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Crimean-Congo Hemorrhagic Fever (CCHF) is a tick-borne viral infection with no licensed vaccine or ther-
apeutics available for its treatment. In the present study we have developed the first multi-epitope sub-
unit vaccine effective against all the seven genotypes of CCHF virus (CCHFV). The vaccine contains five B-
cell, two MHC-II (HTL), and three MHC-I (CTL) epitopes screened from two structural glycoproteins (Gc
and Gn in M segment) of CCHFV with an N-terminus human b-defensin as an adjuvant, as well as an
N-terminus EAAAK sequence. The epitopes were rigorously investigated for their antigenicity, allergenic-
ity, IFN gamma induction, anti-inflammatory responses, stability, and toxicity. The three-dimensional
structure of the vaccine was predicted and docked with TLR-3, TLR-8, and TLR-9 receptors to find the
strength of the binding complexes via molecular dynamics simulation. After codon adaptation, the sub-
unit vaccine construct was developed in a pDual-GC plasmid and has population coverage of 98.47% of
the world’s population (HLA-I & II combined). The immune simulation studies were carried out on the
C-ImmSim in-silico interface showing a marked increase in the production of cellular and humoral
response (B-cell and T-cell) as well as TGFb, IL-2, IL-10, and IL-12 indicating that the proposed vaccine
would be able to sufficiently provoke both humoral and cell-mediated immune responses. Thus, making
it a new and promising vaccine candidate against CCHFV.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Crimean-Congo Hemorrhagic Fever (CCHF), caused by Crimean-
Congo Hemorrhagic Fever Virus (CCHFV), is a deadly zoonotic virus
that infects humans worldwide. CCHF ranks at the top of WHO’s
Blueprint List of Priority Diseases published in 2018, demanding
intense research and development (World Health Organization, n.
d.). First discovered in Crimea during the 2nd World War, it has
now spread to Africa, Eastern Europe, Central Asia, Middle East,
and South Asia (ranked as 2nd most endemic region for CCHF)
(World Health Organization, n.d.). The disquieting increase in both
geographical distribution and number of cases of CCHF is due to
the lack of epidemiological research in animals and humans, which
is in-turn linked to absence of affordable and proficient diagnostic
as well as therapeutics (both animals and humans) in CCHF-
endemic countries (World Health Organization, n.d.).

Molecular as well as serological assays such as nucleic acid tests
(NAT) for RNA detection, IgG (for survivors), IgM (acute viral infec-
tion) and antigen (Ag) capture ELISA, are typically used to detect
CCHF in human and animals (World Health Organization, n.d.;
Mazzola and Kelly-Cirino, 2019). However, there are certain limita-
tions, such as viral genetic diversity (World Health Organization, n.
d.) and lack of a detectable antibody response in hosts (Drosten
et al., 2003; Fernandez-García et al., 2014). Consequently, at pre-
sent, there is no universally accepted gold standard (reference test)
for CCHFV (World Health Organization, n.d.). Furthermore, infected
animals remain asymptomatic and can easily migrate from one
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region to another, there-by spreading the virus to new locations
(Gonzalez et al., 1991; World Health Organization, n.d.). Therefore,
absence of standard diagnostic test and uncontrollable migration
of infected animals there is an even greater need of accessible pro-
phylaxes. While the World Health Organization recommends rib-
avirin (Stuart et al., 2009), contradicting evidence regarding
ribavirin’s efficacy in treating CCHFV are observed, both in the case
of human (Johnson et al., 2018) and animal models (Hawman et al.,
2018; Oestereich et al., 2014; Bente et al., 2010). Thereby, indicat-
ing the pressing need of new effective treatments. Although, a
mouse brain-derived vaccine obtained after attenuation of a strain
V42/81 of CCHFV, is being used in Bulgaria. But probably due to its
safety and practical concerns, it will not have global outreach (Papa
et al., 2011; Mousavi-Jazi et al., 2012). Other vaccination platforms
such as, vesicular stomatitis virus-based, modified vaccinia
Ankara-based, subunit-based, human adenovirus-based, DNA-
based, virus-like particle-based (VLP), and transgenic plant-based
vaccines, have been investigated in mouse models (Zivcec et al.,
2018; Buttigieg et al., 2014; Ghiasi et al., 2011; Garrison et al.,
2017; Kortekaas et al., 2015; Canakoglu et al., 2015; Hinkula
et al., 2017; Scholte et al., 2019; Rodriguez et al., 2019) as well
as Cynomolgus macaque based vaccine has been tested which is
a non-human primate’s model (Hawman et al., 2021). But the
human randomized controlled trials are still lacking. Another facet
of slower development of CCHF vaccine is the critical requirement
of high-cost BSL-4 facility for its production (World Health
Organization, n.d.). In light of these statistics where no licensed
therapeutics currently available for CCHF and it becomes even
more worrisome when CCHF carries a mortality rate of 10–40%
(World Health Organization, n.d.).

The virus is maintained in the zoonotic cycle via tick-mediated
transmission (Hyaloma (predominantly) as well as Amblyoma and
Rhipicephalous species), which cycles between various vertebrate
species (wild and domestic mammals). Despite the animals devel-
oping transient viremia, they remain asymptomatic (Gonzalez
et al., 1991; Gonzalez et al., 1991; ‘‘WHO EMRO | Infectious
disease outbreaks reported in the Eastern Mediterranean Region
in 2018 | News | Epidemic and pandemic diseases,” n.d.; World
Health Organization, n.d.).

CCHFV is a negative-sense single-stranded RNA virus[(-)ssRNA]
classified in the Nairovirus genus of the Bunyaviridae family. It has
a three-segmented genome (Gonzalez et al., 1991) that encode
small (S), medium (M), and large (L) RNA segments, which trans-
lates into a viral nucleocapsid protein (NP), glycoprotein precursor
(Pre-Gn, Pre-Gc ultimately forms Gn and Gc), and polymerase pro-
teins (viral RNA dependent RNA Polymerase), respectively. CCHF
has seven known genotypes CCHFV-1, CCHFV-2, CCHFV-3,
CCHFV-4, CCHFV-5, CCHFV-6 and CCHFV-7 (Flick and
Whitehouse, 2005). Human host contracts infection when nucle-
olin receptor on endothelium allows the virus to enter the cells
(Gaafar et al., 2019). After 2–14 days of incubation period, symp-
toms start to appear on 1-7th day of pre-hemorrhagic phase. These
symptoms vary from fever, myalgia, nausea, vomiting, diarrhea.
The classical immunological TH1 and Th2 and CTL responses are
generated. Some individuals will clear the infection after 7 days
of hemorrhagic phase but if virus persists, it progresses to hemor-
rhagic phase where hemorrhages, bleeding from various sites,
hematemesis. and ultimately causes death (World Health
Organization, n.d.).

Tick Borne Viruses (TBV) are recognized by immature Dendritic
Cells (DCs) via Toll-like receptors (TLRs) present on the cell surface
or inside endosomes (Kochs et al., 2010). In the case of CCHFV, DCs
bind to TLR-3, TLR8 and TLR-9 (Lindquist et al., 2018). Once, DCs
take up viral antigens they become activated and start migration
to lymphoid tissues for maturation. Therefore, for a virus to effec-
tively infect the host DCs must be manipulated by the viruses
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(Kazimírová et al., 2017). Activated DCs trigger naïve T cells. Sub-
sequently, the activated T cells may give rise to T helper type 1
(Th1), Th2, and cytotoxic T lymphocyte (CTL) effector cells. These
interactions initiate signaling cascades that elicit anti-viral Th1
responses. These responses include, increased expression of major
histocompatibility complex (MHC) class II molecules (required for
antigen presentation), T cell co-stimulatory molecules (i.e., CD80
and CD86), and proinflammatory cytokines, such as type I inter-
feron (IFN); principally IFN gamma, interleukin (IL) 6, IL12 and
TNF-alpha (Johnston et al., 2000; Masson et al., 2008).

In the backdrop of recent pandemic, the fact that CCHFV has
much higher fatality rate than SARS CoV2, its zoonotic nature, its
rapid spread to more regions and lack of effective therapeutics,
the virus is a looming public health threat for many countries of
the world. Its control demands research and development of effec-
tive vaccine and therapeutics. Current study was thus designed to
develop a multivalent vaccine targeting all the seven genotypes,
found globally, unlike previous genotype specific vaccines, target-
ing Gc and Gn (M�segment) of CCHFV. We exploited recently
developed immunoinformatics tools to evaluate conserved genetic
sequences from different CCHFV genotypes computationally in
search of conserved epitopes, which were used to design sub-
unit vaccine (Centers for Disease Control and Prevention et al.,
2003; Dowall et al., 2017; Flick and Whitehouse, 2005; Gaafar
et al., 2019; Larkin et al., 2007). Our designed sub-unit vaccine,
when simulated for in-vivo molecular binding to different human
immune components, was able to demonstrate humoral and innate
immunity in-silico that can be further tested in vitro and in vivo for
the development of multivalent vaccine targeting the envelop gly-
coprotein Gn and Gc encoded by the M segment of CCHFV genome.
2. Material and methods

The sub-sequential steps taken in this study (summarized in
Figure S1) for the designing of our multivalent vaccine are thor-
oughly described below.

2.1. Epitope selection

2.1.1. Sequences retrieval and sequence alignment
There were 350 sequences of the envelop glycoprotein encoded

by M segment of CCHFV genome comprising of the seven geno-

types retrieved from NCBI GenBank (https://www.ncbi.nlm.

nih.gov/genbank/) and UniProt from EMBL (https://www.uniprot.

org/). The reference sequence GenBank Accession Numbers are;
ABB30027.1 (Genotype-I), ABB30037.1 (Genotype-II) ARB51455.1
(Genotype-III), ABD98124.1 (Genotype-IV), ABB72473.1
(Genotype-V), ABB30025.1 (Genotype-VI) and ABB30028.1
(Genotype-VII) (Wampande et al., 2021). The obtained sequences
were subjected to multiple sequence alignment, to detect the sim-
ilarity, using Clustal Omega. (https://www.ebi.ac.uk/Tools/msa/-
clustalo/). The Clustal Omega aligned the input sequences into 26
Clustals. Then, the conserved sequences were searched manually
in these obtained Clustals. They were classified as Highly Con-
served (HC), Relatively Conserved (RC), and Less Conserved (LC)
based on the percent sequence similarity between the sequences
of each Clustal. Therefore, HC Clustals had 90–98%, RC Clustals
had 80–89%, and LC Clustals had 70–79% similarity, respectively.

2.1.2. B-Cell epitope prediction
The linear B-cell epitopes were predicted using IEDB

(http://tools.iedb.org/main/bcell/), BepiPred-2.0 (https://services.

healthtech.dtu.dk/service.php?BepiPred-2.0) and ABCPred

(https://webs.iiitd.edu.in/raghava/abcpred/ABC_submission.html)
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at the default threshold of 0.5 (Jespersen et al., 2017). The peptides
which are �20 amino acids long were considered for further anal-
yses (Ikram et al., 2018).

2.1.3. T-Cell epitope prediction
The MHC-I restricted epitopes were predicted using IEDB’s

Proteasomal cleavage/TAP transport/MHC class I combined predic-

tor (http://tools.iedb.org/processing/) (Shekhar et al., 2012) and

Syfpeithi server (http://www.syfpeithi.de/bin/MHCServer.dll/Epi-

topePrediction.htm). The nanomer peptides were chosen for anal-
ysis. Subsequently the MHC-II restricted nanomer epitopes were

predicted using NetMHCIIpan (http://www.cbs.dtu.dk/services/

NetMHCIIpan/) interface. The epitopes predicted for this study
used the default allele datasets of each prediction server. In that
regard, the IEDB server uses special matrices for 108 MHC-I and
27 MHC-II (15 HLA-DR, 6 HLA-DQ, and 6 HLA-DP) alleles for pre-
diction. The same allele sets from the IEDB allele database are
employed by NetMHCIIpan as well. While the Syfpeithi prediction
server has a dataset of 39 MHC-I alleles. After completion of the
prediction of MHC-I restricted epitopes, the epitopes that were
common for most of the alleles were selected. The same methodol-
ogy was replicated for MHC-II epitopes.

2.1.4. Identification of common epitopes
The predicted B and T Cell epitopes (bind to secreted

immunoglobulins) were then searched for their presence in the
HC, RC and LC Clustals. In addition to checking their sequences in
the HC, RC and LC Clustals, the selected B-cell and T-cell epitopes
were also compared with one another for scanning the presence
of any common epitopes between themselves.

2.1.5. Antigenicity, allergenicity, toxicity, anti-inflammatory response
prediction and IFN gamma induction analysis of epitopes

The predicted B and T Cell epitope peptides were subjected to
rigorous selection criteria. For that purpose, several prediction
parameters were applied for validating their eligibility to be a part
of vaccine construct. The selection parameters were antigenicity,
allergenicity, toxicity, anti-inflammatory response prediction, and
IFN gamma induction analysis. Furthermore, once the vaccine con-
struct was obtained, it was also subjected to the same parameters
for its evaluation. The antigenicity of the peptides was determined

using VaxiJen v2.0 at threshold of 0.5 (http://www.ddg-pharmfac.

net/vaxijen/VaxiJen/VaxiJen.html) and the allergenicity of the pep-

tides was determined using AllerTOP v2.0 (https://www.ddg-

pharmfac.net/AllerTOP/) (Dimitrov et al., 2014). For determining

the toxicity of the peptides, ToxinPred (http://crdd.osdd.net/

raghava/toxinpred/multi_submit.php) was used (Ayyagari et al.,
2020). The anti-inflammatory response prediction was carried

out using AIPPred (http://www.thegleelab.org/AIPpred/)

(Manavalan et al., 2018) and PreAIP (http://kurata14.bio.kyutech.

ac.jp/PreAIP/) (Khatun et al., 2019). Finally, IFN gamma induction

analysis was carried out using IFN epitope (http://crdd.osdd.net/

raghava/ifnepitope/predict.php) (Dhanda et al., 2013). The default
settings were applied for calculating the above properties on the
individual peptides as well as on the entire vaccine construct.

2.1.6. Population coverage prediction of epitopes
The frequencies of HLA genotypes differ among different popu-

lations of the world. Therefore, the HLA polymorphism affects the
binding capability of a specific epitope peptide chosen for the mul-
tivalent vaccine to HLA-I and II molecules (Bui et al., 2006). Conse-
quently, it is crucial to determine the degree to which the world
population will be covered by the multi-epitope vaccine construct
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developed in this study. For this purpose, the IEDB tool
(http://tools.iedb.org/population/) was employed to predict the
population coverage of T cell.
2.2. Development of multivalent vaccine design construct

The candidate immunodominant epitopes obtained from the M
segment of the CCHFV genome, were selected to form the multi-
epitope vaccine construct. The human-defensin was added at the
vaccine’s N-terminus as an adjuvant, with the (EAAAK) linker serv-
ing as an adjuvant. The B Cell epitopes were connected to each
other by a (KK) linker. The B Cell epitopes were spaced from HTL
(MHC-II epitopes) by (GPGPG) linker. The GPGPG linker was also
used to connect HTLs with each other. HTL were linked to CTL
(MHC-I epitopes) by (AAY). The AAY Linker was also used to con-
nect CTLs to each other. Finally, the addition of His-tag (six his-
tamines) at the C-terminus to conclude the linking of the final
vaccine construct (Shey et al., 2019).
2.3. Prediction of tertiary structure and validation of multivalent
vaccine design construct

The following facets were considered for tertiary structure pre-
diction and validation of multivalent vaccine polypeptide designed
in this study.
2.3.1. Prediction and optimization of multivalent vaccine’s secondary
and tertiary structure

The vaccine sequence was submitted into PDBSum (http://

www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.

pl?pdbcode=index.html) for finding details of prolylpeptide’s sec-
ondary structure (Laskowski et al., 2018). Subsequently, the pre-
diction of tertiary structure of the protein was carried out using

iTASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (Roy
et al., 2010). The predicted model was refined using 3Drefine

(http://sysbio.rnet.missouri.edu/3Drefine/) (Bhattacharya et al.,

2016). (https://zhanglab.ccmb.med.umich.edu/ModRefiner/),

GalaxyRefine (http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=

REFINE), ReFOLD (https://www.reading.ac.uk/bioinf/ReFOLD/)
(Adiyaman and McGuffin, 2019) and Yasara Energy Minimization

Server (http://www.yasara.org/minimizationserver.htm) respec-
tively (Krieger et al., 2009). Further validation of the protein struc-
ture was obtained by Ramachandran Plot using the tool Molprobity

(http://molprobity.biochem.duke.edu/index.php?MolProbSID=71h

tp5jhjurj698nmt84d25ki1&eventID=62) for identifying the num-
ber of residues in the favored, allowed and outlier regions (Chen
et al., 2010).

The percentage of error comparisons in predicted residues
structure of the unrefined compared to refined protein was

checked using ERRAT (https://saves.mbi.ucla.edu/) (Colovos and
Yeates, 1993). The validation of the refined tertiary structure after
the refinement process was finalized using ProSA-web (a protein

structure analysis tool) available at (https://prosa.services.came.

sbg.ac.at/prosa.php) (Sippl, 1993).
Finally, the physicochemical properties of the vaccine such as

molecular weight, theoretical pI, amino acid composition, atomic
composition, extinction coefficient, estimated half-life, instability

index, etc. were calculated using ProtParam (https://web.expasy.

org/protparam/) (Gasteiger et al., 2003).
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2.3.2. Prediction of Proteasomal, TAP binding protein and cell
localization

The MHC-I ligands processing pathway mainly comprises of
two steps – initial degradation of proteins by the proteasome,
and the transport of the initial degraded products to the endoplas-
mic reticulum (ER) using the transporter associated with antigen
processing (TAP). It is here in the ER, antigen peptides are bounded
by MHC class I molecules, and later presented on the cell surface by

MHCs (Craiu et al., 1997). Therefore NetChop (http://www.cbs.dtu.

dk/services/NetChop/) was used for locating proteasomal cleavage
sites (Doytchinova et al., 2006). Likewise, the binding affinity of the
multivalent vaccine with the TAP was predicted by the tool TAP-

REG (http://imed.med.ucm.es/Tools/tapreg/). Furthermore, the
subcellular localization in eukaryotes of the vaccine polypeptide
was predicted by employing the BaCelLo (Sette et al., 1994)

(http://gpcr.biocomp.unibo.it/bacello/) (Pierleoni et al., 2006) and

Phobius (https://phobius.sbc.su.se/index.html) (Kotturi et al.,
2007).

2.3.3. Immune simulation

For immune simulation analysis, C-IMMSIM (http://150.146.2.

1/C-IMMSIM/index.php?page=1, accessed on January 13, 2021)
was used to simulate the immune response of host to the designed
vaccine. This tool employs Miyazawa–Jernigan residue–residue
potential for scoring the force with which a given peptide-HLA
complex interacts with a T-cell receptor (Rapin et al., 2010). The
tool was used on default settings, except in the host HLA selection
option, the heterozygous combination of HLA-A (HLA-A*02:01,
HLA-A*30:01), HLA-B (HLAB*15:01, HLA-B*13:01) and HLA-II
(DRB1_0104, DRB1_0107) were randomly selected, from the set
of alleles which were also used for the construction of multivalent
vaccine peptides.

2.3.4. Codon adaptation and in-silico cloning
The vaccine sequence obtained from this study was fed into JCat

(http://www.jcat.de/Start.jsp). For the creation of the optimized
DNA sequence, the organism selected for codon-adaptation was
Escherichia coli (Strain K12). In addition to choosing an organism,
other options that were selected from the tool’s interface were (i)
avoid rho-independent transcription terminators, (ii) avoid
prokaryotic ribosome binding sites, and (iii) avoid cleavage sites
of restriction enzymes (Grote et al., 2005). These three options
were selected for exclusion of these regions from being optimized
while undergoing codon adaptation algorithm. As rho-independent
transcription terminators consists of RNA structures which are GC-
rich that results in formation of stem-loops followed by a series of
uridine residues, which correspondingly forms RNA hairpins. The
prokaryotic and eukaryotic RNAs are abundant in these loops,
which contribute to enhance the stability of RNA hairpins. The
RNA hairpins facilitate the nucleation of the nascent RNA struc-
tures, which allows transcription termination process to take place.
Therefore, by selecting the option, ‘‘avoid rho-independent tran-
scription terminators”, uncontrollable transcription is avoided (d
Aubenton Carafa et al., 1990). Similarly, options, ‘‘avoid prokaryotic
ribosome binding sites” and ‘‘avoid cleavage sites of restriction
enzymes” were selected to keep nucleotide residues unchanged
even after codon optimization, to get optimal cloning and expres-
sion processes downstream (Grote et al., 2005). The DNA sequence
of multivalent vaccine polypeptide obtained after the codon opti-
mization was subjected to in-silico cloning into pDual-GC vector

by using SnapGene tool (https://www.snapgene.com/). The
pDual-GC vector was used because of its capability of heterologous
gene expression in both mammalian and prokaryotic systems
(Mullinax et al., 2003).
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2.3.5. Post-translational modifications
In this study, the final vaccine construct is designed using a dual

expression system, therefore, for eukaryotic (mammalian) system,
the expressed vaccine polypeptide must be examined for the pos-
sible post translational modifications. The typically investigated
post-translational modifications are di-sulfide engineering, N-
glycosylation, O-glycosylation, and ubiquitination. They have also
shown to increase the stability of extracellular and secreted pro-
tein structures following translation (Craig and Dombkowski,
2013; Lee et al., 2015; Schmidt et al., 2017; Su and Lau, 2009).
Therefore, for the di-sulfide engineering the Disulfide By Design

2 (http://cptweb.cpt.wayne.edu/DbD2/index.php) (Craig and

Dombkowski, 2013), for N-glycosylation (http://www.cbs.dtu.dk/

services/NetNGlyc/) (Blom et al., 2004), for O-glycosylation

(http://www.cbs.dtu.dk/services/NetOGlyc/) (Steentoft et al.,

2013), for Ubiquitination (http://www.jci-bioinfo.cn/iUbiq-Lys/)

(Radivojac et al., 2010) and for phosphorylation (http://www.cbs.

dtu.dk/services/NetPhos/) (Blom et al., 1999) were used.

2.3.6. Molecular docking
The immune receptors such as Toll Like Receptors (TLRs) are

essential in evoking immune responses against infection by patho-
gens. The TLR’s implicated in eliciting immune responses in
humans during CCHFV infection are TLR-3, TLR-8 and TLR-9
(Lindquist et al., 2018). The protein sequences of TLR-3 (PDB ID:
5GS0), TLR-8 (PDB ID: 4R08) and TLR-9 (UniProt ID: Q9NR96) were

obtained from RCSB database (https://www.rcsb.org/structure/

4R08). The docking was performed on TLR-3, TLR-8 and TLR-9 indi-

vidually, using ClusPro (https://cluspro.bu.edu/login.php) (Desta
et al., 2020; Kozakov et al., 2017, 2013; Vajda et al., 2017). The

docked structures were refined using PatchDock (https://bioin-

fo3d.cs.tau.ac.il/PatchDock/php.php) (Mashiach et al., 2010) and

Firedock (http://bioinfo3d.cs.tau.ac.il/FireDock/php.php)
(Mashiach et al., 2008). The docked output was analyzed in PyMOL
molecular graphics system (Zhu et al., 2014).

2.3.7. Molecular dynamics analysis of docked structures
The behavior of constructed vaccine with TLR3, TLR8 and TLR9

systems was studied using a detailed molecular dynamics simula-
tion. For MD simulation, the amber14 kit was used (Salomon-
Ferrer et al., 2013). The ff14SB force field was used to define both
TLRs and vaccines. In the present study, 100 � 3 ns simulations
were performed. A rectangular box of TIP3P water molecules was
used to solvate the systems. The buffer distance in all rectangular
box were kept 12 Å. Counter ions were used to neutralize each sys-
tem. The steepest descent and conjugate gradient methods were
applied to relax each system by removing bad atoms contacts. Sub-
sequently each system was heated up to 300 K. Subsequently, a
two-step method was employed (by keeping pressure and temper-
ature constant at 1 atm and 300 K respectively) for balancing each
system. Firstly, the equilibration was carried out on the density
using weak restraint for 2 ns. Secondly, the system without any
restraint for more 2 ns was subjected to equilibration. Finally, each
system was subjected to a long run production simulation. The
temperature of each system was controlled by the Langevin ther-
mostat (Zwanzig, 1973). The long range electrostatic interactions
were treated with Particle Mesh Ewald algorithm (Darden et al.,
1993; Ml and Lg, 1995). The SHAKE algorithm was employed for
covalent bonds (Ml and Lg, 1995) The construction step of molec-
ular dynamic simulation for each system was performed using the
pmemd code (Götz et al., 2012), and the analysis of the trajectories
was accomplished via cpptraj package and g_sham module of
gromacs.

http://www.cbs.dtu.dk/services/NetChop/
http://www.cbs.dtu.dk/services/NetChop/
http://imed.med.ucm.es/Tools/tapreg/
http://gpcr.biocomp.unibo.it/bacello/
https://phobius.sbc.su.se/index.html
http://150.146.2.1/C-IMMSIM/index.php?page
http://150.146.2.1/C-IMMSIM/index.php?page
http://www.jcat.de/Start.jsp
https://www.snapgene.com/
http://cptweb.cpt.wayne.edu/DbD2/index.php
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetOGlyc/
http://www.jci-bioinfo.cn/iUbiq-Lys/
http://www.cbs.dtu.dk/services/NetPhos/
http://www.cbs.dtu.dk/services/NetPhos/
https://www.rcsb.org/structure/4R08
https://www.rcsb.org/structure/4R08
https://cluspro.bu.edu/login.php
https://bioinfo3d.cs.tau.ac.il/PatchDock/php.php
https://bioinfo3d.cs.tau.ac.il/PatchDock/php.php
http://bioinfo3d.cs.tau.ac.il/FireDock/php.php
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Table 2
The population coverage of selected epitopes.

MHC Class Coverage Average Hit PC90

Combined 98.47 4.74 2.6
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3. Results

3.1. Epitope selection for multivalent vaccine design

There were a total of twenty-nine Clustals found from the
sequences of M Segment of the CCHFV after its input into the Clus-
tal Omega tool. There were ten HC and RC Clustals and nine LC
Clustals discovered. Subsequently, the prediction of B-Cell epitopes
was performed by ABCPred, Bepipred & IEDB. While the T-Cell epi-
topes were obtained using IEDB and Syphpeithi (MHC-I) and
NetMHCIIpan (MHC-II). For each IEDB, NetMHCIIpan and Syfpeithi,
almost 1700 peptides were predicted for each prediction server.
Therefore, the significant peptides were selected on the basis of
IC50 (if < 50 nM then highest affinity of binding) and top 1% (have
highest affinity of binding) of the predicted peptides (Kotturi et al.,
2007; Sette et al., 1994). The peptides common for majority of the
alleles were selected for both B and T-Cell epitope prediction, Sub-
sequently, the epitope selection from common peptides was car-
ried out by applying rigorous criteria. This included
determination of the %-age homology, antigenicity, allergenicity,
toxicity, anti-inflammatory response, IFN gamma induction, popu-
lation coverage and physicochemical properties of epitope. Ulti-
mately, after passing through these parameters, five B-cell, three
MHC-I and two MHC-II epitopes were obtained - Table 1, that will
bind to secreted immunoglobulins. The population coverage anal-
ysis was performed on all the B and T-cell epitopes selected for
the construction of the vaccine indicated projected population cov-
erage was 98.47%, in world’s population when MHC Class’s com-
bined (HLA-I & II) option was selected. While average number of
epitope hits or HLA sets of combinations recognized by the popu-
lation was 4.74 and the minimum number of epitope hits or HLA
combinations recognized by 90% of the population (PC90) was
2.6, Table 2. The projected percentage of population coverage
was explained graphically in (Fig. 1).

3.2. Physicochemical properties prediction of multivalent vaccine
construct

The Physicochemical properties of the full construct was also
evaluated, which is summarized in Table 3, indicating the final vac-
cine construct consists of 243 amino acids, having molecular
weight of 27462.29 g/mol, pI of 9.3, IFN c inducing and is non-
toxic. The half-life of the vaccine varies in different invitro systems
(Table 3).

3.3. Multivalent vaccine design construct

The final vaccine construct consisted of 243 amino acids with a
total of five B-cell epitopes followed by two MHC-II (HTL) epitopes
and three MHC-I (CTL) epitopes, separated by respective linkers.
Besides these, the N-terminal end of the vaccine has the human
b-defensin as adjuvant for increasing the immunogenicity and C-
terminal added with six histidine tag (Shey et al., 2019). Further-
more, the use of the EAAAK linker in the multivalent vaccine design
is due to its capacity to be a rigid linker, as rigid linkers have
demonstrated several advantages over flexible linkers. One of the
main advantages is the preservation of efficient separation of its
functional domains, is to maintain its specific functional properties
(a precise distance was maintained with least interference) from



Fig. 1. Percent class combined coverage of the selected epitopes in the world’s population.

Table 3
The physicochemical properties of the vaccine.

Toxicity IFN c
induction

Total no. of amino
acids

MW
(g/mol)

pI Formula Total no. of
atoms

Approx ½ life

Mamalian Cell
(Invitro)

Yeast
(Invivo)

E. coli
(Invivo)

Nontoxic + 243 27462.29 9.3 C1238H1950N336O332S19 3875 >30 h >20 h >10 h
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the epitopes (Chen et al., 2013). For the development of a bifunc-
tional fusion protein, it is extremely essential to achieve the effec-
tive separation of the domains in their structures (Arai et al., 2001).
Subsequently, the KK linker — a Lysine linker, was used to bind the
B-Cell epitopes (Gu et al., 2017; Nain et al., 2020; Sarkar et al.,
2020). The KK linker was chosen because: (i) It is a target for lyso-
somal proteases like the Cathepsin B (which is involved in the pep-
tide presentation on the surface of the cell — via a process called
antigen processing of the peptides occurring in the MHC-II
restricted antigen presentation) (Yano et al., 2005). (ii) It reduces
the junctional immunogenicity by circumventing the antibodies
induction. Since, the antibodies can be induced for the linear pep-
tides (Yano et al., 2005). (iii) The KK linkers intensify the immuno-
genic responses (Li et al., 2015). Additionally, a universal spacer
which is the GPGPG linker was used to attach the HLA-II epitopes.
As, a study performed on mice model demonstrated the ability of
GPGPG linker to induce TH lymphocyte (HTL) as well as its capabil-
ity of splitting the epitopes by maintaining a boundary (junctional
immunogenicity), which restores the immunogenicity of the indi-
vidual epitopes (Livingston et al., 2002). Correspondingly, the
HLA-I epitopes were linked via AAY (Ala-Ala-Tyr) linker. Since,
Fig. 2. The sequence of multivalent vaccine construct marked. (Yellow colored residues:
T-cell epitopes; Red colored residues: Cytotoxic cell epitopes).
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the AAY linker serves as a cleavage site for the proteasomes in
mammalian cells. Therefore, effective junctional immunogenicity
is maintained between the epitopes using AAY as a linker
(Bhatnager et al., 2021). The AAY linker also contributes to increas-
ing the immunogenicity of the multivalent vaccine (Yang et al.,
2015). The order and sequence of epitopes of multivalent vaccine
construct (Fig. 2).
3.4. Prediction, refinement and validation of multivalent vaccine’s
tertiary structure

The secondary structure prediction of multivalent vaccine con-
struct by PDBsum was first predicted. The output indicated that it
contained 9 helices, 17 helix-helix interactions, 18 beta turns and 5
gamma turns (Figure S2).

While the prediction of the tertiary structure of the multivalent
vaccine construct was carried out by I-TASSER, which generated
top five final models. The Confidence score (C-score) defines the
merit of each of the predicted models. Since a higher C-score is
the reflection of higher confidence in the generated model. In addi-
tion to C-score, I-TASSER calculated TM-score and RMSD value for
bdefensin; Cyan colored residues: B cell epitopes; Magenta colored residues: Helper
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all the five predicted models, that contributed to overall quality
and selection of the model. The tertiary model selected in this
study had C-score = �3.59; TM-score = 0.32 ± 0.11 and estimated
RMSD = 14.4 ± 3.7 Å. Afterward this selected tertiary model
obtained from I-TASSER was submitted into 3Drefine. Just like I-
TASSER, 3Drefine also generates top 5 models. The 3Drefine Scor-
ing works on the principal of calculating the potential energy of
the refined model according to 3Drefine force field. Therefore,
the model with better quality carries a lower potential energy
score. For additional refinement 3Drefine also used GDT-TS, GDT-
HA (both of which are a similarity score in [0,1] co-ordinates of
the refined model vs the initial model. Higher the score, higher will
be the conservative refinement), RMSD (CA-RMS — a deviation
score measured in angstrom (Å) of the refined model vs the initial
model. Higher the score, higher will be the aggressive refinement),
RWplus (indicates the potential energy of the refined model as per
RWplus statistical potential. Lower the score, higher will be the
quality of the model) and MolProbity (indicates the physical real-
ism of the refined model in the form of MolProbity score. Lower
the score, higher the physically realistic model will be). The tertiary
model selected after running 3Drefine for this study had 3Drefine
Score = 15970.5; GDT-TS = 0.9979; GDT-HA = 0.9537; RMSD
(Å) = 0.420; RWPlus = -50525.167242 and MolProbity = 3.675.

The subsequent further refinements were carried out on the
generated refined model by using ModRefiner, GalaxyRefine,
Yasara Energy Minimization Server and ReFOLD. Ultimately, the
refinements were validated by Ramachandran analysis available
at Molprobity, ERRAT and ProSA-web plots (Fig. 3).

3.5. Prediction of cleavage sites, TAP binding peptides and cell
localization

The number of possible cleavage sites predicted by NetChop
tool in 243 amino acid long vaccine polypeptide were 87. Similarly,
the TAP binding affinity of multivalent vaccine polypeptide was
predicted by TAPREG server. This prediction yielded more than
65 TAP binding peptides in the vaccine construct, out of which first
three were considered since lower the IC50 value, higher is its
binding affinity (Table 4). Furthermore, the subcellular localization
of the vaccine polypeptide was determined using BaCelLo (a server
for eukaryotes) indicating it to be cytoplasmic. While the details of
a combined transmembrane topology and signal peptide were
observed via Phobius (eukaryotes). The output indicated the pro-
tein to be cytoplasmic with transmembrane domains (Figure S3).
The transmembrane domains (TMD’s) embeds inside the protein
core because they are hydrophobic. Therefore, our vaccine con-
struct demonstrating the hydrophobic TMD’s is a very good sign.
Since, both signal peptides and TMD’s have exceptionally high epi-
tope densities. This fact has been corroborated by previous studies
where it was demonstrated that improved MHC binding of TMD
domains is attributed to their hydrophobic nature (Kovjazin
et al., 2011). This can be further explained in connection with
MHC-I molecules and their role in antigen presentation using
TAP - proteasomal pathway. For a predicted peptide to work as a
good CTL epitope, it must be cleaved at specific regions. Now this
cleaved peptide must be transferred to the ER and later bind with
sufficient affinity to MHC-I molecules. That is why in eukaryotic
systems MHC-I is loaded with peptide repertoire of its cells. Since,
the TAP- proteasome pathway is fundamental to the antigen pre-
sentation machinery of eukaryotic cells. As it is involved in the
breakdown of all intracellular proteins into short peptides. While
the TAP itself is a membrane-traversing heterodimer and have
preference for transporting the degraded peptides based on their
(Kovjazin et al., 2011). Our vaccine demonstrating hydrophobic
domains is indicative of its capability to have good CTL epitopes
and strong MHC-I presentation.
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3.6. Codon adaptation and in-silico cloning

The Codon adaptation analysis is essential for the expression of
the inserted foreign genes. As the bulk of the synthetic genes (for
obtaining the required proteins) are expressed in prokaryotic sys-
tems. Therefore, their codon optimization is highly crucial. If the
foreign gene possesses codons, which are very rarely employed
by the host, it will result in its expression level being extremely
minimal. This is one of the drawbacks of heterologous protein
expression (Puigbò et al., 2007). In this study, the codon optimiza-
tion was accomplished by using the JCat tool (Figure S4). Further-
more, the optimized DNA sequence obtained from JCat was cloned
into the pDual-GC plasmid using SnapGene (Figure S5). The pDual-
GC vector has dual nature and can be expressed both in bacterial
and mammalian system. Furthermore, it was used because of the
presence of a constitutive promoter (which is a CMV promoter/en-
hancer slightly altered by mutation) for expression in mammalian
cells. While the inducible gene expression in prokaryotes is con-
trolled via hybrid T7/lacO promoters (Mullinax et al., 2003).

3.7. Immune-simulation

The C-IMMSIM interface was used for simulation of immune
response of designed vaccine construct. The immune responses
for vaccine with and without adjuvant (not shown) was predicted.
The prediction indicated better response for vaccine with adjuvant.
Several immune responses such as IgM and IgG production, popu-
lation level of B-cell and TH-cell (Helper), TC (Cytotoxic) as well as
concentration of Cytokines were observed after the injection of
vaccine. The immune simulation output established that the
designed vaccine triggered sufficient innate and adaptive immune
responses (Fig. 4).

3.8. Molecular docking and structural stability of vaccines with TLR
proteins

3.8.1. Docking refinements and dynamic stability of all systems
Initial docking prediction was performed using ClusPro on TLR-

3, TLR-8 and TLR-9 respectively. Then the docked structures were
refined using PatchDock. Finally, the top 10 models of each TLR’s
obtained from PatchDock were further refined and ranked by Fire-
Dock, which allows a high-throughput refinement of docking can-
didates. The best docked complexes of vaccine – TLR-3, Vaccine –
TLR-8 and Vaccine – TLR-9 obtained from FireDock were selected
(Fig. 5(a)) The major selection criterion was observing the Global
Energy of the docked complex as well as other details. Lowest glo-
bal energy complex was ranked highest in FireDock (Adiyaman and
McGuffin, 2019). The details of top ranked Patchdock models cho-
sen by Firedock after refining and their energies are shown in
(Table 5).

The best complex from each system were subjected to molecu-
lar dynamics simulation. Root-mean-square deviations (RMSD) of
backbone atoms of all systems were computed with respect to
their original configurations in MD simulation to analyze the
dynamic stability of all systems (Fig. 5b(i)). The graph shows an
increase in RMSD up to 60 ns and then remain constant throughout
the simulation with slight fluctuations. During the period of 0 ns to
60 ns, the RMSD raises up to 3.5 Å. It implies that each system con-
verged to their stable form in the first 60 ns time. The root mean
square fluctuation (RMSF) was calculated for checking the stability
at residue level. The RMSF graph of TLR3-vaccine, TLR8-vaccine
and TLR9-vaccine are shown in (Fig. 5b(ii)). The graph shows that
the TLR3, TLR8 and TLR9 showed stable behavior along with their
vaccine binding partner. In case of TLR3, the C-terminal show
higher fluctuations which reflect the adaptation of TLR3 for the
binding of its vaccine partner.
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3.8.2. Stability at binding region and binding interaction analysis
The stability of each vaccine construct in the binding region of

each TLR protein was analyzed by calculating the average distance
between each TLR and vaccine (Fig. 5c(i)). In case of TLR3, the ini-
tial average distance between TLR3 and vaccine was around 23 Å.
Fig. 3. Refinement and validation of predicted tertiary structure of vaccine. (a) to (f) Ram
region and 98.8% of all residues were in allowed regions. The 3 outliers in (phi, psi) re
generated model without refinement having 82.9% accuracy vs (h) ERRAT plot of vaccin
vaccine determined using ProSA-web server which is �5.44. (j) The refined 3D structur
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The average distance increases up to 27 Å in the first 20 ns and
then reduces to initial value in the rest of simulation. In case of
TLR8 and TLR9, the distance showed slight fluctuation around
30 Å. The frequency graph shows that the peak value for TLR3 is
at 24 Å (Fig. 5c(ii)). It implies that most of the time the average dis-
achandran plots for various residues indicating 92.9% of all residues were in favored
gion indicated were (24 Leu), (149 Val) and (210 Trp). (g) ERRAT plot of iTASSER
e model after series of refinements having 93.67% accuracy. (i) The Z-Score of the
e of the vaccine.



Fig. 3 (continued)

Table 4
Excerpt of MAPREG Output Table Indicating Peptides with Lowest IC50 Value (highest
TAP binding affinity.

Peptide Position Tap affinityIC50 (nm)

AYMAFIFWF 202 77.61
AAYSLMARK 213 80.39
AAYMAFIFW 201 88.77

M. Sana, A. Javed, S. Babar Jamal et al. Saudi Journal of Biological Sciences 29 (2022) 2372–2388
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tance between TLR3 and vaccine is 24 Å. In case of the TLR8 and
TLR9, the peak value was found as 31 Å and 31.3 Å. All these results
showed that our constructed vaccine bind well and remain stable
in binding region.

On the other hand, the binding interaction analysis were carried
out to gain in-depth insight of binding. First, the representative
structure for each system, TLR3, TLR8 and TLR9, were extracted
through free energy landscape analysis (FEL). For FEL, the principal
components analysis (PCA) was carried out. Based on the principal
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components 1 (PC1) and principal components 2 (PC2), the FEL
graph were constructed (Fig. 5(d)). The dark region in the graph
shows the lowest energy conformer. The structural coordinates
were extracted from the dark regions. The respective coordinates
for TLR3, TLR8 and TLR9 were analyzed for binding interactions.
In case of TLR3, 10 strong hydrogen bonds were observed
(Fig. 5d(i)). The strongest hydrogen with –32 kcal were found
between the residue of TLR3 Arg462 and vaccine His243. The dis-
tance of this hydrogen bond is 2.9 Å. In case of TLR8 the strongest
bond has energy –33.5 kcal with bond distance 2.96 Å — Fig. 5d(ii).
The strongest bond in case of TLR9 were found between Glu812 of
Fig. 4. In-silico immune simulation output obtained from C-IMMSIM after the injection
antigen and formation of immunocomplexes. (b) Elevated B-cell population, (c) Elevated
Elevated population of active TC lymphocytes count per entity-state. (f) Increase in TC ce
shows danger signal together with high production of Leukocyte Growth Factor IL-2.
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TLR9 and Lys233 of vaccine (Fig. 5d(iii)). The binding energy of all
the hydrogen bonds in TLR3, TLR8 and TLR9 range from –33 to
�0.7 kcal. This result implies that all the constructed vaccine will
bind in their respective TLR proteins.

3.9. Post-translational modifications

In this study vaccine polypeptide was subjected to both
prokaryotic and mammalian expression because of employing
pDual-GC plasmid for expression. Therefore, post translational
modifications which are much more common in nucleated cells,
of vaccine. (a) Various types of immunoglobulin production triggered by the virus
active TH cell population per state, (d) Elevated total T-Helper cell population, (e)
ll population. (g) Increase in concentration of cytokines and interleukins. Inset plot



Fig. 4 (continued)
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must be observed for the vaccine protein produced. Consequen-
tially, introduction of disulfide bonds, N and O-glycosylation, Ubiq-
uitination and Phosphorylation were some modifications
employed to the expressed vaccine. The introduction of novel
disulfide bonds into the designed proteins is an important biotech-
nological advancement. It has been used extensively for, conferring
increased protein stability, modification of functional characteris-
tics of the protein, and assisting in the analyses of protein dynam-
ics. The disulfide bonds work on the principle of lowering the
entropy (caused due to conformational changes) and increasing
the free energy (possessed by denatured state). Therefore, increas-
ing the stability of the folded protein conformation. The disulfide
bonds were engineered (using Disulfide by Design 2), This software
works by predicting pairs of amino acids that when mutated to
cysteines, will most likely form a disulfide bond (Craig and
Dombkowski, 2013). The native protein vs mutated vaccine protein
obtained by Disulfide by Design 2 (Fig. 6).

The N-glycosylation using NetNGlyc and O-glycosylation using
NetOGlyc prediction yielded no potential N-glycosylation and O-
glycosylation sites in the vaccine sequence respectively. Similarly,
the Ubiquitination prediction by employing iUbiq-Lys yielded no
ubiquitination sites as well. While the phosphorylation prediction
carried out by NetPhos at 36 sites yielded 17 phosphorylation sites
that surpassed the threshold value of 0.5 (Fig. 7).
4. Discussion

The current SARS-CoV-2 pandemic has reminded us of a valu-
able lesson that vaccines are one of the most potent and econom-
ical methods to prevent and control disease outbreaks. A lethal
disease such as CCHF, with the unavailability of specific prophy-
laxis or vaccines, especially when its outbreaks are exponentially
surging throughout the globe, demands immediate attention
(Formenty, n.d.; World Health Organization, n.d.). In the past
Soviet Vaccine was developed in 1970(Papa et al., 2011). Presently
very few vaccines are under clinical trials, but they are only
addressing a specific genotype endemic to the respective regions
(Centers for Disease Control and Prevention et al., 2003; Dowall
et al., 2017). Such as a clinical trial conducted in Cynomolgus maca-
quemodel of Chinese origin (Hawman et al., 2021) and clinical tri-
als on lambs in Bulgaria (Limon-Vega/The Pirbright Institute and
Lyons/The Pirbright Institute, 2019). This study has designed a sub-
unit vaccine targeting all the seven genotypes of CCHFV computa-
tionally. In this process, a highly scrutinized antigen screening and
selection criteria was employed, which led to the identification of
10 epitopes used in the construction of this vaccine (Table 1).
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Out of these selected epitopes, a total of five B-Cell epitopes had
three epitopes (GRSESIMKLEERTGISWDLGVEDASESKLL; STYKPTV-
STANIALSWSSVEHRGN; ISWDLGVEDASESKLLTVSV) in highly con-
served and two epitopes (IFLFLAPFILLILFFMFGWR; DTEGLLEWC
KRNLGLDCDDT) in relatively conserved region. Whereas, from
selected five T-Cell epitopes only one (SLMARKLEF) was found in
highly conserved, two (LAVCKRMCF; MAFIFWFS) were in relatively
conserved and two (LMYAILCLQ LC; MYAILCLQL) were in least con-
served region. While comparison of B-Cell and T-Cell epitopes with
each other yielded no common epitopes. Furthermore, the popula-
tion coverage analysis performed on these epitopes revealed,
98.47% coverage in world’s population (HLA-I & II combined). The
results propound that our 10 epitopes carrying sub-unit vaccine
can cover a very wide range of human population.

The final multivalent vaccine construct consists of 243 amino
acids containing the adjuvant and linkers in addition to the B
and T-Cell epitopes (Fig. 4). Accordingly, the immunogenicity
potential of this multivalent vaccine was increased by linking the
b-defensin molecule at the N-terminal end. Furthermore, the addi-
tion of b-defensin in our proposed vaccine construct is an unprece-
dented and distinct aspect of our study. The EAAAK linker was not
only employed as an adjuvant for boosting its immunogenicity but
also as a rigid linker that can perform effective separation (Chen
et al., 2013). Subsequently, the KK linker was used to link the B-
Cell epitopes (Gu et al., 2017; Nain et al., 2020; Sarkar et al.,
2020). The universal spacer which is the GPGPG linker (Li et al.,
2015) was used to join the HLA-II epitopes. While for the HLA-I epi-
topes the AAY linker was used. The physicochemical properties of
the multivalent vaccine polypeptide were also predicted. This anal-
ysis found the designed vaccine to be non-toxic in nature with a
molecular weight 27462.29 g/mol and pI 9.3 respectively. The
half-life was estimated to be of 30 h (for mammalian reticulocytes
— in vitro), >20 h (for yeast — in vivo), and >10 h (for E. coli —
in vivo). The computation of the instability index (II) was found
to be 47.73 while the calculated aliphatic index was 86.38. The
instability index (II) describes in vitro stability of peptide, which
was improved by di-sulfide engineering. Additionally, the grand
average of hydropathicity (GRAVY) was found to be �0.064 with
the total number of negatively and positively charged residues
were 22 and 36 respectively. The overall results obtained, indicates
that our vaccine is good candidate for it to be used for further
analysis.

The tertiary structure of the multivalent vaccine construct was
predicted by I-TASSER, which generated top five final models. The
selected model had the highest Confidence score (C-score) of
�3.59. This model was submitted into 3Drefine for further refine-
ment. The 3Drefine also generated top 5 models. The models were
ranked, based on 3Drefine Score which is the indicator of the
potential energy of the refined model. Therefore, the model pos-
sessing 3Drefine Score of 15970.5 was selected because lower
score indicates the better quality of the model. After the additional
refinements, the model was validated by Ramachandran analysis
available at Molprobity, ERRAT and ProSA-web plots. The
Ramachandran analysis revealed that 92.9% of all the residues lied
in favored region and 98.8% of all the residues were in allowed
regions. These values validated that the overall quality of the
refined tertiary structure of the vaccine polypeptide’s to be quite
good. Similarly, the ERRAT plot on pre and post refinements indi-
cated the improvement in quality of the structure as well. The
model before refinement has ramachandran favored residues of
82.9%, while the model after refinements improved to 93.6%. Like-
wise, the ProSA-web validation was carried out. The quality of the
protein was shown by the z-score. The z-score of the refined ter-
tiary structure was found to be �5.44 which also corroborated to
the good quality of the tertiary structure of our multivalent vaccine
(Fig. 3).
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The refined and validated tertiary structure of multivalent vac-
cine construct was then processed for docking with TLR-3, TLR-8
and TLR-9 respectively. Initial docking predictions were carried
out using ClusPro. The obtained output was then refined by Patch-
Dock. Subsequently, all the top 1000 transformations obtained
from docking the vaccine with TLR-3, TLR-8 and TLR-9 in Patch-
Dock were input into FireDock. The top-most ranked, refined
docked complex by FireDock for all the three TLR receptors was
chosen. The transformation numbers obtained from Patchdock,
that were ranked number 1 by Firedock after refinement, of docked
complexes of vaccine with TLR-3, TLR-8 and TLR-9 are 599, 354 and
162 respectively. These transformation models were refined based
on the parameters, such as: Global Energy (principal parameter),
Attractive and Repulsive Van der Waal Forces, Atomic Contact
Energy and Hydrogen and Disulfide Bonds. The details of these
Fig. 5. Docked complexes and MD simulations. (a) Best complexes of TLR protein with
stability given as; (i) RMSD of all systems. (ii) RMSF graph of all complexes. (c) Distance
inside the figure. (d) Free energy landscape and interaction analysis of; (i) TLR3-vaccine (
conformers.
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energy parameters are shown in (Table 5) which consolidates that
the selected vaccine: TLR complexes are very stable. The stability at
binding region in MD simulations analysis demonstrated that our
constructed vaccine binds extremely well and remained stable in
the binding region. Furthermore, it was observed that the strongest
hydrogen having energy of –32 kcal were found between the resi-
due of TLR3 Arg462 and vaccine His243 and the distance of this
hydrogen bond was 2.9 Å. While for TLR8 the strongest bond had
energy of –33.5 kcal with bond distance 2.96 Å and the strongest
bond for that of TLR9 were found between Glu812 of TLR9 and
Lys233 of vaccine with bond distance of 2.8 Å. Since, the binding
energy of all the hydrogen bonds in TLR3, TLR8 and TLR9 range
from –33 to �0.7 kcal. Thereby, indicating that the constructed
vaccine predicted to bind in their respective TLR proteins (Fig. 5).
constructed vaccine: TLR3-vaccine, TLR8-vaccine and TLR9-vaccine. (b) Dynamic
analysis between TLR proteins and constructed vaccine. The color scheme is shown
ii) TLR8-vaccine (iii) TLR9-vaccine. The deep dark regions showed the lowest energy



Fig. 5 (continued)

Table 5
The details of selected top ranked models based on energy parameters.

TLR’s Patchdock Transformation
No. which is Ranked
#1 by Firedock

Global Energy Attractive Van
der Waal Forces
(Avdw)

Repulsive Van der
Waal Forces (rVdW)

Atomic
Contact Energy (ACE)

Hydrogen and
Disulfide Bonds (HB)

TLR-3 599 �41.09 –23.10 5.50 �0.82 �4.93
TLR-8 354 �58.61 �38.41 11.17 �3.36 �2.76
TLR-9 162 �31.15 �26.81 9.97 �2.89 �1.02
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Moreover, the analysis obtained from NetChop revealed 87
cleavage sites in the vaccine polypeptide. Besides the cleavage site
predictions, TAP binding peptides were computed using TAPREG.
The TAPREG output calculated 65 TAP binding peptides, but only
3 peptides were considered depending upon lowest IC50 value,
as shown in (Table 4). Since, lower the IC 50 value, higher is the
TAP binding affinity of that peptide. While, for overcoming the
obstacle of reduced heterologous gene expression, codon adapta-
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tion is conducted to access the feasibility of expression of the
designed vaccine polypeptide (Puigbò et al., 2007). The codon
adaptation studies were performed using JCAT interface, which
showed that the CAI value and GC-content of the improved
sequence were 1.0 and 49.9 % respectively (Figure S5). Therefore,
the CAI value and GC-content obtained from JCat analysis for the
multivalent vaccine were found to be very suitable for the expres-
sion of the multi-epitope vaccine polypeptide in the E. coli (strain



Fig. 6. Mutating di sulfide bonds to confer stability to the vaccine construct. (a) Original vaccine construct. (b) Mutated vaccine construct with yellow lines indicating the
artificial construction of di sulfide bonds between Cys18 and Ile30; Leu136 and Met205s; Ala141 and Thr148; Gly174 and Gly229 and Leu186 and Tyr194 having torsion
angle (v3) values; +110.62, +123.93, +120.39, +114.16 and +115.79.

Fig. 7. NetPhos predicted phosphorylation sites. The 17 sites that surpassed the threshold are Ser 40, 58, 72, 74, 86, 88, 99, 108, 110, 139, 148, 156, 218, 223 and Thr 41, 59,
154.
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K12) (Narula et al., 2018; Nezafat et al., 2016). The optimized DNA
sequence of 729 bp length obtained from JCat was successfully
cloned into pDual-GC vector using SnapGene between BclI*-AccI-
SnaBI restriction sites, located in the vector backbone from
4036 bp to 4765 bp (Figure S5). Therefore, this in-silico cloning
demonstrated that our vaccine construct can be successfully
cloned in E. coli. The pDual-GC vector can be used for heterologous
expression of recombinant protein in both mammalian and
prokaryotic systems.

Meanwhile, the cell localization calculations were carried out
using Phobius and BaCELLO. The Phobius output demonstrated
that vaccine’s amino acid residue from 1 to 109 and 217 to 243
were cytoplasmic, while the residue 110 to 128 and 194 to 216
were having transmembrane domain (Figure S4). Side by side,
BaCelLo indicated the vaccine polypeptide’s localization to be cyto-
plasmic. The proteins having cytoplasmic localization with trans-
membrane domains having hydrophobic TMD’s usually are a
good candidate for CTL epitopes attachment (Kovjazin et al.,
2011; Lucchiari-Hartz et al., 2003). Additionally, the N-
glycosylation using NetNGlyc and O-glycosylation using NetOGlyc
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tool yielded no potential N-glycosylation and O-glycosylation sites
in the vaccine sequence respectively. Apart from N and O glycosy-
lation analysis, other post translational modifications such as Ubiq-
uitination and Phosphorylation was also analyzed using iUbiq-Lys
and NetPhos servers, respectively. The iUbiq-Lys yielded no ubiqui-
tination sites. While NetPhos predicted 17 phosphorylation sites.
The sites: Ser40, Ser58, Ser72, Ser74, Ser86, Ser88, Ser99, Ser108,
Ser110, Ser139, Ser148, Ser156, Ser218, Ser223, Thr41, Thr59 and
Thr154 surpassed the threshold and were selected (Fig. 7). The
presence of so many serine residues at the phosphorylation site
is a normal occurrence as a study conducted in eukaryotic cells,
showed that approximately 86.4 % of the protein phosphorylation
occurs on Serine residue (Ardito et al., 2017; Deribe et al., 2010).
Furthermore, these observations also support the idea that
designed protein may participate in signal transduction and serves
as an easy target for TAP-Proteasome pathway. Thus, indicating
these regions of vaccine possesses effective CTL epitopes capacity.
Another post translational modification that was conducted on the
designed vaccine was mutating disulfide bonds artificially, to con-
fer structural stability to the construct, using Disulfide by Design 2
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tool. The disulfide bonds were constructed between Cys18 and
Ile30; Leu136 and Met205; Ala141 and Thr148; Gly174 and
Gly229; Leu186 and Tyr194 possessing the torsion angle (v3) val-
ues: +110.62, +123.93, +120.39, +114.16 and +115.79 respectively
(Fig. 7). They added stability to the protein structure. This engi-
neering was performed to enhance the in vitro stability of our vac-
cine polypeptide as shown by the instability index (II) values. If
these mutations will be added to our vaccine, then it will confer
stability to its structure. Hence, the stability of vaccine peptide in
test-tube or invitro can be enhanced.

Finally, the results of immune simulation obtained from the C-
IMMSIM interface showed the decline in elevated Antigen (Ag)
persistence after five days because of exponential production of
IgM+IgG, and IgM which by themselves reduced in about 35 days.
Simultaneously, a considerable amount of the antibodies IgG1
+IgG2, IgG1, and IgG2, were also produced (Fig. 4(a)). The total
increase in the B-Cell and T-lymphocytes population count caused
this decrease in antigen (Fig. 4(b)). After the vaccine injection, the
increase in the population of T-lymphocytes, active — (Fig. 5(c)),
total T-helper (TH) and memory TH cell (Fig. 4(d)) along with B-
Cell population was demonstrated. The increase in the active T-
cytotoxic (TC) cell population per state was also observed (Fig. 4
(e)). In addition, TC cell population per state (cells per mm3) was
very high indicating that they are highly responsive to in-silico
developed multivalent vaccine candidate (Fig. 4(f)). While, accord-
ing to the simulation plot of cytokines, remarkably high levels of
IFN-g and a considerable amount of TGFb, IL-2, and IL-12 produc-
tion were observed. While very little IL-10 was produced (Fig. 4
(f)), signifying the candidate vaccine’s ability to generate an evi-
dent and appropriate immune response. Thereby demonstrating
that the final vaccine construct aptly provoked a high anti-CCHFV
immunity which ultimately leads to later antigen clearance from
the system.

The present study’s next objective is to conduct in vitro and
in vivo validation and efficacy investigations on our produced vac-
cine. The primary challenge that an in-silico vaccine faces in this
regard is dosage optimization, as well as the selection of an optimal
animal model for validation tests (Hwang et al., 2021). To address
these limitations, the generation of an optimal human PBPK model
for better assessment of dosage adjustment and physiological dis-
tribution of vaccine in the human body must be established before
entering clinical trials (Gómez-Mantilla et al., 2010). Furthermore,
ADME studies for PK/PD modelling can be employed to predict the
most immunogenic vaccine dose in humans. The PK/PD assessment
will also give information in choosing better animal model
(Tegenge and Mitkus, 2013). These analyses if performed correctly
will greatly support experimentations. Since in all vaccine develop-
ment, acceleration of preclinical and clinical testing and a reduc-
tion in the cost of clinical trials are very valuable.
5. Conclusion

The present study indicated that computer-aided approach
towards vaccine designing, has a great promise in accelerating
and aiding vaccine development for pathogens. This method
resulted in the identification of specific epitopes, capable of bind-
ing to B-cells and T-cells in the Gc and Gn regions of CCHFV. The
epitopes were connected to each other through adjuvant and var-
ious linkers to form a multivalent subunit vaccine for CCHFV. Fur-
thermore, the results of this study suggested that in-silico both the
humoral and cellular immune responses were stimulated by the
proposed subunit vaccine. Therefore, it possesses the exquisite
potential to serve as a vaccine to counter CCHFV infection. How-
ever, for validating the efficacy of this vaccine, rigorous immuno-
logical experimentations (in vitro and in vivo) are needed.
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