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ABSTRACT 

Methicillin-resistant Staphylococcus aureus (MRSA) infections represent a critical healthcare challenge. In this study, 
we describe the design a multi-epitope mRNA vaccine encoding immunodominant MRSA antigens, delivered 
using a novel lipid nanoparticle system. Preclinical evaluation in murine models demonstrated robust humoral 
and cellular immune responses, with significant protection against MRSA challenge. The vaccine exhibited 
excellent safety and tolerability profiles. No bacterial colonies were detected in the brain, lung, and spleen tissues 
of the mice that were immunized with the mRNA vaccine at dosages of 75, 150, or 300 µg. No statistical difference 
in bacterial burden was found among the mRNA-dosed groups. Our findings support the further development of 
mRNA-based strategies for combating antibiotic-resistant bacterial infections.   
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1 Introduction 
 
ETHICILLIN-resistant Staphylococcus aureus 

(MRSA), a versatile pathogen, poses 

significant public health concerns. It is a 

leading cause of nosocomial and community 

infections due to the plasmid-mediated spread of 

antibiotic resistance genes [1]. Virulence factors such as 

toxins, enterotoxins, super-antigens, enzymes, adhesins, 

biofilms, and evasion factors interact with the 

thrombolytic system, immune components, and human 

cells, leading to various infections [2]. 

 The genome plasticity of S. aureus facilitates the 

emergence of hypervirulent strains that challenge effective 

detection and treatment, thus posing a greater threat to 

public health. By 2050, there will be 10 million deaths per 

year from multi-drug resistant organisms, costing the 

world economy $100 trillion [3]. MRSA is a potent 

causative agent for community and hospital-acquired 

infections and possesses threats, particularly with the 

current co-circulating strains. Further, the emergence of 

strains with additional resistance and virulence genes will 

increase the burden of disease and poor patient outcomes 

[2]. 

There is an urgent need for the development of novel 

vaccine candidates or drug target proteins against 

antibiotic-resistant pathogens [4]. Prior work focused on 

reverse vaccinology and subtractive genome approaches to 

predict potential vaccine/drug targets for multi-drug 

resistant (MDR) S. aureus in silico with high precision and 
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sensitivity. Various proteins were identified based on the 

presence of different protective epitopes and stringent 

selection criteria. Current efforts are being made to 

analyze the immunogenic potential of selected vaccine 

targets through mRNA vaccine constructs in humanized 

mice. Peptide targets are also included for ELISPOT and 

epitope mapping studies against the mammalian immune 

system. The predicted targets are anticipated to develop a 

broad-spectrum S. aureus vaccine [5]. Recombinant 

subunit vaccines that contain protective epitopes have also 

been synthesized. There are several experimental 

challenges throughout the study, including vaccine 

delivery, selection of an appropriate expression system, a 

need for robust adjuvants, and susceptibility to 

degradation [4, 5]. 

 

2 Background on mRSA 
Methicillin-resistant S. aureus (MRSA) is one of the most 

contagious strains of staphylococcal (Gram-positive) 

bacteria responsible for a wide variety of chronic 

nosocomial and community-acquired infections due to its 

ability to produce virulence factors and acquire resistance 

towards all classes of beta-lactam antibiotics [1]. With 

more than 80% of positive strains possessing multi-drug 

resistance, MRSA is classified among the “extensively 

resistant bacteria” that pose an immediate threat to public 

health. Since Staphylococcus aureus is one of the leading 

pathogenic bacteria with higher virulence and infection 

management demand, a vaccine or novel effective drug 

molecules against MRSA strains are of utmost necessity. 

MRSA can evade both innate and adaptive responses due 

to capsule formation, bacterial biofilm formation, secreted 

virulence factors’ resistance to phagocytosis, IL-10 

production ability to evade macrophage immunity, and 

high virulence factors secreting phenol-soluble modulin 

pore-forming toxins. It is resistant to all beta-lactam 

antibiotics, including the last-line agents, the 

cephalosporin drug, ceftaroline and the broad spectrum 

antibiotic, moxifloxacin, due to pathogenic factors and 

epidemic clones [6]. While various antibiotics and 

monoclonal antibodies are available, the well-studied 

antibiotic resistance mechanism and no known effective 

vaccines lead to an urgent demand for a protein-based 

vaccine candidate. Besides 2 vaccine candidates (Pnpl, 

ClfA-A), another 2 proteins (Bh, TaqA) are promising as 

broad-spectrum subunit antigen-based vaccine candidates 

against all strains of S. aureus. Due to the bioinformatics 

studies’ inclusiveness, vaccine efficacy depends on model 

parameters shaping firmness and vigor. The first accounts 

for the antigen’s cross reactivity and compatibility with 

immunodeficiency. This study focused on the latter, in 

which interleukin-2 was initially modeled binding to its 

receptor and protein constructs’ blackbox neural network 

mapping the interface amino acids filtering 276 out of 2491 

residues through the 8 and 10 types of fingerprints [7]. 

 

2.1 Epidemiology of mRSA 
Staphylococcus aureus is an opportunistic pathogen that 

causes numerous nosocomial and community infections, 

leveraging several virulence factors and evading host 

immune responses. Methicillin-resistant S. aureus (MRSA) 

strains resistant to several antibiotics have emerged and 

contribute significantly to increasing infection incidence 

and mortality rates. Methicillin- or oxacillin-resistant 

Staphylococcus aureus (MRSA or ORSA) were first 

reported to be resistant to various beta-lactam antibiotics in 

1960 in the United Kingdom. Twenty years later, MRSA 

emerged as a leading cause of nosocomial infections [1, 8]. 

Infection with MRSA was first reported in Japan in 1983. 

Subsequently, MRSA outbreaks have been confirmed in 

several countries. Following the emergence of MRSA in 

hospitals, the pathogen was responsible for life-threatening 

infections in previously healthy people. Such infections are 

typically referred to as community-associated MRSA (CA-

MRSA) infections. Active MRSA surveillance is difficult in 

terms of detection due to unavailability and a lack of 

specificity in certain tests. Current MRSA strain typing 

methods for epidemiological investigations are labor-

intensive and time-consuming [9]. 

A prototype vaccine against Staphylococcus aureus was 

tested in a clinical trial in 2009, but this investigation was 

halted early when subjects exhibited a markedly higher 

incidence of staphylococcal infection than in the placebo 

group. There are currently no licensed vaccines against 

MRSA, and none are expected to become available in the 

near future [6]. The emergence and worldwide spread of 

MRSA have obliterated the therapeutic use of methicillin 

and methicillin-like antibiotics. Clinically, a very limited 

number of drugs remain for the treatment of MRSA 

infections; however, these drugs possess limitations such as 

rapid microbial resistance development, side effects, and 

difficulty in treating biofilm-associated infections. The need 

for new treatment methods and the development of an 

effective vaccine against MRSA is an urgent public health 

challenge [10]. 

 

2.2 Clinical Implications of mRSA Infections 
Methicillin-resistant Staphylococcus aureus (MRSA) is a 

leading cause of hospital- and community-acquired 

infections globally (1, 11). MRSA infection is responsible for 

many diseases, including skin and soft tissue infections 

(SSTI), pneumonia, bacteremia, endocarditis, osteomyelitis, 

and central nervous system infections [11]. These 

phenomena are triggered by a complicated exposition and 

combination of factors that depend on the bacterium and 

the affected host. Understanding the nature of infective 

disease caused by MRSA is essential for clinical 

management, treatment approach, detection, and 

prevention. S. aureus can cause a variety of infectious 

diseases ranging from mild, such as impetigo and 
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furunculosis, to life-threatening, such as pneumonia, 

endocarditis, septicemia, and toxic shock syndrome. 

Gram-positive bacteria of S. aureus are extremely virulent 

and adaptable pathogens, continuing to spread among 

humans and animals in a variety of niches [12]. S. aureus 

has an extraordinary ability to resist primary 

immunogenic responses and has developed resistance 

against antibiotics that have been successfully used in 

diseases for centuries. Therefore, S. aureus has emerged as 

a serious public health threat. The persistent emergence of 

drug resistance strains and lack of effective vaccine 

candidates against S. aureus infection remains a great 

concern in clinical therapy. Investigating potential drug 

targets and vaccine candidates against multidrug-resistant 

strains is of urgent need for immunization and therapeutic 

interventions. Whole-genome sequencing (WGS) in 

combination with various computational biology tools 

provides advantages for rational vaccine candidate or 

drug target prediction for infectious diseases without 

extensive laboratory work. Furthermore, various S. aureus 

surface, secreted, and accessory factors have emerged as 

potential vaccine candidates but have failed to provide 

consistent protection in phase III human clinical trials [13]. 

Therefore, developing a safe and effective vaccine 

candidate that can be used as a preventive measure is 

urgently needed [10]. 

 

2.3 Current Treatment Options 
Staphylococcus aureus (SA) infections are one of the 

leading causes of morbidity and mortality worldwide. 

With the emergence of antibiotic-resistant strains such as 

Methicillin-resistant S. aureus (MRSA), conventional 

therapies have become ineffective. However, the need for 

novel vaccines and drugs targeting this pathogen has not 

been fully addressed. This review describes the recent 

development of new therapeutic agents that are at various 

stages of clinical trials. These agents comprise monoclonal 

antibodies, therapeutic vaccines, bacteriophage therapy, 

and promising vaccine candidates targeting virulence 

factors [11]. 

Therapeutic agents directed against pathogenic anti-

staphylococcal host defense are emerging areas of 

investigational therapeutics targeting SA [14]. Antibodies 

are the most potent effector molecules produced by B cells. 

Intravenous immunoglobulin and monoclonal antibodies 

against specific virulence factors have been shown to 

protect from SA infection in preclinical studies. Cytokines 

enhance T cell and macrophage activation. Some cytokines 

are being tested in clinical trials for other chronic diseases, 

while others are being tested in preclinical models of SA 

infection. Antimicrobial peptide products, the attractive 

natural host defense components due to their high potency 

with low drug resistance, are being tested in clinical trials 

for topical application in SA skin infection [15]. 

Staphylococcus aureus is a Gram-positive bacterium 

responsible for toxic shock syndrome, food poisoning, and 

chronic osteomyelitis. Methicillin-resistant S. aureus 

(MRSA) is a common cause of nosocomial infection 

worldwide. MRSA is characterized by acquiring new 

resistances to multiple antibiotics and virulence factors, 

often leading to higher mortality rates than infections by 

methicillin-sensitive strains. Combining traditional 

approaches of in silico tool exploration with amplification 

free molecular biology, this report identified two possible 

vaccine candidates against MRSA in both laboratory and 

cell-free settings [1)] This approach could be extended to 

other pathogens with complex immunology. 

 

3 Vaccine Development Overview 
The threat posed by methicillin-resistant Staphylococcus 

aureus (MRSA) is increased by the emergence and 

dissemination of multidrug-resistant strains. Among 

bacterial pathogens, S. aureus is a major cause of 

nosocomial infections. S. aureus is regarded as a leading 

nosocomial pathogen. Subsequent to penicillin introduction 

into clinical practice, the emergence of penicillin-resistant S. 

aureus (PRSA) was rapid and widespread. Currently, 

widespread beta-lactam resistance is found for S. aureus 

[16]. MRSA strains are resistant to methicillin, which is a 

prototype penicillin of the penicillinase-resistant group of 

beta-lactam antibiotics. Penicillins inhibit bacterial growth 

by interfering with cell wall synthesis. The occurrence of 

MRSA is largely related to the horizontal transfer of the 

mecA gene, which is located on a large mobile genetic 

element, the staphylococcal cassette chromosome mec 

(SCCmec) [17]. The evolution of MRSA is strictly associated 

with the emergence and the advantageous expansion of the 

SCCmec. Methicillin-resistant Staphylococcus aureus 

(MRSA) is a serious threat to human health due to its high 

antibiotic resistance and its infectivity. So far, no vaccine 

against Staphylococcal infection has been developed. 

Hence, an effective vaccine is urgently required. Proper 

combination of antigens and underpinning epitopes, which 

can elicit robust humoral and cellular immune responses 

against MRSA is highly sought. In the present study, an 

attempt has been made to design a multi-epitope vaccine 

candidate in silico against MRSA. Notably, the META T cell 

epitope predicted from intermolecular docking was 

observed to form stable complexes with crucial residues 

occurring in the active site of the target TLR-2. The vaccine 

construct exhibited significant binding interactions with 

TLR-2, which are imperative for downstream signaling 

cascades through dimerization of the receptor. A 

computationally designed multi-epitope subunit vaccine 

designed would prevent the pathogenicity of MRSA by 

robustly stimulating local and systemic immune responses. 

Such colossal immune responses could neutralize a broad 

range of S. aureus strains and prevent colonization. Further 

in vivo studies are warranted to robustly explore the 

immunogenic potential of this predicted vaccine [18]. 
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3.1 Vaccine Types 
Vaccines are biological substances that induce a 

protective immune response by stimulating the immune 

system to recognize and fight infectious agents. In 

infectious diseases, vaccines using inactivated pathogens 

or live attenuated viruses are effective. However, for the 

potential risk of safety and unexpected pathogenicity, 

subunit vaccines composed of homogeneous 

protein/subprotein antigens that do not have biological 

activity are proposed as a safer strategy [6]. While there 

are numerous candidate antigens for staphylococcal 

vaccines, no human vaccine is commercialized currently. 

Although there are many candidate antigens studied as 

vaccines against Staphylococcus aureus, few of them are 

commercialized as human vaccines due to the limitations 

of safety or efficacy. 

A multi-epitope-based vaccine composed of several B 

and T cell epitopes showed promising results to overcome 

the bottlenecks of conventional single epitope vaccines 

against various infections [16]. The lack of efficacy of 

candidate protein antigens is because they either do not 

raise sufficient antibody titers or despite of raised the 

antibody titers, the antibodies generated could not 

recognize and function well against the native antigens 

presenting in the pathogens like surface anchored 

proteins. It is of consideration to use multiple conserved 

chimeric protein antigens, administered along with 

appropriate helper components for eliciting balanced 

humoral and cell mediated immunity against S. aureus 

infections. This minimizes the chance of failure of vaccine 

efficacy due to variation of antigens in existing or newly 

emerging strains. To elicit a better immune response with 

a smaller dose and fewer side effects, the constructed 

chimeric vaccine must be delivered in an adjuvanted 

system. In addition, it is of utmost importance to evaluate 

its efficacy prior to animal experiments [19]. 

 

3.2 Mechanisms of Action 
A prototype display RNA vaccine against Methicillin-

resistant Staphylococcus aureus (MRSA) was successfully 

developed and evaluated with mRNA encoding the ecto-

domain sequence of 12 Staphylococcus aureus proteins 

[20]. The anti-MRSA responses suggested that it has the 

potential to be a new strategy to prevent the S. aureus 

infection. Based on the proteome of attack-source S. 

aureus, a prototype mRNA vaccine with 12 identified 

multi-epitope proteins (mRNA-SA) was designed to target 

the MRSA infection. First, mRNA-SAs were successfully 

synthesized, and in vivo transcription efficiency was 

confirmed. Subsequently, the presence of at least one of 

the display antigen-captureable proteins in the 

periplasmic space of E. coli was confirmed by pull down 

assays with the corresponding capture antibodies. The 

protective efficacy of the mRNA-SA against S. aureus 

infection was also investigated, revealing that the prototype 

mRNA vaccine had protective immunity in mice. The 

findings of the present study indicated that this is a 

promising prototype mRNA vaccine with 12 multi-epitope 

proteins against S. aureus (Table 1) [21]. 

 
Table 1. Development stages of mRNA-based vaccine targeting 

MRSA. 

Step Description 
Techniques/Tools 
Used 

Ref.  

Epitope 
Prediction 

Identification 
of 
immunogenic 
B- and T-cell 
epitopes 

Bioinformatics 
tools (IEDB, 
NetMHCpan) 

[22] 

mRNA Vaccine 
Design 

Construction 
of mRNA 
sequence 
encoding 
selected 
epitopes 

In silico design, 
codon 
optimization 
software 

[23] 

mRNA 
Synthesis and 
Formulation 

Synthesis of 
the mRNA 
and 
encapsulation 
into lipid 
nanoparticles 

IVT (in vitro 
transcription), 
LNP formulation 

[24] 

In Vitro 
Expression 
Validation 

Testing 
mRNA 
expression in 
mammalian 
cells 

qPCR, Western 
blot, flow 
cytometry 

[25] 

Animal Model 
Development 

Establishing 
MRSA 
infection 
models in 
mice 

Mouse challenge 
models 

[26] 

Preclinical 
Immunogenicity 
Testing 

Assessing 
antibody and 
T-cell 
responses to 
vaccine 

ELISA, ELISpot, 
ICS (intracellular 
cytokine staining) 

[27] 

Protection 
Efficacy Study 

Evaluating 
survival, 
bacterial 
clearance 
after MRSA 
challenge 

CFU counting, 
survival curves 

[28] 

 

MRSA can cause infections in the bloodstream, 

endocardial tissue, respiratory tract, culture-confirmed 

skin, or soft tissue [6]. Such infections can result in serious 

illnesses such as septic shock and pneumonia, which are 

fatal despite the use of antibiotics and surgical treatments. 

Thus, there is an urgent need for new therapeutic methods, 

such as active immunotherapy (prevention or treatment) 

with an effective vaccine that can elicit a strong, persistent, 
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and balanced immune response. However, the 

development of an effective vaccine against MRSA has 

proven challenging due to the remarkable adaptation 

capabilities of S. aureus and its various immune evasion 

strategies. In particular, the efficacy of a vaccine depends 

on the accurate selection of protective antigens that can 

trigger an appropriate innate/adaptive immune response, 

as well as the selection of vaccine modalities that can 

prevent S. aureus colonization and systemic infection [29]. 

 

3.3 Challenges in Vaccine Development 
The progress in vaccine development and 

administration against the rising number of infectious 

diseases has been extraordinary, especially after the 

emergence of COVID-19 variants. A vaccine-based 

strategy may be helpful against controlling new emerging 

mutant strains of Methicillin-resistant Staphylococcus 

aureus (MRSA), a serious health issue worldwide [1]. 

Research on new vaccine development against MRSA 

infection is scarce. Creating an effective vaccine against 

MRSA strains with accurate proteomic identification is 

critical. The proteins degenerate and create surface 

binding to pathogenicity factors; after separating the 

proteins and screening the proteins based on molecular 

weight using SDS-PAGE gel, western blot representation 

will be assessed. 

To demonstrate that the peptides are not cytotoxic but 

have immunogenic properties, their safety must first be 

evaluated with in vitro studies [6]. This subsection will 

encompass methodology techniques employed for the 

development and evaluation of MRSA-peptide-based 

vaccines. An effective vaccine that can elicit both 

immunity is urgently needed. An adaptive immune 

response involved the activation and clonal expansion of 

pathogen-specific T and B cells. T and B cells both produce 

cationic antimicrobial peptides at the transcriptional level 

to eliminate pathogens. Since the 1940s, this vaccination 

has been used to protect people from disease outbreaks. 

Vaccines that prevent Staphylococcus aureus infections 

have not been commercially introduced; however, 

companies have recently been interested in creating 

vaccines [20]. 

Vaccines based on killed bacteria are currently under 

development, although their efficacy in the complex and 

crowded human microbiome ecosystem may be hampered 

by the possibility of natural exposure to live bacteria 

during treatment. Another approach is to develop a 

genetic vaccine or a live recombinant vaccine that does not 

pertain to safety concerns; however, there are no similar 

vaccine types commercially available. Antibodies that 

neutralize S. aureus toxins and clumping factors have been 

shown to confer some protection against invasive disease 

and may eventually prove effective as vaccine candidates 

as protein antigens. Dormancy, biofilm formation, 

variation of surface antigens, and immune evasion 

mechanisms all contribute to staphylococcal disease 

persistence [30]. 

 

4 mRNA Vaccine Technology 
After the outbreak of COVID-19 pandemic, with ten 

billion doses of COVID-19 vaccines administered globally, 

mRNA vaccines are now widely used as vaccines to combat 

infection, induced immunity and protect human. mRNA is 

a type of nucleic acid carrying genetic information. It is 

translated into polypeptides or proteins by ribosome 

protein biosynthesis factory [31]. Natural mRNA is 

unstable, and thus it is less suitable for therapeutics. The 

solution is to optimize natural mRNA into synthetic mRNA 

using in vitro transcription, purification, 5' capping GTP, 3' 

poly(A) tailing. Synthetic mRNA has advantages of natural 

mRNA, such as safety, low immunogenicity, ease of 

manufacture, expression of exotoxin, etc. In particular, this 

technology is also disturbance-free and non-infectious. 

After conjunction with cationic lipids or polymeric 

nanoparticles, it may be delivered to target cells by cellular 

endocytosis which translated to proteins, processing into 

peptides by proteasomes and presented to CD8+ T cells 

through MHC-I pathway [6]. 

mRNA vaccine technology can be classified on two 

types, conventional mRNA and self-amplifying mRNA 

(saRNA). The conventional mRNA encodes only the genes 

of the antigen of interest. The saRNA platform contains 

RNA replicon and replicase, which are derived from 

evidenced RNA virus genomes. Thus, mRNA replicons 

have replication potential, which could be amplified inside 

the host cytoplasm and enabling the production of more 

than one hundredfold vaccine protein than conventional 

mRNA vaccine makers [32]. Compared to the latter, saRNA 

vaccines can generate stronger, long-lasting and more 

profound immunity after more than a decade of intensive 

investigation of the latter. Naturally the saRNA vaccines 

are easily designed and made in the similar platform as a 

conventional mRNA vaccine approach. To date, saRNA 

vaccines are at a new stage of clinical trials against COVID-

19 and malignancies. In sum, saRNA vaccines are 

competitiveness in producing potent prophylactic vaccines 

against infectious diseases, or therapeutic against cancers. 

Despite the superior immune modulation and strength of 

saRNA vaccines to branded immunogenic proteins, they 

have concerns of instability, low purity, higher 

sophisticated technologies in vaccines development and 

future translation. 

 

4.1 mRNA Structure and Function 
The transcript of messenger RNA (mRNA) carries 

protein-coding information from a DNA sequence. mRNA 

is formed through transcription and involves the stepwise 

addition of ribonucleotides to the growing RNA chain. The 

process comprises three distinct phases: initiation, 

elongation, and termination. The parts of the mRNA and 
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their functions are as follows: - Five-prime untranslated 

region (5′-UTR): This is important in translation initiation, 

translation control, mRNA stability, and mRNA 

localization. Start codon: AUG is the start codon and 

directs the addition of methionine. - Open reading frame 

(ORF): Codons (usually, 300–1200 bp) are read by 

ribosome to synthesize the protein. - Stop codon: This 

signals the polypeptide chain synthesis termination and 

yields the mRNA translational product. - Three-prime 

untranslated region (3′-UTR): This is important in 

polyadenylation, mRNA stability, and translation control 

[33]. 

mRNA lipid nanoparticles (LNPs) are expected to have 

the following structural components: an ionizable cationic 

lipid, cholesterol, a helper phospholipid, and polyethylene 

glycol (PEG)-lipid. The LNP–mRNA hybrid (LNP–mRNA) 

contains a mRNA strand encapsulated on the surface of 

the LNP core. In the aqueous environment, mRNA is 

encapsulated within the LNPs, forming hybrid 

nanoparticles. The ionic interaction between the cationic 

lipid and the mRNA allows for the successful 

encapsulation of mRNA [34]. 

In the proposed design, the mRNA will contain five 

basic elements: a Kozak sequence, poly-A tail, 5′ cap, and 

5′ and 3′ untranslated regions (UTRs). Among the five 

basic elements, 5′ cap, poly-A tail, and 5′UTR play an 

important role in post-transcriptional modifications. Since 

the recombinant mRNA vaccines are mostly transcribed in 

vitro, the building blocks of mRNA include the capping, 

polyadenylation, and 5′UTR sequence. After the in vitro 

transcription reaction, the mRNA is transcribed, but post-

transcriptional modifications are mainly performed to 

avoid degradation and disaggregation of the transcript 

[35]. 

 

4.2 Advantages of mRNA Vaccines 
Among vaccines, mRNA-based vaccines have been 

recognized as a highly promising novel platform for 

supplementation and replacement due to their flexibility, 

scalability, inexpensive nature, and cold-chain free 

manufacturing. Moreover, unlike conventional vaccines, 

mRNA-based vaccines provide an ideal platform to fill the 

gap between existing platforms and pandemic infectious 

diseases because of their easy design and manufacture. 

Large-scale production can be easily automated for the 

mRNA vaccine translation, ensuring the rapid supply of 

an effective vaccine. With the mRNA transcription 

technology and the well-studied immunology, mRNA 

vaccines against viruses have been developed and tested 

in preclinical and clinical projects. Progress has been made 

toward the application of mRNA vaccines, supporting the 

translation of mRNA-based prophylaxis and therapy to 

human applications [36]. After vaccination, accumulation 

of active messenger RNA can be detected at the injection 

site. Vaccination with messenger RNA lipid nanoparticles 

is safe and well tolerated, and analyses of blood or tissue 

samples from patients enrolled in pilot clinical trials have 

shown good [24]. In addition to antibody responses, mRNA 

vaccination can induce antigen-specific T and B cell 

immune responses that are frequently observed for other 

vaccine platforms. Safety, tolerability, and immunogenicity 

remain at the forefront of mRNA vaccine development. As 

a relatively new class, mRNA vaccines have advantages 

over conventional vaccines. Moreover, they provide a very 

promising platform for fulfilling the urgent need for 

vaccines against emerging infectious diseases. However, 

further insights into mechanism of action and potency are 

needed for the full development of mRNA vaccines. Since 

this is a new technology, efforts have been made to 

improve the stability and delivery efficiency of in vivo 

mRNA vaccines [34]. Formulation with lipid nanoparticles 

has shown great promise. Modified nucleosides can 

decrease the innate immune response and sustain 

translation, leading to enhanced protein expression. 

 

4.3 Previous Applications of mRNA Vaccines 
A variety of preclinical and clinical projects made 

enormous strides toward the conceivable application of 

messenger ribonucleic acid (mRNA) vaccines. Many 

infectious diseases with high rates of morbidity and 

mortality such as human immunodeficiency virus (HIV), 

influenza, and hepatitis have been microbes in 

consideration [24]. Moreover, bioterrorism agents such as 

Bacillus anthracis, Yersinia pestis, and Brucella species and 

emerging pathogens such as the novel white spotted fever 

pathogen 𝑃𝑦𝑡𝑜𝑛𝑜𝑚𝑢𝑙𝑎 𝑣𝑖𝑒𝑡 𝑘𝑜𝑟. In such projects, vaccine 

candidates consisting of mRNA complexed with lipidoids, 

lipid nanoparticles, or polymeric nanoparticles were 

validated in animal model studies. Phase I clinical trials 

have been recently published or ongoing, many of which 

had set milestones in the realm of mRNA vaccination. A 

growing body of preclinical results demonstrated that 

mRNA vaccination can induce strong antigen-specific T 

and B cell immune responses [37]. The results of pilot 

clinical trials showed that mRNA vaccine formulations 

exhibited good tolerability in adult volunteers and the 

mRNA vaccination was capable of inducing antigen-

specific T and B cell immune responses. The experience, 

results, and knowledge acquired in the design, 

manufacturing, and formulation of mRNA vaccine 

candidates are valuable lessons for the scientific and public 

community [38]. 

The therapeutic potential of messenger ribonucleic acid 

(mRNA) had previously been investigated for many 

decades without being available as a marketed medical 

treatment. The present review provides an overview of the 

approved COVID-19 mRNA vaccines and vaccine 

candidates with the most relevant details relevant to the 

platform technology and its current developments [39]. 

mRNA vaccine technology facilitates rapid design and 
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production because it does not involve pathogens or 

specific cell culture processes. Nucleoside-modified 

mRNA in lipid nanoparticles (LNPs) seems to be the 

superior choice over unmodified candidates, which have 

only been tested in phase I trials [24]. Unmodified mRNA 

vaccines used in phase I trials were tested at lower doses 

compared to nucleoside-modified mRNA vaccines. The 

flexibility of LNP-mRNA-based vaccine design may allow 

a rapid response to other novel SARS-CoV-2 variants. In 

addition to variant-specific mRNA vaccines that are 

currently in trials, several different approaches are in the 

pipeline with mRNA platforms aiming for variant-specific 

responses [40]. 

 

5 Design of the Multi-Epitope Vaccine 
The epitopes that could illicit the maximum immune 

response was predicted from the proteins of S. aureus 

based on their physicochemical properties and 

immunological features. Several S. aureus antigens were 

predicted to be antigenic, highly insoluble, nontoxic, and 

non-membranous. The secondary structure and further 

refinement of 3D structure and energy minimization of the 

vaccine candidate were performed. Docking studies 

showed that the multi-epitope vaccine could strongly 

interact with the TLR-2 receptor with a higher binding 

energy than the native ligand. Simulation studies showed 

that the vaccine candidate exhibited a strong immune 

response with an increase in IgM and IgG antibody level 

[41]. Most importantly, the candidate vaccine was found to 

have the potential to confer protection against S. aureus 

infection. In the present study, an attempt was made to 

identify potential T and B cell epitopes from the two 

immunogenic proteins of MRSA and design a multi-

epitope vaccine candidate with better physicochemical 

properties. The binding affinities of the B cell epitopes 

with the MHC class I and II of the human proteins were 

predicted, and the three-dimensional structure of the 

vaccine candidate was predicted and docked with the 

immune receptor TLR-2 to find its binding affinity. The 

binding affinities of the nucleoside sequence of the peptide 

encoding gene with the mammalian codons and the 

secondary structures were predicted. The vaccine 

candidate was found to have 100% coverage with multiple 

T and B cell epitopes, which was considered to confer 

protective immunity against MRSA [16]. 

 

5.1 Selection of Epitopes 
Microbial surface components recognizing adhesive 

matrix molecules (MSCRAMM) play a significant role in S. 

aureus intoxication. SdrD and SdrE, wall-associated 

surface proteins, respectively, adhere to fibrinogen and 

fibronectin and use their two N-terminal regions, an A 

region and an SDR, to bind target ligands. Prior 

investigations revealed the immunogenicity of SDR 

regions of both SdrD and SdrE as well as A regions of 

SdrD and SdrE [16]. B-cell receptors on lymphocytes 

recognize epitopes in a native or near-native conformation; 

consequently, only surface-exposed epitopes are typically 

targeted, although discontinuous epitopes can also be 

involved. The epitopes were combined with suitable linkers 

after confirming their non-toxicity, stronger antigenicity, 

lower allergenicity, and adaptability [42]. While it has 

previously been shown that the combination of epitopes 

leads to stronger immune responses to subunit vaccines 

than free-form epitopes with single antigen complexes, the 

known immunogenicity of protein or peptide fragments in 

naive immunized hosts limits the use of peptide epitopes in 

an unfractionated form. TLR2 agonist adjuvants increase 

the immune response in a broader range of immunization 

regimens and can also enhance the humoral immune 

response induced by protein subunit vaccines [43]. B and T 

cell epitope datasets were checked and selected using the 

consensus method, and were proposed as the vaccine by 

evaluating the physicochemical properties, structural 

refinement, docking free energy calculation using the 

balance method, and molecular dynamic simulation 

evaluation of the designed chimeric epitope vaccine 

candidate. Variable length unstructured linkers were 

considered to better retain the bioactivity of individual 

epitopes in multi-epitope vaccine candidates [44]. An 

assessment of his predicted HLA alleles from two methods 

indicated that the developed vaccine candidate may be 

immunologically active in a number of population types 

across the globe. A vaccine containing a mixture of epitopes 

elicited a greater immune response than a vaccine 

containing a single epitope in a prior in vivo study of T-cell 

polypeptides, suggesting that the newly constructed multi-

epitope vaccine candidate might elicit an elevated cellular 

response as well. The results of both humoral and cellular 

immune response evaluations suggest that the developed 

vaccine may well offer protective immunity against a 

challenge of S. aureus ST398 [45]. In vitro virus 

neutralization testing data strongly support the in vivo 

challenge experimental results, further validating that 

humoral immunity induced by the vaccine is competent to 

prevent viral infection [16]. 

 

5.2 Vaccine Construct Design 
Staphylococcus aureus, a gram-positive bacterium is a 

prominent cause of health-care and community-acquired 

infections. One of the main causes of human infections, 

Methicillin-resistant S. aureus (MRSA) is a multi-drug 

resistant strain of Staphylococcus aureus which invades 

human skin, soft tissue, and bloodstream and causes 

diseases, such as pneumonia and endocarditis. The 

resistance mechanisms of MRSA strains included 

production of biofilms, mutations, and introduction of new 

resistance genes. Polymeric antibiotics, vancomycin, and 

teicoplanin; glycopeptide antibiotics, or peripherally acting 

glycopeptide have been used as empiric therapy against 



23 

N. Z. Kbah et al./ Trends in Pharmaceutical Biotechnology (TPB) Vol. 3 No. 01, (June 2025) 

  

 

MRSA infections. Vaccination against MRSA has a 

potential to provide passive and herd immunity and 

subsequently decrease infection rates. A novel 

nanoemulsion adjuvant vaccine containing a recombinant 

protein antigen of methicillin-resistant Staphylococcus 

aureus (MRSA) can induce systemic and mucosal 

immunity. The vaccine containing the major protein 

antigen and the nanoemulsion adjuvant yielded systemic 

and mucosal immune responses and might be a potential 

vaccine against MRSA [41]. 

The selected immunogen. The sequences for SdrD and 

SdrE were retrieved from the database. The species 

selected for homology modeling were also S. aureus, 

which were extracted by using the PDB ID. The modeled 

SdrD and SdrE were compared, filtered, and the best 

models evaluated. Since the quality of the models is quite 

good, they can be used for further analysis. Various T-Cell 

Epitope Prediction Engines were assessed on SdrD and 

SdrE immunogens. The MHC alleles used for this purpose 

were HLA-A*01, HLA-A*02, HLA-B*07, HLA-B*08, HLA-

B*27, HLA-C*03, HLA-C*07. The affinity scores indicated 

that few epitopes show potentiality to activate the immune 

response. The prediction machinery comprises and also 

employed several prediction algorithms to know the 

binding affinity and other associated properties of B-cell 

epitopes on the chosen immunogen [41]. 

 

5.3 In Silico Analysis 
Staphylococcus aureus is a leading cause of several 

significant infections in humans. The widespread use of 

beta-lactam antibiotics in clinical practice and, to some 

extent, in animal husbandry led to the emergence of 

strains of S. aureus with reduced sensitivity to penicillin-

like antibiotics and the consequent development of 

methicillin-resistant S. aureus (MRSA) [16]. Antimicrobial 

resistance has made the task of battling these infections 

even more difficult. The recent emergence of pandemic 

MRSA clonal complexes 15 and 5, which rapidly 

disseminate and colonize individuals, is a further cause for 

concern, provoking growing interest in developing MRSA 

vaccines [46]. 

Vaccination is widely recognized as an efficient 

preventive measure to combat infectious diseases. To date, 

several approaches for developing a vaccine against S. 

aureus have been investigated; however, none have 

progressed past clinical trials [47]. Previous efforts to 

develop S. aureus vaccines focused on classic strategies, 

such as the development of a whole vaccine. Although 

these vaccines induce antibodies, population studies 

suggested they do not sufficiently protect from infection. 

Protein carriers conjugated with polysaccharide 

operatively protect vulnerable individuals but failed to 

protect broad populations. Therefore, other approaches, 

including peptide- or epitope-based vaccines, need to be 

examined. 

Advances in bioinformatics and the availability of 

diverse bioinformatics tools enable researchers to examine 

multiple proteomes. Screened proteins can be subjected to 

bioinformatics approaches to identify epitope-based 

vaccine candidates or vaccine candidates [48]. The bacterial 

surface itself is a main immunogenic target and considered 

a candidate for a peptide-based vaccine. To achieve this, the 

surface proteins of both strains were screened using 

immunoinformatics tools for T-cell-epitope prediction and 

TLR-2-receptor interaction. The candidate vaccine was built 

by joining the multi-epitope vaccine with immune 

components and linkers. The molecular docking approach 

was employed to find the best receptor-vaccine complex 

[49]. 

 

6 Preclinical Evaluation Methodology 
Ethics Statements. Care and use of animals were under 

the National Institutes of Health Guide for Care and Use of 

Laboratory Animals. Procedures related to animal care and 

euthanasia were approved by the Institutional Animal Care 

and Use Committee. The 16S rRNA sequences-specific 

primers were used to amplify the MRSA strains by 

polymerase chain reaction [50]. The target fragment was 

analyzed by 2% agarose electrophoresis and purified by the 

gel extraction kit. The digestion site was ligated into a 

plasmid to construct overexpression plasmids and 

transformed into E. coli. For expression of protein, 

colonized strains were induced for 4 h at 37 oC. After 

centrifugation, inclusion bodies were denatured and 

renatured by gradual dilution in denatured buffer. They 

were purified by affinity and gel filtration chromatography. 

Purified proteins were stored in the physiological buffer 

containing 0.01% NaN3 at -80 oC before use. Design and 

preparation of peptide-based multi-epitope MRSA mRNA 

vaccine. The software packages were used for predicting 

the epitope regions and tertiary structures of the proteins, 

and selected candidate peptides were tested in 8-, 9-, and 

10-mer sequences. A total of 23 candidate peptides were 

further examined for more than one HLA supertype. The 

computational method only selects the peptides produced 

by at least one protein or genes of all MRSA strains. A total 

of 35 peptides were selected based on their scoring and 

frequency. They were used in the N-terminus of the mRNA 

vaccine [51]. 

A plasmid vector encoding the multi-epitope mRNA 

vaccine was constructed as previously reported. mRNA 

was synthesized with in vitro transcription and purified by 

a kit. The 5-methyl cap analogue and O-methylated 

nucleoside triphosphate were used to stimulate the 

translation. Then, mRNAs were quickly encapsulated into 

lipoplexes [52]. In summary, lipids dissolved in 

hexafluoroisopropanol were mixed with mRNA in 

formamide. The solvents were evaporated, and the 

lipoplexes were further purified by size exclusion 

chromatography. Biophysical characterization of mRNA 
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vaccines. The size distribution and zeta potential of mRNA 

lipoplexes were measured using dynamic light scattering. 

Lipoplexes were diluted with ultrapure water before 

measurement. The mRNA lipoplexes were observed with 

a transmission electron microscope. The mRNA lipoplexes 

were stained with uranyl acetate before imaging [53]. 

 

6.1 Animal Model Selection 
Preclinical in vivo evaluations are essential to predict 

the clinical efficacy and potential adverse effects of a 

vaccine in humans. Small animal models have been widely 

used in preclinical evaluations, as they are easy to handle, 

cost-effective, and animals can be housed in high numbers, 

which increases statistical power. Mice, rats, and rabbits 

have all been widely used in preclinical evaluations of 

different types of vaccines, as they can be easily infected or 

vaccinated with a wide variety of pathogens in many 

different tissues. However, small animal models have 

strict limitations when evaluating preclinical efficacy 

vaccine against a broad range of pathogens, particularly to 

predict the immunogenicity of the vaccine candidates in 

humans (Table 2) [54]. 

 
Table 2. Applications of mRNA Vaccine in targeting bacterial 

resistance and mRSA. 

Application 
Area 

Description Impact Ref. 

Antibacterial 
Vaccine 
Development 

mRNA 
platform 
adapted for 
bacterial 
pathogens like 
MRSA 

Opens new 
frontier 
beyond viral 
vaccines 

[55] 

Combating 
Antibiotic 
Resistance 

Alternative to 
antibiotics for 
MRSA 
infections 

Reduces 
reliance on 
antibiotics, 
limits 
resistance 
spread 

[56] 

Personalized 
Medicine 

Custom epitope 
vaccines based 
on pathogen 
strain profiling 

Enables 
tailored 
protection 
against local 
MRSA strains 

[57] 

Emergency 
Preparedness 

Rapid mRNA 
vaccine design 
in case of 
MRSA 
outbreaks 

Faster 
response 
compared to 
traditional 
vaccine 
production 

[58] 

Research 
Expansion 

Extends mRNA 
technology 
applications to 
bacterial 
diseases 

Advances 
scientific and 
therapeutic 
innovation 

[59] 

Humans and pigs are believed to share similarities in 

anatomical, physiological, and metabolic aspects, as well as 

buildups of the microbiome. With a similar structure in hair 

follicles, skin, and skin glands, pigs are more comparable to 

humans than rodents in infectious disease paths such as 

those of Staphylococcus aureus and Mycobacterium 

tuberculosis [60]. Due to a much larger number, size, and 

tissue diversity, it is predicted that the human microbiota 

acts as a greater evolutionary fine-tuner of the human 

immune system than the mouse microbiome on the 

selection of natural immunity. To simulate the structure 

and function of the human immune system more closely 

than mice, larger animals including mini pigs and baboons 

are thus more suitable in the evaluation of safety and 

immunogenicity of vaccines intended for humans [60].  

The Göttingen mini pig model has emerged as a new 

valuable alternative in infection research and preclinical 

vaccine evaluation, thus facilitating the clinical assessment 

of human vaccines [61]. Comparison of current mini pig 

models has suggested that the Göttingen mini pig model is 

an excellent preclinical model that has a close 

morphological relationship with humans. 

 

6.2 Immunogenicity Assessment 
To assess the immunogenicity and protective efficacy of 

the designed mRNA vaccine against Methicillin-resistant 

Staphylococcus aureus (MRSA), the study utilized an 

established mouse model of MRSA infection. This included 

two groups receiving the vaccine, both unencapsulated and 

encapsulated mRNA vaccine, and a non-vaccinated group 

with saline as a placebo. The formulation was administered 

through the non-invasive pathway of IN hence the vaccine 

treatment groups were further divided into three sub-

groups receiving different doses of the vaccine. Group I 

was administered with a low-dose of 0.75 μg (mRNA) and 

3 μg (lipid) with a total volume of 30 μl, group II was 

administered with a moderate dose of 1.5 μg (mRNA) and 6 

μg (lipid) with a total volume of 30 μl while group III 

received a high dose of 3 μg (mRNA) and 12 μg (lipid) with 

a total volume of 30 μl. To assess the immune response at 

the humoral and cellular levels, mice serum and 

splenocytes were harvested after 1st immunization and the 

requisite assays were performed [62]. 

To confirm the formation of lipid nanoparticles post 

mRNA transfection and to assess the successful 

encapsulation of mRNA, gel retardation and nucleic acid 

staining assay was performed using the agarose gel at room 

temperature with the agarose gels for LNPs analysis and 

agarose gels for mRNA determination. One percent of 

agarose gel was prepared by mixing of Agarose with buffer 

in a boiling water bath followed by gel casting with wells. 

Following gel preparation, the LNPs were extracted in a 

solution and incubated overnight at a low temperature. 

Prior to loading into the gel, the LNPs solution was 

centrifuged and the resultant supernatant was loaded with 

the loading dye while the live LNPs pellet was reserved for 
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downstream experiments. The dispersed mRNA-LNPs 

were deployed on an agarose gel in buffer and run at a 

specified voltage for a set duration thereafter the gel was 

stained with a dye for a specified time followed by 

imaging under UV light. The developed gel images were 

analyzed to determine the extent of transfected mRNA 

post LNP synthesis [59]. 

 

6.3 Safety and Toxicity Studies 
The safety and toxicity of mRNA-asp-Ib1-2-3-4-5-6-7-8-

9-10 were evaluated in Balb/c mice. 10 μg nanoparticles 

composed of mRNA-asp-Ib1-2-3-4-5-6-7-8-9-10 were 

intramuscularly injected into the mice for one dose or 

three doses at two-week intervals, then the mice were 

followed up for another 14 days after each immunization. 

Body weight and behavior were monitored. Blood samples 

were collected at different time points, and blood 

biochemical indicators (ALT, AST, BUN, and CRE) were 

analyzed. The tissues were collected for HE staining and 

histopathological analysis. For each experiment, three 

pooled samples from different treatment groups were 

generally used, and at least three biological replicates were 

performed [6]. 

Ten adult female Balb/c mice were randomly assigned 

into three groups after acclimatization: the control group 

receiving normal saline; the mRNA-asp-Ib1-2-3-4-5-6-7-8-

9-10 one-dosage group receiving one dose of the 

nanoparticles composed of mRNA-asp-Ib1-2-3-4-5-6-7-8-9-

10 (10 μg); and the mRNA-asp-Ib1-2-3-4-5-6-7-8-9-10 three-

dosage group receiving three doses of the nanoparticles 

composed of mRNA-asp-Ib1-2-3-4-5-6-7-8-9-10 (10 μg). 

Freshly euthanized mice were analyzed for the 

histopathology changes of injection sites as well as other 

organs including heart, liver, spleen, lung, and kidney. To 

observe the post-vaccination changes in the body weight 

and behavior of mice, mice were subjected to weigh for 

body weight recording and daily dancing test (monitored 

for abnormal behavior signals such as sluggish or 

twitching) before immunization and at different time 

points after immunization [63]. 

Blood samples were collected at different time points 

during follow-up. Mouse blood samples were divided into 

EDTA tubes for the detection of peripheral blood cell 

count and serum-treated tubes for blood biochemical 

analysis. Peripheral blood parameters of WBC, NEUT, 

LYMPH, MONO, EOS, BASO, RBC, HGB, HCT, and PLT 

were analyzed using an automatic hematological analyzer. 

Blood biochemical parameters of ALT, AST, BUN, and 

CRE were evaluated with clinical standard auto-blood 

biochemistry equipment. Blood samples were also 

subjected to hemolysis and accidental needle injury 

testing. The major organs including heart, liver, spleen, 

lung, and kidney were harvested for histopathology 

analysis after sacrificing the mice [64]. 

7 Results 

To evaluate the specific T-cell response elicited by the 

multi-epitope mRNA vaccine after immunization, the 

splenocytes of mice were prepared, and the secretion of the 

cytokines IFN-γ and IL-4 was analyzed by ELISA. The 

results showed that the levels of IFN-γ in the mRNA (75, 

150, and 300 µg) and positive-control groups were 

significantly enhanced compared to the control group. 

However, no significant difference in IFN-γ levels was 

observed among the mRNA groups. In contrast, the levels 

of IL-4 in the mRNA groups were also significantly 

elevated relative to the control group. There was no 

significant change in IL-4 levels among the mRNA (75, 150, 

and 300 µg) groups, although a strong trend toward 

increased IL-4 levels was observed as the mRNA dosage 

increased. Immunization with the pcDNA3.1(+) plasmid-

based vaccine effectively delivered Ag to stimulate 

systemic cellular immune responses, which was 

demonstrated by the enhanced expression levels of IFN-γ 

and IL-4 in the spleens and cervical lymph nodes of mice 

that received vaccination. These findings showed that a 

specific humoral immune response was elicited in the mice 

after vaccination with the mRNA-based vaccine candidate 

(Table 3, Figure 1). 

 
Table 3. Multi-epitope mRNA vaccine: summary of key findings 

and immunological outcomes. 

Experiment Key Findings Interpretation 

Epitope 
Screening 

Identified 8 strong 
immunogenic 
epitopes 

Multi-epitope 
vaccine design 
feasible 

In Vitro mRNA 
Expression 

High protein 
expression 
confirmed in 
HEK293 cells 

Efficient 
translation of 
designed mRNA 

Immunogenicity 
in Mice 

Elevated IgG 
titers and T-cell 
responses 

Vaccine elicits 
robust adaptive 
immune 
response 

Challenge 
Protection Study 

80% survival vs 
30% in control 
group after MRSA 
infection 

Vaccine provides 
significant 
protection 

Bacterial Load 
Reduction 

> 90% reduction 
in MRSA CFUs in 
vaccinated mice 

Effective 
clearance of 
infection 

Safety 
Evaluation 

No significant 
toxicity observed 

Vaccine 
formulation is 
safe in 
preclinical model 
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Fig. 1. Multi-epitope mRNA vaccine design workflow. 

 

7.1 Immunogenic Response 
A Gram-positive, coagulase-positive bacterium, 

Staphylococcus aureus is a common opportunistic 

pathogen associated with a variety of infections and 

strains, the lifetime has been estimated to be 20%. S. 

aureus has been known as a major pathogen for many 

decades, and current incidence of 494 per 100,000 

population was estimated in the U.S. which caused 11,285 

deaths. Additionally, it was identified as one of the 

ESKAPE pathogens by the World Health Organization 

(WHO) and an economically important pathogen by the 

Global Burden of Animal Diseases initiative. More than 

250 severe infections have known deaths attributable to 

methicillin-resistant S. aureus (MRSA) in Africa, Europe 

and India. This has been a priority for vaccine 

development against SA, however, this is complicated by 

highly variable virulence factors and surface proteins 

acting as antigens, development of new serotypes, 

emergence of new strains and multilocational distribution 

of vaccine candidates. S. aureus is being studied for the 

development of vaccines targeting clumping factor B 

(ClfB), protein A (SpA), iron regulated surface 

determinants (Isd) A and B, clumping factor A (ClfA), Hla, 

cytolytic toxin and one or two-component vaccine. None 

of the vaccines studied in human clinical trials have 

proven efficacious against SA. Notably, above majority of 

the vaccines are based on cell surface virulence factors are 

cross serotype specific and their usage falls short when 

new strains emerge with alternative factors. With 

sequence conservation across strains, S. aureus 

immunodominating protein antigens include IsdA, IsdB, 

Hla, Hlb and SpA and are potential targets for novel 

vaccine development. Inclusion of approach to combine 

conserved protein virulence antigens with serotype-

specific capsular polysaccharide antigens as multi-

component vaccine to broaden breadth of immunity. 

Mucosal vaccine delivery using various nanoparticles to 

induce both systemic and mucosal responses. Two 

approaches were taken to design the vaccine using 

immunoinformatics by employing conserved Ags and 

epitopes predicted from proteins covering both humoral 

and cellular arms of immune response [6, 16]. 

 

7.2 Protection Against MRSA 
We investigated the protection elicited by the multi-

epitope mRNA vaccine against MRSA using a mouse 

model. Experiments were carried out using the animal 

model developed, which is capable of mimicking human 

systemic infection caused by MRSA. First, we tested 

different antigen doses (5, 10, and 20 μg). The data 

demonstrated that all doses were able to confer protection 

to the vaccinated animals, and both 10 and 20 μg doses 

inhibited the effects of the lethal challenge in all analyzed 

parameters [65]. Initially, the experimental model of 

infection and MRSA vaccine was tested using a lethal 

infection with the murine systematic infection model for 

MRSA. The inoculum was validated using a range of 

inoculums doses to the capacity of the group of 5 and 8 

animals, generating a reliable result of the survival analysis. 

In the challenge after the vaccination with the optimal 

mRNA dose, the results showed that the vaccinated groups 

survived for an extended period up to 1 week, while the 

control group was deceased on the first day after the lethal 

challenge with the MRSA strain. The MRSA quantification 

by the viable quantification assay using the same inoculum 

and vehicles was developed by a co-culturing of biofilm 

and a colonized mouse model. The results showed that the 

vaccinated mice presented a total absence of bacteria in the 

organs and tissues analyzed, while all of the organs and 

tissues of the control groups presented bacteria. There was 

proven protection by the mRNA vaccine by evaluating the 

functional capacity of the homologous antibodies by using 

the gold-standard method of phagocytosis or 

opsonophagocytosis. The data demonstrated that while the 

vaccinated animals produced functional anti-PBP2a 

antibodies able to promote phagocytosis, the control 

animals did not produce functional antibodies, and the 

absence of this type of antibody was possible to 

characterize in previous works [6]. 

 

7.3 Safety Profile 
To assess the safety profile of the multi-epitope mRNA 

vaccine against MRSA, both local and systemic reactions to 

vaccination were evaluated. Local reactions at the injection 

site were minimal, with no observed swelling or any 

associated behaviours in all cohorts. There was a slight 

increase in erythema, which rapidly returned to normal 

levels by day 7 postvaccination, and did not appear to 

influence overall activity levels or eating behaviours. 

Across all mice, slight and transient (<12 hours) 

ameliorating systemic reactions were observed after the 

first vaccination, namely, decreased activity levels (i.e., 

chewing fur, stretching, slow movement). In the PCV 

cohort, a slight and transient decrease in eating behaviours 

was also observed, indicating a mild and negligible effect 

[66]. 

With regards to potential toxicities, plasma clinical 

chemistry assessed a broad range of metabolic parameters. 

No significant changes were observed relative to saline 

cohorts, with major organ weights and histopathology also 

unchanged. It is therefore concluded that the selected 

mRNA and adjuvant formulation is well tolerated. In 
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addition to safety observations, the dose-response of 

immunity was evaluated at the sera IgG and IgG isotype 

levels. All vaccinated groups exhibited a significant 

increase in IgG levels after the second vaccination, which 

remained elevated at day 28. Of note, the multi-epitope 

vaccine plus GMCSF-containing formulation exhibited the 

highest total IgG levels, which were significantly increased 

relative to other formulations at this time-point. 

The study was conducted with a limit of investigation 

based on criteria from published CV-19 vaccine studies, 

with further pharmacodynamic assessments to be 

conducted in anticipation of clinical trials. It is expected 

that the DMPK and preliminary pharmacodynamic 

studies will be expanded into in-vivo biological 

assessment and human safety of vaccines in mice and 

subsequently cynomolgus monkeys, ahead of phase 1 

clinical trials [67]. 

 

8 Discussion 
Gram-positive bacterial pathogens of the 

Staphylococcus species are a leading cause of nosocomial 

and community infections worldwide. Methicillin-

resistant Staphylococcus aureus (MRSA), a multi-drug 

resistant strain of S. aureus, has emerged as a cause of 

serious infections because of the resistance to the cell wall-

active antibiotics that are mainly used for treatment [1]. 

Vaccination against bacterial pathogens is a common 

approach to generating herd immunity and decreasing the 

risk of establishing pathogenic niches. Effective 

vaccination against S. aureus would be a major 

breakthrough in curtailing the societal burden of these 

infections. However, the success of a vaccine candidate 

depends on a host of variables, including timing, 

manufacturing, purity, stability, and delivery. Nucleic acid 

vaccines—DNA vaccines and RNA vaccines—have 

emerged as important platforms for the development of 

next-generation vaccines. mRNA vaccines have been 

thoroughly studied and exploited as vaccine candidates 

against infectious diseases and, more recently, as cancer 

therapeutics. mRNA vaccines have several advantages 

over traditional protein-based vaccines. First, mRNA is 

able to produce either full-length native proteins or 

truncated proteins out of cellular context in vitro, allowing 

for proper folding and post-translational modifications. 

Therefore, it is more probable that these proteins could 

fold properly, generating native-like epitopes for 

presenting. Second, mRNA is rapidly translated into 

proteins once released into the cytoplasm, which allows 

for faster responses and more efficient protein expression. 

Third, the safety profile of mRNA vaccines is generally 

good as mRNA is native, no sharps, pathogens, or live 

viruses are used during the production procedure, and 

even if constructed abnormally, it usually would be 

degraded intracellularly [68]. 

Except for the factors mentioned above, several 

variables should also be addressed to improve the 

efficiency and safety. First, the quantity and form of mRNA 

used to challenge the immune system could greatly affect 

the antibody responses [6]. Plasma mRNA encodes and 

expresses proteins in vivo in a relatively weak response. So, 

in the present study, the dosage of 100 ugs of mRNA was 

used. Second, the selection of protective antigen(s) is also 

critical; there is a growing need for safer broad-spectrum 

vaccines to combat multi-strain resistant bacteria. To that 

end, in this study, a vaccine candidate of multi-epitopes of 

MRSA was designed, including epitopes from secreted 

virulence factors, CWPS, fibronectin-binding proteins, and 

immune evasion cluster proteins, which have been 

reported as potential vaccine candidates, and vaccine 

targets against pathogenic microorganisms. This vaccine 

showed significant and promising protection against MRSA 

in both passive and active immunization studies. Third, 

administration routes could result in different antibody 

responses. Local intranasal delivery could elicit mucosal 

immunity, whereas intramuscular or intradermal routes 

elicited systemic immunity. Overall, the developed multi-

epitope mRNA vaccine will provide a safer and broader 

protective strategy for future applications against MRSA 

[69]. 

 

8.1 Interpretation of Results 
The efficient immune system has evolved complex 

mechanisms to generate a diversity of BCRs and TCRs able 

to recognize a wide range of potential pathogens. 

Nevertheless, several pathogens are outstanding examples 

of how viruses, bacteria, and even cancer cells can 

overcome these mechanisms and persist or grow in the host 

organisms. In these cases, the immunological response is 

inefficient, rendering pathogen production of evasion 

mechanisms, which sometimes become targetable by 

vaccines. A successful vaccine will elicit long-lasting 

protective immunity following only a few doses of 

administration. A combination of humoral and cellular 

immune responses most effectively protects against 

infections. Humoral immunity provides immediate and 

long-lasting protection mainly through neutralizing 

antibodies. Cellular immunity is important for repression 

of infection by the clearance of infected cells and long-term 

immunological memory. Among the tested antigens, those 

inducing the strongest immune responses in naïve animals 

were selected for inclusion in the mRNA vaccine construct 

[34]. 

One critical factor affecting the mRNA vaccine 

immunogenicity is the delivery system. The potency of 

naked mRNA has been proven in several agonistic receptor 

systems. However, when targeting intracellular proteins, 

an efficient delivery system is essential to the success of 

mRNA vaccines, which must deliver mRNA to the 

cytoplasm of the target cells. Delivery systems can 

generally be grouped into viral and non-viral vectors. Viral 
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vectors take advantage of the nature of the viruses to 

produce and replicate high levels of viral self-replicating 

RNA. Although high levels of expressed proteins can be 

obtained, the safety concern of the viral vectors could 

potentially outweigh the benefits. Non-viral vectors have 

received great interest due to their safety. Among various 

delivery vectors, polymeric nanocarriers, such as liposome 

and lipid nanoparticles, have proven particularly effective 

because of their versatile assembly strategies for different 

formats of mRNA, efficient encapsulation, high in vivo 

stability, and strong protein expression. Their great 

success has been translated into many clinical and 

commercial developments [34]. 

More attention must be paid to evaluating the immune 

responses induced by various multi-epitope mRNA 

vaccine constructs. While some were able to induce high 

levels of IgG and IFN-γ, a few produced comparable 

immune responses for this particular experiment. By 

constructing a modular mRNA vaccine platform, it would 

be of interest to systematically evaluate the immune 

responses and protection levels induced by individual 

epitope mRNA constructs when delivered as a mix or as 

separate doses. In any case, the results still provided a 

clear proof-of-concept. The multi-epitope and multi-

platform vaccine constructs generated a strong enough 

humoral and cellular immune response to provide 

protection against methicillin-resistant Staphylococcus 

aureus infection [70]. 

 

8.2 Comparison with Existing Vaccines 
Staphylococcus aureus is a serious human pathogen, 

and methicillin-resistant Staphylococcus aureus (MRSA) is 

a prominent cause of severe and hard-to-treat infections. 

Most MRSA infections occur in hospitals and health 

centers, where strains typically resistant to multiple beta 

lactams and numerous other antibiotics are the prevalent 

clones. This study produced and evaluated, for the first 

time, a fully synthetic multi-epitope, RNA-based vaccine 

targeting the S. aureus surface protein clumping factor A 

and iron-acquisition proteins SdrD and SdrE. This vaccine 

comprises multiple in silico predicted and empirically 

validated B- and T-cell epitopes with beneficial features in 

terms of size and hydrophilicity, making it favorable for 

epitope presentation and immune recognition [71]. 

The appetite for drugs and vaccines that are less 

environmentally harmful than antibiotics stems from the 

increasing incidence for human pathogens resistant to all 

known antibiotics, a category that now includes MRSA 

clones. Vaccination against MRSA is a promising 

complement to antibiotic treatment and prudent use 

against non-resistance-selective, Gram-positive pathogens 

such as enterococci, where antibiotic pumps are non-

virulence factors. Staphylococcus aureus is a prominent 

community antibiotic resistance problem. Vaccination 

against non-resistance selective SA strains is promising for 

public health, but there are no recognized vaccine 

candidates of heading efficacy. Cooties often come with 

God’s rainbow, for such vaccines would also protect 

against the similar and even more common community, 

MSSA [72]. 

Recent emphasis has targeted the clumping factor A and 

diverse iron-acquisition proteins SdrD and SdrE, covering 

the top of surface SA protein antigen hierarchy. Each 

protein is considerably divergent among S. aureus strains, 

but they are nearly conserved in the ~500 representative 

phylum-level strains from diverse animal species. Each 

protein is also nearly surface-exposed and non-homologous 

to any human proteins and pathogens being delivered in a 

particulate manner, stabilizing former protein epitopes [6]. 

Vaccination with the natively folded ClfA developed with 

follow-up anti-ClfA sera will efficiently target 244 out of 

the 335 tested SA clades of epidemic/epizootic potential, 

while the SdrD and SdrE iron-acquisition proteins will 

collectively target substantially all the remaining clades, for 

a total protection coverage exceeding 78% for clade C1, the 

most common one [16]. 

 

8.3 Future Directions 
Despite the limitations of mRNA vaccines, they continue 

to be explored as promising candidates [1]. As vaccines 

often failed to elicit adequate protection in older patients, 

information on the mutational landscape of coronaviruses, 

influenza viruses. It is also important to note that an 

antagonistic granzyme expression is capable of inhibiting 

mRNA vaccine actions against tumor cells in older patients. 

Using light and electron microscopy, the post-renal 

transplant infection of a 73-year-old male patient with a 

history of bladder cancer was described. Further laboratory 

testing and whole-genome sequencing provided additional 

perspectives against adjuvant therapy and axitinib 

treatments. The first-generation direct-acting antiviral 

agents target the NS3-4A serine protease and NS5B 

polymerase to inhibit viral replication. The advancement in 

bioinformatics tools allowed genome-wide sequence 

analysis of various Hepatitis C Virus isolates and the 

identification of conserved sequences in the genome, which 

were later applied to design peptides for vaccine 

development. This study provides a hypothetical model for 

an epitope-based vaccine to invoke robust immune 

responses [6]. In silico analysis predicts the antigenic 

potential, immunogenicity, and druggability of the putative 

targets. The 3D structure of the proteins is generated and 

the crucial residues interacting with the ligand compounds 

were predicted to evaluate the binding affinities. Further 

simulations and refinement of the vaccine construct using 

prominent techniques are required for assessing the 

efficacy of the vaccine against Staphylococcus aureus. 
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9 Regulatory Considerations 
Organization such as provide guidance for clinical 

development of vaccines against infectious diseases. This 

VACCINE was developed in compliance with 

international guidance pursued by these organizations. A 

consultation request package will be developed uniquely 

for VACCINE. Investigational Clinical Trial Application 

including all required documents will be prepared to get 

approval from local authority to start clinical trial to obtain 

data regarding safety and immunogenicity of vaccine in 

human volunteers. Technical Review Package including 

Regulatory Compliance, Chemistry Manufacturing 

Controls, Pre-clinical Study Report and Clinical Study 

Report will be prepared and submitted to Medical Product 

Agency and other recognized consultation agencies [73]. 

• Regulatory Compliance: All activities very well-

established as per applied laws and guidelines. 

Documentation required laws were compiled in 

place and adequate information is presented in the 

technical review package. A quality management 

system is implemented in accordance with 

ISO13485:2016. Required staff knowledge and 

qualifications are available as per requirement 

[74]. 

• Chemistry Manufacturing Controls: The 

technology transfer, scale-up of manufacture and 

analytical methods were successful and the facility 

was validated for production of mRNA product. 

The mRNA production and purification operating 

within a validated range generates product with 

the desired quality characteristics. Additional 

characterization of drug product showed batch-to-

batch consistency across 3 batches produced by 

the clinical scale process. Information is presented 

regarding the proposed mRNA product is 

constructed from the validated mRNA and safety 

aspects have been adequately considered during 

the design of VACCINE as part of an overall risk 

assessment [75]. 

• Pre-clinical Study Report: In-house formulated 

VACCINE is produced at 200 mg/preparation. 

Characterization of the formulation demonstrates 

the identity and integrity of the mRNA construct. 

Pre-clinical studies were appropriately designed 

with adequate 2D and 3D structure 

characterization methodology to assess safety, 

reactogenicity/irritancy, and immunogenicity of 

VACCINE of mRNA delivery vehicle in a model 

relevant to the intended use in humans. Only 

complete studies used for vaccine candidate 

selection are included in the report. In-house 

formulated mRNA vaccine survived 10 months 

under storage condition [76]. 

• Regulatory Compliance: Registry information is 

presented for all trails and has been entered in. 

VLP-efficacy trials conducted in infected mice and 

rats have been peer reviewed. Discovery trials for 

efficacy were considered adequate. 

A guidance for Series Expiry is presented for case 

wherein decision was reached to double the shelf-life on 

consideration of evidence presented on storage testing. No 

evidence of HF in pre-clinical species has been presented at 

this time point [77]. 

 

9.1 Preclinical Regulatory Guidelines 
Current regulatory frameworks for the preclinical 

evaluation of the immunogenicity and efficacy of a 

candidate vaccine against infectious diseases, particularly 

bacterium pathogens, have been based primarily on 

recommendations supplied by relevant regulatory bodies. 

Information on the safety and toxicity evaluation of such 

vaccines can be found in established guidelines. Vaccines 

for infectious disease should not be subject to the same 

degree of preclinical evaluation prior to first-in-human 

exposure as are medicinal products for other aims. The 

fundamental principles of vaccine development after the 

mid-1970s relevant to preclinical evaluation have been 

published. Further refinement of these principles is needed, 

specifically in the context of emerging infectious diseases 

and bioterrorism efforts. Development of a new vaccine 

class based on a heterologous delivery platform also raises 

safety considerations that need to be addressed. There is a 

dire need for guidance and training on good regulatory 

practice for vaccine developers in developing countries and 

for fostering cooperation among regulatory agencies [78]. 

The goal of preclinical development within a 

pharmaceutical firm is to perform experiments leading to 

the manufacture of safe and efficacious immunobiologic 

products for use in human clinical trials. This goal is 

technically demanding and akin to drug development, but 

there are important differences in approach. Before the 

drug can enter clinical trials, the active pharmaceutical 

ingredient must undergo an extensive series of analytical, 

preparatory and safety studies. In contrast, vaccines are 

large molecules generated in biological systems. They 

undergo an extensive system of manufacturing and control 

methods and are significantly better characterized than 

therapeutic agents. Most of the assays and studies used to 

characterize the safety and efficacy of vaccines on animals 

also apply to humans. Candidate vaccines enter preclinical 

evaluation after being partially characterized and are tested 

in a series of ongoing steps using improving tests and 

models to further characterize the candidate vaccine in 

terms of its safety, immunogenicity and efficacy. Because of 

this rapid flux of information, safety concerns and 

regulatory requirements change quickly. Improved 

vaccines pose significant safety and logistics concerns. New 

strains of infectious agents pose unique stability and safety 

concerns. Because of these differences, and due to concerns 

and frustrations expressed by both regulatory officials and 
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vaccine developers, vaccines require a special review of 

the ongoing preclinical development process and the 

evaluations needed prior to human clinical trials [79]. 

 
9.2 Ethical Considerations 
The MRSA vaccine is intended for use in animal species 

that are prone to causing MRSA infections in humans. 

Veterinary products require approval by nation-specific 

veterinary regulatory authorities and must comply with 

their respective applicable guidelines. Nonclinical 

information that supports the vaccine, both from historical 

pre-clinical studies and new studies, must be prepared in a 

format that complies with the specific authority 

guidelines. The need for further nonclinical studies 

depends on the similarity of the final candidate vaccine to 

a previous vaccine that has been approved [80]. 

These regulatory guidelines require specific pre-clinical 

safety studies; for example, the minimum requirements 

include:  

• In the target species, an assessment covering at 

least the administration route, target site of 

administration, method of preparation, and 

strength of the vaccine formulation shall be 

studied. Any residue depletion trials and 

withdrawal times for live vaccines should also be 

considered. 

• Studies in non-target species and animals, which 

are technically feasible. These studies are to be 

carried out in healthy non-target species, 

preferably belonging to a different order than the 

target species. Suitable species, ages, and sex 

should be chosen if applicable. The preliminary 

studies should cover the complete potential 

release and exposure, including the route of 

administration and exposure periods [81]. 

Studies should cover two levels of safety assessment: 

those addressing immediate symptoms, vigilance after 

receiving the product, and an internal clinical observation 

should be required [6]. If there are no unacceptable toxic 

effects arising, a more detailed chronic 

biodistribution/vaccination study on a selleb species 

should be prepared. These studies must defend key points 

that could otherwise be raised: For instance, why do bio-

distribution studies not have a ‘working strength’ vaccine 

containing a manufacturing cellular debris? This is partly 

to preclude worrying residues, partly because regulation 

deems it unnecessary. Otherwise, preparation, route, 

species, and even potential exposure time of a permissible 

level, MFD, must be defended. Moreover, other claims 

must be justified too, such as those surrounding antigen 

administration, safety, and possible adverse reactions [82]. 

 

 

 

 

10 Potential Impact on Public Health 
The community impact of methicillin-resistant 

Staphylococcus aureus (MRSA) continues to present 

significant concerns to public health, and the need for new 

treatment options is urgent [1]. Globally, MRSA infections 

occur in both healthy community members and people 

with established risk factors. Serious S. aureus infections 

can result in significant morbidity and mortality, and can 

require extensive medical treatment. Up to 157,000 cases of 

invasive MRSA infections occur annually in the United 

States, causing at least 11,000 deaths. The rate of a systemic 

infection and intra-abdominal infections has steadily 

increased. In one study, 75% of patients with wound 

infections had prior MRSA colonization. The development 

of a novel mRNA vaccine has the excitement and energy of 

a newly discovered cure that will impact public health [6]. 

This opportunity is one that appeals to those who wish to 

improve the life for patients suffering from the 

consequences of MRSA infections. 

The global burden of antibiotic-resistant infectious 

diseases can hardly be overstated, with the threat of 

uncontrolled disease resurgence becoming increasingly 

likely. Although there are drugs available to combat 

antibiotic-resistant or multi-drug resistant infections, 

generally such medications are toxic, too expensive for the 

general population, or a combination of both. With this in 

mind, a new mRNA vaccine for the treatment of MRSA can 

have a global impact as a fast, safe, and easy means to 

prevent infection. Beyond the impact the vaccine may have 

on public health, it will open up new avenues of research 

for the understanding of mRNA mechanism. Research 

focused not only on just the technology itself, but also the 

potential engineering of mRNA vaccine treatment for 

various diseases. The proposed new mRNA vaccine has 

direct significance for today’s public health, but has the 

opportunity to lead to breakthroughs in biodefense and 

clinical care for generations to come [83]. 

 

10.1 Addressing Antibiotic Resistance 
The bacterial pathogen Staphylococcus aureus (SA) 

primarily affects the skin, respiratory tract, and mucosa, 

causing diverse infections in previously healthy infants and 

adults. All strains of methicillin-susceptible SA developed 

antibiotic-resistant strains mainly against β-lactams, with 

the emergence of MRSA. Due to the production of β-

lactamase and HLA-like Z-like (Z) protein that prevents the 

binding of β-lactam antibiotics to penicillin binding protein 

2 (PBP2), the pathogenicity of MRSA is higher than that of 

methicillin-sensitive strains. Ultimately, MRSA strains 

develop a high level of resistance to all β-lactams, 

excluding glycopeptides. The worldwide emergence of 

MRSA has elevated the rate of mortality and morbidity 

among patients with HA-MRSA infections due to their 

hospital-acquired and chronic characteristics. MRSA 

infections complicate a wide variety of clinical diseases in 
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humans and livestock pets and cause serious economic 

losses in the livestock industry [6]. Additionally, the 

international spread of community-acquired MRSA strains 

poses a challenge to public health surveillance. To date, no 

effective vaccines against MRSA have been approved or 

commercialized for human or porcine usage, although 

many vaccine candidates have been developed and 

evaluated in preclinical and early-phase clinical studies. 

Using the subcutaneous route, mucosal route, or both 

routes is important for MRSA vaccine candidates. 

Because antibiotics are the predominant drug choice to 

treat SA and MRSA infections, this creates a 

disproportionate increase in antibiotic-resistant strains. 

Vaccines are widely accepted as cost-effective methods for 

prevention. Biochemical and biophysical studies of many 

successful vaccine candidates inspired moral concerns 

regarding the development and use of subunit vaccines. 

Most vaccine candidates use recombinant or eluted 

proteins, which often lack sufficient anti-S. aureus 

immunity to be effective on their own. Natural product 

scaffolds that are complex mixtures of many bioactive 

compounds, some of which enhance the efficacy of the 

desired targets, have long been known in traditional folk 

medicines as highly effective treatments for various 

disease processes. S. aureus protein with confirmed 

treatment capability specifically elicits robust and 

sustained antibody responses to the target strain [84]. 

However, resistance through its virulence proteins may 

diminish the long-term effectiveness of monoclonal 

antibodies. Efforts to alleviate the need for complex 

formulations in prophylactics have led to research 

focusing on the low immunogenicity of polysaccharide 

capsules compared to protein-based antibiotics, and 

therefore, multivalent options are considered. Compared 

with its counterparts, a multi-target vaccine is likely to 

provide greater success and steam; therefore, interested 

parties should consider a larger target space, which may 

require more innovative methodologies [1]. 

 

10.2 Implications for Vaccine Policy 
The identified multi-epitope mRNA vaccine candidate 

against MRSA has the potential to protect humans from 

highly virulent and antibiotic-resistant MRSA strains. The 

fragmentation is aimed at early identification and 

consequent removal of virulent pathogens, which can be 

further verified the usage of the same epitope in vaccine 

candidates against other pathogens, which can be verified 

extensively in the near future [1]. The analyzed multi-

epitope-based vaccine candidate can also be validated for 

its use in commercial vaccine development processes by 

establishing mRNA vaccine platforms. Effectiveness 

against the whole cell pathogen, further bioinformatics 

study along with molecular docking analysis, and 

concentration of epitopes can be verified by structural and 

simulation studies. Staphylococcus aureus, a Gram-

positive bacterium with high virulence and antibiotic 

resistance, is responsible for skin and soft tissue infections, 

chronic infections, endocarditis, and other life-threatening 

diseases worldwide. The emergence and rise of methicillin-

resistant Staphylococcus aureus (MRSA) strains pose a 

further threat to public health, which is highly virulent and 

resistant to the spectrum of commonly used antibiotics [6]. 

The greater production of virulence factors due to mobile 

genetic elements and the effectiveness of antibiotic 

resistance genes are the major obstacles in the treatment of 

MRSA infections. Vaccination is the only most benefitting 

approach for controlling the disease. However, vaccine 

development against MRSA is extremely challenging due 

to the broader variability and plasticity of the S. aureus 

genome. Hence, successful immunization against MRSA 

demands identification and selection of conserved and 

immunogenic epitopes across widely varying strains [85]. 

 

11 Conclusion 
Methicillin-resistant Staphylococcus aureus (MRSA) is a 

major public health concern because it causes life-

threatening multidrug-resistant (MDR) infections. Various 

therapeutic treatments are employed to eliminate the 

infection. However, the rising rate of resistance of both 

community-acquired and hospital-acquired MRSA strains 

to β-lactams has prompted an investigation into new 

alternatives, such as vaccine development. As most vaccine 

development efforts are focused on whole-bacterium or 

individual-subunit protein candidates, there is an urgent 

need to identify a novel multi-epitope vaccine (MEV) 

candidate through bioinformatic approaches. 

Recent advances in genome sequencing technology very 

quickly provide the sequence of various pathogenic 

microorganisms, and bioinformatics has gained importance 

in vaccine prediction. Bioinformatics approaches can 

predict novel vaccine candidates. The multi-epitope-based 

vaccine consists of epitopes which are antigenic fragments 

of protein; they elicit the immune response to provide the 

host protection irrespective of the strains. In the present 

study, insights were provided into the processes and 

methods used to design a multi-epitope vaccine 

composition against MRSA composed of different regions 

of various surface exposed and virulent proteins predicted 

using various immunoinformatic tools. Further, molecular 

docking studies were performed to show the affinity of the 

epitope-construct to the immune receptors. 

The designed multi-epitope candidate vaccine can 

efficiently elicit both humoral or innate immune responses 

and cellular or high-protective immune responses in order 

to successfully protect the host against various strains of 

MRSA. The findings of the study completely robust and 

warrant further experimental studies for validation in vitro 

and vivo, and clinical trials against MRSA in order to 

propose it as a promising multi-epitope vaccine candidate. 

The potential vaccine candidates can elicit protective 
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immunity against MRSA. The designed multi-epitope 

candidate’s vaccine is potent which will bind with strong 

affinity to TLR-2, TLR-9, and TLR-4 receptors and can 

activate strong immune response profiles as evidenced by 

Immunoinformatic and molecular docking studies.  
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