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Abstract
RNA vaccines represent a major 1909
advance in prophylactic and therapeutic
vaccinology, largely due to the success
of nucleoside-modified mRNA vaccines
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Introduction

This section outlines the historical development of
RNA vaccines, from early molecular discoveries to their
clinical deployment during the COVID-19 pandemic,
with emphasis on nucleoside modifications and lipid
nanoparticle (LNP)-based delivery. The conceptual
framework for RNA vaccines emerged decades before
their clinical debut, with key discoveries in synthetic
oligonucleotides (1978) and RNA interference (1998)

encapsulated in lipid nanoparticles
(LNPs) during the COVID-19 pandemic.
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on molecular design (codon/sequence

optimization, chemical modifications, and data-driven antigen selection) and delivery
optimization (LNPs and emerging alternatives like virus-like particles, extracellular vesicles,
and ligand-targeted systems). Clinical progress is highlighted through examples from oncology,
including personalized neoantigen approaches, combination therapies, and immunopeptidomics-
guided validation, as well as early preclinical work on tolerance induction and localized protein
replacement. Overall, continued refinement of RNA sequence engineering and delivery systems
positions these platforms as flexible tools for rapid-response vaccination and therapy, especially
where fast antigen adaptation and scalable production are required.

forming the molecular groundwork for later therapeutic
applications.! Although messenger RNA was first
identified in 1961, its use as a vaccine platform remained
unrealized until nearly three decades later, when the
first successful preclinical applications were reported.>*
More than three decades of research in RNA biology,
immunology, chemical modification, and nanoparticle
technology collectively enabled the rapid development of
RNA vaccines against SARS-CoV-2.*

*Corresponding author: Qamar Abuhassan, Email: Singh.ann12031@gmail.com

© 2026 The Author(s). This work is published by BioImpacts as an open access article distributed under the terms of the
Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/). Non-commercial uses of
the work are permitted, provided the original work is properly cited.


https://doi.org/10.34172/bi.33056
https://bi.tbzmed.ac.ir/
https://orcid.org/0000-0002-1038-6483
mailto:Singh.ann12031@gmail.com
https://crossmark.crossref.org/dialog/?doi=10.34172/bi.33056&domain=pdf

Abuhassan et al

Review Highlights

What is the current knowledge?

o Nucleoside-modified mRNA vaccines encapsulated in
lipid nanoparticles (LNPs) demonstrated high efficacy
and rapid deployment during the COVID-19 pandemic,
overcoming prior barriers of RNA instability, inefficient
delivery, and low translational efficiency through
decades of advances in RNA chemistry, immunology,
and nanotechnology.

o Compared with traditional vaccines, RNA platforms
enable fast antigen redesign, standardized manufacturing
without pathogen culture, and flexible use beyond
infectious diseases, yet remain constrained by cold-chain
requirements, off-target biodistribution, and variable
immunogenicity across populations.

What is new here?

o This review delivers a multidisciplinary synthesis of
molecular design (codon optimization, Al-driven
antigen selection, nucleoside modifications including
N1-methylpseudouridine) paired with next-generation
delivery systems (LNPs plus emerging EV's, VLPs, ligand-
targeted, and intranasal routes) to improve stability,
tissue specificity, and controlled immune activation.

o It maps clinical progress with a focus on oncology—
personalized neoantigen vaccines, immunopeptidomics
validation, combination checkpoint therapies—and
extends RNA applications to tolerance induction in
autoimmunity and in-situ enzyme replacement for rare
metabolic disorders.

o Forward-looking analysis integrates manufacturing
scalability  (microfluidic ~ production, thermostable

lyophilized formulations), global equity via WHO-

supported mRNA technology-transfer hubs, regulatory/
ethical frameworks, and disruptive innovations (circular

RNA, self-boosting hydrogels, Al-optimized constructs)

to address durability, access, and rapid-response readiness.

Priorto2019,severaltechnicalhurdlesincludingintrinsic
mRNA instability, inefficient in vivo delivery, and limited
translational efficiency restricted widespread clinical
adoption.>® Early strategies therefore relied on ex vivo
loading of dendritic cells with antigen-encoding mRNA
rather than direct systemic administration.” Subsequent
breakthroughs, such as nucleoside modifications,
optimized 5' cap structures, extended poly(A) tails, and
advanced delivery systems (e.g., LNPs, polymers, and
peptide-based carriers), substantially mitigated these
limitations by enhancing RNA stability, translational
output, and cellular targeting.** Compared with traditional
vaccine modalities, mRNA platforms enable rapid
antigen redesign, standardized manufacturing pipelines,
and a reduced reliance on pathogen culture, collectively
supporting  accelerated  development timelines.>'
Notably, mRNA-1273 and BNT162b2 demonstrated
high neutralizing antibody responses and robust clinical
efficacy in pivotal trials, supporting the clinical viability of

nucleoside-modified mRNA platforms."! The COVID-19
pandemic represented an inflection point, accelerating the
clinical validation of nucleoside-modified mRNA vaccine
platforms.? In parallel, next-generation architectures—
including self-amplifying mRNA, trans-amplifying
mRNA, and circular RNA have been developed to further
extend durability, potency, and dose-sparing potential.®
Fig. 1 illustrates the evolutionary timeline of RNA vaccine
technology from 1989 to 2025.

The rapid maturation of RNA vaccine platforms has
been driven by sustained integration across molecular
biology, nanotechnology, immunology, and clinical
medicine. Cross-disciplinaryapproaches have increasingly
supported antigen discovery, mRNA  sequence
engineering, lipid component optimization, and stability
prediction.’*”* Computational and data-driven modeling
has increasingly supported hypothesis generation and
candidate prioritization, complementing experimental
validation rather than replacing it. Collaborative networks
linking chemists, engineers, biologists, and clinicians have
therefore become essential for bridging basic discovery
and translational application. Such interdisciplinary
collaboration has become essential for bridging basic
discovery and translational application." Despite these
advances, translation from laboratory systems to clinical
settings remains constrained by incomplete understanding
of nano-bio interface interactions, experimental artefacts,
and data interpretation challenges that may compromise
safety and efficacy predictions.”® Addressing these
limitations will require systematic validation strategies
and improved alignment between preclinical models and
human biology. Large-scale consortia and public-private
partnerships have further accelerated innovation in the
RNA vaccine field. The FDA’s Critical Path Initiative
modernized drug development pipelines through
the integration of genomics and advanced imaging
technologies, while the Innovative Medicines Initiative
has coordinated more than 40 collaborative projects
linking academia, industry, patients, and regulatory
bodies.'*"'® More recently, the ATOM consortium has
highlighted the potential of open-source, Al-assisted
discovery frameworks for optimizing complex molecular
design parameters.” The central challenge addressed in
this review is how multidisciplinary innovations spanning
RNA chemistry, immunology, delivery science, and
computational design converge to improve the precision,
stability, and global accessibility of next-generation
RNA vaccines. Emphasis remains on molecular design
and delivery, with other aspects included only to frame
translational relevance.

Molecular foundations of RNA vaccine technology

The molecular foundations of RNA vaccine technology
encompass the design principles, architectures, and
chemical optimizations that transform RNA molecules
into efficient and safe immunogens. These systems
integrate molecular engineering with computational
and data-driven design to enhance stability, potency,
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Evolution of RNA Vaccine Technology from
Conceptual Discovery to Clinical Application
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Fig. 1. Evolution of RNA vaccine technology from conceptual discovery to clinical application. Notes: Foundational Discoveries (1960s—1990s): Early
milestones included the identification of MRNA, development of synthetic oligonucleotides, laboratory tools, ribosomal biology, and the advent of RNA
interference (RNAI). Early Vaccine Concepts & Technical Barriers (1990s—2010): The prototype mRNA vaccine revealed critical limitations such as
molecular instability, inefficient delivery, low translational efficacy, and technical hurdles involving ex vivo loading. Technological Breakthroughs (2010—
2019): Advances such as nucleoside modification (e.g., N1mW¥, m7G cap), Poly(A) tail engineering, lipid nanoparticle (LNP) carriers, and alternative polymer
vehicles enabled enhanced stability, translation, and immune control. COVID-19 Inflection Point (2020-2022): Accelerated development led to authorized
mRNA vaccines targeting viral spike proteins, producing robust neutralizing antibody responses and demonstrating clinical efficacy at a global scale. Next-
Generation RNA Vaccine Platforms (2023-2025): Emerging strategies encompass self-amplifying (saRNA) and trans-amplifying mRNA, as well as circular
RNA (circRNA) modalities, offering improvements in durability, dose-sparing, and extended gene expression. This timeline is intended to provide contextual

orientation rather than a comprehensive historical account.

and manufacturability. The following subsections
outline the key differences between messenger RNA
(mRNA) and self-amplifying RNA (saRNA) vaccines,
antigen-sequence optimization strategies, and chemical
modifications that collectively underpin next-generation
vaccine development. This section focuses on molecular
and sequence-level determinants of RNA vaccine
performance, while delivery route-specific and
immunological outcomes are addressed in subsequent
sections.

mRNA and saRNA platforms

mRNA and saRNA formulations represent distinct yet
complementary strategies in RNA vaccine design, each
definedbyuniquemoleculararchitecturesandtranslational
properties. Conventional non-replicating mRNA consists
ofa5’cap, optimized 5 and 3' untranslated regions (UTRs),
an open reading frame (ORF) encoding the target antigen,
and a polyadenylated tail. Once delivered into host cells,
it directly engages the translational machinery, with
protein yield proportional to the administered dose. By
contrast, saRNA incorporates both the antigen-encoding
ORF and engineered replicase genes derived from
positive-sense RNA viruses such as alphaviruses. The
replicase enables intracellular amplification of the RNA
template, substantially increasing antigen expression per
input molecule and reducing the required dose, thereby

enhancing both immunogenicity and cost-effectiveness .2°
This property renders saRNA a valuable option for rapid
response and dose-sparing vaccine strategies, particularly
under pandemic conditions.”

Clinical assessments have compared three main
categories: non-amplifying mRNA, base-modified
mRNA (bmRNA), and saRNA. During the COVID-19
pandemic, nucleoside-modified mRNA  vaccines
demonstrated high clinical efficacy in specific indications,
whereas saRNA platforms remain under active clinical
evaluation with ongoing optimization of stability,
manufacturing, and delivery.*>?* Advances such as
m5C incorporation, optimized 5'-cap analogs, tunable
poly(A) length, polymerase fidelity improvement, and
alphavirus replicon refinement have yielded multi-fold
enhancements in antigen expression and reduced innate
immune activation.”**” Key structural and mechanistic
distinctions between conventional mRNA and saRNA
vaccines are summarized in Table 1.

Antigen design and codon optimization

Rational antigen design is a critical determinant of RNA
vaccine performance. Codon optimization aligns the
antigen-coding sequence with host-preferred codon
frequencies to maximize translational efficiency and
structural fidelity. Established tools including JCat,
OPTIMIZER, ATGme, and GeneOptimizer enhance the
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Table 1. Comparative features, advantages, and limitations of non-replicating mRNA and saRNA vaccine platforms

Feature Conventional mRNA vaccine

Self-amplifying RNA (saRNA vaccine)

Structure
Length (bp) ~1-2 kb®

Replication Mechanism

D R i t
0sage Requiremen studies (e.g., 25-100 pg)°

Protein Yield Linear relation to dose®
Duration of Expression 12-24 hours®
Innate Immune Activation ~ Reactogenic; requires modified bases?*
RNA Modifications N1-methyl-pseudouridine, 5’ mCAP?*
Thermostability
Encapsulation Efficiency
Manufacturing Complexity ~ Short IVT template; high yield**
Scalability Standardized production pipeline?
Delivery Compatibility Efficient with LNPs, polymers®2¢
Immunogenicity Profile Balanced innate/adaptive responses*>®
Safety and Reactogenicity
Storage Conditions -20 °C (frozen) or 2—8 °C lyophilized?®
Regulatory Status Approved Phase Ill and marketing?®

Limited translation efficiency & short

Main Challenges )
8 expression?-3t

Future Potential Rapid prototype for variant antigens?*3°3!

Contains 5’ cap, UTRs, ORF, poly(A) tail?%*

Direct translation; no intrinsic amplification®

Typical clinical dose ranges reported in human

Sensitive to RNase; requires cryostorage®?

Readily incorporated in LNP (70-100 nm)®

Proven clinical safety (COVID-19 vaccines)*®

Adds alphavirus replicase genes before ORF?*?3
~9-12 kb due to replicase region?*?*

Cytosolic self-amplification via RNA-dependent RNA polymerase?*?*
0.1-10 pg efficient expression?>26

Substantially higher protein yield per input dose?*?
Several days due to replicase activity?>?*?5

Tuned activation from replicase-controlled kinetics?®

Often unmodified; replicase substitutes for attenuation?*2*
Improved secondary structure enhances thermal resistance?*?*
Lower efficiency due to bulk RNA length?22

Large size - low transcription efficiency?*23

Emerging scale-up methods (Bioreactor IVT)?2

Requires modified microfluidic LNP assembly?>2¢

Enhanced both arms due to amplified translation®*%
Favorable animal data; human trials ongoing®?

Similar; stable under freeze-drying?**

Early phase I/Il clinical testing?*2*2°
Length affects yield, encapsulation uniformity, and error rate?*%

Pandemic-scale vaccine production capacity with dose reduction?*%

codon adaptation index (CAI) across diverse expression
systems.*

More recently, data-driven and machine-learning-
based algorithms have enabled finer-grained control over
RNA secondary structures, energy minimization, and
translation kinetics. Machine learning frameworks trained
on host genomic signatures have in several contexts
matched or exceeded traditional heuristic approaches.*
However, caution is required in interpreting performance
metrics, as fold-change values depend strongly on
experimental context—forinstance, whilethe LinearDesign
pipeline demonstrated notable improvements in
translational efficiency, subsequent analyses indicated
that the originally reported 128-fold increase was highly
context-dependent and not generalizable across systems.*
The iDRO framework further integrates deep learning for
joint optimization of sequence composition and UTR
motifs, producing improved expression efficiency across
multiple experimental systems.” Refined strategies such
as “codon harmonization,” which reintroduces rare
codons at domain boundaries to synchronize folding,
can enhance co-translational protein assembly and boost
antigen yield several-fold.*** Structural studies confirm
that codon usage modulates ribosomal pausing and
folding dynamics.*

Contemporary antigen-engineering pipelines now
employ machine-learning models that integrate
multi-omic inputs—genomic, proteomic, and structural —
to predict antigenicity, optimize epitope density, and
minimize off-target reactivity. These Al-driven models
accelerate iterative antigen screening, epitope discovery,
and adjuvant pairing, compressing experimental

timelines while maintaining interpretability and
regulatory traceability.”*° In oncology, such approaches
are particularly useful for prioritizing personalized
neoantigens unique non-self epitopes arising from somatic
mutations—within individualized vaccine constructs.

RNA modifications

Chemical modifications to RNA molecules enhance both
translation efficiency and immune compatibility. Among
these, NI1-methyl-pseudouridine (NImY¥) increases
ribosome occupancy and diminishes elF2a-mediated
inhibition, promoting higher translational output.*
The magnitude of this benefit depends on the lipid
carrier system for example, MC3- and KC2-based LNPs
synergize with NImY¥ to boost expression, whereas
other lipid chemistries exert more modest effects.
(N1mY) preferentially stabilizes transcripts with specific
5-UTR contexts, and its immunomodulatory profile
can vary across species.”>” Additional modifications
such as m5C, m6A, m5U, s2U, and pseudouridine can
reduce recognition by innate immune sensors including
TLR3, TLR7, TLRS, and RIG-I. Mechanistic dissection
shows that m6A reduces RIG-I binding affinity, while
pseudouridine alters ligand conformation to prevent
downstream  signaling.***  Combining nucleoside
modification with optimized manufacturing that removes
double-stranded RNA contaminants further minimizes
unwanted immunogenicity.* Emerging strategies such
as direct bioconjugation of small molecules to RNA offer
an orthogonal route to conceal immunogenic motifs from
toll-like receptors.”” Together, these advances enable
RNA constructs with high protein yield, controlled
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innate activation, and stable manufacturability features
essential for next generation vaccine and therapeutic
RNA platforms.

Immune mechanisms activated by RNA vaccines

RNA vaccines trigger a complex interplay between innate
and adaptive immune responses, mediated by pattern
recognition receptors (PRRs) that detect RNA molecules
and by LNP components that influence downstream
signaling. The combined action of modified RNA and
tailored LNP chemistry orchestrates cytokine release,
antigen presentation, and memory formation, providing
a flexible immunological interface for precision vaccine
design. This section emphasizes mechanistic principles
of immune activation rather than exhaustive pathway
cataloging, with translational and formulation-specific
considerations discussed in later sections.

Innate immune activation and Toll-like receptors

PRRs are fundamental to RNA sensing and orchestrating
early immune responses within specific cellular
compartments. Endosomal Toll-like receptors (TLR3,
TLR7, TLR8) recognize single- and double-stranded RNA
upon endocytic internalization. In contrast, cytosolic
receptors including RIG-I-like helicases, MDAS5, and
NLRP3 detect uncapped or long dsRNA in the cytoplasm.
PRR expression profiles vary across cell types, enabling
broad pathogen recognition while limiting inappropriate
autoinflammatory activation.***° In vaccinology, these
sensors calibrate adaptive immunity by modulating
antigen-presenting cell (APC) behavior. Live-attenuated
vaccines achieve exceptional efficacy because their
intrinsic RNA structures provide natural adjuvanticity.”!
RNA-derived interferon stimulation also directs T-cell
differentiation through cytokines such as IL-12, IL-21,
and type I IFNs, influencing both effector function
and memory durability.®® Deepening our mechanistic
understanding of these pathways enables rational
optimization of synthetic RNA adjuvants to achieve
balanced immunogenic activation without excessive
reactogenicity. LNP formulations profoundly shape how
these innate receptors perceive RNA vaccines. Certain
ionizable lipid formulations within LNPs have been
reported in some systems to engage TLR4-dependent
signaling pathways, although the magnitude and
downstream effects may vary depending on formulation,
species, and experimental context.”> This TLR4-MyD88-
associated pathway may contribute to adjuvant effects
in certain formulations, with lipid headgroup geometry
and protonation kinetics potentially influencing receptor
engagement and downstream cytokine release. Amine-
containing lipid headgroups can interact with receptors
such as TLR4 and CD1d, promoting lipid raft assembly
and enhancing antigen uptake and cross-presentation.
promoting lipid-raft assembly and enhancing both
antigen uptake and cross-presentation.”® Certain lipid
combinations preferentially engage TLR2-MyD88
signaling, augmenting antigen-specific responses and

thus overall vaccine potency.”* Consequently, while
LNP-mediated innate activation is strongly influenced
by ionizable-lipid chemistry and structural motifs, the
nucleic acid payload and its structural features may also
contribute to immune modulation.*

Adaptive immunity: T- and B-cell responses

The immunological mechanism underlying
LNP-encapsulated mRNA vaccines is shown in Fig. 2.
mRNA vaccines sustain prolonged germinal-center (GC)
activity compared with conventional platforms. Following
SARS-CoV-2 mRNA vaccination, GC B-cell responses
persist in draining lymph nodes for several months in
humans, with germinal center B cell responses detected
in a substantial proportion of recipients. This persistent
GC reaction supports continued affinity maturation and
durable serological memory. Somatic hypermutation
frequencies increase markedly over the first several
months, peaking in bone marrow plasma cells and
correlating with enhanced antibody avidity.’>*” Likewise,
mRNA-based influenza vaccines elicit GC reactivity for
up to 26 weeks in half of participants, broadening recall
memory beyond that induced by inactivated vaccines.®®
Sequential immunization on the same (ipsilateral)
site further refines GC selection through local clonal
expansion and plasma-cell differentiation.”

Antigen presentation kinetics critically influence CD8*
T-cell responses. Studies reveal that a gradually increasing
antigen load spanning several days yields stronger
CD8" T-cell expansion and antiviral functionality than
single-pulse dosing, highlighting quantitative kinetics
as an independent determinant of cellular immunity.®
Rapidly degraded cytosolic proteins produce epitopes
that drive enhanced CD8' activity compared with
slower processing routes.® Extended antigen availability
over multiple days promotes long-lived CD8" memory
formation promotes long-lived CD8" memory formation
even without elevated effector counts, associated with
down-regulation of Eomesodermin, Spi2A, and c-JUN
phosphorylation.®> Such temporal dynamics inform
rational design strategies for achieving sustained CD8"
T-cell protection through controlled antigen persistence
and optimized delivery kinetics.®®

Adjuvant effects of RNA and its delivery vehicle

Here, adjuvant effects are discussed at a mechanistic
level, without detailing formulation-specific optimization
strategies addressed elsewhere. LNP lipids serve as potent
regulators of inflammasome activity. Ionizable-lipid
composition modulates NLRP3 assembly under
serum-free conditions, while protein-corona formation
around LNPs attenuates activation by limiting lysosomal
rupture and macrophage engulfment.® Particular
lipid species dictate NLRP3 trafficking; for example,
phosphatidylinositol-4-phosphate anchors inflammasome
complexes to the trans-Golgi network, influencing cytokine
secretion and metabolic coupling.®® Both self-derived and
pathogen lipids can stimulate these pathways—endogenous
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Immune Mechanisms Activated by LNP-Encapsulated RNA Vaccines
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Fig. 2. Immune mechanisms activated by lipid nanoparticle (LNP)-encapsulated RNA vaccines. Following cellular uptake, LNP-encapsulated RNA is sensed
by innate immune receptors within endosomal and cytosolic compartments. Endosomal Toll-like receptors (TLR3, TLR7, and TLR8) detect RNA species
and initiate downstream NF-kB and interferon regulatory factor (IRF) signaling, resulting in pro-inflammatory cytokine production. In parallel, cytosolic
RNA sensors including RIG-I and MDA5 recognize uncapped or double-stranded RNA, inducing type | interferon (IFN-a/B) responses, while NLRP3
inflammasome activation further amplifies innate immune signaling. LNP-driven adjuvanticity enhances dendritic cell activation via TLR2 and TLR4 signaling
within lipid raft domains, promoting MyD88-dependent cascades, efficient endocytosis, and antigen cross-presentation. Translated antigenic proteins are
processed through both MHC class | and class Il pathways, leading to robust activation of CD8* cytotoxic T cells and CD4" helper T cells, respectively.
Prolonged antigen availability supports germinal center formation, enabling somatic hypermutation, affinity maturation, plasma cell differentiation, and the
generation of long-lived memory B cells and durable antibody responses. Synergistic adjuvant engineering: Rational integration of nucleoside-modified RNA
and engineered LNP chemistry allows fine-tuning of immune magnitude and safety profiles, yielding superior and tunable immune responses compared with

empirical adjuvantation strategies.

lipids are implicated in metabolic disease, whereas
microbial variants trigger inflammasome activation during
infection.® Synthetic adjuvant lipids exploit or temper
these mechanisms, offering therapeutic leverage where
dysregulated lipid metabolism drives pathology.®” Recent
data reveal synergistic adjuvant interactions between
nucleoside-modified RNA and engineered LNP chemistries.
Adjusting phospholipid and PEG-lipid ratios substantially
alters cellular biodistribution and inflammatory signatures,
correlating with immunogenic magnitude.®® Novel
“adjuvant lipidoids” partially substituting ionizable lipids
can preserve delivery efficiency while providing intrinsic
TLR7/8 agonism, thus reinforcing innate activation
without compromising tolerability.® Furthermore, SDI
RNA—a direct RIG-I agonist—loaded into LNPs of
different ionizable-lipid compositions (K-Ac7-Dsa vs.
S-Ac7-Dog) exhibits distinctive cytokine fingerprints
coupling to divergent antibody and T-cell responses.”
Co-formulation of SDI-RNA-LNPs with IMDQ-PEG-Chol
intensifies influenza-challenge protection, demonstrating
the principle of dual-agonist synergy between RNA cargo
and lipid-based adjuvancy. Collectively, these findings
suggest that engineering of both RNA modifications and
LNP composition may influence immune amplitude and
durability, although these effects remain formulation- and
context-dependent.

Delivery strategies: vehicles and vectors

This section reviews delivery strategies for RNA
therapeutics, emphasizing the diversity and mechanistic
design of wvehicles and vectors that determine
pharmacokinetics,  biodistribution, and immune
performance. LNPs remain the clinical gold standard
given their superior capability for RNA protection,
cellular uptake, and efficient endosomal escape.
However, emerging candidates—including extracellular
vesicles (EVs), virus-like particles (VLPs), peptides,
and polymeric being actively
explored as next-generation alternatives, particularly
for tissue-specific delivery and long-term immune
programming. This comparative insight clarifies how
physicochemical tuning, surface functionalization, and
route-of-entry strategies collectively shape RNA vaccine
efficacy and safety. This section focuses on mechanistic
and design principles of delivery systems rather than
exhaustive performance benchmarking across clinical
indications.

nanocarriers—are

Lipid nanoparticles

LNPs constitute the most clinically validated and
scalable system for mRNA delivery, shielding RNA
from degradation, promoting uptake, and facilitating
cytoplasmic release. Each component—ionizable lipid,
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helper lipids, cholesterol, and PEG-lipid—plays a
precisely defined structural and immunological role.
The choice and ratio of helper lipids (e.g., DSPC, DOPC,
DOPE) significantly influence LNP biodistribution across
preclinical models. The ionizable lipid is particularly
critical; in a murine subcutaneous model, SM-102 has
been reported to exhibit higher bioavailability than
several other ionizable lipids.”! Helper-lipid composition
also affects stability: DSPC has been associated with
improved particle stability and enhanced transfection
performance in human skin explant models when paired
with C12-200 ionizable lipid.”? Molecular-dynamics
simulations reveal that elevated ionizable-lipid content
triggers formation of cholesterol-linked disordered
aggregates, dynamically reshaping the nanoparticle core
architecture.” Furthermore, even subtle linker variations
such as amide versus urea linkers can result in dramatically
altered biodistribution, including targeted pulmonary
delivery relevant for metastatic tumors.” Manufacturing
scalability remains a major focus. Manufacturing
scalability remains a major focus. Microfluidic platforms
with multiple mixing channels, including 128-channel
silicon-glass array configurations in some reports,
enable continuous large-scale production with potential
yield improvements over single-channel systems while

maintaining  particle  uniformity.”>”®  Downstream
optimization, including tangential-flow filtration (TFF)
and sterile filtration, supports highly concentrated
formulations while mitigating fouling.”” Continuous-flow
T-shaped mixers remain the manufacturing standard
bridging laboratory and industrial scales.”® The Pfizer-
BioNTech and Moderna COVID-19 vaccines illustrate
the clinical feasibility of LNP-based RNA delivery,
highlighting the importance of lipid charge balance and
particle size control for efficient cytoplasmic release and
antigen expression, and robust clinical immunogenicity.
The structural and mechanistic foundations of LNPs—
including pH-driven endosomal escape via protonatable
lipids—are summarized in Fig. 3.

Novel delivery systems

Beyond LNPs, multiple classes of biomimetic or synthetic
carriers are emerging. EVs, especially exosome-based
systems, are being investigated as natural vesicular carriers
with potential targeting capacity and potentially favorable
immunogenicity profiles. In selected CRISPR/Cas9
reporter models, EV-based platforms have shown higher
RNA deliveryefficiencythanbenchmarkDLin-MC3-DMA
LNPs under specific experimental conditions.”# VLPs,
which mimic viral architecture without encoding genetic

Delivery Strategies: Vehicles and Vectors

Modern therapeutic and vaccine delivery depends on a diverse array of nanoscale carriers and targeting strategies. Rational design

\ and mechanistic understanding enable precision payload delivery, optimized immune responses, and scalable clinical translation.

Section 1: LNP Architecture and Mechanism
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Fig. 3. Delivery strategies for nucleic acid vaccines and therapeutics: vehicles and targeting vectors. Modern therapeutic and vaccine delivery relies on a
diverse array of nanoscale carriers and targeting strategies, where rational design and mechanistic understanding enable precise payload delivery, optimized
immune responses, and scalable clinical translation. Section 1: Lipid Nanoparticle (LNP) Architecture and Mechanism. LNPs are composed of ionizable
cationic lipids, helper phospholipids (e.g., DSPC, DOPE), cholesterol, and PEG-lipids, enabling efficient RNA encapsulation, cellular uptake, pH-triggered
endosomal escape, and cytosolic release of mMRNA. Microfluidic manufacturing ensures reproducible particle formation and scalable production. Novel
Delivery Systems — Comparative Overview. Extracellular vesicles (EVs) offer intrinsic targeting and low immunogenicity; virus-like particles (VLPs) provide
strong antigen display and durable immune activation; and peptide or polymeric nanocarriers allow customizable targeting, pH-responsive release, and tunable
clearance profiles. Targeted Delivery Strategies. Surface functionalization through folate conjugation, bispecific antibody attachment, or small-molecule
ligands (e.g., DUPA targeting PSMA or EGFR-directed strategies) enables receptor-mediated uptake and tissue-specific delivery. Administration routes
including intranasal (IgA-biased) and intramuscular (IgG-biased) delivery further shape immune outcomes. Immunogenicity Comparison. Distinct delivery
platforms exhibit differential profiles in antibody durability, cellular activation, and innate immune engagement, allowing application-matched selection of
carriers for vaccines and therapeutic nucleic acids.
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material, exhibit strong antigen display properties. In
murine studies, Newcastle-disease VLPs encoding RSV
glycoproteins sustained antibody titers over extended
periods in murine models compared to the sharp decline
seen in RSV-immunized controls after three months.®
Likewise, influenza VLPs conferred protection over
several months, accompanied by maintenance of bone
marrow plasma cell populations.* Transferable memory
B-cells further confirm their long-lived immunogenic
potential.®® Although LNPs themselves can serve as
functional adjuvants in VLP formulations stimulating
TLR9-dependent type I interferon
comprehensive, head-to-head analyses of long-term
memory remain scarce.* Current evidence suggests
that VLPs may preferentially support durable humoral
memory, whereas LNP-based systems are often associated
with rapid cellular response induction.®*® Peptide-based
and polymeric nanocarriers additionally provide versatile
delivery opportunities owing to their modular design and
ease of chemical modification for ligand conjugation or
pH-responsive release. Despite impressive preclinical
versatility, translation barriers include immunotoxicity,
systemic clearance, and industrial scalability constraints,
requiring advanced bioprocess engineering before clinical
adoption.

responses—

Targeted Delivery and tissue specificity

Therapeutic success of RNA vaccines and drugs depends
on precise tissue targeting that expands beyond the
liver’s inherent tropism for unmodified LNPs. Recent
innovations combine customized lipid backbones with
covalent ligand conjugation and advanced formulation
engineering to detour hepatic accumulation and
achieve site-directed delivery.¥” Ligand-based strategies
include folate-mediated targeting for folate-receptor-
overexpressing tumors and DUPA-anchored systems
for prostate-specific membrane antigen (PSMA).®
Cutting-edge bispecific antibody tethering techniques
enable unmodified LNPs to selectively deliver RNA
to EGFR- or PSMA-expressing cells, yielding efficient
receptor-mediated uptake in both in-vitro and in-vivo
models.* For respiratory pathogens, intranasal RNA
vaccination has been investigated as an approach to elicit
both local mucosal IgA and systemic IgG responses.”
In multiple preclinical models, optimized nanoparticle-
encapsulated intranasal mRNA vaccines have been
associated with enhanced systemic IgG and mucosal
IgA responses.”>” Some comparative preclinical studies
indicate that intranasal formulations may elicit stronger
mucosal IgA responses than intramuscular mRNA delivery
in specific models.” Collectively, these outcomes position
intranasal administration as a strategic platform for
respiratory-pathogen interception, combining localized
protection with systemic defense. Lipid-based systems
currently define the clinical standard, but the field is
rapidly expanding toward biomimetic and multifunctional
nanocarriers integrating smart-targeting, receptor logic,
and route-specific adjuvanticity. Continuous advances in

formulation chemistry and manufacturing scalability will
determine how efficiently these next-generation carriers
transition from bench to bedside.

Clinical translation and therapeutic areas

RNA vaccine platforms have rapidly progressed
from conceptual innovation to widespread clinical
implementation, fundamentally redefining translational
timelines in vaccinology and nucleic-acid therapeutics.
Catalyzed by the unprecedented global deployment during
the SARS-CoV-2 pandemic, contemporary pipelines
increasingly integrate advanced sequence engineering,
rational delivery-chemistry optimization, and modular
manufacturing infrastructures to address both classical
and emerging disease targets. These advances position
RNA platforms as adaptable therapeutic systems rather
than pathogen-specific solutions. This section highlights
representative translational trajectories and therapeutic
use cases rather than providing an exhaustive clinical
efficacy comparison across indications.

Infectious diseases
The rapid development and global deployment of
SARS-CoV-2 mRNA vaccines established an important
technological and regulatory milestone for modern
vaccinology.”* Extending this paradigm to highly mutable
pathogens—including ~ human  immunodeficiency
virus type 1 (HIV-1), respiratory syncytial virus
(RSV), and seasonal or pandemic influenza—remains
a central objective due to their antigenic diversity and
immune-escape capacity.”>® For these viruses, a central
immunological challenge is the induction of broadly
neutralizing or cross-reactive antibody responses capable
of recognizing conserved viral epitopes.
Reverse-vaccinology strategies therefore prioritize
functionally constrained regions within viral fusion
glycoproteins, such as HIV Env, RSV F, and the
influenza hemagglutinin (HA) stem, to enable
cross-strain  protection.”®* In HIV-1, early-phase
clinical programs emphasize sequential immunization
regimens,  germline-targeting immunogens, and
structure-guided epitope scaffolding, often combined
with nanoparticle display to enhance epitope stability
and conformational fidelity.”” Influenza efforts similarly
explore mRNA-encoded chimeric HA constructs
and consensus-sequence hemagglutinins to broaden
serological ~coverage, while RSV vaccines focus
on pre-fusion F-protein stabilization to maximize
neutralization potency. Beyond antigen design, iterative
mRNA optimization—including codon harmonization,
nucleoside modification (N1-methyl-pseudouridine),
untranslated-region tuning, and thermostable LNP
formulations—has substantially expanded the feasible
pathogen landscape.” A particularly promising frontier
is neglected tropical diseases (NTDs), where limited
commercial incentives and prolonged development
cycles have historically constrained vaccine innovation.”
In malaria, LNP-delivered mRNA encoding Plasmodium
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berghei circumsporozoite antigens, combined with
invariant NKT-cell agonists, induced robust liver-resident
memory CD8" T-cell responses and conferred protective
immunity in murine models.*”

Comparable mRNA-based approaches are under
investigation for tuberculosis and HIV, although
cost-of-goods, cold-chain logistics, and delivery
scalability remain substantial barriers.'® To mitigate these
constraints, WHO-supported mRNA technology-transfer
hubs in low- and middle-income countries (LMICs) aim
to decentralize manufacturing capacity and facilitate
region-specific vaccine production for endemic diseases,
thereby narrowing global access gaps.*®

Oncology
Oncologic mRNA vaccines predominantly leverage
personalized neoantigen targeting, informed by tumor
genomic and transcriptomic profiling. Next-generation
sequencing data are processed through computational
pipelines—including pVACtools, MuPeXI, TIminer,
and OpenVax—that rank candidate neoepitopes based
primarily on predicted MHC binding affinity. However,
direct benchmarking reveals marked inter-algorithm
varjability when applied to identical patient datasets,
underscoring limitations of affinity-only prediction
models.'” Emerging neoantigen prioritization strategies
increasingly consider integrative biological features—such
as variant allele fraction, transcript abundance, and clonal
architecture—to improve predictive relevance.'”” For
example, the TruNeo framework applies multi-parameter
modeling and achieved substantially higher recall for
experimentally validated immunogenic neoantigens
compared with commonly used MHC-binding-
focused  predictors.'”®  Similarly,  proteogenomic
approaches integrating mass spectrometry-based
immunopeptidomics can experimentally validate epitope
presentation and refine candidate prioritization.'**

Beyond epitope ranking, modern mRNA vaccine
development increasingly relies on integrated
computational and structural design pipelines. Codon
optimization algorithms, untranslated region (UTR)
engineering, and RNA secondary structure modeling are
routinely employed to enhance translational efficiency
and transcript stability. In oncology settings, machine
learning-assisted neoantigen prioritization frameworks
integrate multi-omic features and immunogenicity
datasets to refine candidate selection beyond affinity-based
prediction alone. Moreover, in silico modeling contributes
to rational construct design and sequence optimization,
linking genomic discovery to manufacturable vaccine
architectures. Such computational infrastructures now
represent a foundational component of contemporary
biopharmaceutical development.'®®

Therapeutic scheduling represents another critical
determinant of efficacy. Preclinical and early clinical data
indicate that mRNA vaccination may be most effective
when administered during immunologically permissive
windows following chemotherapy-induced nadir.'®

As monotherapies, mRNA vaccines rarely achieve
durable tumor control; however, they may help convert
immunologically “cold” tumors into more inflamed,
T-cell-permissive microenvironments, thereby sensitizing
tumors to immune checkpoint blockade.'”” Triple
combination regimens comprising mRNA vaccination
plus anti-PD-L1 and anti-TIGIT antibodies have been
associated with enhanced CD8* T-cell activation and
improved survival outcomes in murine models.'”® saRNA
vaccine platforms extend conventional mRNA approaches
by incorporating viral replicase machinery—typically
derived from alphavirus nonstructural proteins (nsP1-
nsP4)—which enables intracellular RNA amplification
following cytoplasmic delivery. This replication process
can substantially enhance antigen expression while
enabling dose-sparing vaccine strategies.!” Efficient
intracellular delivery of these relatively large RNA
constructs depends on optimized LNP systems composed
of ionizable lipids, helper phospholipids, cholesterol, and
polyethylene glycol (PEG)-lipids, which together promote
endosomal escape and cytosolic release of RNA cargo.'
Rational engineering of these nanoformulations—
including modulation of ionizable lipid pKa, lipid
composition, and particle architecture—has emerged
as a critical determinant of delivery efficiency, stability,
and immunogenic performance in next-generation RNA
vaccine platforms.'!

Representative clinical investigations of oncologic
mRNA and saRNA vaccines—including the phase
II KEYNOTE-942 study evaluating personalized
mRNA-4157 in combination with pembrolizumab in
resected melanoma (NCT03897881)—are summarized
in Table 2, with each entry linked to its corresponding
clinical trial registry identifier.

Autoimmune and rare diseases

mRNA  technology is also being adapted for
antigen-specific immune tolerance and in situ protein
replacement, addressing disease domains traditionally
inaccessible to vaccine platforms. In experimental
autoimmune encephalomyelitis (EAE), a murine model
of multiple sclerosis, non-inflammatory mRNA vaccines
encoding myelin autoantigens and incorporating
N1-methyl-pseudouridine induced regulatory T-cell
populations and suppressed paralytic disease without
systemic immunosuppression.'’>  This  tolerogenic
outcome arises from targeted delivery to splenic dendritic
cells in the absence of co-stimulatory signaling. Although
no tolerogenic mRNA vaccines have yet entered clinical
trials for autoimmune diseases, adjacent antigen-specific
approaches—such as tolerogenic dendritic-cell therapies
are under active investigation in type 1 diabetes,
rheumatoid arthritis, and Crohn’s disease.'*!!

For rare metabolic disorders, mRNA has demonstrated
strong preclinical performance as a transient yet highly
efficient enzyme-replacement modality. In Fabry disease,
a single dose of a-galactosidase A mRNA produced
sustained supraphysiologic enzyme levels for up to six
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Table 2. Representative clinical trials of oncologic mMRNA and self-amplifying RNA (saRNA) vaccines

RNA
Trial ID/ Sponsor/ Target Combination
. . N platform/ Phase . Route Reported status/outcome
Registry Candidate antigen(s) . regimen
formulation
BioNTech/BNT122 Personalized zif::z,a:tlie;anb:ItZ;:;izl:dTI:::TCtlon
NCT04534205 (Autogene . MRNA-LPX  Phase!| tanti—PD-1 Intravenous g P .
neoantigens responses in advanced solid
cevumeran)
tumors.
Personalized Safety, tolerability, and
Moderna/mRNA- neoantlg?ns (up . |mmunogen|C|t.y of |.nc.||V|dua|.|z.ed
NCT03313778 4157 (v940) to 34 patient- MRNA-LNP  Phase| Pembrolizumab Intramuscular mRNA-4157, with clinical activity
specific tumor reported in combination with
neoantigens) pembrolizumab.
National Cancer Shared tumor RNACtive® Completed; demonstrated safety
NCT03480152 Institute (NCI)/ antigens (e.g., mRNA Phase| Monotherapy Intradermal and induction of antigen-specific
CV9202 (CureVac) MUC1, CEA) immune responses in NSCLC.
. Phase I/l evaluation of GRANITE
Personalized Phase (personalized saRNA vaccine) in
NCT03639714 Gritstone bio and/or shared saRNA-LNP Anti—PD-1 Intramuscular p‘ X
. /1l microsatellite-stable colorectal
neoantigens
cancer.
Significant improvement in
Moderna/Merck  Personalized recurrence-free survival (RFS)
NCT03897881 (KEYNOTE-942/ melanoma MRNA-LNP  Phase Il Pembrolizumab Intramuscular compared to pembrolizumab
MRNA-4157) neoantigens monotherapy in adjuvant

Dana-Farber Shared antigens
NCT06040125 Cancer Institute/  (e.g., MUC1, NY- mRNA-LNP
CVX203 (CureVac) ESO-1)

Phase Il Atezolizumab

melanoma.

Safety and preliminary efficacy
Intramuscular  of CVX203 in combination with
immune checkpoint inhibitors.

Abbreviations: LNP, lipid nanoparticle; saRNA, self-amplifying RNA; RFS, recurrence-free survival; PD-1, programmed cell death protein 1; NSCLC, non-
small cell lung cancer; IM, intramuscular; 1V, intravenous; ID, intradermal; MSS, microsatellite stable.

weeks in mice and exceeded normal serum enzyme activity
levels by a substantial margin in non-human primates.">¢
In Gaucher disease, mRNA and self-amplifying RNA
encoding [-glucocerebrosidase are being investigated
as potential approaches for neuronopathic variants,
which remain poorly addressed by conventional enzyme
therapies due to blood-brain-barrier exclusion.'”
Despite the need for repeat dosing owing to transient
expression, the platform’s modular design, rapid
scalability, and reduced cold-chain dependency offer
substantial translational advantages over recombinant
protein therapeutics.!’”**® Clinical translation of RNA
platforms is no longer limited to infectious disease
containment but now spans precision oncology, immune
reprogramming, and metabolic replacement therapy.
Continued integration of computational design, delivery
engineering, and decentralized manufacturing will
determine how broadly these technologies reshape future
therapeutic landscapes.

Manufacturing and scalability

The long-term success of RNA vaccine platforms depends
not only on immunogenic performance but also on
manufacturing robustness, regulatory harmonization,
and scalable distribution infrastructures. While the
COVID-19 pandemic demonstrated the feasibility of
ultra-rapid RNA vaccine deployment, it simultaneously
exposed vulnerabilities in global production capacity,
cold-chain dependence, and technology access inequities.
Consequently, contemporary development efforts

increasingly =~ emphasize platform  standardization,
continuous  manufacturing, and  geographically
distributed production models to support sustainable
global deployment. Regulatory agencies have responded
by refining quality, safety, and clinical-evaluation
guidelines for RNA-based products, with a growing
emphasis on platform-level characterization rather than
product-specific reassessment. Harmonization across
regulatory jurisdictions is now recognized as a critical
enabler for accelerated authorization during public-health
emergencies, particularly for adaptable RNA platforms
intended for rapid antigen exchange. Looking forward,
thermostable formulations, modular manufacturing
units, and pre-validated pan-pathogen sequence
libraries are envisioned as foundational components
of a rapid-response RNA ecosystem, positioning RNA
vaccines as first-line tools against emerging infectious
threats and beyond.

In vitro transcription and purification

In vitro transcription (IVT) remains the cornerstone
of mRNA and saRNA manufacturing but is inherently
challenged by the generation of double-stranded RNA
(dsRNA) byproducts, which activate innate immune

sensors and compromise translational efficiency.
Traditional mitigation strategies rely heavily on
downstream chromatographic purification, ~which

increases cost, complexity, and scalability constraints.
Recent advances focus on enzymatic control of dsRNA
formation at the transcriptional stage, thereby reducing
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reliance on intensive purification. The thermostable
HiT7 RNA polymerase, operating at 50 °C rather than
the conventional 37 °C, significantly reduces dsRNA
accumulation and associated RNA-sensor activation
compared with SP6 polymerase, while maintaining high
transcript yields.'” Complementarily, the psychrophilic
VSW-3 RNA polymerase, active at 4-25 °C, markedly
reduces both terminal loop-back and full-length dsRNA
species, achieving transcript yields comparable to T7
polymerase.”” When enzymatic optimization alone is
insufficient, simple and scalable downstream approaches
such as cellulose-based purification remove the majority
of dsRNA contaminants while preserving a substantial
proportion of mRNA recovery, offering cost-effective
alternatives to complex chromatographic workflows.'?"%
In parallel, microfluidic manufacturing technologies have
transformed nanoparticle and microparticle production
by enabling precise control over size, morphology,
and polydispersity, helping to address long-standing
challenges related to batch-to-batch variability.'>'*
Empirical studies demonstrate that microfluidic liposome
production consistently yields narrowly distributed
nanoparticles within the optimal size range for RNA
delivery, while protein-loaded PLGA microparticles
produced via microfluidics exhibit markedly narrower size
distributions and lower inter-batch variability than those
generated by conventional homogenization.'*'** Such
reproducibility is increasingly viewed as indispensable for
regulatory compliance and large-scale clinical translation.

Scale-up and cold-chain logistics

Here, extended storage refers to stability maintained
over prolonged refrigerated or controlled ambient
periods without significant loss of RNA integrity or
translatability. Cold-chain dependence remains one of the
most significant logistical barriers to global RNA vaccine
deployment. Recent formulation research has therefore
focused on enhancing RNA stability under refrigerated
or carefully controlled ambient conditions without
compromising delivery efficiency.'” Nanostructured lipid
carrier (NLC)-based RNA vaccines have demonstrated
sustained physicochemical and biological stability
following lyophilization under standard refrigerated
storage conditions, while liquid NLC formulations
similarly maintain stability during extended refrigerated
storage.'””® Likewise, lipid nanoparticle formulations
incorporating cyclic cationic lipids preserve high
encapsulation efficiency and colloidal stability over
long-term liquid storage, with no detectable particle
size drift.'” Lyophilization strategies have expanded
beyond conventional cryoprotectants such as sucrose
and trehalose to include advanced excipient systems
that enhance long-term stability and reconstitution
performance under refrigerated conditions.
Anhydrobiosis-inspired preservation platforms, such as
RNAstable, have further demonstrated the feasibility of
maintaining RNA integrity over prolonged controlled
ambient storage periods, highlighting emerging

opportunities to reduce strict cold-chain requirements
under defined conditions.”*® Disaccharides particularly
sucrose consistently demonstrate strong protective effects
during lyophilization, preserving transfection efficiency
and nanoparticle integrity upon rehydration.’’!"'%
Low-molecular-weight dextrans, notably dextran 3000,
provide comparable stabilization with approximately 40%
lower osmolality, enabling higher post-rehydration vector
concentrations."* In addition, semi-dendritic hydrophilic
polymers with extended linear architectures exhibit
exceptional preservation of both mRNA and saRNA
lipid nanoparticles, likely through enhanced hydration
and aggregation-prevention mechanisms.'* Collectively,
these findings suggest that cold-chain constraints are
increasingly technical rather than fundamental limitations
of RNA platforms.

Global access and equity
Post-pandemic  restructuring of global vaccine
manufacturing has positioned Africa as a strategic focal
point for RNA production, driven by health-security
priorities and efforts to strengthen regional
manufacturing independence. The WHO-supported
mRNA technology-transfer hub in Cape Town, led by
Afrigen, successfully reverse-engineered the Moderna
COVID-19 vaccine, marking a symbolic and technical
milestone in African vaccine autonomy.'* Despite
representing a substantial share of global vaccine demand
of global vaccine demand, Africa currently produces only
a small fraction of its vaccines locally, with end-to-end
manufacturing capacity limited primarily to South Africa
and Senegal.*® Recent initiatives signal gradual change.
Rwanda has established the continent’s first mRNA
vaccine manufacturing facility, with Senegal, South Africa,
and Kenya advancing parallel efforts."®” Priority targets
for regional production include measles-rubella, yellow
fever, cholera, rotavirus, and meningococcal vaccines.
Financial support mechanisms such as GAVI’s $1 billion
African Vaccine Manufacturing Accelerator, announced
in December 2023, provide critical catalytic funding.'*
Nevertheless, long-term  sustainability = remains
uncertain, particularly in the context of fluctuating global
demand and evolving technology platforms. Experiences
from technology-transfer programs highlight mixed
economic outcomes. In Tanzania, domestic vaccine
manufacturing faced persistent barriers—including
limited political support for TRIPS flexibilities,
insufficient economies of scale, and constrained pricing
competitiveness.”*® Conversely, technology transfer has
contributed to a structural shift whereby the majority
of global vaccine doses are now produced in emerging
economies rather than industrialized nations.'* Expanded
licensing initiatives by the U.S. National Institutes of
Health for neglected diseases further illustrate the potential
of strategic intellectual-property sharing to improve
access.”® However, successful deployment requires
evaluation beyond price-per-dose metrics, incorporating
total immunization-system costs and targeted subsidies
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to offset early adoption risks for manufacturers
implementing  advanced =~ RNA  technologies.'!
Manufacturing scalability, cold-chain flexibility, and
equitable technology transfer are increasingly recognized
as key determinants of RNA vaccine impact. Progress in
enzymatic IVT control, microfluidic reproducibility, and
formulation stabilization suggests that many previously
perceived barriers are tractable. The remaining challenges
are increasingly systemic—regulatory, economic, and
geopolitical—rather than purely technological.

Regulatory, ethical, and societal considerations

The rapid clinical translation of mRNA vaccines has
been accompanied by important regulatory, ethical,
and societal considerations that extend beyond
scientific performance metrics. During the COVID-19
pandemic, emergency regulatory mechanisms enabled
unprecedented acceleration of vaccine development
and deployment, reshaping public expectations of
biomedical innovation while simultaneously exposing
vulnerabilities in governance, communication, and
global equity frameworks. As mRNA platforms transition
from emergency countermeasures to routine biomedical
tools, addressing regulatory legitimacy, public trust, and
intellectual-property governance becomes essential for
long-term sustainability. This section discusses regulatory
pathways, public trust, and intellectual-property
frameworks that may influence the long-term integration
of mRNA vaccine technologies into routine biomedical
practice.

Regulatory pathways and accelerated approvals

The COVID-19 pandemic fundamentally reconfigured
regulatory pathways for mRNA vaccines, most notably
through widespread reliance on Emergency Use
Authorization (EUA) mechanisms. Although EUA
provisions were originally established in 2004 to address
bioterrorism threats, their large-scale deployment during
a global pandemic represented a large-scale evaluation of
regulatory responsiveness during a global public-health
emergency.'? Early emergency authorizations during
the pandemic highlighted concerns regarding evidence
thresholds, transparency of decision-making, and
maintenance of public confidence, insufficient evidence
thresholds, and potential erosion of public confidence,
reinforcing the necessity of safeguarding scientific rigor
even under emergency conditions.'*

Several regulatory innovations emerged as defining
features of the pandemic response, including rolling
reviews, accelerated assessment pathways, reliance-based
approvals, and fully digital regulatory submissions. At
the global level, the WHO Emergency Use Listing (EUL)
mechanism played a critical role in facilitating vaccine
access for LMICs, underscoring the importance of
supranational coordination during health emergencies."*
However, these flexibilities also intensified scrutiny
regardingthebalancebetween speedand oversight. Despite
the demonstrated clinical success of base-modified mRNA

(bmRNA) vaccines during COVID-19, several surveys
suggest that segments of the population remain hesitant
toward mRNA-based technologies, highlighting persistent
gaps in public understanding and acceptance.'*® The
inherent modularity of lipid-nanoparticle-encapsulated,
antigen-encoding mRNA constructs enabled vaccine
development timelines to contract from years to months
during the pandemic. This process culminated in the
emergency authorization of two mRNA vaccines by the
U.S. FDA and conditional approvals by the European
Medicines Agency.'*® Beyond COVID-19, regulatory
agencies are increasingly beginning to recognize the
platform nature of mRNA technologies, which may
enable more streamlined evaluation pathways for vaccines
targeting emerging pathogens, Zika virus, influenza,
and other emerging pathogens.'*”** Nonetheless, the
long-term legitimacy of accelerated pathways will depend
on transparent post-authorization surveillance, consistent
safety communication, and clearly defined transition
criteria to full licensure.

Public trust, vaccine hesitancy, and misinformation

Since 2020, a growing body of research has examined the
dynamics of misinformation surrounding mRNA vaccines
and its impact on public trust. Accumulating evidence
suggests that communication strategies emphasizing
scientific consensus, evidentiary weight, and transparency
outperform fear-based or overly assertive messaging,
which may exacerbate skepticism.** Humor-based
engagement and narrative framing can enhance message
retention, but their effectiveness depends strongly on
cultural context and audience segmentation. Prebunking
strategies grounded in inoculation theory have emerged
as strategies that have shown potential in experimental
studies. Experimental studies suggest that alerting
individuals to common misinformation techniques prior
to exposure may help preserve pro vaccination attitudes,
with especially pronounced effects among older adults.'
Text-based refutations and factual corrections reduce
short-term susceptibility to false claims circulating
on social media platforms, although the durability
and scalability of these interventions remain active
areas of investigation.'”” A comprehensive response to
vaccine misinformation therefore requires multilayered
interventions, integrating health-literacy initiatives,
proactive and credible communication by trusted
institutions, real-time fact-checking infrastructures, and
culturally tailored public-health campaigns responsive to
local epistemic norms. Achieving sustained public trust
in mRNA technologies demands coordinated action
among policymakers, healthcare professionals, behavioral
scientists, and communication specialists, rather than
reliance on single-channel messaging approaches.'*

Intellectual property and open science in global health

The intellectual-property (IP) landscape governing
mRNA vaccines is characterized by dense and overlapping
patent portfolios, often requiring multiple licensing
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agreements that can pose significant barriers to entry for
LMIC manufacturers. Active litigation over core platform
patents further complicates technology diffusion and
may complicate technology diffusion and coordination
across innovation ecosystems."”*** In response, the
WHO-supported Medicines Patent Pool (MPP) mRNA
Technology Transfer Programmed launched in 2021
with South Africa as its central hub aims to establish
regional manufacturing capacity and reduce dependency
on multinational suppliers. While the programmed
represents a meaningful advance toward equitable
access, its reliance on voluntary participation, limited
affordability provisions, and market-oriented licensing
structures may limit the degree of operational autonomy
available to recipient countries.”*>** Nonetheless,
the initiative provides a critical proof-of-concept for
WHO-led, platform-based technology transfer models,
particularly when coupled with workforce training,
regulatory strengthening, and sustained financing. The
tension between IP protection and equitable diffusion
remains unresolved, contributing to ongoing discussions
regarding open-science frameworks and patent-pooling
mechanisms, patent pooling, and conditional licensing
arrangements tailored to pandemic preparedness and
global health equity.”®® Regulatory frameworks, public
trust, and intellectual-property governance represent
important determinants of the broader societal impact of
mRNA vaccine technologies.While emergency pathways
demonstrated the feasibility of rapid deployment, their
long-term success depends on preserving scientific
credibility,  countering  misinformation  through
evidence-based communication, and enabling equitable
technology diffusion. Addressing these dimensions will
be essential for embedding mRNA platforms as durable
components of global health infrastructure.

Challenges and limitations

Despite substantial advances, RNA vaccine technologies
continue to face multidimensional and interdependent
challenges that span molecular design, delivery systems,
manufacturing  scalability, clinical translation, and
global deployment. These limitations do not negate the
transformative potential of RNA platforms but instead
delineate the boundaries within which realistic and
sustainable innovation must occur. At the molecular level,
the intrinsic instability of RNA remains an important
technical constraint. Unmodified RNA transcripts are
highly susceptible to extracellular RNases and spontaneous
hydrolysis, necessitating chemical modifications such
as N1-methyl-pseudouridine. While such modifications
enhance translational efficiency and attenuate innate
immune sensing, they introduce additional complexity
into in vitro transcription workflows and introduce
additional considerations related to manufacturing
complexity and regulatory characterization, regulatory
characterization, and intellectual-property constraints.
saRNA platforms offer potential dose-sparing advantages;
however, their larger molecular size increases vulnerability

to shear stress, compromises formulation robustness,
and complicates delivery optimization, thereby posing
additional constraints on near-term scalability.
Manufacturing pipelines introduce further bottlenecks.
In vitro transcription frequently generates dsRNA
byproducts that activate pattern-recognition receptors
and attenuate antigen expression. Although enzymatic
strategies, including engineered and psychrophilic RNA
polymerases, together with cellulose-based purification,
have been reported to reduce dsRNA contamination,
the scalability, reproducibility, and cost-effectiveness of
these approaches in continuous-flow industrial settings
remain under active evaluation. Cold-chain dependence
represents an additional structural limitation. Most
clinically approved LNP-mRNA formulations still require
frozen or refrigerated storage, constraining distribution
in resource-limited settings. While lyophilization and
emerging stabilizing excipients have extended stability
under refrigerated conditions, robust room-temperature
formulations supported by regulatory-grade long-term
potency data remain uncommon. Delivery technologies
particularly LNPs pose both technical and biological
challenges. Formulation parameters must strike a
narrow balance between efficient endosomal escape and
avoidance of excessive inflammatory signaling mediated
by interactions between lipid components and innate
immune receptors such as TLRs or NLR-associated
pathways. In addition, off-target biodistribution to the
liver and spleen may contribute to dose-limiting toxicities
in some contexts, complicating repeated dosing strategies.
Achieving reproducible nanoparticle characteristics at
commercial scale further demands stringent control over
particle size, morphology, and encapsulation efficiency,
with microfluidic manufacturing platforms showing
promise but not yet universally implemented across
production pipelines. Clinical and translational challenges
remain substantial. Vaccine immunogenicity varies across
age groups, comorbidity profiles, and pathogen classes,
limiting uniform efficacy. For highly mutable viruses
such as HIV-1 and influenza, the induction of broadly
neutralizing antibodies through conserved epitope
targeting remains unresolved, despite advances in antigen
design. In oncology, personalized neoantigen vaccines
consistently demonstrate safety and immunogenicity, yet
tumor heterogeneity, immune-escape mechanisms, and
suboptimal epitope-prediction algorithms characterized
by high false-positive rates remain important challenges
for achieving durable clinical responses. At the global
level, inequities in manufacturing capacity, regulatory
infrastructure,andtechnologyaccessremainmajorbarriers
to equitable deployment. Complex intellectual-property
landscapes, coupled with the limited reach and mixed
effectiveness of existing technology-transfer mechanisms,
continue to restrict autonomous production in low-
and middle-income countries. Finally, persistent
public-perception challenges—including vaccine
hesitancy driven by misinformation and distrust of
novel biotechnologies—can undermine adoption even
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in the presence of favorable safety and efficacy profiles.
Collectively, these limitations underscore the need for
coordinated advances in RNA molecular engineering,
scalable and reproducible manufacturing, transparent
and adaptive regulatory frameworks, and culturally
informed public-engagement strategies. Addressing these
challenges in parallel, rather than in isolation, will be
essential for realizing the broader public-health potential
of RNA vaccine platforms.

Future directions and disruptive innovations

Recent advances in RNA vaccine science suggest that
the field is entering a phase characterized not only by
incremental optimization but also by platform-level
innovations that may influence durability, scalability,
and adaptability, scalability, and adaptability. Emerging
directions—including  circular RNA  platforms,
artificial-intelligence-guided antigen and construct
design, and smart delivery systems—aim to address
persistent limitations related to RNA stability, antigen
persistence, and immunological memory. Collectively,
these developments signal a transition toward more
stable, modular, and adaptable RNA vaccine technologies.
These directions are discussed here as emerging research
trajectories rather than clinically validated solutions.

mRNA 2.0 and circular RNA vaccines

Circular RNA (circRNA) vaccines have emerged as a
next-generation RNA modality designed to overcome
several intrinsic limitations of linear mRNA platforms.
Preclinical studies evaluating circRNA constructs
encoding trimeric receptor-binding domains (RBDs)
of the SARS-CoV-2 spike protein have demonstrated
neutralizingantibodyresponsesandantigen-specific T-cell
immunity and antigen-specific T-cell immunity in murine
and non-human primate models and were associated with
protection against viral challenge in preclinical models.
Compared with base-modified linear mRNA, circRNA
vaccines exhibit prolonged antigen expression and a
tendency toward Th1-biased immune polarization, which
in some studies has been associated with antiviral and
antitumor immune responses.””” The covalently closed
loop structure of circRNAs confers intrinsic resistance to
exonuclease-mediated degradation, enhancing molecular
stability and sustaining protein translation."”® In addition,
some studies suggest that circRNAs may exhibit reduced
recognition by certain innate immune sensors, including
RIG-I and certain Toll-like receptors, thereby reducing
excessive innate activation while preserving effective
adaptive immune priming.'” Beyond infectious disease
models, preclinical cancer vaccine studies have reported
durable, antigen-specific CD8" T-cell responses persisting
during extended observation periods in murine studies,
highlighting  potential applications in therapeutic
oncology.'® Despite these promising attributes, current
evidence for circRNA vaccines remains confined to
preclinical systems, and key challenges—including
scalable manufacturing, delivery optimization, and

regulatory characterization—must be resolved before
clinical translation. Human safety and efficacy data are still
lacking, underscoring the need for cautious interpretation
of early results.

Al-driven antigen prediction and RNA design

Artificial intelligence is increasingly shaping RNA vaccine
development by integrating machine-learning models
with immunoinformatics and synthetic-biology pipelines.
Advanced architectures such as GraphEPN—combining
graph neural networks, vector-quantized variational
autoencoders, and graph transformers—capture both
structural and sequence-level features to achieve
competitive performance in B-cell epitope prediction
tasks.'®! For T-cell epitope discovery, transformer-based
and hybrid CNN-transformer models, including MITNet,
MLPT, and TransHLA, have improved peptide-MHC-
TCR interaction modeling, demonstrating improved
classification ~performance in several benchmark
datasets.'*"'%*

Within RNA vaccine design, Al-driven workflows
enable simultaneous optimization of antigen sequence
engineering, codon harmonization, untranslated-region
design, and RNA secondary-structure prediction,
with the potential to improve predicted translational
efficiency and construct stability.'*>'® Machine-learning
approaches are also being applied to rationally
engineer lipid-nanoparticle formulations, optimizing
pharmacokinetic and pharmacodynamic behavior of
RNA vaccines."”

Together, these tools support a computationally guided
development workflow in which antigen selection, RNA
engineering, and delivery optimization are iteratively
refined prior to experimental validation, accelerating
candidate prioritization while reducing empirical
trial-and-error.

The algorithmic workflow of AIl-powered RNA vaccine
design is illustrated in Fig. 4.

Smart delivery and self-boosting vaccine systems

Innovations in delivery technologies are enabling the
development of self-boosting and sustained-release RNA
vaccine formulations designed to prolongantigen exposure
and enhance immunological memory. Hydrogel-based
slow-release systems, including polymer—nanoparticle
(PNP) composites, create tunable immunological
microenvironments that recruit antigen-presenting cells
and extend antigen availability, and have been associated
in preclinical studies with broader and more durable
humoral responses in preclinical studies compared with
conventional bolus administration. In SARS-CoV-2
models, sustained delivery of receptor-binding-domain
subunit vaccines via PNP hydrogels conferred improved
protection against variants of concern, whereas
conventional bolus administration produced weaker
neutralizing responses in some experimental models.'"~'%
Advances in time-release polymer carriers further expand
this concept. Poly(p-amino amide) (PBAA) systems
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Fig. 4. Future directions and disruptive innovations in RNA vaccine platforms. Next-generation RNA vaccine technologies are evolving toward programmable,

durable, and adaptive systems through convergent advances in RNA engineering, artificial intelligence, and smart delivery modalities. mRNA 2.0 and
circular RNA (circRNA) platforms enable prolonged antigen expression, exonuclease resistance, and immune polarization control via covalently closed
RNA constructs, supporting applications in infectious diseases and therapeutic cancer vaccination. Al-driven antigen prediction and RNA design integrate
pathogen genomic inputs with computational epitope selection, codon harmonization, untranslated region (UTR) optimization, and RNA secondary structure
modeling, allowing in silico refinement of vaccine constructs prior to experimental validation. Smart delivery and self-boosting systems, including LNPs with
tunable lipid chemistry, polymeric or peptide-based nanoparticles, and hydrogel-based depot formulations, enable controlled multi-phase antigen release,
enhanced antigen-presenting cell recruitment, prolonged immune stimulation, and reduced booster frequency through dose-sparing strategies. Collectively,
these innovations support scalable manufacturing, enhanced durability, adaptive antigen updating, and precision immune tuning, defining a new paradigm

of context-responsive RNA vaccine platforms.

incorporating redox-cleavable disulfide linkages enable
controlled release kinetics and have demonstrated efficient
in vitro gene editing activity while maintaining stability
under short-term refrigerated conditions."”® Poly(L-lactic
acid) (PLA) matrices and poly(lactide-co-glycolide)
(PLGA) microspheres offer biphasic or triphasic release
profiles, substantially improving RNA and oligonucleotide
stability over extended durations.””>'”? Additional
biomaterials including chitosan, cyclodextrins, dextran,
polyglutamic acid, hyaluronic acid, and gelatin are under
active investigation for delivery of small non-coding
RNA therapeutics.'”? Collectively, these smart-delivery
platforms point toward next-generation RNA vaccines
with the potentially enable lower dosing requirements,
reduced booster frequency, and improved durability of
immune responses, although clinical translation and
regulatory validation remain ongoing challenges.

Conclusion

Over the past decade, RNA vaccines have transitioned
from an experimental concept to a clinically validated
immunization platform with demonstrable real-world
relevance. This evolution has been driven not by
a single breakthrough, but by the convergence of
advances in molecular biology, synthetic chemistry,
delivery nanotechnologies, computational modeling,
and clinical development strategies. The COVID-19

pandemic functioned as both a large-scale validation
and an accelerator, compressing development timelines,
catalyzing regulatory innovation, and revealing both
the strengths and structural vulnerabilities of global
vaccine ecosystems. The clinical deployment of
nucleoside-modified mRNA vaccines formulated in
lipid nanoparticles established RNA vaccination as a
credible and versatile modality within contemporary
immunotherapy. At a mechanistic level, these platforms
integrate multiple technological advances: precise in vitro
transcription enabling rapid antigen encoding; rational
antigen sequence engineering, untranslated region
optimization, and nucleoside modification to enhance
stability and translational efficiency; and delivery systems
most prominently lipid nanoparticles that protect RNA
cargo while facilitating cellular uptake and immune
activation. Together, these elements enable coordinated
innate and adaptive immune responses across diverse
pathogen targets. Beyond prophylactic vaccination, the
extension of RNA technologies into oncology, particularly
through personalized neoantigen-based strategies, has
expanded their potential role in individualized cancer
immunotherapy. Exploratory applications in immune
tolerance induction and enzyme replacement further
illustrate the breadth of potential therapeutic use
cases. In parallel, advances in manufacturing science,
including microfluidic nanoparticle production and
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formulation stabilization approaches, are progressively
addressing historical challenges related to scalability,
reproducibility, and distribution. Despite these advances,
equitable global access remains an important scientific,
logistical, and ethical challenge. Initiatives supporting
regional manufacturing capacity, technology transfer,
and workforce development represent important steps
toward more geographically distributed RNA vaccine
production. Lessons from the pandemic underscore
that rapid technological progress, if not coupled with
equitable deployment frameworks, risks perpetuating
structural disparities in global health preparedness.
Significant challenges nevertheless persist. Mechanistic
questions at the nano-bio interface, heterogeneity in
immune responses across populations, and complex
intellectual property landscapes continue to shape
translational trajectories. Public trust also remains fragile;
vaccine hesitancy—often amplified by misinformation
and skepticism toward emerging biotechnologies—
can undermine uptake even when safety and efficacy
profiles are favorable. Regulatory systems are therefore
tasked with balancing flexibility and rigor, ensuring
that accelerated development pathways reinforce, rather
than compromise, long-term confidence in biomedical
innovation. Looking ahead, next-generation RNA formats,
including circular RNA, self-amplifying constructs, and
computationally guided immunogen design, are being
explored as avenues to enhance durability, breadth, and
programmability of immune responses. Advances in
smart delivery and controlled-release systems may further
reduce dosing requirements and improve deployment
in resource-limited settings. These directions should be
viewed as active areas of investigation rather than clinically
established solutions. In summary, RNA vaccines stand
at the intersection of multidisciplinary science, industrial
innovation, and global health policy. Their significance
extends beyond pandemic response, offering a flexible
framework for addressing endemic infections, emerging
pathogens, and selected chronic diseases. Realizing this
potential will depend not only on continued scientific
progress, but also on sustained collaboration among
molecular scientists, engineers, clinicians, regulators,
public health institutions, and communities worldwide,
helping ensure that technological advances translate into
sustainable and equitable health benefits.
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