elastic maps of the TLR2-construct and TLR4-construct 
complexes (Supplementary Fig. 1g and 2g) divulged the 
links between atoms. The dark grey colorations indicated 
the stiffer residues within the complexes.

Outcome of codon optimization and in silico cloning
Codon optimization is an important step in validat-
ing the multi-epitope construct, for screening its im-
munoreactivity (Majid and Andleeb 2019). The codon 
adaptation index (CAI) was found to be 1.0, and the GC 
content was 50.66% for the sequence. Both the CAI and 
GC values were within the optimal range and signified 
stable expression of the designed multi-epitope construct 
and a greater possibility of expression in bacteria. The 
restriction sites of HincII and EcoR1 were incorporated 
and ligated into E. coli ELF2-pet28a vector for optimal 
expression by in silico cloning. The cloned construct map 
is shown in Fig. 6.

Immune simulation

Immune simulation tool C-ImmSim was utilized to deter-
mine immune responses fashioned by the multi-epitope 
construct (Majid and Andleeb 2019). It was observed 
that there was an increase in the secondary and tertiary 

Figure 6. In silico restriction cloning of the multi-epitope construct 
into E. coli ELF2-pet28a vector. Red and black color denotes the gene 
sequence of the construct and backbone of the vector.

Figure 7. In silico immune simulation of the multi-epitope construct. a) Immunoglobulin production triggered by antigen injections (black vertical 
lines); b) Changes linked to B-cell populations; c) Changes in T-helper cell populations; d) Changes associated with T-cytotoxic cell populations; 
e) Changes in the concentration of cytokines and interleukins; f) Macrophage population per state.
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immune response (Fig. 7a). B cell populations, IgG + IgM 
and IgG1 + IgG2 amplified with the decrease of antigen 
concentration. Fig. 7b portrayed that constant exposure 
resulted in memory formation (Majid and Andleeb 2019) 
in the immune system. Additionally, B cells were found 
to demonstrate isotype-switching capability. Moreover, 
cytotoxic and T helper cell populations showed a response 
(Fig. 7c-7d) on strengthening of memory. High macro-
phage activity and elevated levels of interferon-gamma 
were also noticed (Fig. 7e-7f). Immune simulation of the 
multi-epitope construct revealed that the outcome was in 
line with immune responses. Immune response amplified 
with constant exposure to the antigen. An increase in T 
helper cells (Majid and Andleeb 2019) supported humoral 
response. In a nutshell, the outcome illustrated that each 
injection elicited a stronger immune response, a decrease 
in antigens, and elevated memory.

Discussion

Acute airway infections are a major cause of morbid-
ity and mortality worldwide. The recent pandemic due 
to novel coronavirus outbreak has shown that vaccine 
development is very crucial for saving lives. The capsid 
proteins of HRV-C arranged in an icosahedral structure 
have been the target of many antiviral studies (Stone 
and Miller 2016). However, the development of effec-
tive therapeutics has been time-consuming and costly. 
Use of bioinformatics-based approaches may assist in 
developing different strategies for vaccine design (Seib 
et al. 2012). With newer technologies in computational 
immunology, and advent of high quality immunoinfor-
matics tools designing epitope-based constructs in a 
short time can greatly assist physicians in the long run 
(Korber et al. 2006; Purcell et al. 2006). Multi-epitope-
based constructs are known to have improved potency 
(Majid and Andleeb 2019).

The focus of this research has been in silico design of 
multi-epitope construct, that can offer notable defense 
against HRV-C infection. This construct consisted of 
CTL, HTL, and linear B-cell epitopes having the ability 
to initiate humoral and cell-mediated immune response, 
upon injection within the host. The most antigenic protein 
amongst the studied HRV-C strains was selected, and CTL, 
HTL, and linear B-cell epitopes were predicted. The suit-
able CTL, HTL, and linear B-cell epitopes were screened 
to design the multi-epitope construct. They were joined 
by linkers. An adjuvant and an EPEA tag were added at 
the N terminal and C terminal ends to enhance immune 
response and purification, respectively. The multi-epitope 
construct was found to be antigenic, non-allergenic, 
and non-toxic. Interestingly, the identification of IFN-γ 

inducing epitopes within the multi-epitope construct, 
signified that this construct had the capability of IFN-γ 
induced immune-stimulatory actions.

The average molecular weight of the multi-epitope 
construct divulged its antigenic nature. That the con-
struct was thermostable at normal body temperature 
was indicated by its aliphatic index. A lower instability 
index is associated with the construct protein’s stability in 
biological environments (Sami et al. 2021). Hydrophilicity 
coupled with effective solubility of the construct upon 
overexpression in E. coli, specified suitability of formula-
tion and purification of the protein (Sami et al. 2021). The 
greater degree of random coils in the secondary structure 
of the construct stated its conserved nature and stability. 
Multiple random coils also designated strong antigenic 
potential. The 3D structure of the construct exhibited 
stability and it housed some ligand binding pockets. The 
3D structure of this construct was docked with TLR2 and 
TLR4 receptors. These pattern recognition receptors are 
well known to elicit innate immune responses (Hamann 
et al. 2013). Docking studies demonstrated negative bind-
ing energy between the construct and TLR2 and TLR4 
chains. Thus, docking interactions signified stable and 
high binding affinity as well as the potential to mount 
immune response. Furthermore, the outcome of normal-
mode analysis portrayed that the docked complexes had 
strong positive eigenvalues, indicating rigidity and lower 
chances of deformability (Sami et al. 2021).

In silico cloning expressed the multi-epitope construct 
in E. coli. Codon optimization was executed, and it was 
found that both the values of codon adaptation index and 
GC content were optimal indicating maximal expression 
in bacteria. The outcome of immune simulation studies 
pointed out that the multi-epitope construct had the poten-
tial to generate a strong immune response. The triggering 
of primary and secondary immune responses coupled 
with increase in memory B cells, cytotoxic T cells, and 
helper T cells illustrated a surge defense against the virus.

Conclusions

Human rhinovirus-C related infections are a worldwide 
problem yet, there has been no permanent cure. Design-
ing appropriate multi-epitope construct augurs well for 
developing therapy against HRV-C infections. In this 
study, a series of immunoinformatics tools have been used, 
to design a multi-epitope construct from the structural 
proteins of HRV-C. This construct was designed, using 
the potential CTL, HTL and LBL epitopes after proper 
screening. An adjuvant was added, and the epitopes were 
attached by linkers. The construct was antigenic, non-
allergenic, and non-toxic, demonstrating a satisfactory 
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physicochemical and structural profile. Moreover, mo-
lecular docking analysis revealed significant binding 
affinity of the multi-epitope construct to human TLR2 
and TLR4. Additionally, the outcome of normal mode 
analysis, codon optimization, and immune simulation 
studies demonstrated the capability to elicit effective 
responses. In a nutshell, this in silico study provides a 
testable hypothesis that this multi-epitope construct could 
stimulate an immune response by inducing humoral and 
cell-mediated immunity and could be a right step forward. 
Nevertheless, large scale in vitro and in vivo studies would 
be required before practical application of these epitopes.
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