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and other immune cells were checked with valid tools such as molecular docking, and a multi-epitope protein was modeled, and after
optimization, mRNA was analyzed in terms of structure and stability. Ultimately, the immune system’s reaction to this novel vaccine was
evaluated and the results disclosed that the designed mRNA construct can be an effective and promising vaccine that requires laboratory

and clinical trials.
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Introduction

Brucella is an intracellular microorganism responsible for
inducing a severe febrile ailment in humans, which is referred
to as brucellosis.! Brucellosis is a substantial global health con-
cern, exhibiting elevated incidence levels in specific geographi-
cal areas, where it can reach up to 200 cases per 100000
individuals.? This disease has established endemicity in numer-
ous nations, posing a significant risk to human well-being and
inflicting considerable financial setbacks within the livestock
sector.? Brucellosis is a resurging infectious disease passed from
animals to humans, presenting a range of symptoms and an
extended duration of illness, frequently resulting in misidenti-
fication, elevated treatment expenses, and the inefficient allo-
cation of medical resources.’ The genus Brucella comprises 12
species among which, B melitensis is the most pathogenic spe-
cies, causing ovine and caprine brucellosis and resulting in the
most extreme manifestation of the illness in humans.* It per-
sists as a prevalent issue in diverse regions like Latin America,
the Middle East, Africa, and Asia, affecting roughly 500000
individuals globally each year.” Transmission to humans occurs
through the ingestion of unpasteurized dairy products, aerosol
inhalation, or occupational exposure.® Despite the presence of
antibiotic therapy for the treatment of brucellosis, the disease
significantly debilitates the human body, often necessitating
long-term recovery. The intracellular inclination of Brucella

limits the effectiveness of antibiotics, as only a limited set of
options can adequately combat this infection. In addition,
relapses occur in 5% to 40% of cases, requiring extended treat-
ment with different combinations of antibiotics.” The lack of
an approved vaccine for human brucellosis exacerbates the
problem in regions where the disease is prevalent.® At present,
there are no officially approved vaccines for human use against
Brucella, and the existing vaccines developed for animals come
with various adverse effects, including the potential for infec-
tion.? In addition, bacterial vaccines that are either inactivated
or attenuated have their own set of constraints.®® While early-
stage animal brucellosis prevention relied on M5, H38, and 45
of 20 vaccines, the current animal vaccines include S19, Rev.1,
S2, RB51, and SR82.%° Nonetheless, these vaccines possess
certain disadvantages, such as retaining some level of virulence
and causing interference with standard serological examina-
tions.®? Today, mRNA vaccines provide a compelling alterna-
tive to conventional vaccine strategies, thanks to their
remarkable efficacy, swift development prospects, economical
production, and safe delivery.1%14 Over the previous 10 years,
substantial technological progress and substantial research
investments have propelled mRNA into the forefront as a valu-
able tool in the realm of vaccine creation and protein replace-
ment therapy.’>' In the case of Brucella, numerous surface
proteins play crucial roles in host cell binding and entry,
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making them suitable targets for the design of an effective
mRNA  vaccine.’® Seventeen surface proteins have been
selected for vaccine development: VirB5, VirB2, Cyclic p-1-2-
glucans (CBG), BtpA, bvrS, bvrR, OM25, OM31, OMP10,
outer membrane protein, immunogenic protein, FrpB, FIgE,
flgK, BRUME 26-kDa periplasmic immunogenic protein,
Dihydrolipoyllysine, and Ribosome-recycling factor.l” The
VirB operon encodes the Type IV secretion system (T4SS),
which plays a critical role in conjugation, DNA uptake and
release, as well as acting as a significant virulence factor for
Brucella.'” The T4SS facilitates substrate transport across the
cell membrane and enables the secretion of proteins outside the
cell. Comprising 12 genes (VirB1 to VirB12), the VirB operon,
encompassing 12 genes (VirB1 to VirB12), encodes the
T4SS.18 This T4SS plays a crucial role in various Brucella func-
tions, including conjugation, DNA uptake and release, and
serves as a significant virulence factor.!® The T4SS facilitates
the transport of substrates across the cell membrane and ena-
bles the secretion of proteins outside the cell.'®

Cyclic B-1,2-glucan (CBG) is a key virulence factor in
Brucella pathogenesis and its intracellular life cycle. CBG is
composed of cyclic polymers with 17 to 25 D-glucose mole-
cules linked by B-1,2 linkages. Its synthesis is catalyzed by a
membrane-bound enzyme called Cgs (cyclic glucan synthase),
which exploits UDP-glucose as the sugar donor."?

BtpA, a 30-kDa cytoplasmic antigen in Brucella spp., hin-
ders with the Toll-like receptor 2 (TLR-2) signaling pathway
in the host, thereby reducing innate immunity. BtpA also mod-
ulates the function of dendritic cells (DCs), impairing their
function and exerting a cytotoxic effect, collectively promoting
the occurrence and persistence of chronic brucellosis.?

Omp10 as a main membrane protein of B melitensis, has
demonstrated significant immunogenicity in previous experi-
ments, making it a suitable candidate for vaccine design.
Similarly, Omp25, another outer membrane protein of B
melitensis, exhibits strong immunogenicity.?! Furthermore,
Omp31 has revealed remarkable immunogenicity in animal
infection models and is considered a promising choice for vac-
cine design.?!

Given the significance of cellular immunity in brucellosis
and the absence of a viable vaccine for human use, this study
sought to develop an mRNA-based vaccine that can elicit both
cellular and humoral immune responses to combat brucellosis,
which is primarily caused by B melitensis in humans.

Materials and Methods

Compilation of proteomes

To gather data, 6 distinct Brucella melitensis strains with com-
plete protein sequences were sourced from the GenBank data-

base. Subsequently, the PSORTD v.3.0.2 online server?? was
employed for subcellular localization determination.

Extract of bacterial protein sequences

For the retrieval of the amino acid sequences of target proteins,
the UniProt Knowledgebase was used.

Forecasting of immune cell epitopes

To predict B-cell epitopes, the ABCpred web server? was
employed. This prediction employed an artificial machine
learning approach with a 0.5 threshold for each protein
sequence. The desired epitope length was set at 16 amino acids,
and the overlap filter was activated.

For the anticipation of cytotoxic T-cell lymphocyte (CTL)
epitopes, the Immune Epitope Database MHC?* used the
ANN 4.0 method. The predicted epitopes were organized
based on their IC50 values.

In addition, for the forecasting of helper T-cell lymphocyte
epitopes, the Immune Epitope Database MHC-II employed
the NN-align method.?*

FEvaluation of human homology

To ascertain the homology, all peptides in the vaccine construct
were cross-referenced with the Homo sapiens (TaxID: 9606)
protein database using the BLASTp tool Peptides with an
E-value surpassing 0.05 were considered potential nonhomol-
ogous peptides.

Estimation of epitope antigenicity, allergenicity,
and toxicity

All chosen epitopes underwent an assessment of their anti-
genicity, allergenicity, and toxicity. Antigenicity evaluation was
carried out using the VaxiJen web server,> which relies on an
alignhment-independent method hinging on the physicochemi-
cal properties of the epitopes. A threshold of 0.4 was applied,
with specific consideration of bacteria in the prediction pro-
cess. The Aller TOP V.2.0 web server?® was employed to deter-
mine the allergenicity of the epitopes, with all parameters
maintained at their default settings. Furthermore, the
ToxinPred server?” was used to forecast and evaluate the toxic-
ity of the epitopes, including the generation of potential
mutants while keeping the default parameters. Only epitopes
demonstrating antigenicity, nontoxicity, and nonallergenicity
were retained for further research stages.

Molecular docking between T' lymphocyte
epitopes and MHC alleles

A subset of the extracted T lymphocyte epitopes (80 in total)
underwent a molecular docking simulation to assess their bind-
ing affinity with their corresponding MHC alleles. The 3D
structures of the MHC alleles were acquired from the RCSB
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PDB database.?® Structural processing, which involved the
removal of unnecessary ligands, was performed using PyMOL
software.?’ Energy minimization of these structures was car-
ried out via the Swiss-PDB Viewer.3 Simultaneously, the
selected epitopes for docking were transformed into three-
dimensional structures using the PEP-FOLD 4 server®! and
subjected to energy minimization with the Swiss-PDB Viewer.
The ClusPro 2.0 server®? was employed for the docking

procedure.

Design of vaccine construct

The proposed mRNA vaccine construct is characterized by a
sequence that spans from the N-terminus to the C-terminus. It
incorporates a sequence featuring a 5’ m7GCap, a 5' UTR, a
Kozak sequence, a tPA (Signal peptide), an EAAAK Linker,
an RpfE (Adjuvant), a GPGPG linker, HTL Epitopes, KK,
LBL Epitopes, an AAY Linker, CTL Epitopes, the MITD
sequence, a Stop codon, a 3' UTR, and a Poly (A) tail.

To ensure proper separation of the epitopes, three distinct
linkers are employed: AAY, KK, and GPGPG. These linkers
are intentionally designed to be cleavable, flexible, and rigid,
facilitating the optimal functionality of the domains.33-3

Anticipating biological and physicochemical
praperties of the construct

The antigenicity of the vaccine construct was assessed using
the VaxiJen 2.0% and ANTIGENpro. The prediction of anti-
genicity is a pivotal step as it determines the capacity of an
antigen to induce an immune response and stimulate the for-
mation of memory cells. VaxiJen 2.0 relies on the physico-
chemical properties of the vaccine for predictions, while the
ANTIGENpro employs machine learning algorithms and
microarray analysis data.

The input for the created mRNA vaccine exclusively
encompasses the amino acid sequence of the translated ORE,
excluding the tPA and MITD sequences. Allergenicity was
evaluated via the AllerTOP 2.0, while vaccine toxicity was pre-
dicted using the ToxinPred.?” Furthermore, the ProtParam web
server was harnessed to predict various physicochemical prop-
erties of the vaccine.

In silico immune simulation

The C-ImmSim simulation server3® was engaged to execute a
dynamic imitation of the immune response for the studied vac-
cine. In the default setup, the C-ImmSim uses epitopes and
lymphocyte receptors to simulate the immune response. In this
particular study, the immune simulation involved the adminis-
tration of 3 doses, each containing 1000 vaccine units (ng/mL),
over a span of 4 weeks. This regimen aligns with the recom-
mended practice for many contemporary vaccines, where 2 to 3
doses are administered within a 4-week window. The injections

were given at time-step 1, 84, and 168, and all parameters were
put to their default values.

Codon optimization of the vaccine construct

To ensure effectual expression within human cells, the codon
sequences within the designed construct required optimiza-
tion. The GenSmart Codon Optimization Tool, provided by
GenScript (GS), was the tool of choice for this purpose.

Following optimization, a quality valuation of the optimized
sequence was executed using the Rare Codon Analysis tools,
also provided by GS. In this analysis, the efficiency of mRNA
translation is gauged by the Codon Adaptation Index (CAI),
which measures the alignment of codon usage in a given
sequence with the codon usage bias of the target organism—in
this case, human cells. In addition, the Codon Frequency
Distribution (CFD) analysis was used to identify the incidence
of any tandem unusual codons, indicating regions with atypical
codon usage patterns.

Secondary structure prediction of the designed
mRNA vaccine

The RNA secondary structure of mRNA is important in
mRNA vaccines because it plays a crucial role in determining
the stability, efficiency, and immunogenicity of the vaccine. The
secondary structure of mRNA refers to how the nucleotides in
the RNA molecule interact with each other to form stable base
pairings and secondary structures such as hairpins and loops.

In this study, Structure of the mRNA vaccine was antici-
pated by means of the RNAfold tool from the ViennaRNA
Package 2.0.37 This tool applies McCaskill’s algorithm to cal-
culate the minimal free energy (MFE) of the projected second-
ary structure. Both the MFE structure and the centroid
secondary structure were reported, along with their respective
minimum free energy values.

Anticipating and validating secondary
and 3D structures of the designed vaccine

For predicting the secondary structure of the peptide, the
PSIPRED?38 was applied. This prediction relied on position-
specific scoring matrices and achieved an accuracy of 84.2%.

In the quest for predicting the 3D structures of the peptide,
the Robetta server® was called into action, yielding five poten-
tial structures. To validate and confirm the most optimal struc-
ture, the ProSA-web,*® PROCHECK,* and ERRAT were
employed.

Foreseeing conformational B-cell epitopes

The tertiary structure of a protein can give rise to the forma-
tion of new conformational B-cell epitopes. To predict these
discontinuous B-cell epitopes within the protein structure, the
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ElliPro online server was enlisted. ElliPro leverages the geo-
metrical properties of the 3D model to make these predictions.
Among the various prediction tools for discontinuous B-cell
epitopes, ElliPro stands out with the highest AUC (area under
the curve) value of 0.732 for any protein model, signifying its
accuracy and reliability in predicting these specific epitopes.

Molecular docking study of the designed vaccine
The PIPER docking algorithm, available through the ClusPro,

was used to dock the 3D structure of the desired vaccine with

TLR-4 or TLR-3.

Molecular dynamics simulation

To verify solidity and scrutinize the physical movements of
atoms and molecules within the TLR4-vaccine and TLR3-
vaccine complex structures with the lowest binding energy,
dynamic simulation analysis was done by means of the iMODS
server.*2

Results

Retrieval 0f bacterial protein sequences

To obtain the amino acid sequences of specific proteins, we
used the UniProt Knowledgebase. The following proteins and
their respective accession numbers were retrieved: (1) virBS
(accession number—A0A144KBHO), (2) virB2 (accession
number—AO0A1S6ZG]J3), (3) cyclic B-1,2-glucans (CPG)
(accession number—085166), (4) BtpA (accession number—
A0A1S6ZGK?7), (5) bvrS (accession number—068164), bvrR
(accession number—067996), (7) Omp25 (accession num-
ber—Q45321), (8) Omp31 (accession number—P0A3U4), (9)
Omp10 (accession number—POA3NS), (10) outer membrane
protein (accession number—P0A3U4), (11) immunogenic
protein (accession number—P0A3U4), (12) FrpB (accession
number—Q8YDS0), (13) FIgE (accession number—
Q8YDLS), (14) flgK (accession number—CORMRY), (15)
BRUME 26-kDa periplasmic immunogenic protein (accession
number—P0A3U8), (16) dihydrolipoyllysine (accession num-
ber—QIL6HS), and (17) Ribosome-recycling factor (acces-
sion number—P94340).

Prediction and assessment of B-cell epitopes

In the pursuit of epitopes for inclusion in the vaccine construct,
we employed a rigorous selection process. The ABCpred web
server was employed to predict epitopes, and the top five
epitopes for each protein were chosen. Subsequently, we
retained only those epitopes that met specific criteria: they had
to be antigenic, nonallergenic, and nontoxic. To make these
determinations, we made use of the VaxiJen, AllerTOP, and
ToxinPred web servers, respectively. Furthermore, we scruti-
nized the predicted epitopes for any homologs in Homo sapiens

(TaxID: 9606) to mitigate the risk of autoimmunity induction,
and peptides with an E-value exceeding 0.05 were excluded
from consideration. We also ensured that all desired epitopes
were located within the conserved regions of the proteins under
investigation. Variants of the selected proteins were obtained
from the NCBI database and aligned using the Bioedit 7.2
program. In the end, we extracted a total of 12 B-cell epitopes
from the 17 proteins studied, and these were incorporated into
the vaccine construct (Table 1).

Assessment of CTL epitopes

To predict and evaluate CTL epitopes, we relied on the
immune epitope database (IEDB), focusing on the 9 proteins
included in this study. Only epitopes with an IC50 value greater
than 500 were selected for further analysis. We applied the
same criteria as with B-cell epitopes, ensuring that the chosen
epitopes were antigenic, nonallergenic, nontoxic, and nonho-
mologous. A total of 32 epitopes, situated within the conserved
regions of the proteins, were chosen for inclusion in the vaccine
construct (Table 1).

Assessment of HT'L epitopes

Numerous potential HTL epitopes were identified through
examination of the 17 proteins associated with Brucella meliten-
sis, as previously mentioned. We exclusively focused on epitopes
that were antigenic, nonallergenic, nontoxic, and nonhomolo-
gous. These epitopes were assessed for their potential to induce
IL-4,1L-10, and IFN-y.In the end, A total of 72 epitopes were
identified (Table 1), with 28 epitopes specifically selected for
vaccine design based on the analyses conducted, all of which
are located within the conserved regions of the proteins and

demonstrated the ability to induce the mentioned cytokines
(Table 1).

Docking among MHC alleles and studied
T lymphocyte epitopes

Our investigation successfully identified a total of 60 lympho-
cyte epitopes, all of which demonstrated recognition by a
diverse array of 90 MHC alleles. Intriguingly, some of these
epitopes displayed a predilection for binding to a single MHC
allele, while others exhibited the versatility to interact with
multiple alleles. These findings are comprehensively detailed in
Table 2.

In our quest to delve deeper into the nature of these interac-
tions, we executed a series of molecular docking experiments
involving 12 selected epitopes and their respective MHC
alleles, with comprehensive information provided in Table 3.
The crystallographic structures of the MHC alleles employed
in this analysis were thoughtfully obtained from the RCSB
PDB, and their specific PDB IDs are thoughtfully presented in
Table 3.
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Table 1. A compilation of 72 potential epitopes derived from 17 Brucella
melitensis proteins, along with the induced cell types for each epitope.

CELL TYPE SEQUENCE OF EPITOPE

CD8+ Cytotoxic T Lymphocytes ~ RELDGLTAM
LSEHFFSKQW
MPRMDGMEL
RTIDSHIKR
RQKSDLPVIF
DAAYDEQVY
RIYDRYANK
QEQPGGNGL
IAAPFVVIW
AELDGILAQY
IPLPGYLAF
APVEVAPQY
DESKFRVGW
AEYAINNNW
YLSPQLVEI
LPHLLLALI
QPKALEAAY
DAAGVGLGR
AEIDGTDIVY
QPAPAAAKL
ETDKVTVEV
YENGTQKVL
AETQFSSLVL
RQKANSEFTY
GEIGITTMM
SADEAMFNRY
GPSKRIHVL
SVNGTLSYK
TTIGATFTK
ESIGVSQSK
DYLKVKNTF
RVLSEKVQK
ASATMEAEEEYDFFI

CD4+ helper T Lymphocytes RTTASATMEAEEEYD

QERHTCTWKGEPVTL

(Continued)

Table 1. (Continued)

CELL TYPE SEQUENCE OF EPITOPE

B Lymphocyte

DRPASEAFGQNSGLG
SPDSPDNWEFPINPE
QEQPPVPAPVEVAPQ
EQPPVPAPVEVAPQY
EPSAPTAAPVDTFSW
PSAPTAAPVDTFSWT
AACETTGPGSGNAPI
ACETTGPGSGNAPII
LAHANGGLDKVNTSM
VPVLGGALVVGAAAE
LDERQHELDAKDNAR
TSTAHAQLPVTDAGS
KAGIEDRDLQTGGIN
KKAGIEDRDLQTGGI
AAAPAQKKEEAKPAA
AEGSTAGDFTVNLPS
EGSTAGDFTVNLPST
STDQAPAAGGYNHKT
AESDQTGSSPDQTGL
SDQTGSSPDQTGLFS
KNGDGTEILGTEPAA
APSQNRGGIDAVWAP
DASHSDTDPDLDLTT
AGGAEVSGKAKLNPW
IRDSGLGLNPITDGM
TPSPDSPDNWEFPINP
EVVEDYPTGYNVDVSR
SAFTWAGNSRDYQLTP
GISEAAFNARDAHLNY
YIGINAGYAGGKFKHP
LHTWSDKTKAGWTLGA
LSGEIGITTMMRGDND
SEGGSALLLRDGGANG
TDMWDPEVQFYYNRND
QKLGNDPEEYRSRGFT
LGGQIGYGWGRSTLSD
GAVERAIRDSGLGLNP
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Table 2. Selected T lymphocyte epitopes (CTL + HTL epitopes) alongside their respective MHC alleles.

PROTEIN NAME

BtpA

bvrR

bvrS

Cyclic B-1-2-glucans (CBG)

OoM25

OM31

OMP10

VirB2

VirB5

BRUME 26-kDa periplasmic

immunogenic protein

Dihydrolipoyllysine

CTL EPITOPES
RELDGLTAM
LSEHFFSKQW

MPRMDGMEL

RTIDSHIKR

RQKSDLPVIF
DAAYDEQVY
RIYDRYANK
QEQPGGNGL
IAAPFVVIW

AELDGILAQY

IPLPGYLAF

APVEVAPQY

DESKFRVGW

AEYAINNNW

YLSPQLVEI

LPHLLLALI

QPKALEAAY

DAAGVGLGR

AEIDGTDIVY

QPAPAAAKL
ETDKVTVEV

MHC | BINDING ALLELES

HLA-B*40:01

HLA-B*57:01

HLA-B*07:02
HLA-A*31:01
HLA-A*11:01
HLA-A*68:01
HLA-B*15:01
HLA-B*35:01
HLA-A*03:01
HLA-B*40:01

HLA-B*58:01
HLA-B*57:01

HLA-B*44:03
HLA-B*35:01

HLA-B*35:01

HLA-B*44:03
HLA-B*44:02

HLA-B*44:03

HLA-B*44:02

HLA-A*02:01
HLA-A*02:03
HLA-A*02:06

HLA-B*51:01

HLA-B*35:01

HLA-A*68:01

HLA-B*44:03
HLA-B*44:02

HLA-B*07:02
HLA-A*68:02

HTL EPITOPES
ASATMEAEEEYDFFI
RTTASATMEAEEEYD

QERHTCTWKGEPVTL

DRPASEAFGQNSGLG

SPDSPDNWEFPINPE

QEQPPVPAPVEVAPQ

EQPPVPAPVEVAPQY

EPSAPTAAPVDTFSW

PSAPTAAPVDTFSWT
AACETTGPGSGNAPI

ACETTGPGSGNAPII

LAHANGGLDKVNTSM

VPVLGGALVVGAAAE
LDERQHELDAKDNAR
TSTAHAQLPVTDAGS

KAGIEDRDLQTGGIN

KKAGIEDRDLQTGGI

AAAPAQKKEEAKPAA

MHC Il BINDING ALLELES
HLA-DRB3*02:02

HLA-DRB1*15:01
HLA-DRB5*01:01

HLA-DRB5*01:01

HLA-DRB1*03:01

HLA-DRB5*01:01

HLA-DRB5*01:01
HLA-DRB1*15:01
HLA-DRB3*02:02
HLA-DRB1*15:01
HLA-DRB3*02:02
HLA-DRB5*01:01
HLA-DRB1*15:01
HLA-DRB1*03:01
HLA-DRB5*01:01
HLA-DRB5*01:01
HLA-DRB1*03:01
HLA-DRB1*15:01
HLA-DRB3*02:02
HLA-DRB1*03:01
HLA-DRB1*15:01
HLA-DRB3*02:02

HLA-DRB1*15:01
HLA-DRB1*07:01

HLA-DRB3*01:01
HLA-DRB1*07:01
HLA-DRB1*03:01
HLA-DRB3*02:02
HLA-DRB3*02:02
HLA-DRB5*01:01

HLA-DRB1*03:01

(Continued)
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Table 2. (Continued)
PROTEIN NAME CTL EPITOPES MHC | BINDING ALLELES HTL EPITOPES MHC Il BINDING ALLELES
FIgE YENGTQKVL HLA-B*40:01 AEGSTAGDFTVNLPS HLA-DRB5*01:01
AETQFSSLVL HLA-B*40:01 EGSTAGDFTVNLPST HLA-DRB5*01:01
STDQAPAAGGYNHKT HLA-DRB1*03:01
Fig K RQKANSEFTY HLA-B*15:01 AESDQTGSSPDQTGL HLA-DRB1*03:01
HLA-DRB1*15:01
GEIGITTMM HLA-B*40:01 HLA-DRB3*02:02
HLA-DRB5*01:01
SADEAMFNRY HLA-A*01:01 SDQTGSSPDQTGLFS HLA-DRB1*15:01
FrpB GPSKRIHVL HLA-B*07:02 KNGDGTEILGTEPAA HLA-DRB5*01:01
SVNGTLSYK HLA-A*11:01 APSQNRGGIDAVWAP HLA-DRB5*01:01
HLA-A*03:01
TTIGATFTK HLA-A*68:01
HLA-A*11:01
immunogenic protein ESIGVSQSK HLA-A*68:01 DASHSDTDPDLDLTT HLA-DRB1*15:01
HLA-DRB3*02:02
HLA-DRB5*01:01
outer membrane protein W DYLKVKNTF HLA-A*24:02 AGGAEVSGKAKLNPW HLA-DRB3*01:01
HLA-A*23:01
Ribosome-recycling factor RVLSEKVQK HLA-A*11:01 IRDSGLGLNPITDGM HLA-DRB5*01:01
HLA-A*03:01

Table 3. Docking analysis of some CTL epitopes alongside their respective MHC alleles.

TYPE OF T LYMPHOCYTE  EPITOPE MHC ALLELES

CTL YLSPQLVEI HLA-A0201
RIYDRYANK HLA-A0301
RVLSEKVQK HLA-A1101
SVNGTLSYK HLA-A1101
DYLKVKNTF HLA-A2402
ESIGVSQSK HLA-A6801
IAAPFVVIW HLA-B5801
RQKANSEFTY HLA-B1501
LPHLLLALI HLA-B5101
LSEHFFSKQW HLA-B5701
QPKALEAAY HLA-B3501
AEYAINNNW HLA-B4403

The outcomes of these meticulously conducted molecular
docking experiments, shedding light on binding affinities, are

meticulously documented in Table 3. It is worth highlighting
that the epitope IAAPFVVIW emerged as a standout

PDB ID OF MHC ALLELE BINDING AFFINITY (KCAL/

MOL)
6TDR —715.3
2XPG —717.8
4UQ2 —524.6
4UQ2 -663.7
5HGA —672.1
-500.3
7WZZ -935.9
-690.7
—709.1
2YPK -855.7
2CIK —641.8
-616.2

performer, displaying the highest binding affinity with a
remarkable score of -935.9kcal/mol when paired with its cor-
responding MHC allele, HLA-B5801. On closer examination

of this particular interaction, we observed the epitope fitting
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precisely into the binding cleft of the MHC allele. Figure 1
illustrated the cartoon representation of docking results of
some epitopes and corresponding MHC alleles (Figure 1).
Overall, the findings of this section indicate that the epitopes
forecasted by the examined servers are situated within the anti-
gen-binding groove of the corresponding MHC alleles during

the molecular docking process.

Designing the vaccine construct

The design of the proposed vaccine construct followed a
sequence from the N-terminus to the C-terminus, structured
as follows: 5" m7GCap-5" UTR-Kozak sequence—Signal
peptide(tPA)-EAAAK-Adjuvant(RpfE)ASATMEAEE
EYDFFIGPGPGRTTASATMEAEEEYDGPGPG
QERHTCTWKGEPVTLGPGPGDRPASEAF
GQNSGLGGPGPGSPDSPDNWEFPINPE
GPGPGQEQPPVPAPVEVAPQGPGPG
EQPPVPAPVEVAPQYGPGPGEPSAPTAAPVD
TFSWGPGPGPSAPTAAPVDTFSWT
GPGPGAACETTGPGSGNAPIGPGPGACETT
GPGSGNAPIIGPGPGLAHANGGLDKVNTSM
GPGPGVPVLGGALVVGAAAEGPGPG
LDERQHELDAKDNARGPGPGTSTAHAQLP
VIDAGSGPGPGKAGIEDRDLQTGGIN
GPGPGKKAGIEDRDLQTGGIGPGPG
AAAPAQKKEEAKPAAGPGPGAEGSTAGDFTV
NLPSGPGPGEGSTAGDFTVNLPSTGPGPG
STDQAPAAGGYNHKTGPGPGAESDQTGS
SPDQTGLGPGPGSDQTGSSPDQTG
LFSGPGPGKNGDGTEILGTEPAAGPGPGAP
SOQNRGGIDAVWAPGPGPGDASHSDTDP
DLDLTTGPGPGAGGAEVSGKAKLNPWGPGPG
IRDSGLGLNPITDGMKKTPSPDSPDNW
EFPINPKKEVVEDYPTGYNVDVSR
KKSAFTWAGNSRDYQ_LTPKKGISE
AAFNARDAHLNYKKYIGINAGYAG
GKFKHPQLHTWSDKTKAGWTLGAQ
LSGEIGITTMMRGDNDKKSEGGSALLL
RDGGANGKKTDMWDPEVQFYYNRNDKK
QKLGNDPEEYRSRGFTKKLGGQIGYG
WGRSTLSDKKGAVERAIRDSGLGLNP
AAYRELDGLTAMAAYLSEHFFSKQWAAY
MPRMDGMELAAYRTIDSHIKRAAY
RQKSDLPVIFAAYDAAYDEQVY
AAYRIYDRYANKAAYQEQPGGNGLAAY
IAAPFVVIWAAYAELDGILAQYAAYIPL
PGYLAFAAYAPVEVAPQYAAYDESKFRVGW
AAYAEYAINNNWAAYYLSPQLVEIAAYLPHL
LLALIAAYQPKALEAAYAAYDAAGYV
GLGRAAYAEIDGTDIVYAAYQPAPAAAKL
AAYETDKVTVEVAAYYENGTQKVLAAY
AETQFSSLVLAAYRQKANSEFTYAAYGEIG

ITTMMAAYSADEAMFNRYAAYGPSKRIHVL
AAY SVNGTLSYK AAY TTIGATFTK AAY ESIGVSQSK
AAY DYLKVKNTF AAY RVLSEKVQK AAY Linker—
MITD sequence—Stop codon—3" UTR~Poly (A) tail.

The vaccine contains the tissue plasminogen activator (tPA)
secretory signal sequence in its 5’ region. This sequence acts as
a signal to aid in the excretion of epitopes after translation out-

side the cell, if necessary.®

Assessing the biological and physicochemical
characteristics of the studied vaccine

To ensure the suitability and safety of the vaccine construct, we
conducted a comprehensive evaluation encompassing various
aspects. This included the assessment of antigenicity, aller-
genicity, and toxicity through using esteemed servers such as
VaxiJen, ANTIGENpro, AllerT'OP, and ToxinPred. In addi-
tion, we delved into the physicochemical properties of the vac-
cine construct, with the results thoughtfully compiled in Table
4. Our thorough evaluation revealed that the vaccine not only
displayed antigenicity but also exhibited characteristics of non-
allergenicity and nontoxicity.

Furthermore, our investigation confirmed the thermal sta-
bility of the vaccine construct, as supported by its physico-
chemical properties. We also identified the vaccine’s hydrophilic
nature, evident through a measured Grand Average of
Hydropathicity (GRAVY) of -0.496. The results of this server
show that the designed protein vaccine has a suitable weight
and would be stable, and its half-life in the mammalian body is
about 4.4 hours. In general, these findings imply that the
designed multi-epitope mRNA vaccine construct has the
potential to be an assertive candidate for use as a vaccine.

Predicting population coverage

To gauge the potential impact of the vaccine, we sought to
assess its coverage across the global population. The combined
analysis of the 60 epitopes and their respective 90 alleles was
executed using the IEDB Population Coverage tool. The out-
come of this evaluation indicated that the vaccine holds the
promise of providing coverage to an estimated about 98% of

the global population (Supplementary 1).

Simulating the immune response against the
vaccine

To gain insights into the immune response triggered by the
vaccine, a series of in silico simulations were conducted, as visu-
ally depicted in Figure 3. The observations unveiled that both
secondary and tertiary responses surpassed the primary
response. Notably, the production of immunoglobulin (IgM)
outpaced that of IgG. Following antigen reduction, the levels
of immunoglobulins remained notably elevated, signifying the
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Figure 1. Docking among the epitopes and their corresponding MHC
alleles.

potential emergence of immune memory resulting from anti-
gen exposure and the development of acquired immunity.

The enduring presence of B-cell isotypes for an extended
duration suggests isotype switching and memory formation
within the B-cell population. In addition, an upsurge in the
generation of memory CTL and HTL cells was observed.
Macrophage activity exhibited enhancement, while dendritic
cell activity remained relatively stable. Furthermore, the levels
of IFN-y and IL-2 experienced an increase, with heightened
activity of epithelial cells contributing to innate immunity.
Ultimately, the low Simpson index (D) suggests a discernible
difference in the immune response.

The combined global population coverage of the 60 epitopes
and their corresponding 90 alleles was determined using the IEDB
Population Coverage tool. It was discovered that the vaccine has the
potential to cover approximately 98.04% of the global population.

In silico simulation of the immune response
to the vaccine

In the realm of in silico simulations, we administered 3 doses of
the vaccine to mimic the immune response, as visually repre-
sented in Figure 2. Our observations shed light on several key
aspects of the simulated response:

Secondary and tertiary responses: notably, the secondary
and tertiary responses surpassed the primary response. This
suggests an increasingly robust and effective immune reaction
with subsequent exposures to the vaccine.

IgM dominance. The production of immunoglobulin (IgM)
exceeded that of IgG, indicating the initial activation of the
immune system and the body’s rapid response to the antigen
(Figure 2A).

An intriguing observation regarding the antibody response
tollowing booster doses is the unexpected decrease in their pro-
duction levels. Following the second and third administrations,
a decline in antibody titers was noted, possibly attributed to the
short intervals between the doses, resulting in a phenomenon
suggestive of immune tolerance.

Isotype switching and memory formation. The presence of B-cell
isotypes for an extended duration provides evidence of isotype
switching and the formation of immune memory within the
B-cell population, further underlining the vaccine’s potential to
establish lasting protection (Figure 2B and C).

Augmented generation of memory CTL and HTL cells. An
increase in the generation of memory cytotoxic T  lymphocytes
(CTL) and helper T lymphocytes (HTL) cells was observed,
contributing to a more robust and specific immune response on
reexposure to the antigen (Figure 2D to F).
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Table 4. Physicochemical properties of studied mMRNA vaccine.

PROPERTY MEASUREMENT INDICATION
Total Number of Amino Acids 1165 Appropriete
Molecular Weight 120012.62 Appropriete
Formula C5336H8092N144201689S17 -
Theoretical pl 4.96 Acidic

Total Number of Negatively Charged Residues (Asp + Glu) 127 -

Total Number of Positively Charged Residues (Arg + Lys) 93 -

Total Number of Atoms 16576 -

Instability Index (I1) 32.97 Stable
Estimated half-life 4.4 hours (mammalian reticulocytes, in vitro) Appropriate

Aliphatic Index (Al) 59.35 Thermostable
Grand Average of Hydropathicity (GRAVY) -0.496 Hydrophilic
Antigenicity (Using VaxiJen) 0.9135 Antigenic
Antigenicity (Using ANTIGENpro) 0.931148 Antigenic

Allergenicity (Using AllerTOP 2.0)

Toxicity (ToxinPred)

Stable dendritic cell activity. Dendritic cell activity remained
stable, ensuring the continued surveillance and communication
between innate and adaptive immunity (Figure 2G).

Enbanced macrophage activity. Macrophage activity was nota-
bly enhanced, indicating an active role in phagocytosis and
antigen presentation, which are crucial components of the
immune response (Figure 2H).

Elevated IFN-y and IL-2 levels. The levels of important immune
signaling molecules, such as interferon-gamma (IFN-y) and
interleukin-2 (IL-2), experienced an increase, signifying a
heightened and coordinated immune response (Figure 2I).

Increased epithelial cells. An increase in the population of epi-
thelial cells, which play a role in innate immunity, was also
observed, further reinforcing the body’s defense mechanisms
(Supplementary 2).

The low Simpson index (D) indicated a discernible differ-
ence in the immune response, reflecting the vaccine’s capacity
to induce a distinct and specific defense against the targeted
pathogen.

Codon adaptability of the mRINA construct
The mRNA coding sequence (CDS) spanned 1896 nucleotides,

and we evaluated the superiority of the optimized construct.
The codon adaptation index (CAI) value, crucial for efficient
expression, was determined to be 0.95. This CAI value surpasses

Nonallergenic

Nontoxic

Nonallergenic

Nontoxic

the accepted threshold of 0.8, indicating the construct’s suitabil-
ity for proficient expression within the human host.

Efficient expression requires the GC content of the con-
struct to fall within the range of 30% to 70%. The optimized
construct demonstrated an average GC of 66.78%, falling
comfortably within this desired range. In addition, the Codon
Frequency Distribution (CFD) analysis revealed a value of 0%,
signifying that no codons hinder translation efficiency or func-
tionality. It is worth noting that codons with values below 30
can disrupt the translational process (Supplementary 3).

Forecasting the secondary structure of the
studied mRINA vaccine

The mRNA vaccine’s structural configuration was projected
using the RNAfold server, and the associated free energy val-
ues were assessed (Figure 3). In this assessment, the optimized
codons from the construct were employed as the input. The
outcomes reveal that the mRNA vaccine is anticipated to pos-
sess stability, featuring a minimum free energy (MFE) for the
structure at -1399.90kcal/mol. Furthermore, the secondary
centroid structure indicates a free energy of -1213.12 kcal/mol.
These data offer valuable insights into the thermodynamic
resilience of the mRINA vaccine structure.

Estimation and verification of secondary and
tertiary structures of the studied vaccine

The PSIPRED service was used to forecast the secondary
structure of the vaccine. This analysis indicated a prevalence of



Asadinezhad et al

11

A B 8 cal popuation (cells per mm?) C
%0 B cel population per state (cels per mm?)
v ; T — T T
800000 - - 25000 Total —— 500 - - I 30
g — B not e - —
. |w.:gG 500 - = | INTERNALIZED (y2) —— adl
IgG1+1gG2 20000 B e g | DUPLICATING —= 5
1961 —— R sotype IgGL " s
00000 10G2 & \ B satype 1962 ANERGIC ty2) %0 §
2 9 g o0F w 2 40 b
= \ = = 2
g So0000 15000 gg ¢ M {m £
o Ba > 3 @
. Pt wf | 1% 8 3 m ¢
o 53 \ = ; 1150 2
§ 300000 10000 w3 S S £ % 3
= s 200 | 4 100 q 200 b
: ¥ {100 8
200000 1 s
5000 100 - 150 100 1o £
100000
0 0 0 -‘—ﬂﬂL' 1 1 Il L 0
P 5 : e
0 0 5 10 5 0 %D 3 0 5 10 15 20 2 30 35
d
days i
D E ) F ‘ s
TH cel popation per state [cels per ) TC cell popuilation (cels per mm?) TC cell population per stare (cells par mm?)
1160 - : 1 1200 - - - - T 1
3000 : : T ! ' Totol —— ] ACTVE ——
NG — 1150 - TTCnaz Mem —— M\ DUPLICATING ——
L [C Mem (y2) == 000 F \ TG
0 ANERGIC \ ANERGIC (y2)
1140 + {05 \ 05
2000 - wo b\
u 2 \
\ L
o 1120 & o § 800 \ 10
110 a0k \
500 F 1100 F h\ﬁ —405 105
200
6 . . . 1090 :
0 5 o 15 22 25 30 3 i : i i e
days = = 0 i B o o ‘e s 1w 5w 3w ®
0 5 10 15 20 25 0 3 2 d .
- days
DC population per state (cells per mm3) S i — )
250 § i ! . . . pepulation per state (cels per mm B
G h P ERNAUZAE[') H = NTEF{\ALIZ:D' I o
: PAESENTING-2 —— 400000
200 L 0 1?' FA 350000
RESTING o 300000
\
150
g 250000
100k ? 200000
150000
50 F 100000

50000

days

Figure 2. An immune simulation using computational methods was performed to assess the effectiveness of the mRNA vaccine obtained from the
C-ImmSim server. (A) the production of immunoglobulins following antigen injection (B) the B-cell population post 3 injections, (C) the distribution of
B-Cell Population in various states, (D) the Helper T-Cell Population, (E) the Helper T-Cell Population distribution by state, (F) the Cytotoxic T-Cell
Population distribution by state, (G) the Macrophage Population in different states, (H) the Dendritic Cell Population in different states, and (1) the
production of cytokines and interleukins alongside the Simpson Index, which provides insights into the immune response’s distinctiveness and specificity.

alpha helices in the structure, as depicted in Figure 4A.
Following that, we predicted the peptide’s tertiary structure
using the Robetta, as displayed in Figure 4B. To evaluate the
stereochemical accuracy of the structure, we used the
PROCHECK, which considers the geometry of residues and
the general structure for prediction. The Ramachandran plot,
presented in Figure 4C, demonstrates that roughly 79.8% of
residues occupy the most favored regions, 17.5% are within the
additionally allowed zone, and 1.5% fall in the allowed regions.
The total quality factor acquired was 94.6168, indicating a high
level of structural quality. Furthermore, the ProSA projected a

negative Z-score (-10.72), signifying substantial consistency in

the 3D protein model, as illustrated in Figure 4D.

Foreseeing conformational B-cell epitopes

The folding of the model protein resulted in the creation of
conformational B-cell epitopes. To pinpoint these epitopes, we
engaged the ElliPro, which foretold 6 discontinuous B-cell
epitopes. These epitopes encompass a total of 374 residues,
with prediction scores ranging from 0.621 to 0.946, suggesting
a high likelihood of their antigenic potential. The 2D and 3D
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Figure 3. (A) Ideal secondary configuration, (B) Central secondary arrangement of the mRNA vaccine obtained through the RNAfold web server.
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models of these conformational B-cell epitopes are depicted in

Figure 5, specifically in panels I and 11, respectively.

Molecular dynamics simulation

To further explore the interactions within the vaccine-TLR3
and vaccine-TLR4 complexes, we conducted molecular dynam-
ics simulations using the iMODS server. These simulations
allowed us to evaluate how the receptor and ligand interacted
over time and identify regions of the construct that displayed
flexibility, visualized in the deformability graph (see Figures 6B
and 7B).

We also employed normal mode analysis (NMA) to assess
the flexibility of the proteins. The B-factor graph, which
depicts the relationship between NMA and PDB areas in the
complex, is presented in Figures 6C and 7C. Eigenvalues for
the docked complexes were calculated to provide insights into
their overall dynamics, as depicted in Figures 6D and 7D.
These results demonstrated that the vaccine-receptor complex
had a low deformation index, indicating high rigidity and
enhanced steadiness.

Moreover, the covariance matrix (see Figures 6E and 7E)
illustrated the connections between amino acid pairs located in
dynamic regions. A connecting matrix based on an elastic
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Figure 6. Exploration of molecular dynamics, normal mode analysis, and interactions between receptor and ligand. (A) Complex formed by docking the
vaccine with TLR4 using the ClusPro server (B) Graph illustrating deformability (C) Chart depicting B-factor analysis (D) Eigenvalue assessment of the
vaccine-TLR4 and TLR3 (E) Visualization of the covariance matrix (F) Employment of an elastic network model via the iMODS server (G) Assessment of
receptor-ligand interactions with the PDBsum web server (H) Examination of receptor-ligand interactions using the LIGPLOT web server.

network model, as revealed in Figures 6F and 7F, was used to
recognize pairs of atoms connected by springs. Darker gray
regions in this matrix represented higher stiffness within each
chain of the complex.

Discussion

This study aimed to harness immunoinformatics methodolo-
gies to create a secure, engineered mRNA vaccine that is highly
effective. Today, mRNA vaccines have garnered significant
attention as promising alternatives to traditional vaccines due

to their ease of production, cost-effectiveness, safety profile,
and robust potency, particularly during pandemics.’®* These
vaccines have the ability to elicit a well-rounded immune
response, encompassing both cellular and humoral immunity,
and are not limited by specific MHC haplotypes. Moreover,
mRNA serves as a safe vector as it carries transient information
without interacting with the genome.1644

To combat B melitensis infection, we developed an innova-
tive in silico multi-epitope mRINA vaccine based on the bacte-
rium’s major surface proteins. We thoroughly examined target



Asadinezhad et al

15

B
‘_" 1
i 2
= 08
\ g
£ 06
: g
° . v M
! \ 02
i 0
5 0 200 400 600 800 1000 1200 1400 1600 1800
C (=mwa D 2w
11 g POB - Elgenvalue(1)=2.051011e-09 gl
g § 2000 -
K]
2
§ 1500 _J
JAT41AM iMod Server home page 5 I
I S 1000 -
ol e b 5
5 o[BS 5 50 ]
Al | Jll o i
0 200 400 600 BOO 1000 1200 1400 1600 1800 2 4 6 8 10 12 4 18 18 2
A Mode index
E F 1800 60.0
1600 B8 1600 | - .
1400 | 4
1400
1200 - 40.0
1200 & 1000 |
3 E 30.0
% 1000 =2 800 | 4
2 80 600 - ; 1 8 20.0
é 400 | -
600 10.0
200 | <4
wo rods. igit.csic es
200 [
: | ; " . A1 AM e w w o . Erscin P ,
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600 1800
Residue index Atony Indlax

Figure 7. Exploration of molecular dynamics, normal mode analysis, and interactions between receptor and ligand. (A) Complex formed by docking the
vaccine with TLR3 using the ClusPro server (B) Graph illustrating deformability (C) Chart depicting B-factor analysis (D) Eigenvalue assessment of the
vaccine-TLR4 and TLRS3 (E) Visualization of the covariance matrix (F) Employment of an elastic network model via the iMODS server (G) Assessment of
receptor-ligand interactions with the PDBsum web server (H) Examination of receptor-ligand interactions using the LIGPLOT web server.

proteins responsible for cell binding and attachment, seeking
potential epitopes capable of triggering either humoral or cel-
lular immune responses. The IEDB database was employed for
predicting epitopes for HTL and CTL, while B-cell epitopes
were determined using the ABCpred tool, which relies on
machine learning methods.?*

One of the intriguing findings from our study was the iden-
tification of novel targets for the development of a vaccine. Using
the complete bacterial proteome, we focused on surface-exposed
proteins identified through domain signal analysis. The selection
of appropriate servers for this purpose was a key strength of our
study. The limited success in developing an effective brucellosis

vaccine®® or addressing diagnostic challenges in serology-based
kits*#” may be attributed to the reliance on a small number of
known bacterial proteins, highlighting the significance of the
new targets identified in our investigation.

The predicted epitopes underwent scrutiny to evaluate their
antigenicity, allergenicity, and toxicity through dedicated web
servers. Specific linkers were employed to combine these
epitopes, and immune simulations were carried out to validate
the vaccine’s ability to provoke both humoral and cellular
responses. The unexpected finding in our study was the
decrease in antibody production following the administration
of booster doses at a 4-week interval. This shortened interval
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may appear to induce a phenomenon of immune tolerance,
suggesting the need to extend the interval between booster
dose injections.

The selected epitopes demonstrated compatibility with 90
distinct MHC alleles. Molecular docking analysis was per-
formed to assess the interaction between the chosen epitopes
and their corresponding MHC alleles, as this ligand-epitope
interaction plays a pivotal role in vaccine design. The analysis
included the examination of binding affinity and bond forma-
tion through ClusPro, as well as an analysis of the interactions
between the epitopes and the MHC pockets.

Furthermore, as there is a vast diversity of human MHC
alleles, the vaccine’s effectiveness hinges on individuals pos-
sessing specific MHC alleles capable of binding to the
epitopes. According to predictions from the IEDB tool, one
notable outcome of the vaccine formulated in this investiga-
tion was the broad coverage of epitopes obtained, encom-
passing over 98% of the alleles across the global population.
This finding underscores the potential novelty and signifi-
cance of the targets employed in this study as promising can-
didates for brucellosis prevention. In addition, the vaccine
construct was subjected to docking with immune receptors
TLR-3 and TLR-4 to assess its potential interaction with
these receptors, which could trigger the development of
innate and adaptive immunity. Molecular dynamic simula-
tions were employed to evaluate the permanency of the vac-
cine complex.

Overall, the validity of in silico studies can be established
through laboratory experimentation.

In a study conducted by Tarrahimofrad et al in 2022, a
multi-epitope vaccine was developed using BtpA, Omp16,
Omp28, virB10, Omp25, and Omp31 antigens targeting B
melitensis, Brucella abortus, and Brucella suis. Through molecular
docking analyses, molecular dynamics simulations including
gyration, Root Mean Square Fluctuation (RMSF), and Root
Mean Square Deviation (RMSD) assessments, and validation
of tertiary protein structures, the constructed protein exhibited
a stable conformation capable of interacting with TLR2/4
receptors. The researchers posited that this peptide-based vac-
cine could elicit immune responses in both B and T cells,
thereby potentially preventing infections caused by B suis, B
abortus, and B melitensis.*8

Notably, the divergence between the present investigation
and the aforementioned study lies in the identification of novel
targets sourced from a comprehensive proteomic analysis of
the melitensis species. These selected targets represent novel
candidates, and the vaccine under investigation is based on an
mRNA platform. In contrast to the peptide vaccine delineated
in the prior study, the current research elucidated that it could
also trigger the immune response in celery, a crucial factor in
the pathogenesis of the aforementioned bacterium.

Nguyen et al conducted a study in 2023 where they used the
reverse vaccinology approach to design DNA vaccines with
potential bacterial antigens against Nocardia seriolae. These

potential vaccine candidates were identified through in silico
analysis. In vitro assays confirmed the immunogenicity of these
proteins, and DNA-based vaccines resulted in a significant
gene expression and serum antibody production in the orange-
spotted grouper Epinephelus coioides. The study concludes that
the reverse vaccinology is a promising plan vaccine candidates
against NV seriolae infection.*’

In summary, this study introduces an innovative multi-
epitope mRNA vaccine for B melitensis, developed through
immunoinformatic approaches. While this research lays the
foundation for future studies and vaccine development, further
in vitro and in vivo investigations are imperative to confirm
these findings and ensure the vaccine’s efficacy.
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