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Abstract—mRNA-based vaccines have transformed the 

field of vaccinology by enabling rapid design and swift 

updates against newly emerging viruses. Compared with 

older vaccine platforms, they drive a potent “dual arm” 

immune response, stimulating both antibody production 

and cellular immunity. Because their core 

manufacturing process is highly standardized, these 

vaccines can be produced quickly and at relatively low 

cost. The large-scale success of mRNA vaccines during 

the 2019 corona virus pandemic demonstrated their real-

world impact. However, several hurdles remain for their 

broader application. This review summarizes the current 

state of mRNA modification and packaging for vaccine 

delivery, the factors that influence administration routes 

such as intramuscular injection or intravenous infusion, 

the diverse therapeutic uses of mRNA medicines, and the 

challenges in evaluating these treatments across different 

diseases. 
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I. INTRODUCTION: 

 

RNA therapeutics use specific ribonucleic acid 

molecules—such as messenger RNA (mRNA) or 

small interfering RNA (siRNA)—as drugs that act at 

the genetic level to treat disease. This approach offers 

a promising alternative to classical pharmaceuticals by 

directly modulating gene expression, either by 

silencing problematic genes, replacing faulty ones, or 

preventing harmful proteins. As evident from the rapid 

development of COVID-19 vaccines, RNA-based 

strategies have shown great potential in combating 

cancer, rare genetic disorders, and infectious diseases.  

[1] mRNA, in particular, has emerged as a leading 

platform for vaccines against infections and cancer. Its 

advantages over conventional vaccines—such as 

live-attenuated, inactivated, or protein-subunit 

types—include greater versatility and much faster 

development timelines. [2] The COVID-19 pandemic 

shifted mRNA vaccines from niche experimental 

products to mass-use interventions, with hundreds of 

millions receiving doses worldwide. Companies such 

as Moderna and BioNTech rapidly redirected their 

R&D pipelines to design, test, and deploy 

mRNA-based vaccines. [3] 

 

II. MECHANISM OF ACTION: 

 

After intramuscular injection, mRNA vaccines enter 

the body encased in lipid nanoparticles (LNPs), which 

shield the RNA from degradation and facilitate uptake 

into cells via endocytosis. Ionizable lipids within the 

LNPs promote endosomal escape, allowing the mRNA 

to be released into the cytoplasm, where host 

ribosomes translate it into protein. [4] In this process, 

the mRNA is delivered as part of a vaccine 

formulation in which it is packaged within LNPs to 

protect it and enhance cellular internalization.[5] 

 

Protein synthesis: 

In such vaccines, synthetic mRNA encoding a target 

antigen—such as the SARS-CoV-2 spike protein—is 

encapsulated in lipid nanoparticles for stability and 

efficient delivery into host cells. The LNPs fuse with 

the cell membrane or are taken up by endocytosis, 

enabling mRNA to reach the cytoplasm. Once inside, 

the mRNA does not enter the nucleus; instead, it is 

directly recognized by host ribosomes. Translation 

proceeds in three stages: initiation, where the 

ribosome binds to the 5′ cap and the initiator tRNA 
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recognizes the start codon; elongation, during which 

the ribosome moves along the mRNA, and cognate 

tRNAs bring amino acids to form a growing 

polypeptide chain; and termination, when a stop codon 

halts the process and releases the newly synthesized 

protein antigen. [6] After translation, the protein 

undergoes post-translational folding and 

modifications in the endoplasmic reticulum and Golgi 

apparatus, after which it appears on the cell surface or 

is secreted into the extracellular environment. 

 

Immune response: 

mRNA vaccines elicit both innate and adaptive 

immune responses. The innate arm is triggered when 

pattern recognition receptors—such as TLR3, TLR7, 

and TLR8—recognize structural features of the 

mRNA. This recognition induces type I interferons 

and pro-inflammatory cytokines, which act as intrinsic 

adjuvants and help activate antigen-presenting cells, 

especially dendritic cells.[6] After delivery, the 

mRNA is translated within the host cell to produce the 

encoded antigen. Dendritic cells then internalize or 

express this antigen, migrate to lymph nodes, and 

prime T-cell responses. On the adaptive side, 

activation of CD4⁺ T helper cells supports B-cell 

activation, leading to the generation of high-affinity 

neutralizing antibodies that can block infection. In 

parallel, CD8⁺ T-cell responses contribute to cellular 

immunity against infected or abnormal cells. [6] 

 

III. TYPES OF MRNA VACCINES: 

 

mRNA vaccines are broadly categorized into two main 

groups: non-replicating (conventional) mRNA 

vaccines self-amplifying mRNA(saRNA) vaccines, 

both of which are being explored for preventive and 

therapeutic immunization. Non replicating mRNA 

consist of a single stranded mRNA molecule encoding 

the desired antigen, flanked by key structural elements 

such as a 5′ cap, untranslated regions (UTRs), an open 

reading frame (ORF), and a poly(A) tail. Once inside 

the cell, the mRNA is translated into the target antigen, 

which then stimulates an immune response. Because 

this mRNA does not encode its own replication 

machinery, antigen expression is transient and 

typically requires higher doses to achieve effective 

immunogenicity. Despite this, non-replicating mRNA 

vaccines are widely favored for their conceptual 

simplicity, safety profile, and ease of large-scale 

manufacturing. [6, 12, 13]  

Self-amplifying mRNA vaccines encode not only the 

antigen of interest but also viral replicase genes 

derived from alphaviruses. These replicase proteins 

enable intracellular amplification of the mRNA, 

producing multiple copies of the antigen-encoding 

RNA and thereby increasing both the amount and 

duration of antigen expression. This amplification 

allows saRNA vaccines to induce strong immune 

responses at lower doses than conventional mRNA 

vaccines. However, the larger size and greater 

structural complexity of saRNA can complicate 

stability, delivery, and large-scale production. [6, 12, 

13] 

 

IV. ADVANTAGES 

 

mRNA vaccines offer several important advantages 

over traditional vaccine platforms, making them a 

game-changing approach in modern vaccinology. One 

of the most notable benefits is their rapid and flexible 

design: once the genetic sequence of a target antigen 

is known, an mRNA vaccine candidate can be 

generated quickly without the need to culture the 

pathogen or use complex protein-expression systems. 

This feature proved critical during the COVID-19 

pandemic, where vaccine candidates were designed 

within weeks of virus sequencing. [6, 7, 8, 10] Because 

mRNA operates in the cytoplasm and is naturally 

degraded after translation, it carries no risk of genomic 

integration and is considered non-infectious, which 

contributes to a favorable safety profile. mRNA based 

vaccines also support the induction of both humoral 

and cellular immunity, including robust activation of 

CD4⁺ and CD8⁺ T cells, due to endogenous antigen 

synthesis and presentation via major 

histocompatibility complex molecules. They are 

highly adaptable and can be readily modified to 

encode multiple antigens or to target emerging viral 

variants, making them well suited for rapidly evolving 

pathogens. The manufacturing process is cell-free and 

relies on in vitro transcription, which simplifies 

scale-up and reduces contamination risks. Advanced 

delivery systems, such as lipid nanoparticles, improve 

mRNA stability and enhance intracellular delivery. In 

the case of self-amplifying mRNA platforms, 

additional benefits include prolonged antigen 

expression and dose-sparing effects, which may 
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further strengthen immunogenicity and reduce 

production costs. [6, 7, 8, 10] 

 

V. LIMITATIONS: 

 

mRNA vaccines face several limitations that may 

affect their widespread adoption. A major challenge is 

the need for strict cold-chain conditions, as mRNA is 

inherently unstable and highly sensitive to 

ribonuclease-mediated degradation. Early COVID-19 

mRNA vaccines required ultra-low-temperature 

storage (around −70 °C), which posed logistical 

difficulties, especially in low- and middle-income 

settings. [14, 15] Although improvements in LNPs and 

other formulations have enhanced thermal stability, 

maintaining appropriate storage remains essential for 

preserving vaccine potency. chemical instability also 

arises from the single-stranded nature of mRNA, as it 

is prone to hydrolysis and oxidation, which can impair 

translational efficiency and shorten shelf life. Another 

important limitation is the relatively high cost of 

production and distribution, driven by the need for 

specialized manufacturing infrastructure, modified 

nucleosides, advanced lipid carriers, and cold-chain 

logistics. Scaling up global supply requires 

sophisticated facilities and stringent quality-control 

measures, further increasing expenses. Research is 

actively focused on developing thermostable 

formulations and more economical production 

strategies, but these issues continue to pose barriers to 

equitable global access. [14, 15] 

 

VI. FUTURE PROSPECTS: 

 

The future of mRNA vaccines is highly promising, 

with expanding applications beyond infectious 

diseases into personalized medicine, cancer 

immunotherapy, and other therapeutic areas. In 

oncology, personalized mRNA vaccines are being 

designed to target patient-specific tumor neoantigens, 

derived from genomic sequencing of an individual’s 

cancer. These vaccines aim to generate immune 

responses that selectively attack malignant cells while 

largely sparing healthy tissues, paving the way for 

precision cancer therapy. [16, 17] Beyond cancer, 

mRNA platforms are being evaluated for vaccines 

against influenza, HIV, and other emerging viral 

threats. The flexibility of mRNA allows for rapid 

adaptation to new variants, as seen with updated 

COVID-19 vaccines. Efforts are also underway to 

develop multivalent or combination mRNA vaccines 

that can simultaneously target multiple pathogens or 

antigens, improving vaccination coverage and 

efficiency. Advances in delivery include 

next-generation lipid nanoparticles, polymer-based 

carriers, and tissue-targeted delivery systems, all 

aimed at improving cellular uptake and immune 

stimulation while minimizing side effects. [16, 17] 

Researchers are also exploring thermostable mRNA 

formulations that can be stored at higher temperatures, 

which would reduce dependence on cold-chain 

infrastructure and improve deployment in 

resource-limited regions. Self-amplifying mRNA and 

newer RNA platforms, such as circular RNA 

(circRNA), are being investigated for their ability to 

sustain antigen expression and enhance stability, 

potentially enabling lower doses and lower 

manufacturing costs. In addition, mRNA technology is 

being applied to protein replacement therapies, 

correction of genetic disorders, and regenerative 

medicine. [16, 17] 

 

VII. CONCLUSION 

 

In summary, mRNA vaccines represent a major 

advance in vaccine science, providing a flexible, rapid, 

and highly effective platform for preventing and 

treating a wide range of diseases. Their classification 

into non-replicating and self-amplifying types reflects 

the trade-off between simplicity and enhanced 

immunogenicity .The advantages—such as strong 

immune responses, good safety, and rapid 

development—were clearly demonstrated during the 

COVID-19 pandemic ,[6, 7, 8, 10] Although current 

challenges related to stability, storage, and cost persist, 

ongoing research is actively developing improved 

formulations and delivery systems to address these 

issues .[14, 15, 16, 17]Looking ahead, the potential 

applications in personalized medicine, cancer 

immunotherapy, and emerging infectious diseases 

highlight the central role that mRNA vaccines are 

likely to play in the future of global health, positioning 

them as a cornerstone of next-generation therapeutics 

and preventive strategies. 
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