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Abstract. – OBJECTIVE: Recently, lumpy 
skin disease (LSD) has been spread over the 
Asian, European, and Middle Eastern regions 
making it a significant hazard to the chain of 
cattle production, milk production, and human 
milk consumption, requiring prompt attention. 
Lumpy skin disease virus has high morbidi-
ty and low fatality rates, but its infections have 
led to terrible economic and agricultural con-
sequences. Although live-attenuated vaccines 
have been commercialized, farmers in differ-
ent regions have not taken them well because of 
the allergic responses against the vaccines. The 
study aims to develop an mRNA-based vaccine 
candidate for LSDV, using immunoinformatic ap-
proaches to minimize allergenicity and homolo-
gy while maximizing immunogenic potential.

MATERIALS AND METHODS: The study 
used extensive immunoinformatic approaches 
to shortlist five proteins from the LSDV genome 
that belong to the transmembrane region and 
are crucial in early viral interaction with host 
cells. The B-cell and T-cell-specific epitopes 
were chosen based on non-allergenicity, antige-
nicity, non-homology, surface accessibility, and 
lower IC50 inhibition values. The construct’s 
stability, hydrophilicity, and antigenic potential 
were analyzed using the instability index, Grand 
Average of Hydropathicity (GRAVY) index, and 
antigenicity, respectively.

RESULTS: We selected a total of 34 epitopes, 
consisting of 12 B-cell-specific epitopes and 22 
T-cell-specific epitopes. These epitopes were 
chosen based on their characteristics such as 

non-allergenicity, antigenicity, non-homology, 
surface accessibility, and lower IC50 inhibition 
values. Specifically, 11 epitopes were selected 
for Major Histocompatibility Complex-I, and an-
other 11 epitopes were chosen for Major Histo-
compatibility Complex-II. The inclusion of the 
RS09 adjuvant enhanced the immunogenic po-
tential of the vaccine. The instability index was 
found to be 38.60. Additionally, the GRAVY in-
dex, indicating hydrophilicity, was calculated 
as -0.151. Furthermore, the antigenicity value 
of 0.6073 confirmed its potential to elicit an 
immune response. Further supporting its im-
munogenic potential, strong immune stimula-
tion was observed, with IgM+IgG titers reaching 
6,000 (arbitrary units) and IFNg titers measuring 
400,000 ng/mL. These results provide addition-
al evidence of the vaccine’s ability to stimulate a 
robust immune response. 

CONCLUSIONS: The study results indicate 
that the developed mRNA-based vaccine can-
didate for LSDV has high immunogenic poten-
tial and could serve as an effective alternative to 
live-attenuated vaccines. Further experimental 
validations are required to test its efficacy. The 
study also highlights the potential of the One-
Health approach to tackle non-zoonotic diseas-
es that have significant consequences for the 
environment and humanity.
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Introduction

Lumpy skin disease virus (LSDV) is a dsDNA 
virus from the Capripoxvirus genus, Poxviridae 
family, and is around 150 kbp in size. Although 
there have been some speculative linkages to 
other Bovidae, including Oryx, LSDV has a very 
limited host range that restricts it to bovines. 
It spreads through arthropod vectors or direct 
animal-to-animal contact1. Even though signifi-
cantly higher mortality rates have been seen2 in 
some cases, such as in South Asia, where a death 
rate of up to 15% was found, lumpy skin disease 
(LSD) mortality rates are often lower than those 
noted for goat pox chick embryo-attenuated virus 
(GTPV) and Sheeppox virus (SPPV) belonging to 
the same family.

The cattle industry incurs significant economic 
losses due to LSDV, which reduces milk pro-
duction, weight gain, and reproductive efficacy 
and causes severe skin lesions that reduce flesh 
quality3. This indicates that the increasing disease 
is alarming and deserves the attention of One-
Health workers. Historically, LSDV has been 
confined to Africa; however, recent outbreaks in 
Asia and Europe have raised concerns about its 
global dissemination. The likelihood that LSD 
may spread from Africa to Australia and the Asia 
Pacific is rising due to its widespread worldwide4. 
China and Southeast Asia have been severe-
ly affected by the illness since 20195. Further-
more, Vietnam, Thailand, and Malaysia officially 
confirmed the illness in 2021. It was formally 
announced by Indonesia, India, Sri Lanka, Paki-
stan, etc., in March 20225. 

Viral lumpy skin disease spreads by ticks, 
animals such as flies and mosquitoes that feed 
on blood, or other animals that bite prey. There 
is no evidence of animals contracting the dis-
ease directly from another animal, even when 
in direct contact with sick buffaloes and cattles. 
However, skin lesions were observed following 
experimental infection in giant gazelles, goats, 
giraffes, sheep, and impalas, indicating that the 
virus may lead to infection or death in animals 
that have never been previously exposed to it5. 
LSD has a high morbidity but a low fatality rate. 
Fever, swollen lymph nodes, small nodules on 
the skin that cause severe anorexia, decreased 
milk supply, and infertility are the disease’s 
hallmarks6. Overall, it impacts the economic 
worth of animals regarding meat and milk pro-
duction, how well animals conceal, how strong 
their limbs are, and how well they reproduce, 

including if they have abortions and are infer-
tile. Although the disease is native to African 
nations, it has recently been discovered7 in un-
charted territory.

Efforts to contain the spread of LSDV have 
proven difficult4,8. Vaccination is currently the 
most effective method of preventing LSDV out-
breaks. Ring vaccinations are usually employed 
with quarantine, travel restrictions, and killing 
infected animals9. Live attenuated vaccines cre-
ated from field isolates were the only immuni-
zations commercially accessible up to this mo-
ment10. Nevertheless, the available vaccines have 
several drawbacks, including adverse effects like 
the Neeling disease and a limited scope of protec-
tion11. An adverse response, including local infec-
tion at the injection site, has also been recorded12 
after giving certain vaccines. Therefore, it is 
necessary to develop safe and effective vaccines 
against LSDV to limit its economic impact and 
prevent its spread.

The biggest perceived danger to the world’s 
health and industrial livestock production con-
tinues to be virus-based infections. Due to vac-
cinations, two serious viral illnesses, smallpox, 
and rinderpest, have been eliminated globally 
in human and veterinary medicine13. Effective 
management methods for the main cattle vi-
ruses, such as the virus that causes lumpy skin 
disease, are lacking. The community spread of 
LSDV must be stopped, and multi-epitope or 
mRNA-based vaccinations significantly manage 
such diseases, as evident in recent studies14-16. 

The mRNA-based vaccines are predicted to 
be the most potent. Especially the minimal 
risk of high potency, insertional mutagenesis, 
quicker development cycles, and the possibili-
ty for cost-effective manufacturing of mRNA 
vaccines are other reasons they show significant 
promise2.

Transmembrane proteins play a major part in 
the pathogenesis of LSDV through their regula-
tion of viral structure and assembly, modulation 
of the immune system’s response, and nucleo-
tide biosynthesis17. Understanding the function 
and immunogenicity of LSDV transmembrane 
proteins can inform the creation of effective 
vaccines. Thus, this study utilizes the LSDV’s 
transmembrane proteins as a potential vaccine 
candidate. These proteins contain pathogen-as-
sociated molecular patterns (PAMPs) identified 
by pathogen recognition receptors (PRRs) on 
host immune cells like macrophages, neutro-
phil monocytes, and dendritic cells engaged in 
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antigen uptake, sorting and presentation to the 
adaptive immune system for the provision of 
long-term host resistance18. 

The host range proteins with potential functions 
in regulation or obfuscation of the host immune 
system, in instrumentation or suppression of apop-
totic host-cell death, and elements of cell and 
tissue tropism are a potential target, as protective 
immunity against these proteins will allow the 
host immune response to resist viral-mediated 
modulation19. The putative extracellular enveloped 
virus (EEV) host range protein plays a significant 
role in determining viral pathogenicity and host 
range20. Similarly, the Tyr/Ser protein phosphatase 
is essential for regulating cell growth, prolifera-
tion, differentiation, and transformation21.

This study utilizes a reverse-vaccinology ap-
proach following the study design of Naveed et 
al22 to computationally predict an mRNA-based 
vaccine construct against the lumpy skin dis-
ease virus. Reverse vaccinology is an approach 
that employs bioinformatics to design vaccines 
based on genomic and proteomic data analysis23. 
Several pathogens, including viruses, bacteria, 
and parasites, have been effectively treated with 
this method. The online IEDB resource is uti-
lized here to predict adaptive immune response 
eliciting epitopes. Linkers and adjuvants used 
in our previous studies15,22 were employed, and 
the construct was subjected to immune stimula-
tion, molecular docking, and Molecular Dynamic 
(MD) simulation analyses. Allergenicity, toxicity, 
and antigenicity analyses of the epitopes and the 
vaccine candidate were performed at every step, 
ensuring that the construct was not allergenic to 
the host. If taken to experimentation, this con-
struct will benefit the global and regional econ-
omies and the cattle industries worldwide as it 
is expected to immunize the hosts against LSDV 
and lumpy skin disease.

Materials and Methods

Protein Selection and Sequence Retrieval
The web server of UniProt, (www.uniprot.

org/proteomes/UP000315615) was utilized to se-
lect potential candidates’ proteins. The whole 
proteome of the lumpy skin disease virus was 
retrieved to select pathogenic proteins.

Epitopes Prediction 
The IEDB server (tools.iedb.org/main/) was 

run to predict the epitopes of B-cells and T-cells 

for designing vaccine construct. The subcate-
gory, termed Linear B-Cells Epitope Prediction 
Search Tool (http://tools.iedb.org/main/bcell/), 
was employed for the potential epitopes evalua-
tion as done in the work of Biswas et al13. Sim-
ilarly, for Major Histocompatibility Complex-I 
epitope prediction, Major Histocompatibility 
Complex-I Epitope Prediction Tool was utilized 
(http://tools.iedb.org/mhci/). MHC-II Epitope 
Prediction Tool (http://tools.iedb.org/mhcii/) 
was utilized to predict MHC- II epitopes from 
our selected proteins.

Evaluation of Immuno-Compatibility 
for the Epitopes

The Vaxijen Tool24, (available at http://www.
ddg-pharmfac.net/vaxijen), was run to predict the 
antigenic potential of the viral proteins. Similarly, 
a bioinformatics-based approach tool called Al-
lerTop (available at: https://www.ddg-pharmfac.
net/AllerTOP/) was run to check the allergenic 
capacity25 and ToxinPred26 (available at: http://
crdd.osdd.net/raghava/toxinpred/) to evaluate the 
toxic epitopes. These tools assist in the design 
of an effective vaccine against the lumpy skin 
disease virus. The selection of epitopes was pri-
marily based on antigenic, non-toxic, and non-al-
lergenic analyses. 

Host Homology
All the selected epitopes were compared to 

human and cattle genomes to evaluate their ho-
mology with the BLASTp web server (https://
blast.ncbi.nlm.nih.gov/Blast.cgi McGinnis & 
Madden, 200427) All epitopes with an E value 
greater than 0.05 were possible non-homologous 
peptides further used in the vaccine construc-
tion. The selection of non-homologous peptides 
was based on the fact that the host immune re-
sponse will develop tolerance to its homologous 
peptides.

The Final Construct
The mRNA-based sequence of the candidate 

vaccine was predicted with the shortlisted epi-
topes against lumpy skin disease virus using 
the linkers glutamic acid-Alanine-Alanine-Al-
anine-Lysine (EAAAK), Glycine-Proline-Gly-
cine-Proline-Glycine (GPGPG), Lysine-Ly-
sine (KK), Alanine-Alanine-Tyrosine (AAY), 
and adjuvant RS09. The linkers and adjuvants 
helped in the alignment of the epitopes as well 
as inducing a strong immune response in the 
host cattle. 
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mRNA Vaccine Secondary 
Structure Prediction

The vaccine candidate’s secondary structure 
was determined with the RNA fold tool (http://
rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNA-
fold.cgi) of Vienna RNA Package 2.0 (https://
www.tbi.univie.ac.at/RNA/ Mathews et al28). The 
RNA fold program uses McCaskill’s approach 
to calculate secondary structure. The minimum 
free energy (MFE) was also calculated using this 
approach. 

Physiochemical Properties 
To check whether the vaccine construct was 

antigenic and non-allergenic, the Vaxijen Tool 
and the Allertop Tool were run. For antigenicity 
evaluation, the threshold was adjusted to 0.5. The 
tool used to predict the physiochemical proper-
ties was Protparam (https://web.expasy.org/prot-
param/29). It determined the vaccine construct’s 
solubility, stability, and hydrophilicity indices. 
Furthermore, the ProSA web tool (https://prosa.
services.came.sbg.ac.at/prosa.phpp30) determined 
that the structure consisted of the construct.

Tertiary Structure Prediction 
and Evaluation

It was employed to check the structural sta-
bility of the vaccine design. For this purpose, 
two online tools, PSIPRED (http://bioinf.cs.ucl.
ac.uk/psipred/) and ROBETTA (https://robetta.
bakerlab.org/) have been utilized to analyze the 
secondary and tertiary structure of the proteins, 
respectively. The predicted structural analysis 
of the proteins was validated using the Ramach-
andran Plot (https://saves.mbi.ucla.edu/31,32). The 
plot predicted that the vaccine structure was sta-
ble and had efficient torsional angles with max-
imum amino acids in the plot’s allowed region. 

Immune Simulation Interpretation 
The web server C-IMMSIM33-34 (available at 

https://kraken.iac.rm.cnr.it/C-IMMSIM/index.
php?page=1) was run to interpret the immu-
no-compatibility details of the vaccine construct. 
Vaccines are typically administered in two to 
three doses for four weeks; hence we used three 
injections. The remaining settings were kept as 
such.

Molecular Docking Analysis 
The construct’s molecular interaction and 

immune stimulation potential were predicted 
through molecular docking. The ClusPro server 

(https://cluspro.bu.edu/32) was utilized to dock 
the construct with the bovine (Bos taurus) TLR-3 
(UniProt ID: Q5TJ59) and TLR-4 (UniProt ID: 
Q9GL65), retrieved from UniProt (https://www.
uniprot.org/35).

Molecular Dynamics Simulation 
The next step was the docked complex vali-

dation through M.D. simulation analysis. It pre-
dicted the stability and mobility of the docked 
complex to validate the interaction for further 
studies. The server, iMODs (https://imods.iqfr.
csic.es/ López-Blanco et al36), was accessed to 
predict the molecular dynamics interpretation of 
the docked complex.

Expression of the Construct
To successfully produce the construct in the 

E. coli cells, codon optimization was carried 
out. It was accomplished with the help of the Jcat 
Optimization tool (available at http://www.jcat.
de/Result.jsp). It measures the efficiency with 
which mRNA expression translation is carried 
out37 using the Codon Adaptation Index (CAI). 
The Guanine-Cytosine (GC). percentage of the 
final DNA sequence after optimization was also 
calculated. The final construct was then cloned 
in the modified expression vector, pBluescribe 
(NovoPro, Shanghai, China) using the same 
restriction sites in the construct and the vector. 
The expression analysis was performed with the 
Snapgene offline software (downloaded from 
https://www.snapgene.com/). The vector was 
chosen because of its utilization in a previous 
study by Namazi and Tafti38 to clone the lumpy 
skin disease virus. Figure 1 illustrates the meth-
odology utilized.

Results

Proteins Selection
Lumpy skin disease viral proteome was an-

alyzed to narrow the potential vaccine can-
didates. A total of 156 proteins make up the 
lumpy skin disease virus proteome. They were 
screened using a variety of techniques. In the 
first phase, the subcellular localization of the 
proteome was screened using the CELLO ser-
vice, which placed 83.3% of the proteome in the 
plasma membrane and 1% in the nucleus. Out of 
this 83.3%, the proteins highlighted in Table I 
were finalized based on their location and anti-
genicity profiles.
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B-cell Epitopes Estimation
From six proteins, we chose twelve epitopes 

predicted by the Bepipred 2.0 algorithm of the 
linear epitopes tool in the IEDB database, as 
illustrated in Table II. The findings of the epi-
topes with non-toxic, antigenic, non-allergenic, 

and non-homologous (to eliminate vaccine design 
that may introduce tolerance) were finalized.

T-cell Epitopes Estimation 
We finalized eleven epitopes of cytotoxic T 

lymphocyte (CTL) from the IEDB’s MHC-I data-

Figure 1. An overview of the process.
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base, listed in Supplementary Table I. As with 
the B-cell epitopes, the selection was finalized 
according to the antigenic, allergenic, non-toxic, 
and non-homologous findings. Eleven epitopes 
were selected for the helper T-lymphocyte (HTL) 
specificity (MHC-II-restricted epitopes) based on 
the same approach with the capacity to induce 
interleukins 4, 10, and interferon-gamma, as il-
lustrated in Supplementary Table II.

Vaccine Construct
The vaccine construct shown in Figure 2A in-

cluded linkers (EAAAK, AAY, K.K., and GPG-
PG) to link the epitopes. EAAAK linked the epi-
topes with the adjuvant, GPGPG was used as an 
inter-B-cell-epitopes linker, K.K. was used as an 
inter-MHCI-epitope-linker, and AAY was used 
to link the MHC-II restricted epitopes together. 
The RS09 adjuvant was used to increase the im-

Table I. Finalized protein candidates for the vaccine construct.

 No. Accession No. Protein Localization

1 A0A1C9HHB5 Tyr/Ser protein phosphatase Nucleus/Plasma membrane
2 Q91T22 Putative viral membrane protein Plasma membrane
3 A0A1C9HHG6 Putative DNA helicase transcriptional elongation factor Plasma membrane
4 A0A1C9HHM7 G-protein coupled chemokine-like receptor Plasma membrane
5 A0A1C9HHJ1 Putative EEV host range protein Plasma membrane
6 Q9QCQ1 Major envelope protein Plasma membrane

Table II. List of B-cell-specific epitope candidates.

 Rank Peptide Antigenicity Allergenicity

 1 GWMVQKADKIDVSAQQ 0.93 Non-allergen
 2 APTKMMRVTDYVYLGN 0.86 Non-allergen
 3 KTVICLPNKMLASQWK 0.92 Non-allergen
 4 ESVMSMYYEIDYKLYS 0.9 Non-allergen
 5 TRLIKEPRTEINSLMP 0.96 Non-allergen
 6 PSTYENTTTISNYTTA 0.86 Non-allergen
 7 VHSTRANGEPRTEINS 0.91 Non-allergen
 8 EYNIGSNVTFFCGNNT 0.88 Non-allergen
 9 KVKIGGDNDPGVLLGS 0.93 Non-allergen
10 LDLQRRFETFKALNNN 0.87 Non-allergen
11 GAMIMAYLMSKRSKDI 0.9 Non-allergen
12 YFLYIYHSMREKRGAF 0.75 Non-allergen

Figure 2. A, The proposed vaccine construct with the linkers in red. B, The mRNA secondary structure predicted with the 
RNA fold server.

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-55.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-II-31.pdf
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munogenicity of the vaccine. A MITD sequence 
(a human immune receptor agonist), 5′ m7G cap 
sequences, a poly-A tail, the 5’ and 3’ UTRs, and 
a stop codon were employed to improve the stable 
translation potential of the vaccine. 

mRNA Vaccine Secondary 
Structure Evaluation

The structure of the mRNA vaccine was in-
ferred using the RNA fold web service and is de-
picted in Figure 2B. The structural free energies 
were also calculated on this site. As per the find-
ings, the free energy of the mRNA vaccine was 
-779.51 kcal/mol, and the energy of the centroid 
structure was -706.22 kcal/mol. A stable mRNA 
structure was demonstrated in these results.

Evaluation of Physicochemical Properties
Per independent predictions, the vaccine was 

found to be antigenic, non-allergenic, non-toxic, 
and soluble. Moreover, the ExPasy ProtParam 
service was used to determine the physiochemi-
cal profile of the construct, illustrated in Table III. 
All the physiochemical properties of the vaccine 
construct predicted that the construct is thermal-
ly stable. The Grand Average of Hydropathicity 
(GRAVY) was found to be -0.419, indicating that 
the vaccine is hydrophilic.

Secondary and Tertiary Structures of
the Vaccine Candidate

According to PSIPred, the secondary struc-
ture consists of alpha helices, as shown in 
Figures 3A-B. The tertiary structure of the con-
struct is shown in Figure 3C. The stereochem-
ical correctness of the structure verified using 
PROCHECK (European Bioinformatics Insti-
tute Wellcome Trust Genome Campus, Hinxton, 

Cambridge CB10 1SD, United Kingdom) is de-
picted in the Ramachandran plot in Figure 3E. It 
demonstrates that 87.8% of residues were in the 
most preferred zones, 10% in the additionally 
allowed zone, and 1% in the generously allowed 
zones. The ProSA-web (Scheiblingkirchen, Nie-
derösterreich, Austria) server anticipated a neg-
ative Z-score of -9.06 for the tertiary protein 
model, suggesting that it is consistent, as shown 
in Figure 3D.

Immune Simulation Response 
The immune stimulation elucidated that the 

second and third responses outperformed the 
first. Immunoglobulin levels (indicated in Figure 
4B) were high after antigen suppression, and 
IgM was found to be created in greater quantities 
than IgG. This rise indicated that immunological 
memory has developed due to antigen exposure. 
B-cell isotypes over an extended period demon-
strate memory formation in the B-cell popu-
lation. Furthermore, memory development also 
increased in CTL and HTL cells. Additionally, 
there was an increase in macrophage activity, al-
though dendritic cell activity remained constant. 
The IFN- γ, and IL-2 levels also showed an esca-
lation, as shown in Figure 4A.

Molecular Docking Analysis
ClusPro provided 15 models for docking vac-

cine construct and TLR-3 and ten models with 
TLR4. The first models (shown in Supplemen-
tary Figure 1) were selected for TLR-3 and 
TLR-4 docking, respectively. The energy for the 
TLR-3:vaccine docked complex (shown in Sup-
plementary Figure 1A) was -1,338.9 kcal/mol, 
while the energy for the TLR-4:vaccine docked 
complex (shown in Supplementary Figure 1B) 

Table III. Physicochemical properties, antigenicity, and allergenicity of the vaccine candidate.

 Property Measurement Indication

Total Number of Amino Acids 597 Appropriate
Molecular Weight 65,981.30 kDa Appropriate
Formula C3012H4736N792O813S29 -
Theoretical pI 10.04 Basic
Total number of positively charged residues (Arg + Lys) 34 -
Total number of negatively charged residues (Asp + Glu) 88 -
Total Number of Atoms 9382 -
Instability index (II) 38.60 Stable
Aliphatic Index 77.32 Thermostable
Grand Average of Hydropathicity (GRAVY) -0.151 Hydrophilic
Antigenicity 0.6073 Antigenic
Allergenicity Non-allergenic Non-allergenic
Toxicity Non-toxic Non-toxic

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-26.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-26.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-26.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-26.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-26.pdf
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Figure 3. Secondary structure prediction and validation of the vaccine construct. A-B, Cartoon structure illustrated using 
Psipred. C, Tertiary structure predicted by ROBETTA. D, Z-score prediction using ProSA web. E, Ramachandran plot 
validating the secondary structure of the construct. The capital A, B, and L letters represent right-handed alpha-helices, beta-
sheets, and left-handed alpha-helices, respectively, with significant confidence, whereas the small letters represent the same 
structures with lesser confidence.

Figure 4. Immune response stimulated against vaccine construct using C-ImmSim server. A, The stimulation of interferons, 
interleukins, and tumor necrosis factors. B, The immunoglobulin production after antigen injection.
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was -1,246.5 kcal/mol. These energy values indi-
cate a substantial molecular interaction between 
the respective receptors and the vaccine.

Molecular Dynamics Simulation 
The results are summarized in Figure 5. Peaks 

in both complexes’ deformability graphs (Figures 
5B and 5F) represented the deformable loci and 
indicated the amino acids with coiled forms. 
Normal mode analysis (NMA) is a computer 
method for analyzing the flexibility of the protein. 
The B-factor calculated for both the complexes 
(Figures 5A and 5E) showed that the thermal 
motion of the complex is relatively higher at the 
last amino acids, consistent with the deformabil-
ity graphs. The covariance matrix depicted the 
relationships among amino acid duplets in the 
dynamical area (Figures 5C and 5G). The red part 
indicates the correlated residues, the white part 
shows anti-correlated residues and the blue part 
represents the non-correlated residues. Lastly, the 
elastic network map (Figures 5D and 5H) demon-
strated the stiffness of each interacting atom in 
terms of dark and light grey dots. The dark grey 
dots indicated stiffer atomic interactions corre-
sponding to lower deformability capacity.

Expression of the Construct
The mRNA vaccine construct had a length of 

2,151 nucleotides. The ideal proportion of G.C. 
content should be 30-70% for successful vac-
cine expression inside the eukaryotic cell. This 

construct’s average G.C. content percentage was 
64.44%, with a CAI value of 0.95. Supplemen-
tary Figure 2A depicts the optimized construct. 
Successful cloning in the pBluescribe vector is 
shown in Supplementary Figure 2B. The HincII 
(Hinc from the organism Haemophilus influenzae 
and II denoting that it was the second restric-
tion enzyme to be discovered from this species) 
restriction sites were used to linearize the con-
struct and the vector producing identical cuts and 
simplifying final ligation. The map is shown in 
Supplementary Figure 2C.

Discussion

The lumpy skin disease virus (LSDV) is a 
highly host-specific virus that causes lumpy skin 
disease (LSD) in cattle and water buffalo. The 
disease is endemic in most Sub-Saharan African 
countries and can spread quickly across borders, 
causing significant economic losses. LSD has 
recently been proven1 to be communicable to 
humans, and diagnosis is typically made through 
conventional or real-time PCR methods. The 
LSD has recently spread over the Asian, Europe-
an, and Middle Eastern regions making it a sig-
nificant hazard to the chain of cattle production 
that demands prompt and adequate responses39. 

There are no commercially available preventative 
solutions other than live attenuated vaccines, 
which have not proven effective. According to a 

Figure 5. A, The B-factor graph for the TLR3: vaccine complex, B, The Deformability plot of the TLR3: vaccine complex. 
C, The covariance map of the TLR3: vaccine complex. D, The elastic network map of the TLR3: vaccine complex. E, The 
B-factor graph for the TLR4: vaccine complex. F, The Deformability plot of the TLR4: vaccine complex. G, The covariance 
map of the TLR4: vaccine complex. H, The elastic network map of the TLR4: vaccine complex.

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-2-19.pdf
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recent study40, the problem has led to significant 
economic reductions, including a 65% decrease 
in milk production and up to 6,300$ monetary 
loss for farmers. 

The current study proposes an mRNA-based 
vaccine against the causative LSDV, considering 
the CDC’s One Health approach (CDC, 2019)41 
and the significant damage this virus causes 
economically, environmentally, and agricultur-
ally. The vaccine construct is proposed to be a 
competitive strategy compared to the already-ex-
isting live attenuated vaccines in terms of im-
munogenicity, safety, and potency. According to 
studies4,42,43, live vaccines elicit a potent and du-
rable protective immunity and have undoubtedly 
helped to manage the disease in many locations, 
but due to their adverse effects, farmers in affect-
ed areas have not endured them well.

Indeed, limited vaccination inflammation and 
a widespread moderate illness with skin infec-
tions have been linked39 to live-but-attenuated 
vaccines. The possibility of insect transmission 
is also thought to exist when the vaccine variant 
is isolated from lesions in animals that have re-
ceived the vaccination44, and zoonosis has been 
reported1,45 in different regions. Although the 
cause of this phenomenon is unknown, it is 
most likely the result of insufficient attenuation 
or the inclusion of non-homogenous particulates 
with varying levels of pathogenicity in the vac-
cination11. This study has faced both problems 
by taking small (continuous and discontinuous) 
peptide regions that are non-homologous to the 
host for an mRNA-based vaccine design nulli-
fying any problem related to host-similarity or 
viral regeneration. To this effect, this study has 
distantly followed a review23 that provides recom-
mendations for researchers interested in using a 
current in silico vaccine creation approach, which 
may include an mRNA-based vaccine design 
that avoids worries about viral regeneration and 
host-similarity difficulties.

Moreover, all the peptides shortlisted for the 
vaccine candidate were checked for non-homolo-
gy with the host cattle and the human genomes, 
an approach previously utilized to ensure the 
safety and enhanced immunogenicity of pro-
posed vaccine candidates46,47. Although the im-
mune response stimulation in this study suggests 
eliminating the vaccine candidate within five 
days of injection, it will not be toxic to the human 
host even if injected cattle’s milk is harvested be-
fore the antigen’s elimination, further validating 
the construct’s stability and potential for com-

mercial application. It also aligns with the One 
Health guidelines (CDC, 2019)41 and minimizes 
any allergenicity or toxicity of the construct or 
the milk harvested from the treated host.

Most epitope prediction techniques are based 
on the recognition of MHC-restricted peptides. 
Finding peptides that can stimulate cytotoxic T 
cells is among the biggest hurdles in modern vac-
cine development. All MHC ligands do not need to 
function as T-cell epitopes48. Therefore, in addition 
to employing MHC binders, a more accurate pre-
diction strategy for cytotoxic T lymphocyte (CTL) 
epitopes was utilized in this study. Support vector 
machines and artificial neural networks are used 
on recent CTL epitopes and non-epitope datasets 
to address these issues. We worked with mod-
ules based on these approaches validated in our 
previous studies49-50. The server of choice (IEDB) 
prediction accuracy is close to 90%51, which is 
higher than that of other platforms like “CTLpred” 
(72%) and “RANKPEP” (60%)52. This indicates 
that IEDB is a reliable tool for predicting peptide 
binding, as Wang et al53 suggested.

RS09 works as an in-vivo adjuvant in the final 
construct and is capable of binding to TLR-4 
and promoting nuclear localization of NF- κB in 
macrophages. According to Shanmugam et al54, 

RS09 can generate a strong antibody response 
compared to other peptides such as RS01. The 
vaccine candidate was predicted to elicit a stable 
immune response with the levels of IgM and IgG 
recorded up to 6,000 titers (antigen count per 
mL) after a month of injection. The interferons, 
interleukins, and lymphocyte memory cells were 
also strongly elicited, and the docking analyses 
with cattle TLRs demonstrated that the con-
struct could stimulate the host’s innate immune 
response. Most importantly, the proposed can-
didate was non-allergenic and non-toxic to the 
host, making it significantly improved over the 
live-attenuated vaccines associated with several 
localized allergic reactions, as discussed ear-
lier10,14. Nonetheless, experimental analyses are 
required to validate the prediction. If followed, 
the candidate vaccine may end the spreading of 
the lumpy skin disease and be a one-stop answer 
for worldwide farmers’ reservations. 

Conclusions

The lumpy skin disease is an optimal example 
of how non-zoonotic diseases are as worthy of 
our efforts under the One-Health approach as 
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the zoonotic problems. Although the lumpy skin 
disease virus is presumed to be non-zoonotic, it is 
the source of many economic and environmental 
threats posed to humanity. The evidence of the 
virus and the lumpy skin disease spreading to hu-
man hosts has worsened the situation. To this end, 
this study has proposed an mRNA-based vaccine 
candidate to eliminate the virus in bovine hosts, 
irrespective of whether it spreads to humans. The 
design has been created to develop a long-lasting 
memory in the bovine host (cattle) without being 
allergenic or toxic. The epitopes selected for the 
construct were checked for homology with the 
cattle and human genomes, removing any doubt 
of host tolerance. The predicted antibody titers 
of up to 6,000 (arbitrary units), IFNg stimulated 
up to 400,000 ng/mL, hydrophilicity (GRAVY 
index of -0.151), and the stability of the construct 
makes it an improved and potent alternative to the 
live-attenuated vaccines if subjected to experi-
mental validations.

Conflict of Interest
The authors declare that the research was conducted with-
out any commercial or financial relationships that could be 
construed as a potential conflict of interest. No conflict of 
interest was recorded. All the authors declare no conflict 
of interest.

Acknowledgements
The authors greatly acknowledge and express their gratitude to 
the Researchers Supporting Project number (RSP2023R462), 
King Saud University, Riyadh, Saudi Arabia. 

Authors’ Contribution
Conceptualization, M.N, J.H, I.K.R and U.A.; methodolo-
gy, T.A., A.A.K, and M.A; soft-ware, A.A.; validation, S.N.; 
formal analysis, M.N, J.H, I.K.R., U.A., T.A and A.A; in-
vestigation, M.N, J.H, I.K.R., U.A., T.A and A.A.S. resourc-
es, M.A, and T.L.N.; data curation, M.N.; writing-original 
draft preparation, U.A and F.H.; writing-review and edit-
ing, S.M and M.H.A; visualization, M.A and M.N.; super-
vision, M.N and T.A.; project administration, A.S.A.; fund-
ing acquisition, T.A.

Funding
No external funding was received.

Data Availability
Not applicable. All the data have been provided in the man-
uscript.

Ethics Approval
Not applicable.

Informed Consent
Not applicable.

ORCID ID
M. Naveed: 0000-0002-4333-8226
T. Aziz: 0000-0003-0905-8076
U. Ali: 0000-0002-6640-752X

References

 1) Pal M, Gutama KP. Can Lumpy Skin Disease be 
Considered a Zoonosis? Am J Infect Dis Microbi-
ol 2023; 11: 7-13.

 2) Badhy SC, Chowdhury MGA, Settypalli TBK, Cat-
toli G, Lamien CE, Fakir MAU, Akter S, Osmani 
MG, Talukdar F, Begum N, Khan IA, Rashid MB, 
Sadekuzzaman M. Molecular characterization of 
lumpy skin disease virus (LSDV) emerged in Ban-
gladesh reveals unique genetic features com-
pared to contemporary field strains. BMC Vet Res 
2021; 17: 61.

 3) Hasib FMY, Islam MS, Das T, Rana EA, Uddin 
MH, Bayzid M, Nath C, Hossain MA, Masuduz-
zaman M, Das S, Alim MA. Lumpy skin disease 
outbreak in cattle population of Chattogram, Ban-
gladesh. Vet Med Sci 2021; 7: 1616-1624. 

4) Dubey A. A review on current epidemiology and 
molecular studies of lumpy skin disease virus-an 
emerging worldwide threat to domestic animals. J 
Med Pharm Allied Sci 2023; 12: 5635-5643.

 5) Bowden TR, Babiuk SL, Parkyn GR, Copps JS, 
Boyle DB. Capripoxvirus tissue tropism and 
shedding: A quantitative study in experimental-
ly infected sheep and goats. Virology 2008; 371: 
380-393. 

 6) Sprygin A, Pestova Y, Wallace DB, Tuppurainen 
E, Kononov AV. Transmission of lumpy skin dis-
ease virus: A short review. Virus Res 2009; 269: 
197637.

 7) Alkhamis MA, VanderWaal K. Spatial and tempo-
ral epidemiology of lumpy skin disease in the Mid-
dle East, 2012-2015. Front Vet Sci 2016; 3: 19. 

 8) Whittle L, Chapman R, Williamson AL. Lumpy 
Skin Disease—An Emerging Cattle Disease in 
Europe and Asia. Vaccines 2023; 11: 578.

 9) Wolff J, Beer M, Hoffmann B. High Efficiency of 
Low Dose Preparations of an Inactivated Lumpy 
Skin Disease Virus Vaccine Candidate. Vaccines 
2022; 10: 1029.

10) Haegeman A, De Leeuw, I, Saduakassova M, 
Van Campe W, Aerts L, Philips W, Sultanov A, 
Mostin L, De Clercq K. The Importance of Qual-
ity Control of LSDV Live Attenuated Vaccines for 
Its Safe Application in the Field. Vaccines 2021; 
9: 1019. 



M. Naveed, J. Hassan, T. Aziz, U. Ali, I.K. Rana, et al

6412

11) Möller J, Moritz T, Schlottau K, Krstevski K, Hoff-
mann D, Beer M, Hoffmann B. Experimental 
lumpy skin disease virus infection of cattle: com-
parison of a field strain and a vaccine strain. Arch 
Virol 2019; 164: 2931-2941.

12) Abutarbush S, Hananeh W, Ramadan W, Al 
Sheyab O, Alnajjar A, Al Zoubi I, Knowles N, 
Bachanek‐Bankowska K, Tuppurainen E. Ad-
verse reactions to field vaccination against lumpy 
skin disease in Jordan. Transbound Emerg Dis 
2016; 63: e213-e219.

13) Biswas S, Noyce RS, Babiuk LA, Lung O, Bu-
lach DM, Bowden TR, Boyle DB, Babiuk S, Ev-
ans DH. Extended sequencing of vaccine and 
wild‐type capripoxvirus isolates provides insights 
into genes modulating virulence and host range. 
Transbound Emerg Dis 2020; 67: 80-97. 

14) Haegeman A, De Leeuw I, Mostin L, Campe WV, 
Aerts L, Venter E, Tuppurainen E, Saegerman C, 
De Clercq K. Comparative Evaluation of Lumpy 
Skin Disease Virus-Based Live Attenuated Vac-
cines. Vaccines 2021; 9: 473. 

15) Naveed M, Mughal MS, Jabeen K, Aziz T, Naz S, 
Nazir N, Muhammad S, Alharbi M, Alshammari 
A, Satya SS. Evaluation of the whole proteome 
to design a novel mRNA-based vaccine against 
multidrug-resistant Serratia marcescens. Front 
Microbiol 2022; 13: 960285.

16) Naveed M, Tehreem S, Arshad S, Bukhari SA, 
Shabbir MA, Essa R, Ali N, Zaib S, Khan A, 
Al-Harrasi A, Khan I. Design of a novel multi-
ple epitope-based vaccine: An immunoinformat-
ics approach to combat SARS-CoV-2 strains. J 
Infect Public Health 2021; 14: 938-946. 

17) Tulman ER, Afonso CL, Lu Z, Zsak L, Kutish GF, 
Rock DL. Genome of Lumpy Skin Disease Virus. 
Virol J 2001; 75: 7122-7130. 

18) Maiti B, Dubey S, Munang’andu HM, Karuna-
sagar I, Evensen O. Application of Outer Mem-
brane Protein-Based Vaccines Against Major 
Bacterial Fish Pathogens in India. Front Immunol 
2020; 11: 1362. 

19) Erster O, Rubinstein MG, Menasherow S, Ivano-
va E, Venter E, Šekler M, Kolarevic M, Stram Y. 
Importance of the lumpy skin disease virus (LS-
DV) LSDV126 gene in differential diagnosis and 
epidemiology and its possible involvement in at-
tenuation. Arch Virol 2019; 164: 2285-2295. 

20) Sprygin A, Babin Y, Pestova Y, Kononova S, Wal-
lace DB, Van Schalkwyk A, Byadovskaya O, Diev 
V, Lozovoy D, Kononov A. Analysis and insights 
into recombination signals in lumpy skin disease 
virus recovered in the field. PLoS ONE 2018; 13: 
e0207480. 

21) Guan K, Broyles SS, Dixon JE. A Tyr/Ser protein 
phosphatase encoded by vaccinia virus. Nature 
1991; 350: 359-362.

22) Naveed M, Ali U, Karobari MI, Ahmed N, Mo-
hamed RN, Abullais SS, Kader MA, Marya A, 
Messina P, Scardina GA. A Vaccine Construc-
tion against COVID-19-Associated Mucormycosis 

Contrived with Immunoinformatics-Based Scav-
enging of Potential Mucoralean Epitopes. Vac-
cines 2022; 10: 664.

23) Goodswen SJ, Kennedy PJ, Ellis JT. A guide to 
current methodology and usage of reverse vacci-
nology towards in silico vaccine discovery. FEMS 
Microbiol Rev 2023; 47: fuad004. 

24) Doytchinova IA, Flower DR. VaxiJen: a server for 
prediction of protective antigens, tumour antigens 
and subunit vaccines. BMC Bioinform 2007; 8: 4.

25) Dimitrov I, Bangov I, Flower DR, Doytchinova I. 
AllerTOP v.2--a server for in silico prediction of al-
lergens. J Mol Model 2014; 20: 2278.

26) Gupta S, Kapoor P, Chaudhary K, Gautam A, Ku-
mar R, Raghava GP. In silico approach for pre-
dicting toxicity of peptides and proteins. PLoS 
One 2013; 8: e73957.

27) McGinnis S, Madden TL. BLAST: at the core of 
a powerful and diverse set of sequence analysis 
tools. Nucleic Acids Res 2004; 32: W20-W25

28) Mathews DH, Disney MD, Childs JL, Schroed-
er SJ, Zuker M, Turner DH. Incorporating chem-
ical modification constraints into a dynamic pro-
gramming algorithm for prediction of RNA sec-
ondary structure. Proc Natl Acad Sci USA 2004; 
101: 7287-7292.

29) Gasteiger E, Hoogland C, Gattiker A, Duvaud S, 
Wilkins MR, Appel RD, Bairoch A. Protein Iden-
tification and Analysis Tools on the Expasy Serv-
er; (In) John M. Walker (ed): The Proteomics 
Protocols Handbook, Humana Press 2005; 571-
607 

30) Wiederstein M, Sippl MJ. ProSA-web: interac-
tive web service for the recognition of errors in 
three-dimensional structures of proteins. Nucleic 
Acids Res 2007; 35(Web Server): W407-W410.

31) Morris AL, MacArthur MW, Hutchinson EG, 
Thornton JM. Stereochemical quality of protein 
structure coordinates. Proteins 1992; 12: 345-
364.

32) Porter KA, Desta I, Kozakov D, Vajda S. What 
method to use for protein-protein docking? Curr 
Opin Struct Biol 2019; 55: 1-7.

33) Kim DE, Chivian D, Baker D. Protein structure 
prediction and analysis using the Robetta server. 
Nucleic Acids Res 2004; 32 (Web Server issue): 
W526-W531.

34) Rapin N, Lund O, Castiglione F. Immune System 
Simulation Online. Bioinformatics 2011; 27: 2013-
2014.

35) Wang Y, Wang Q, Huang H, Huang W, Chen Y, 
McGarvey PB, Wu CH, Arighi CN. A crowdsourc-
ing open platform for literature curation in Uni-
Prot. PLoS Biol 2021; 19: e3001464

36) López-Blanco JR, Aliaga JI, Quintana-Ortí ES, 
Chacón P. iMODS: internal coordinates normal 
mode analysis server. Nucleic Acids Res 2014; 42 
(Web Server issue): W271-W276.

37) Grote A, Hiller K, Scheer M, Münch R, Nör-
temann B, Hempel DC, Jahn D. JCat: a novel tool 



One-health approach to design an mRNA-based vaccine candidate against the LSDV

6413

to adapt codon usage of a target gene to its po-
tential expression host. Nucleic Acids Res 2005; 
33 (Web Server issue): W526-W531.

38) Namazi F, Tafti AK. Lumpy skin disease, an 
emerging transboundary viral disease: A review. 
Vet Med Sci 2021; 7: 888-896

39) Hamdi J, Boumart Z, Daouam S, El Arkam A, 
Bamouh Z, Jazouli M, Tadlaoui KO, Fihri OF, 
Gavrilov B, El Harrak M. Development and Evalu-
ation of an Inactivated Lumpy Skin Disease Vac-
cine for Cattle. Vet Microbiol 2020; 245: 108689.

40) Limon G, Gamawa AA, Ahmed AI, Lyons NA, 
Beard PM. Epidemiological Characteristics and 
Economic Impact of Lumpy Skin Disease, Sheep-
pox and Goatpox Among Subsistence Farmers in 
Northeast Nigeria. Front Vet Sci 2020; 7: 8.

41) CDC. (2019). One Health. Centers for Disease 
Control and Progression. Available at: https://
www.cdc.gov/onehealth/index.html 

42) Tuppurainen ESM, Antoniou SE, Tsiamadis E, 
Topkaridou M, Labus T, Debeljak Z, Plavšić B, 
Miteva A, Alexandrov T, Pite L, Boci J, Maro-
jevic D, Kondratenko V, Atanasov Z, Murati B, 
Acinger-Rogic Z, Kohnle L, Calistri P, Broglia A. 
Field observations and experiences gained from 
the implementation of control measures against 
lumpy skin disease in Southeast Europe between 
2015 and 2017. Prev Vet Med 2018; 181: 104600 

43) Samojlović M, Polaček V, Gurjanov V, Lupulović 
D, Lazić G, Petrović T, Lazić S. Detection of anti-
bodies against Lumpy skin disease virus by Virus 
neutralization test and ELISA methods. Acta Vet 
Scand 2019; 69: 47-60.

44) Bamouh Z, Hamdi J, Fellahi S, Khayi S, Jazou-
li M, Tadlaoui KO, Fihri OF, Tuppurainen E, El-
harrak M. Investigation of Post Vaccination Re-
actions of Two Live Attenuated Vaccines against 
Lumpy Skin Disease of Cattle. Vaccines 2021; 9: 
621.

45) Kamal SA. Comparative studies on lumpy skin 
disease virus in human. Med Clin Arch 2019; 3: 
1-8.

46) The SARS-CoV-2 rS1-E-PLGA nanovaccine and 
evaluation of its immune effect in BALB/c mice. 
Eur Rev Med Pharmacol Sci 2022; 14: 5255-
5263.

47) Naveed M, Sheraz M, Amin A, Waseem M, Aziz 
T, Khan AA, Ghani M, Shahzad M, Alruways MW, 
Dablool AS, Elazzazy AM, Almalki AA, Alamri AS, 
Alhomrani M. Designing a Novel Peptide-Based 
Multi-Epitope Vaccine to Evoke a Robust Immune 
Response against Pathogenic Multidrug-Resis-
tant Providencia heimbachae. Vaccines 2022; 10: 
1300. 

48) Jørgensen KW, Rasmussen M, Buus S, Niel-
sen M. NetMHCstab- predicting stability of pep-
tide-MHC-I complexes; impacts for cytotoxic T 
lymphocyte epitope discovery. Immunology 2013; 
141: 18-26.

49) Naveed M, Jabeen K, Naz R, Mughal MS, Rabaan 
AA, Bakhrebah MA, Alhoshani FM, Aljeldah M, 
Shammari BRA, Alissa M, Sabour AA, Alaeq RA, 
Alshiekheid MA, Garout M, Almogbel MS, Hal-
wani MA, Turkistani SA, Ahmed N. Regulation 
of Host Immune Response against Enterobacter 
cloacae Proteins via Computational mRNA Vac-
cine Design through Transcriptional Modification. 
Microorganisms 2022; 10: 1621.

50) Naveed M, Yaseen AR, Khalid H, Ali U, Rabaan 
AA, Garout M, Halwani MA, Al Mutair A, Alhu-
maid S, Al Alawi Z, Alhashem YN, Ahmed N, 
Yean CY. Execution and Design of an Anti HPIV-1 
Vaccine with Multiple Epitopes Triggering Innate 
and Adaptive Immune Responses: An Immunoin-
formatic Approach. Vaccines 2022; 10: 869.

51) Dhanda SK, Mahajan S, Paul S, Yan Z, Kim H, 
Jespersen MC, Jurtz V, Andreatta M, Green-
baum JA, Marcatili P, Sette A, Nielsen M, Pe-
ters B. IEDB-AR: immune epitope database—
analysis resource in Nucleic Acids Res 2019; 47: 
W502-W506.

52) Jahangiri A, Rasooli I, Gargari SLM, Owlia P, 
Rahbar MR, Amani J, Khalili S. An in-silico DNA 
vaccine against Listeria monocytogenes. Vac-
cines 2011; 29: 6948-6958.

53) Wang M, Kurgan L, Li M. A comprehensive as-
sessment and comparison of tools for HLA class 
I peptide-binding prediction. Brief Bioinformatics 
2023; 24: bbad150.

54) Shanmugam A, Rajoria S, George AL, Mittelman 
A, Suriano R, Tiwari RK. Synthetic Toll Like Re-
ceptor-4 (TLR-4) Agonist Peptides as a Novel 
Class of Adjuvants. PLoS One 2012; 7: e30839.


