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Abstract—The rapid and successful deployment of 

messenger RNA (mRNA) vaccines against the SARS-

CoV-2 virus marked a pivotal moment in vaccinology, 

fundamentally shifting the paradigm for immunization 

and therapeutic development. Initially relegated to niche 

research, the technology demonstrated unprecedented 

speed, flexibility, and efficacy during the COVID-19 

pandemic. This review explores the fundamental 

molecular architecture and mechanism of mRNA 

vaccines, focusing on the critical role of lipid 

nanoparticle (LNP) delivery systems. Crucially, it 

examines the vast therapeutic landscape now being 

aggressively explored beyond infectious disease 

prevention, including personalized cancer 

immunotherapy, prophylaxis against persistent 

pathogens like HIV and influenza, and treatments for 

genetic disorders. Despite challenges related to stability 

and manufacturing costs, ongoing innovations in RNA 

design (e.g., self-amplifying mRNA) and delivery 

platforms suggest that mRNA technology is poised to 

become a core pillar of twenty-first-century precision 

medicine. 

 

Index Terms—Cancer immunotherapy, COVID19, 

immunisation, infectious disease, lipid nanoparticles, 
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I. INTRODUCTION 

 

 The concept of using nucleic acids to instruct the 

body's cells to produce therapeutic proteins was first 

demonstrated in the 1990s, but the inherent instability 

and strong immunogenicity of exogenous mRNA 

posed significant development hurdles for decades. It 

was the urgency of the 2020 global pandemic that 

accelerated the application of this innovative platform, 

resulting in the rapid authorization of two highly 

effective mRNA vaccines for COVID-19. This success 

was built on foundational breakthroughs, notably the 

use of nucleoside modifications (like N1-

methylpseudouridine) to reduce inflammatory 

responses and increase protein translation, and the 

perfection of Lipid Nanoparticle (LNP) delivery 

systems.  

 

Today, the infrastructure and knowledge gained are 

being leveraged to tackle some of the most persistent 

public health challenges, including refractory cancers, 

chronic infectious diseases, and rare genetic 

conditions. The modularity and speed of the mRNA 

platform-where only a genetic sequence needs to be 

changed to target a new antigen-position it as a 

superior alternative to traditional, slower vaccine 

production methods.  

 

A. Molecular Design and Mechanism of Action The 

fundamental principle of an mRNA vaccine is 

straightforward: 

 

It functions as a temporary molecular blueprint. This 

blueprint instructs the host cell's machinery to 

synthesize a specific protein-the antigen-which is then 

recognized by the immune system to build protection.  

 

1.Key Structural Components. 

A functional mRNA vaccine transcript is an in vitro 

transcribed (IVT) molecule designed to mimic 

endogenous eukaryotic mRNA while maximizing 

stability and translation efficiency. Its essential parts 

include: 
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1. 5’Cap: A modified guanosine nucleotide 

crucial for ribosomal binding and protecting 

the mRNA from degradation by exonucleases.  

2. 5' and 3' Untranslated Regions 

(UTRs): Sequences flanking the coding 

region that do not code for protein but are 

critical for regulating mRNA stability and 

translational yield. UTRs from highly 

expressed human genes, such as alpha-globin, 

are often used for optimization.  

 

3. Open Reading Frame (ORF): The coding 

region for the target antigen, often codon-

optimized to match the preferred codons of 

human cells, further boosting expression.  

 

4. Poly(A) Tail: A long stretch of adenosine 

nucleotides at the 3' end that enhances 

translation initiation and protects against 

degradation 

 

 
 

1. Types of mRNA Vaccines  

•mRNA vaccines are broadly categorized into two 

types: 

 • Non-Replicating mRNA (Non-Rep): This is the 

format used in the original COVID-19 vaccines. The 

mRNA molecule only encodes the antigen of interest. 

It is translated once and then degraded. 

 

 •Self-Amplifying mRNA (sa-mRNA): Derived from 

alphaviruses, sa-mRNA encodes not only the target 

antigen but also viral replication enzymes. This allows 

the RNA transcript to be copied multiple times inside 

the host cell, leading to significantly higher and 

longer-lasting protein expression from a lower dose. 

This approach is highly promising for improving dose-

sparing and therapeutic efficacy . 

 

2. Mechanism of Immune Activation 

Activation of the Immune Response An antigen-

presenting cell (APC), like a dendritic cell, absorbs the 

LNP and releases the mRNA into the cytoplasm. The 

foreign antigen protein is translated from the mRNA 

by the ribosomes. After then, this protein is broken 

down into tiny peptides.These peptides are mostly 

displayed on MHC Class II molecules to activate 

CD4+ helper T cells, which aid in B cell maturation 

and antibody production, and on Major 

Histocompatibility Complex (MC) Class I molecules 

to activate CD&+ cytotoxic T cells, which eliminate 

contaminated or malignant cells. Compared to many 

conventional vaccine platforms, this simultaneous 

induction of humoral (antibody) and cellular (T cell) 

immunity is a major advantage. 
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B.  Lipid Nanoparticle (LNP) Delivery Systems 

The Significance of Lipid Nanoparticles (LNPs) The 

creation of extremely efficient delivery methods, 

namely LNPs, was the real technological advance that 

made mRNA vaccines possible. RNases in the 

bloodstream quickly break down mRNA, a big, 

delicate, negatively charged molecule that is unable to 

pass through cell membranes on its own. LNPs address 

these issues by:  

1. Protection: The mRNA is encapsulated to 

prevent destruction.  

2. Delivery: Enabling effective cell uptake.  

Four essential elements make up the LNP shell: 

cholesterol (for structural stability), phospholipids (for 

membrane integrity), PEG-lipids (to regulate particle 

size and extend circulation time), and an ionizable 

cationic lipid (the core component, which is positively 

charged at low pH for encapsulation but neutral at 

physiological pH to prevent toxicity). 

 

Lipid components Functions Examples 

Ionizable lipid - Nucleic acids complexation - Membrane fusion -ALC-0315 -SM-102 

Phospholipid -Complex support -Provide highly stable structure(saturated 

lipids) and endosome destabilization(unsaturated lipids) 

-DSPC, DPPC(saturated lipids) 

-DOPE(unsaturated lipids) 

Cholesterol - Integrity - Endosomal release -Cholesterol 

PEGylated lipid -Hydrophilic surface - Steric hindrance -“Stealth” effect -ALC-0159 -PEG-DMG 

 

C. Recent advances are focused on:  

•Thermostability: Developing lyophilized (freeze-

dried) formulations or utilizing novel LNP 

compositions to remove the ultra-cold chain storage 

requirement, enhancing globa distribution. • 

Targeting: Engineering LNPs to selectively target 

specific organs (e.g., the lymph nodes or spleen) rather 

than primarily the liver, to achieve a more potent and 

focused immune response.  

• Al Optimization: Using machine learning and deep 

learning models (such as AGILE and TransLNP) to 

screen and predict optimal LNP compositions, 

rapidly accelerating the discovery of formulations 

with superior transfection efficiency and lower 

toxicity.  

 

D. Applications Beyond Infectious Disease  

• The versatility of the mRNA platform has led to a 

massive expansion of research and clinical trials 

beyond prophylactic vaccines for infectious diseases.  

 

1. Oncology: Personalized Cancer 

 • Immunotherapy 

This is arguably the most transformative area for 

mRNA technology. Unlike traditional cancer 

treatments, mRNA vaccines aim to activate the 

patient's own immune system to recognize and attack 

malignant cells. 

 • Neoantigen Targeting: Cancers possess neoantigens 

unique surface proteins resulting from tumor specific 

mutations. Personalized mRNA vaccines are rapidly 

manufactured to encode up to 34 patient-specific 

neoantigens identified from a biopsy. This allows for a 

highly specific and targeted immune attack that spares 

healthy tissue. 

 

Clinical Success: A leading example is the 

individualized neoantigen vaccine mRNA-4157 

(Moderna/Merck), which, when combined with the 

immune checkpoint inhibitor pembrolizumab 

(KEYTRUDA), demonstrated a statistically and 

clinically significant improvement in recurrence-free 

survival for high-risk melanoma patients. 

 • Next-Generation Targets: Researchers are now 

tackling historically challenging cancers like 

pancreatic cancer, where personalized mRNA 

vaccines are showing promise by inducing long-term 

T-cell responses and demonstrating antitumor efficacy 

against highly metastatic forms like peritoneal 

dissemination. 

 

2.Persistent and Emerging Infectious Diseases: The 

platform's adaptability is     crucial for pathogens that 

mutate frequently or have evaded traditional vaccine 

approaches: •Universal Influenza: Instead of 

producing a new seasonal vaccine annually 

researchers have developed multivalent mRNA 

vaccines encoding antigens from all 20 known 

influenza virus subtypes, aiming to provide broad, 

long-lasting protection against future pandemics.  

• HIV and Malaria: Traditional vaccines for these 

complex diseases have struggled to elicit the correct 



© January 2026 | IJIRT | Volume 12 Issue 8 | ISSN: 2349-6002 

IJIRT 190480 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 1290 

neutralizing antibody responses. mRNA technology 

allows for precise, sequential delivery of antigens that 

may guide the immune system toward a broad 

protective response 

 • Respiratory Syncytial Virus (RSV): Following its 

success in COVID-19, mRNA technology led to the 

first FDA-approved. RSV mRNA vaccine, 

demonstrating its capability for other common 

respiratory pathogens.    

 

3.Therapeutic Applications (ProteinReplacement): 

 • Beyond immunity, mRNA is being explored as a 

simple drug delivery system. For patients with genetic 

disorders who lack a functional protein (e.g., in cystic 

fibrosis or muscular dystrophy), mRNA can be 

delivered to tissues to temporarily produce the missing 

therapeutic protein. This application represents a 

significant move into the realm of rare and orphan 

diseases. 

 

E. Challenges and Future Outlook 

 • While the future of mRNA technology is bright, 

several pharmaceutical and logistical hurdles must be 

overcome to realize its full global potential. 

 

Challenge Proposed innovation/ Future 

Direction 

Storage & 

Distribution 

Lyophilization (Freeze-drying): 

Eliminating the need for ultra-cold 

storage (e.g ; -80 degree C) to 

facilitate distribution in low-resource 

settings. 

Manufacturing 

cost & access 

Self-amplifying mRNA (sa-mRNA): 

Requires significantly lower doses ‘ 

reducing the cost per patient and 

enabling faster production scale-up. 

Delivery 

precision 

Targeted LNPs: Developing novel 

lipid formulations or order carriers 

(e.g: polymer-based hybrid 

nanoparticles) to specifically deliver 

mRNA to certain cell types or 

organs, minimizing off-target effects. 

Efficacy in 

cancer 

Combination therapy: Integrating 

mRNA vaccines with cutting-edge 

treatments like immune checkpoint 

inhibitors or CAR-T cell therapy to 

overcome the immunosuppressive 

tumor microenvironment 

 

 

 

II. INNOVATIONS IN MRNA VACCINE 

DESIGNS 

 

mRNA vaccine technology has long been available but 

received worldwide attention for its success in 

COVID-19 management through Pfizer and Moderna 

vaccines. Although these mRNA vaccines are 

effective, they are hampered by some limitations, 

including temperature sensitivity that requires 

ultracold chain maintenance and an innate immune 

response that triggers inflammation and results in 

adverse effects. Therefore, new technology platforms 

are also being explored to improve the efficiency and 

stability of these vaccines. 

One of the biggest breakthroughs is the creation of 

"multivalent mRNA vaccine platforms" that code for 

antigens of multiple strains or pathogens. This is 

especially important in the face of rapid mutations and 

variants of concern seen with SARS-CoV2 and flu. 

Breakthroughs have allowed the creation of vaccine 

platforms coding for multiple flu subtypes. This is also 

being pursued in "cancer immunotherapy," especially 

with the help of mRNA vaccine platforms against 

tumor-specific "neoantigens." Clinical trials have 

demonstrated improved survival in "melanoma 

patients with BioNTech’s BNT111." 

Future developments include dendritic cell (DC) 

mRNA vaccines, which incorporate tumour-specific 

mRNA into various DC subsets (myeloid and 

plasmacytoid dendritic cells). There is greater 

targeting of antigens via MHC I and II pathways, as 

well as enhanced activation of cytotoxic T cells. 

Additionally, dendritic cells can be expanded more 

easily ex vivo, making them amenable to personalised 

treatments. Further, artificial intelligence (AI) 

applications in mRNA vaccines are now forthcoming. 

Other developments include mRNA structural 

optimization, self-replicating mRNAs requiring lower 

dosing, thermostabilized formulations stable at 2-8 °C, 

different delivery methods rather than lipid 

nanoparticles, and incorporation of an adjuvant to 

promote immunogenicity. 

 

III. CONCLUSION 

 

mRNA vaccine technology has irrevocably 

transformed the field of modern medicine. What began 

as a rapid response to a global pandemic has now 

established itself as a versatile, powerful platform for 
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precision medicine. From creating universal vaccines 

for continually mutating viruses to engineering highly 

personalized immunotherapies against malignant 

tumors, the potential of this technology is immense. 

Continuous advancements in molecular engineering, 

nanotechnology, and artificial intelligence will 

undoubtedly drive the next generation of mRNA 

therapeutics, moving them from emergency 

interventions to cornerstones of routine healthcare and 

drug development. 
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