International Journal of Innovative Research and Practices

Vol.14, Issue 4, Apr 2026
ISSN 2321-2926

MRNA Vaccines: Molecular Engineering, Clinical Applications,
Current Challenges, and Future Perspectives

Madhava Rao Panchareddy’, Sujatha Peela’ and SPD Ponamgi®

12 Dept of Biotechnology, Dr.B.R. Ambedkar University - Srikakulam
*Dept of Biotechnology, Andhra University — Visakhapatnam

Abstract: Messenger RNA vaccine technology has transformed modern vaccinology by providing a rapid,
flexible, and highly adaptable platform for preventing infectious diseases and treating cancer. Unlike
conventional vaccines, mRNA vaccines employ synthetic genetic sequences that direct host cells to produce
target antigens, thereby eliciting both humoral and cellular immune responses. Recent advances in
nucleoside modification, codon optimization, and lipid nanoparticle (LNP) delivery systems have
substantially improved mRNA stability, translation efficiency, and safety, enabling successful large-scale
clinical implementation. Beyond their pivotal role during the COVID-19 pandemic, mRNA vaccines are now
being developed for seasonal influenza, respiratory viral infections, personalized cancer immunotherapy,
protein replacement therapies, autoimmune diseases, and transient gene editing. Personalized neoantigen
vaccines combined with immune checkpoint inhibitors have demonstrated encouraging clinical outcomes in
melanoma, pancreatic cancer, and non-small-cell lung cancer. Similarly, the rapid manufacturing capability
of mRNA technology.
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degraded by extracellular ribonucleases (RNases),
and the intense innate inflammatory reactions

1. Introduction and Historical Context

For over a century, the field of vaccinology relied
almost exclusively on attenuated pathogens,
inactivated viruses, or recombinant protein subunits
to stimulate host immunity [13]. While highly
effective against stable viral vectors, these
traditional platforms feature long manufacturing
timelines, complex  biological  purification
protocols, and a constant risk of egg-adaptive or
cell-line-derived structural mutations [12,71-75].
The emergence of mRNA  technology
fundamentally redefined this landscape [1,2,15]. By
using host cellular machinery to translate
synthetically engineered genetic material into
specific antigens, mRNA platforms act as a
programmable plug-and-play code for immune
system training [4,14,15].

Though thrust into global prominence during
the COVID-19 pandemic, the conceptual
framework of mRNA therapeutics required decades
of incremental breakthroughs [16,23,24]. Early
research was heavily bottlenecked by the profound
instability of naked RNA, which is rapidly
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driven by toll-like receptors (TLRS) recognizing
exogenous single-stranded RNA [4,5,17-20]. A
critical turning point occurred with the discovery
that replacing standard uridine with naturally
occurring  modified nucleosides, such as
pseudouridine (¥) or NI-methylpseudouridine
(m1Y¥), significantly suppresses TLR-3, TLR-7,
and TLR-8 activation [5,18]. This modification
bypasses cellular antiviral sensor pathways,
enabling stable, high-yield translation of target
antigens inside the host cell without inducing
immediate self-limiting interferon cascades [19-
22].Following the global distribution of billions of
COVID-19 vaccine doses, mRNA technology has
matured into a robust, validated medical platform
[3,10,23-27]. Attention has now shifted toward
complex clinical applications that were previously
restricted by the constraints of conventional
biological manufacturing [25,26]. Today, mMRNA
platforms are spearheading a massive clinical
expansion into multi-valent seasonal prophylaxis,
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chronic infectious diseases, and highly personalized
therapeutic oncology [6,15,24-27].

2. Molecular Architecture and Delivery
Engineering

The clinical utility of an mRNA vaccine depends
entirely on its structural design and the delivery
vector that protects it until it reaches the
intracellular target [10,15]. A therapeutic mMRNA
strand consists of five essential components: the 5'
cap, the 5' untranslated region (UTR), an open
reading frame (ORF), a 3' UTR, and a poly(A) tail
[2,4,28-32]. The 5' cap critically protects the
transcript from exonuclease degradation and binds
eukaryotic translation initiation factor 4E (elF4E)
to launch translation [28,29]. The 5' and 3' UTRs
are selected from highly stable endogenous genes
(such as o-globin) to modulate ribosomal
recruitment and extend intracellular half-life [30,].
The ORF is systematically altered via codon
optimization, replacing rare codons  with
synonymous, high-abundance tRNAs to maximize
protein expression efficiency [21,31]. Finally, the
length of the poly(A) tail stabilizes the molecule
and regulates the overall duration of cytoplasmic
translation [32].Because naked mRNA is a large,
highly hydrophilic, and polyanionic molecule, it
cannot cross the negatively charged eukaryotic cell
membrane on its own [3,27,33-35]. To solve this,
Lipid Nanoparticles (LNPs) serve as the primary
delivery system, shielding the mRNA and
facilitating cellular uptake [11]. Modern LNPs are
structured using a precise four-component lipid
formulation [39]:

1. lonizable Cationic Lipids: These lipids are
neutral at physiological pH to reduce
systemic toxicity but become positively
charged in acidic endosomes, facilitating
endosomal escape [3,33,36,40].

2. PEGylated Lipids (PEG-lipids): These
provide steric shielding and particle
stabilization, controlling  nanoparticle
diameter  during  formulation  and
preventing aggregation in circulation
[33,37].

3. Cholesterol: This fills molecular gaps in
the outer lipid monolayer, enhancing
structural integrity and  modulating
membrane fluidity [3,33,38].

4. Helper Lipids (e.g., DSPC): These
promote a stable liquid-crystalline phase
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and optimize intracellular  particle
disassembly [3,33,39].

Upon intramuscular or intradermal injection,
these LNP-mRNA complexes are rapidly
internalized by local antigen-presenting cells
(APCs), such as dendritic cells and macrophages,
via receptor-mediated endocytosis [45]. As the
endosome matures and its internal environment
acidifies, the ionizable lipids become protonated
and positively charged. This triggers a structural
change that disrupts the endosomal membrane,
releasing the mRNA payload directly into the host
cytoplasm [36,42]. Once in the cytoplasm, host
ribosomes translate the mRNA into target proteins
[28,43,45]. These newly synthesized proteins
undergo processing and are presented on the cell
surface via Major Histocompatibility Complex
(MHC) Class | and Class Il pathways, triggering a
balanced, robust activation of both CD4+ helper T
cells and CD8+ cytotoxic T cells [47].

3. Therapeutic Oncology Applications

Traditional cancer vaccines targeting non-mutated
tumor-associated antigens (TAAs) have historically
struggled in clinical settings due to central immune
tolerance and the highly immunosuppressive
microenvironment of solid tumors [46,48]. The
high programmability of the mRNA platform has
revived the field of cancer immunotherapy, paving
the way for targeted personalized vaccines
[25,26,46,47].

3.1 Personalized Neoantigen Vaccines

Unlike shared antigens, neoantigens arise from
somatic mutations unique to an individual patient's
tumor cells, making them completely absent from
healthy tissues [50]. This absence allows them to
bypass central thymic tolerance and unleash a
highly targeted immune response [49,53]. In this
workflow, researchers perform next-generation
sequencing (NGS) on a patient's resected tumor
biopsy alongside a healthy blood sample to chart
the complete tumor mutational landscape [50].
Advanced  machine-learning and artificial
intelligence algorithms then evaluate these somatic
mutations, filtering them based on human
leukocyte antigen (HLA) binding affinity to
identify the neoantigens most likely to trigger a
robust T-cell response [52]. Once identified, up to
34 distinct patient-specific neoantigen sequences
are linked into a single, custom-manufactured
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mRNA transcript and encapsulated into an LNP
formulation [7,52]. When injected, this tailored
vaccine trains the patient's immune system to locate
and eradicate any microscopic residual disease,
creating long-term immune memory to prevent
disease recurrence [51-54].

3.2 Clinical Trial Progress in Solid Tumors

The clinical pipeline for oncology therapeutics has
expanded rapidly, moving through mid-to-late-
stage clinical evaluation across a broad range of
aggressive solid tumors [26]:

e Melanoma: The combination of Moderna
and Merck's experimental made-to-order
mRNA  cancer  vaccine  (mRNA-
4157/V940) with the anti-PD-1 checkpoint
inhibitor pembrolizumab (Keytruda) has
demonstrated profound clinical utility
[57]. Long-term clinical data confirmed
that this combination keeps advanced
melanoma at bay, significantly reducing
the risk of recurrence or death compared
to pembrolizumab monotherapy [55,56].
This data supported its FDA Breakthrough
Therapy Designation, with large-scale
confirmatory Phase 1Il trials actively
recruiting globally [57].

e Pancreatic Adenocarcinoma:
Characterized by a highly
immunosuppressive "cold"
microenvironment,  pancreatic  ductal
adenocarcinoma (PDAC) has historically
resisted traditional immunotherapies [58].
However, BioNTech's  personalized
mRNA vaccine autogene cevumeran
(BNT122/R0O7198457), evaluated in
combination with atezolizumab and
chemotherapy, showed striking clinical
results [59-62]. Phase I/Il readouts
demonstrated a robust, durable activation
of neoantigen-specific cytotoxic T cells in
responsive patients, which correlated with
a significantly delayed time to recurrence
[59,60]. Multi-center Phase Il trials are
currently running through late 2026 across
the U.S., Europe, and China to solidify
these outcomes [61,62].

e Non-Small Cell Lung Cancer (NSCLC):
BioNTech's pumitamig (BNT122) is at the
center of the expansive ROSETTA clinical
development program [62]. Data presented
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at the American Society of Clinical
Oncology (ASCO) Annual Meeting
demonstrated  encouraging  anti-tumor
activity and durable response rates when
combined  with  standard  immune
checkpoint blockade across multiple PD-
L1 expression levels [63]. Global clinical
trials have expanded the clinical
evaluation of pumitamig to triple-negative
breast cancer, gastric cancer, and
colorectal cancer [64].

3.3 Synergistic Mechanisms with Immune
Checkpoint Blockade

Clinical data underscores that mRNA therapeutic
vaccines achieve peak efficacy when paired with
immune checkpoint inhibitors (ICIs) like anti-PD-1
or anti-CTLA-4 monoclonal antibodies [46]. While
an mMRNA vaccine acts as an immunogenic alarm
that expands the absolute pool of tumor-specific T
cells, tumors often deploy defense mechanisms—
such as upregulating programmed death-ligand 1
(PD-L1)—to exhaust and deactivate these
infiltrating T cells. By administering an ICI
alongside the vaccine, this tumor-induced brake is
removed [65—68]. This dual-action approach allows
vaccine-induced cytotoxic T lymphocytes to freely
infiltrate the tumor core, overcome local
immunosuppression, and  selectively  destroy
malignant cells [65-68].

4, Prophylactic Applications: Next-
Generation Influenza Vaccines

While mMRNA technology is driving a major shift in
cancer care, it is simultaneously reshaping the
landscape of global infectious disease prophylaxis
[25,69]. This impact is most visible in the
development of vaccines for seasonal and
pandemic influenza, where conventional egg-based
manufacturing platforms face persistent structural
and logistical limitations [13,70-76].

4.1 Limitations of Conventional Egg-Based
Production

For more than seventy years, the manufacturing of
seasonal influenza vaccines has relied on
cultivating selected viral strains inside embryonated
chicken eggs [13,71,72]. This conventional
workflow has three major vulnerabilities:
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1. Extended Timelines: The process requires
six to nine months from initial strain
selection by the World Health
Organization  to  final pharmacy
distribution [71,72].

2. Antigenic Mismatch: Because influenza
viruses mutate rapidly, strains can drift
significantly during this long
manufacturing window, leaving the final
seasonal  vaccine  mismatched and
dramatically less effective [70,72,73].

3. Egg-Adaptive Mutations: When human
influenza strains are adapted to grow
efficiently in avian eggs, they often
undergo structural changes at the
hemagglutininbinding site. These
mutations can cause the vaccine to induce
antibodies that fail to properly recognize
and neutralize the actual circulating
human wild-type virus [73-75].

4.2 mRNA Efficacy Data and the
Landmark mFLUSIVA Approval

By eliminating the need for viral cultivation, the
mRNA platform collapses the entire upstream
manufacturing bottleneck [69,76,77]. Production
requires only the digital genetic sequence of the
target hemagglutinin gene, allowing a strain-
matched vaccine to be completed in under eight
weeks [76,77].

In August 2026, the U.S. Food and Drug
Administration (FDA) granted historic approval to
Moderna's mFLUSIVA (mRNA-1010) for adults,
marking the world's first approved mRNA seasonal
influenza vaccine [8,78-82]. This landmark
approval followed the extensive Fluent clinical
program, a Phase I11 efficacy trial that enrolled over
40,000 participants across 11 countries [8,9,79,80].
The Phase IlI data revealed that mFLUSIVA
delivered a 26.6% relative efficacy advantage over
licensed standard-dose egg-based vaccines in
preventing laboratory-confirmed influenza-like
illness [79,80]. In older adults—a population that
typically experiences immune senescence and
reduced vaccine responsiveness—the relative
efficacy advantage reached 27.4%, leading to a
measurable  reduction in  influenza-related
healthcare and emergency room visits [80,81]. The
vaccine demonstrated strong, broad seroconversion
rates across multiple circulating strains, including

Vol.14, Issue 4, Apr 2026
ISSN 2321-2926

H1N1, H3N2, and B/Victoria lineages, while
maintaining a safe profile with no major safety
concerns [8,9,80].

4.3 Combination and
Respiratory Vaccines

Multi-Antigen

The true commercial and clinical differentiator for
mRNA platforms lies in their multi-payload
capability, which allows multiple distinct mRNA
sequences to be multiplexed inside a single LNP
formulation [83,84]. Rather than administering
separate injections for different winter respiratory
viruses, developers are advancing combination
formulations [88]. Moderna's advanced
combination vaccine candidate, mMRNA-1083
(mCombriax), incorporates transcripts targeting
both seasonal influenza (covering four strains) and
SARS-CoV-2 variants [85]. Phase Il clinical
readouts confirmed that a single injection of
MRNA-1083 elicited non-inferior geometric mean
antibody titers compared to co-administered
standalone seasonal flu and COVID-19 vaccines,
while maintaining an equivalent, manageable safety
profile [86]. Clinical development pipelines are
actively working on broader combination
candidates that integrate mRNA sequences for
Influenza, SARS-CoV-2, and Respiratory Syncytial
Virus (RSV) into a single seasonal shot [87]. This
approach promises to simplify public health
logistics, lower administration costs, and
significantly increase compliance rates for adult
vaccinations globally [88].

5. Technical Challenges, Limitations, and
Solutions

Despite its immense clinical promise, the broad
deployment of next-generation mRNA therapeutics
requires navigating significant biophysical and
logistical challenges [27,89].

5.1 Thermal Instability and Cold-Chain
Logistics

The primary thermodynamic limitation of early
MRNA-LNP  formulations was their strict
requirement for ultra-low storage temperatures
(ranging from —80°C to —20°C) to prevent the
spontaneous hydrolysis of the RNA backbone and
the degradation of the lipid matrix [10,89,90]. This
requirement creates immense logistical burdens,
particularly in low- and middle-income countries
(LMICs), driving global vaccine inequity [90,91].
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To address this, researchers are developing
Iyophilization (freeze-drying) technologies [94]. By
using specialized carbohydrate cryoprotectants like
trehalose or sucrose, the water shell surrounding
the LNP matrix can be safely removed without
disrupting its micellar structure [92,93]. This
allows the vaccine to be distributed as a stable, dry
powder that can be stored at standard refrigeration
(2°C to 8°C) or even ambient room temperatures
for extended periods, making it highly suitable for
rural and global deployment [94].

5.2 Reactogenicity  and
Trade-Offs

Inflammatory

Clinical experience with high-dose mMRNA vaccines
shows a higher rate of mild-to-moderate transient
local and systemic reactogenicity—such as
injection-site pain, fatigue, myalgia, and low-grade
fevers—compared to traditional protein-subunit
vaccines [23,95]. While serious adverse events like
vaccine-associated myocarditis remain
exceptionally rare, reducing this baseline
reactogenicity is a key priority for multi-antigen
pediatric and combination adult therapies [96].
Advanced sequence engineering provides a
pathway to minimize these side effects [97,98]. By
leveraging  Al-assisted codon  optimization,
developers can eliminate specific secondary RNA
structures that inadvertently trigger intracellular
pattern recognition receptors (such as RIG-I or
MDA5) [21,97,98]. This approach allows for
maximum protein expression at significantly lower
MRNA doses, minimizing systemic cytokine
release while preserving high immunogenicity
[97,98].

5.3 In Vivo Biodistribution and Tissue
Targeting

When standard LNPs are injected intravenously or
intramuscularly, they tend to naturally accumulate
in the liver [99,100]. This happens because they
absorb ApoE proteins from the bloodstream, which
directs them straight to hepatic low-density
lipoprotein (LDL) receptors [99]. While highly
useful for treating metabolic liver diseases, this
hepatic entrapment limits the effectiveness of
MRNA therapies aimed at other tissues, such as
pulmonary epithelium, splenic lymphoid tissues, or
localized solid tumors [99-102]. To overcome this
homing limitation, engineers are designing targeted
Lipid Nanoparticles (tLNPs) [101-104]. By
conjugating the external PEG shell with specific
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targeting moieties—such as monoclonal antibodies,
single-chain variable fragments (scFvs), or small-
molecule sugar ligands—these next-generation
nanoparticles can bypass the liver [102-104].
Instead, they navigate through circulation to
selectively deliver their therapeutic mMRNA payload
directly to designated target tissue environments,
such as lymphoid organs or distinct tumor
structures [101-104].

6. Regulatory Landscape and Future
Horizons

The rapid evolution of the mMRNA
landscape is pushing global regulatory bodies like
the U.S. FDA and the European Medicines Agency
(EMA) to adapt their traditional framework
approvals [105-108]. Historically designed for
static  biological therapeutics, regulatory
frameworks are evolving to accommodate the
unique characteristics of programmable platforms
[106,107]. Under this shifting paradigm, if a
manufacturer uses a pre-validated, standardized
LNP platform and merely swaps out the internal
genetic sequence to target a newly emerging
influenza variant or an individual patient's tumor
mutations, the review process can be significantly
accelerated [107]. This streamlined approach relies
heavily on immunological bridging data and
established safety profiles rather than requiring
entirely new, multi-year clinical trials for every
iteration [108].

Looking ahead, the clinical applications of mMRNA
are expanding far beyond vaccines. Active Phase |
and Phase Il trials are currently evaluating mRNA
platforms for [109]:

e In Vivo Protein Replacement Therapy:
Delivering  transcripts that  encode
functional human enzymes directly to
patients with rare, recessive genetic
disorders like propionic acidemia or
methylmalonic acidemia [109,110].

e Autoimmune Tolerization: Engineering
non-inflammatory ~ modified mRNA
sequences designed to present self-
antigens specifically to regulatory T cells,
helping to restore immune tolerance in
conditions like multiple sclerosis without
causing broad systemic
immunosuppression [109,111].
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e Transient Gene Editing: Utilizing mRNA
to express site-specific nucleases (such as
CRISPR-Cas9 or base editors) transiently
inside cells. This approach achieves
precise genomic modifications and then
degrades naturally, avoiding the risks of
off-target cuts or permanent genomic
integration associated with long-term viral
vector expression [112,113].

7. Conclusion

The validation of mRNA technology during the
COVID-19 pandemic was not the final chapter of a
singular medical response, but rather the opening
act of a major technological shift in modern
medicine [1-4,15,23-27,105]. Combining high-
speed programmability, robust clinical efficacy,
and scalable manufacturing, the mMRNA-LNP
architecture is uniquely positioned to drive the
future of precision medicine [10,15,24-27,89].
From the historic 2026 approval of mFLUSIVA—
which has drastically shortened seasonal flu
production timelines—to custom-tailored
neoantigen cancer vaccines designed for individual
patients, mMRNA technology is rapidly moving
beyond simple infectious disease prevention [6—
9,55-64,76-88]. As ongoing research continues to
overcome challenges in thermal stability, tissue-
specific targeting, and regulatory frameworks,
MRNA platforms are poised to establish themselves
as a core foundation of 21st-century therapeutics
[89-115].
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