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Abstract

The COVID-19 pandemic accelerated rapid advances in vaccine development and underscored the
need for platforms that can be rapidly engineered, highly effective, and adaptable to evolving
pathogens. Messenger RNA (mRNA) vaccines have demonstrated exceptional efficacy and safety,
establishing a significant milestone in modern vaccinology. This review aims to synthesize recent
molecular engineering innovations that determine mRNA vaccine performance, focusing on
nucleoside modification, spike protein prefusion stabilization, codon and untranslated region (UTR)
optimization, and lipid nanoparticle (LNP) delivery systems. A literature search was conducted using
PubMed and Google Scholar for studies published between 2020 and 2023, and selected publications
were analyzed to identify key molecular determinants shaping vaccine function. Findings indicate
that incorporation of N1-methyl-pseudouridine enhances mRNA stability, improves translational
output, and reduces innate immune activation. The double-proline modification maintains the spike
protein’s prefusion conformation, while codon and UTR optimization further elevate antigen
expression. LNP encapsulation provides structural protection and supports efficient intracellular
delivery. Collectively, these engineering strategies enhance immunogenicity, ensure favorable
tolerability, and allow rapid adaptation to emerging variants. Overall, integrated molecular design
and advanced delivery technologies position mRNA vaccines as a transformative platform for next-

generation vaccine development and strengthened global pandemic preparedness.
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Introduction

The global health sector has faced
extraordinary strain since the emergence of
COVID-19 at the end of 2019. The disease,
triggered by the newly recognized severe acute
respiratory syndrome coronavirus 2 (SARS-
CoV-2), was initially detected in Wubhan,
China, in December 2019 (Saddik et al., 2021).
On 11 March 2020, the World Health
Organization (WHO) officially recognized the
rapid worldwide spread of COVID-19 and
classified the outbreak as a global pandemic
(World Health Organization, 2020). Clinically,
individuals infected with the virus often
experience manifestations resembling viral
pneumonia,  including  elevated  body
temperature, general fatigue, and a persistent
non-productive cough. In more serious
circumstances, these initial symptoms can
advance to complications such as acute
respiratory distress, impairment of kidney
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function, or even failure of multiple organ
systems (Cucinotta & Vanelli, 2020). Since the
onset of the pandemic, various therapeutic
strategies have been explored, including herbal
preparations, antiviral agents such as remdesivir
and favipiravir, and monoclonal antibody based
therapies (Msemburi et al., 2023; World Health
Organization, 2021). This discrepancy
underscores the global impact of the pandemic
and highlights the urgency of strengthening
preventive measures, particularly widespread
vaccination, to reduce transmission and
mortality.

Since the beginning of the pandemic,
numerous treatment approaches have been
investigated, ranging from herbal-based
remedies and antiviral drugs like remdesivir and
favipiravir to therapies utilizing monoclonal
antibodies.  Nonetheless, their  clinical
effectiveness has remained limited.
Randomized controlled trials have shown that
favipiravir does not significantly improve
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recovery time, viral clearance, or disease
progression compared with placebo in patients
with mild to moderate COVID-19 (Udwadia et
al., 2021). Consequently, vaccination has
emerged as the most effective and sustainable
approach for pandemic control. Large-scale
clinical investigations have shown that mRNA
vaccines markedly decrease the likelihood of
progressing to severe disease or requiring
hospitalization, with reported effectiveness
surpassing 90% in adult cohorts (Adams et al.,
2022; Ferdinands et al.,, 2022). Although
immunity against mild infections diminishes
with time, the vaccines continue to demonstrate
strong and sustained protection against severe
illness, underscoring their role as a fundamental
component of global public health efforts
(Saadh & Jaber, 2022).

Several vaccine platforms have been
developed against COVID-19, including
inactivated vaccines utilizing neutralized viral
particles, protein subunit vaccines employing
purified viral antigens, and viral vector vaccines
using recombinant carrier viruses (Jiao, 2022).
Among these, mRNA based vaccines have
demonstrated exceptional performance owing
to their rapid development, design flexibility,
and high protective efficacy. These features
position mRNA vaccines, exemplified by the
Pfizer BioNTech and Moderna formulations, as
a landmark advancement in modern
vaccinology (Noor, 2021).

The remarkable success of mRNA
vaccines stems from a series of structural and
molecular engineering strategies designed to
enhance their stability, efficiency, and safety.
Key modifications include substitution of
natural uridine (U) with (m'¥) to suppress
innate immune activation (Pardi et al., 2018),
incorporation of double proline mutations
(K986P and V987P) in the spike protein to
preserve its prefusion conformation (Corbett et
al., 2020), optimization of codons and UTR to
improve transcript stability and translational
efficiency (Corbett et al, 2020), and
encapsulation within LNP that protect mRNA
and facilitate cellular uptake (Polack et al.,
2020). These molecular strategies collectively
distinguish mRNA platforms from conventional
vaccines, resulting in superior immunogenicity
and adaptability (Starostina et al., 2021).

Biota: Jurnal Ilmiah Ilmu-Ilmu Hayati, 11(2), Juni 2026

Building on these prior advances, this
review provides an integrated evaluation of the
structural engineering strategies incorporated
into mRNA-based COVID-19 vaccines,
including their effects on antigen expression,
differences in design frameworks, and the
refinement of LNP-facilitated delivery
platforms. Moreover, the substantial scientific
insights gained throughout the development of
mRNA vaccines during the COVID-19
pandemic now serve as a strong foundation for
creating next-generation vaccines directed at
other infectious diseases, such as dengue, Zika,
and influenza. With its inherent design
flexibility, rapid production timeline, and
adaptability to emerging variants, the mRNA
platform serves as a strategic model for
accelerating  vaccine  innovation  and
strengthening global preparedness for future
outbreaks and pandemics.

Materials and Methods

The review was structured using the
PICO framework, which consists of Population
(P), Intervention (I), Comparator (C), and
Outcome (O), to systematically define the
research question and eligibility criteria. The
population included preclinical models (in vitro
and animal studies) and human participants
enrolled in clinical trials. The interventions
comprised molecular engineering strategies
applied to mRNA vaccine design, including
N1-methyl-pseudouridine (m"¥) incorporation,
2P spike protein  stabilization, codon
optimization, UTR engineering, and LNP-based
delivery systems. The comparators consisted of
conventional vaccine platforms or unmodified
mRNA constructs. The outcomes assessed in
this review included the effects of these
molecular modifications on mRNA stability,
translational efficiency, antigen expression,
immunogenicity, vaccine efficacy, and safety
profiles, which were used to evaluate their
contribution to the overall performance of
mRNA vaccine platforms.

Eligibility was determined using
predefined inclusion and exclusion criteria
shown in Table 1. These criteria were used as
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Table 1. Inclusion and Exclusion Criteria

Category

Criteria

Inclusion -

Studies examining molecular engineering of mRNA COVID-19 vaccines (m'Y

substitution, 2P spike stabilization, codon optimization, UTR engineering, LNP delivery)

Preclinical or clinical studies providing mechanistic or immunological data.
Original research or clinical trial reports.
Published in English in international journals between 2020-2023.

Exclusion -

Not related to mRNA vaccine molecular engineering.
Lacking molecular or immunological relevance.
Commentary, opinion, or non—peer-reviewed articles.
Duplicate or overlapping data.

Atticles were identified through
database searching

PubMed (n = 467)

Google Scholar (n = 513)

Identification

Duplicate articles were excluded
P
] (n = 343)

Articles after duplicate removal
(n=637)

The articles were screened based on
their titles and abstracts
(n=637)

Articles were excluded after title
}—————————————————#{ and abstract screening

v
368
Articles afier title and abstract i)

Screening

screening
(n=269)

(n=269)

Articles were screened based on the
inclusion and exclusion criteria

Excluded articles were removed
(n=96)
v

criteria
(n=173)

Eligbility

Full-text  articles
eligibility
(n=173)

Articles that met the inclusion

assessed  for

v

]

Full-text articles were excluded
(n=157)

(n=16)

Include

Articles included in the final review

Figure 1. PRISMA Flow Diagram

the basis for selecting studies relevant to
molecular engineering of mRNA COVID-19
vaccines.

A literature search was performed in
PubMed and Google Scholar for publications
from 2020 to 2023 using the terms “COVID-
19,” “mRNA vaccine,” “mRNA modification,”
and “LNP.” All identified articles were
organized using a reference management tool,
with duplicate entries eliminated, after which
titles and abstracts were reviewed and eligible
studies were further evaluated through full-text
analysis.

The study screening and selection
adhered to PRISMA guidelines, as illustrated in
the corresponding flow diagram (Figure 1). In
total, 16 studies satisfied all predefined
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eligibility requirements and were subsequently
incorporated into this review.

Data  extraction was conducted
manually, covering molecular  design
characteristics, delivery system components,
mechanistic findings, and immunological
outcomes. Due to variation in methods and
reported results, the data were synthesized
narratively.

Results and Discussion

Recent progress during the COVID-19
pandemic has positioned mRNA vaccines as
one of the most transformative developments in
modern vaccine science (Pardi et al., 2018; Park
et al., 2021). These platforms deliver transient
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Figure 2. General structure of an mRNA vaccine construct and the key modification sites that enhance
molecular stability, translational efficiency, and immunogenicity (adapted from Park et al., 2021).

genetic instructions into host cells, where they
are translated into antigenic proteins, such as
the SARS-CoV-2 spike protein, thereby
inducing both humoral and cellular immune
responses (Pardi et al., 2018; Sahin et al., 2020).
Unlike conventional vaccine platforms that rely
on inactivated pathogens or recombinant
proteins, mRNA vaccines exploit host
ribosomes to directly translate synthetic mRNA
into antigenic proteins within the cytoplasm,
eliminating the need for infectious viral
material while closely mimicking natural
antigen expression (Pardi et al., 2018; Park et
al., 2021; Verbeke et al., 2021).

From a biological perspective, mRNA
vaccine constructs are engineered to mimic
endogenous eukaryotic transcripts, allowing
them to be efficiently recognized by the host
translational machinery. The mRNA construct
consists of four essential structural elements:
the 5" cap, the 5’ and 3’ untranslated regions
(UTRs), the open reading frame (ORF), and the
poly(A) tail, each serving complementary roles
in regulating transcript stability, translational
efficiency, and antigen expression (Pardi et al.,
2018; Verbeke et al., 2021). This molecular
architecture enables synthetic mRNA to closely
resemble  endogenous transcripts  while
incorporating chemical modifications that
enhance  transcript  stability,  improve
translational  efficiency, and minimize
excessive innate immune activation (Pardi et
al., 2018; Starostina et al., 2021).

Therefore, the remarkable clinical
performance of current mRNA vaccines results
not simply from the encoded antigen sequence
but from the coordinated integration of multiple
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molecular  engineering  strategies, each
contributing to transcript stability, antigen
expression, and immune activation (Pardi et al.,
2018).

As illustrated in Figure 2, the mRNA
vaccine construct incorporates multiple
complementary structural modifications that
collectively enhance transcript stability,
translational efficiency, and immunogenicity.
Accordingly, the contribution of each
component should be interpreted as part of an
integrated molecular engineering strategy rather
than as an isolated structural modification.

As shown in Figure 2, each structural
element of the mRNA construct performs a
distinct yet complementary role, and their
coordinated optimization collectively
determines transcript stability, translational
efficiency, and antigen expression. The 5’ cap
protects the mRNA from enzymatic
degradation while facilitating ribosome
recognition and translation initiation. Further
optimization of this region through the use of
anti-reverse cap analogs (ARCA) or the
CleanCap method has been shown to improve
translational efficiency and prolong
intracellular mRNA stability (Pardi et al., 2018;
Starostina et al., 2021; Verbeke et al., 2021).
Subsequently, the UTRs located at the 5" and 3’
ends play a crucial role in regulating the
stability and translational efficiency of mRNA.
Optimization of these sequences through the
selection of stable genetic elements, such as a-
globin or B-globin motifs, has been shown to
extend the cytoplasmic half-life of the transcript
and enhance the production of antigenic
proteins (Pardi et al., 2018; Verbeke et al.,
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2021). The central ORF encodes the SARS-
CoV-2 spike protein, which is engineered to
maintain the prefusion conformation through
incorporation of the 2P mutation. This
stabilization preserves key neutralizing epitopes
and enhances immune recognition (Corbett et
al., 2020; Wrapp et al., 2020).

In addition, the poly(A) tail located at
the 3’ end of the mRNA molecule plays a vital
role in enhancing molecular stability and
translational ~ efficiency by  preventing
premature degradation. An optimal poly(A) tail
length of approximately 100 to 150 nucleotides
has been shown to strengthen the interaction
with polyadenylate-binding proteins, thereby
extending the functional lifespan of the mRNA
transcript (Pardi et al., 2018). Beyond structural
optimization of the poly(A) tail, transcript
performance is further enhanced through
nucleoside modification, in which uridine is
replaced with m"P. This chemical modification
reduces activation of innate immune receptors
such as TLR7 and TLRS, thereby minimizing
excessive immune activation while maintaining
efficient antigen expression (Sahin et al., 2020).
The entire system is subsequently encapsulated
and delivered through LNP, which serve both as
delivery vectors and as protective carriers that
safeguard mRNA from enzymatic degradation
by RNases. These nanoparticles also facilitate
endosomal escape, allowing the mRNA to
successfully reach the cytoplasm where
efficient translation can occur (Sahin et al.,
2020; Verbeke et al., 2021). These findings

indicate that delivery efficiency depends not
only on the presence of LNPs but also on the
precise balance among lipid components, which
collectively influences intracellular delivery,
transcript  stability, and overall vaccine
performance (Verbeke et al., 2021).

These integrated molecular engineering
strategies established the design framework
adopted by first-generation mRNA vaccines,
including BNT162b2 and mRNA-1273, both of
which demonstrated high efficacy and
favorable safety profiles in phase III clinical
trials (Baden et al., 2021; Polack et al., 2020).

Importantly, the high clinical efficacy
observed in first-generation mRNA vaccines
cannot be attributed to a single structural
modification but rather to the synergistic
interaction among  multiple = molecular
engineering strategies. While m'¥Y enhances
transcript stability and reduces innate immune
activation, optimal vaccine performance also
depends on the 2P mutation and efficient
intracellular delivery mediated by LNPs.
Collectively, these coordinated modifications
optimize transcript stability, preserve antigen
conformation, and improve intracellular
delivery,  thereby  maximizing antigen
expression and the resulting adaptive immune
response. Therefore, the clinical success of
first-generation mRNA vaccines reflects the
integrated outcome of coordinated molecular
engineering rather than the contribution of any
individual structural component alone (Corbett
et al., 2020; Pardi et al., 2018).

Table 2. Comparative Data on Immunogenicity and Efficacy of mRNA COVID-19 Vaccines (Moderna mRNA-
1273 and Pfizer BNT162b2)

Vaccine mRNA Target Antigenicity Immunogenicity Evaluation Vaccine Refer-
Type Construct Gene of Evaluation Pre Clinical Efficacy ence
Modifications  Interest clinical
Moderna m'Y¥, S-2P; SARS- High BALB/c N=44.000 Phase I1I: (Noor,
(mRNA- UTR; Poly (A) CoV-2 neutralizing  mice: (=18 years): 94,1% 2021)
1273) Tail; 5° Cap; Spike (S) antibody Increased Enhanced (symptomatic)
LNP (SM-102, protein response antibody & antibody & T-
DSPC, Chol, T-cell cell responses,
PEG2000- response mild  adverse
DMG) effects
Moderna m'Y¥, S-2P; SARS- Elevated BALB/c N=7.466, Phase I1I: (Depla
(mRNA- UTR; Poly (A) CoV-2 specific IgG  mice: (=65 years); 94,1% nque &
1273) Tail; 5 Cap; Spike (S) & Increased N=22.885 (symptomatic) Launay
LNP (SM-102, protein neutralizing  antibody & (=18 years): ; ,2021)
DSPC, Chol, antibody T-cell Enhanced 100%
PEG2000- titers responses antibody (protection
DMG) response, mild from severe
effects cases)
225 Biota: Jurnal Ilmiah [lmu-Ilmu Hayati, 11(2), Juni 2026
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mRNA

Target

Immunogenicity Evaluation

Vaccine Antigenicity Vaccine Refer-
Type Construct Gene of Evaluation Pre Clinical Efficacy ence
Modifications  Interest clinical
Moderna m'¥; S-2P; SARS- Prefusion BALB/c N=30.415 Phase III: (El
(mRNA- UTR; Poly (A) CoV-2 stabilized mice & (=18 years): 93,2% Sahly
1273) Tail; 5 Cap; Spike (S) protein rhesus Mild moderate (symptomatic) et al.,
LNP (SM-102, protein induces high macaque: side effects, no ; 2022)
DSPC, Chol, neutralizing  Strong myocarditis or 98,2%
PEG2000- antibodies antibody pericarditis (severe)
DMG) response &
complete
protection
without
toxicity
Moderna m'¥Y; S-2P; SARS- Prefusion BALB/c N=4.016 Phase III: (Creech
(mRNA- UTR; Poly (A) CoV-2 stabilized mice & (6-11 years): 88,0% et al,
1273) Tail; 5° Cap; Spike (S) protein rhesus Mild moderate (symptomatic) 2022)
LNP (SM-102, protein elicits strong macaque: effects, no
DSPC, Chol, neutralizing  High myocarditis  or
PEG2000- antibody antibody MIS-C
DMG) response levels,
complete
protection,
no toxicity
Moderna m'¥Y; S-2P; SARS- Prefusion BALB/c N=3.732 Phase III: (Ali et
(mRNA- UTR; Poly (A) CoV-2 stabilized mice & (12-17 years): 93,3% al.,
1273) Tail; 5° Cap; Spike (S) protein rhesus Higher antibody (symptomatic) 2021)
LNP (SM-102, protein induces macaque: titers than young
DSPC, Chol, potent Strong adults, no
PEG2000- neutralizing  antibody myocarditis  or
DMG) antibodies response & MIS-C
full
protection
Moderna m'Y, S-2P; SARS- Not specified Rhesus N=30.420 Phase III: (Baden
(mRNA- UTR; Poly (A) CoV-2 macaque: (18-95 years): 94,1% et al,
1273) Tail; 5° Cap; Spike (S) Increased Strong antibody (symptomatic) 2021)
LNP (SM-102, protein antibody & response, mild ;
DSPC, Chol, T-cell moderate effects 100%
PEG2000- responses, (protection
DMG) no lung from  severe
lesions, no disease)
viral
replication
post-
challenge
Moderna m'¥Y;  S-2P; SARS- High IgG & Rhesus N=60 Phase I: (Jackso
(mRNA- UTR; Poly (A) CoV-2 neutralizing  macaque: (18-55 years): High n et al.,
1273) Tail; 5° Cap; Spike (S) antibody Elevated Strong antibody immunogenici  2020)
LNP (SM-102, protein titers antibody response, mild ty & safety
DSPC, Chol, levels & moderate effects demonstrated
PEG2000- lung
DMG) protection
Pfizer m'¥Y; S-2P; SARS- Stable, BALB/c N=43.548 Phase I1I: (Vogel
(BNT162 UTR; Poly (A) CoV-2 highly mice & (=16 years): 95% et al,
bl) Tail; 5° Cap; Spike (S) expressed rhesus Increased (symptomatic) 2021)
LNP (ALC- protein Spike macaque: antibody
0315, ALC- protein Full response, mild
protection
Biota: Jurnal Ilmiah Ilmu-Ilmu Hayati, 11(2), Juni 2026 226
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mRNA

Target

Immunogenicity Evaluation

Vaccine Antigenicity Vaccine Refer-
Type Construct Gene of Evaluation Pre Clinical Efficacy ence
Modifications  Interest clinical
0159, DSPC, without moderate  side
Cholesterol) pathology  effects
Pfizer m'¥; S-2P; SARS- Induces Not N=43.448 Phase III: (Polack
(BNT162 UTR; Poly (A) CoV-2 neutralizing  specified (=16 years): 95% et al.,
bl) Tail; 5° Cap; Spike (S) antibodies & Mild moderate (symptomatic) 2020)
LNP (ALC- protein CD4*/CDS8* effects
0315, ALC- T-cell
0159, DSPC, responses
Cholesterol)
Pfizer m!'¥Y;  S-2P; SARS- Elevated IgG BALB/c N=15.912 Phase I1I: (Depla
(BNT162 UTR; Poly (A) CoV-2 & mice: (>55 years); 95% nque &
bl) Tail; 5 Cap; Spike (S) neutralizing  Enhanced  N=21.794 (symptomatic) Launay,
LNP (ALC- protein antibody neutralizati (>16 years): ; 2021)
0315, ALC- titers on activity ~ Strong antibody 100%
0159, DSPC, & neutralization (severe
Cholesterol) responses, mild protection)
effects
Pfizer m'¥Y; S-2P; SARS- High BALB/c N=44.165 Phase III: (Thoma
(BNT162 UTR; Poly (A) CoV-2 prefusion- mice & (=16 years); 91.3% s et al.,
bl) Tail; 5° Cap; Spike (S) stabilized rhesus N=2.264 (severe cases)  2021)
LNP (ALC- protein Spike macaque: (12-15 years):
0315, ALC- expression & Full Mild moderate
0159, DSPC, neutralizing  protection, effects, no
Cholesterol) antibody no severe adverse
production immunopat events
hology
Pfizer m'¥Y; S-2P; SARS- Prefusion- BALB/c N=2.260 Phase III: (Frenck
(BNT162 UTR; Poly (A) CoV-2 stabilized mice & (12-15 years): 95% et al.,
bl) Tail; 5° Cap; Spike (S) Spike rhesus Antibody titers (symptomatic) 2021)
LNP (ALC- protein protein macaque: higher than
0315, ALC- induces Strong adults, mild
0159, DSPC, potent antibody moderate effects
Cholesterol) neutralizing  response,
antibodies full
protection,
no toxicity
Pfizer m'¥Y;  S-2P; SARS- Stable BALB/c N=2.268 Phase III: (Rodrig
(BNT162 UTR; Poly (A) CoV-2 prefusion mice & (5-11 years): 90,7% uez-
bl) Tail; 5° Cap; Spike (S) Spike rhesus Mild moderate (symptomatic) Chavez
LNP (ALC- protein induces macaque: effects, antibody et al.,
0315, ALC- strong High levels 2023)
0159, DSPC, neutralizing  antibody comparable to
Cholesterol) antibodies titers and adults
safety
confirmed
Pfizer m'Y, S-2P; SARS- Prefusion- BALB/c N=10.125 Phase III: (Moreir
(BNT162 UTR; Poly (A) CoV-2 stabilized, mice & (=16 years): 95,3% a et al,,
bl) Tail; 5 Cap; Spike (S) highly rhesus Mild moderate (symptomatic) 2022)
LNP (ALC- protein expressed macaque: effects, no
0315, ALC- Spike High myocarditis or
0159, DSPC, induces antibody pericarditis
Cholesterol) strong titers, full
neutralizing  protection
antibodies without
toxicity
227 Biota: Jurnal Ilmiah Ilmu-Ilmu Hayati, 11(2), Juni 2026
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mRNA

Target

Immunogenicity Evaluation

Vaccine Antigenicity Vaccine Refer-
Type Construct Gene of Evaluation Pre Clinical Efficacy ence
Modifications  Interest clinical
Pfizer m'Y,; S-2P; SARS- High BALB/c (16 years): Phase I11: (Noor,
(BNT162 UTR; Poly (A) CoV-2 neutralizing  mice: Elevated >90% 2021)
bl) Tail; 5 Cap; Spike (S) antibody Increased antibodies, mild (symptomatic)
LNP (ALC- protein response antibody effects
0315, ALC- response
0159, DSPC,
Cholesterol)
Pfizer m'¥Y;  S-2P; SARS- Not specified Not N=596.618 Phase I1I: (Dagan
(BNT162 UTR; Poly (A) CoV-2 specified (>16 years): 94% et al,
bl) Tail; 5° Cap; Spike (S) Mild effects (symptomatic) 2021)
LNP (ALC- protein ;
0315, ALC- >90%
0159, DSPC, (severe,
Cholesterol) hospitalized
cases)
Pfizer m'¥; S-2P; SARS- Enhanced Not N=60 Phase I/1I: (Sahin
(BNT162 UTR; Poly (A) CoV-2 neutralizing  specified (18-55 years): High et al,
bl) Tail; 5 Cap; Spike (S) antibody Levated RBD & immunogenici 2020)
LNP (ALC- protein titers neutralizing ty, strong
0315, ALC- antibodies, protective
0159, DSPC, increased CD4" potential
Cholesterol) & CD8" T-cell
responses, mild
moderate  side
effects
Pfizer m'¥Y; S-2P; SARS- Increased Not N=45 Phase I/11: (Mullig
(BNT162 UTR; Poly (A) CoV-2 RBD & specified (18-55 years): High an et
bl) Tail; 5° Cap; Spike (S) neutralizing High antibody immunogenici al.,
LNP (ALC- protein antibodies titers, mild ty & safety 2020)
0315, ALC- moderate effects
0159, DSPC,
Cholesterol)
Pfizer m'?;  S-2P; SARS- Increased Not N=45 Phase I/11: (Mullig
(BNT162 UTR; Poly (A) CoV-2 RBD & specified (18-55 years): High an et
bl) Tail; 5 Cap; Spike (S) neutralizing High antibody immunogenici al.,
LNP (ALC- protein antibodies titers, mild ty & safety 2020)
0315, ALC- moderate effects
0159, DSPC,
Cholesterol)

Abbreviations: RBD, receptor-binding domain; LNP, lipid nanoparticle; UTR, untranslated region; S-2P,
prefusion-stabilized spike protein containing two proline substitutions; m'¥, N1-methylpseudouridine; IgG,
immunoglobulin G; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; PEG, polyethylene glycol; MIS-C,
multisystem inflammatory syndrome in children.

In contemporary

immunology and

These intracellular antigens are then recognized

biotechnology, mRNA vaccine platforms have
emerged as a significant innovation because
they use synthetic genetic instructions to direct
host cells to synthesize target antigens without
relying on live or infectious viral material. In
this approach, an engineered mRNA sequence
encoding the SARS-CoV-2 spike protein is
delivered into host cells, where it is translated
by host ribosomes into antigenic spike proteins.
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by the immune system as foreign, prompting a
protective response characterized by the
production of neutralizing antibodies and the
activation of CD4" helper T cells together with
CDS8* cytotoxic T cells (Corbett et al., 2020;
Pardi et al., 2018; Sahin et al., 2020).

From a structural perspective, mRNA
vaccines are engineered to mimic endogenous
eukaryotic transcripts through coordinated
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structural elements, including the 5’ cap, 5’ and
3" UTRs, the open reading frame (ORF), and the
poly(A) tail. Together, these components
maintain transcript stability, promote efficient
translation, and maximize antigen expression,
thereby enabling robust activation of adaptive
immune responses (Pardi et al., 2018; Verbeke
etal., 2021).

Various COVID-19 vaccine platforms,
including wviral vector, protein subunit,
inactivated virus, and DNA vaccines, have
demonstrated protective efficacy through
different mechanisms of antigen delivery and
immune activation. Reported efficacy against
symptomatic COVID-19 generally ranges from
approximately 65%-90%, while protection
against severe disease remains consistently high
across platforms (Dai et al., 2022; Heath et al.,
2021; Khobragade et al., 2022; Logunov et al.,
2021; Sadoff et al., 2021; Tanriover et al., 2021;
Voysey et al, 2021). These observations
indicate that differences in vaccine efficacy are
influenced not only by the antigen itself but also
by the underlying delivery platform and
molecular design strategy.

Compared to other vaccine
technologies, mRNA vaccines demonstrate
superior immunological potency and biological
efficiency. This platform functions directly
within the cytoplasm without requiring
transcription in the cell nucleus, thereby
enabling rapid and robust antigen production
(Pardi et al., 2018; Sahin et al., 2020). Clinical
trials have shown that mRNA vaccines achieve
efficacy rates of approximately 94-95% against
symptomatic infection and provide nearly
complete protection against severe disease,
consistent with the data summarized in Table 2
(Baden et al., 2021; Polack et al., 2020). In
addition to their high clinical efficacy, mRNA
vaccines elicit markedly stronger neutralizing
antibody titers than other vaccine platforms and
induce potent CD4" and CD8" T-cell activation.
The immune response is predominantly Thl-
oriented, offering protection against antibody-
dependent enhancement (ADE) and ensuring a
balanced and durable adaptive immunity
(Corbett et al., 2020; Sahin et al., 2020).

However, the superior efficacy of
mRNA vaccines should not be interpreted
solely as a consequence of the mRNA platform
itself. Instead, it reflects the integration of
optimized  antigen  design,  molecular
engineering, and advanced delivery technology.
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As summarized in Table 2, both BNT162b2 and
mRNA-1273 employ the same core design
principles, including m"¥ substitution, 2P spike
stabilization, and lipid nanoparticle
formulation, despite differences in lipid
composition. The comparable efficacy achieved
by both vaccines suggests that coordinated
molecular engineering, rather than any
individual structural modification, is the
primary determinant of vaccine performance
(Baden et al., 2021; Pardi et al., 2018).
Although viral vector and protein-based
vaccines can also induce protective immunity,
their performance may be influenced by factors
such as pre-existing vector immunity, slower
antigen redesign, or more complex
manufacturing processes. Therefore, the
principal advantage of mRNA technology lies
not only in its immunogenic potency but also in
its flexibility, rapid adaptability, and scalability
during emerging infectious disease outbreaks.
In addition to high efficacy, mRNA vaccines
exhibit favorable safety profiles because they
are non-replicating, contain no infectious
material, and do not integrate into the host
genome. Their rapid manufacturing process and
adaptability to emerging variants further
distinguish this platform from conventional
vaccine technologies (Pardi et al., 2018; Sahin
et al., 2020).

Despite these advantages, native
mRNA remains inherently unstable and is
highly  susceptible to  RNase-mediated
degradation. Consequently, multiple molecular
engineering strategies, including chemical
modification, sequence optimization, and
advanced delivery systems, are required to
improve transcript stability, translational
efficiency, and overall vaccine performance
(Pardi et al., 2018; Verbeke et al., 2021).

Collectively, the molecular
modifications summarized in Table 2
demonstrate that the exceptional performance
of current mRNA vaccines results from the
integration of complementary engineering
strategies rather than any single design element.
These findings provide the basis for the
following discussion of how individual
structural components contribute to the
molecular optimization and clinical
performance of mRNA vaccines (Pardi et al.,
2018; Verbeke et al., 2021).

Biota: Jurnal Ilmiah Ilmu-Ilmu Hayati, 11(2), Juni 2026



mRNA Vaccine Design Modifications and Their Implications

Nucleoside Modification (m'¥)

One of the most fundamental
innovations driving the success of mRNA-
based vaccines is the introduction of nucleoside
modification, achieved by substituting natural
uridine (U) with m'"¥ in the synthetic mRNA
strand. This strategy was first shown to
markedly reduce excessive innate immune
activation triggered when in vitro-transcribed
(IVT) mRNA is recognized by host pattern-
recognition receptors (PRRs) (Pardi et al.,
2018). Unmodified IVT mRNA contains
uridine (U) residues that are readily recognized
by innate immune sensors, including Toll-like
receptors (TLR3, TLR7, and TLRS8) and
cytoplasmic RNA sensors such as RIG-I and
MDAS. This recognition rapidly initiates type |
interferon signaling and subsequent
inflammatory cascades, leading to accelerated
mRNA degradation and inhibition of antigen
protein translation (Pardi et al., 2018).

By replacing natural uridine (U) with
m'¥Y, the mRNA molecule becomes less
detectable by innate immune sensors without
compromising ribosomal recognition and
translation. Structurally, m"¥ enhances base-
pair stability and optimizes mRNA secondary
structure, thereby improving transcript stability
and translational efficiency. Reduced activation
of TLR7 and TLR8 subsequently decreases type
I interferon (IFN-o/f) production and limits
pro-inflammatory cytokine release (Pardi et al.,
2018; Sahin et al., 2020).

Beyond attenuating innate immune
sensing, m'Y also reduces susceptibility to
RNase-mediated degradation, thereby
prolonging intracellular persistence and
sustaining antigen expression. Prolonged
antigen expression subsequently promotes
stronger  adaptive =~ immune  responses
characterized by high neutralizing antibody
titers and balanced CD4" and CD8* T-cell
activation (Polack et al., 2020; Sahin et al.,
2020). Clinical trials of first-generation mRNA
vaccines incorporating m'¥Y modification
demonstrated remarkable efficacy, achieving
approximately 94-95% protection against
symptomatic infection and nearly complete
protection against severe cases, Wwhile
maintaining a favorable safety profile with
minimal reactogenicity (Baden et al., 2021;
Polack et al., 2020).

Collectively, these findings
demonstrate that m'¥Y modification
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simultaneously improves mRNA stability,
translational  efficiency, and  immune
compatibility, thereby establishing an optimal
balance between antigen expression and
controlled innate immune activation. These
observations indicate that successful mRNA
vaccine design depends not only on maximizing
antigen production but also on precisely
regulating host innate immune recognition.
Consequently, m'"¥ has become a fundamental
molecular feature of clinically successful
mRNA vaccine platforms (Pardi et al., 2018;
Verbeke et al., 2021).

Although m'¥Y modification
substantially improves transcript stability and
translation, optimal vaccine performance also
requires structural optimization of the encoded
antigen. Accordingly, subsequent advances
focused on engineering the spike protein to
preserve its prefusion conformation, thereby
further enhancing immunogenicity (Corbett et
al., 2020; Wrapp et al., 2020).

2P Spike Protein Stabilization Mutation
(K986P and VI987P)

The double proline substitution at
residues K986 and V987, commonly referred to
as the 2P mutation, represents one of the key
structural engineering strategies underlying the
success of current mRNA vaccines. This
modification aims to preserve the spike
glycoprotein in its prefusion conformation, the
structural state preceding membrane fusion that
exhibits the highest immunogenicity and
relevance for neutralizing antibody recognition
(Wrapp et al., 2020). This strategy was first
reported by Wrapp et al. (2020), who
demonstrated through cryo-electron
microscopy (cryo-EM) that substitution of
residues K986 and V987 with proline stabilizes
the spike protein by maintaining its prefusion
conformation.

At the molecular level, the rigid nature
of proline residues restricts peptide bond
rotation within the fusion subunit (S2 region) of
the spike protein, thereby enhancing the
thermodynamic stability of the molecule and
preserving the native prefusion epitopes
preferentially recognized by neutralizing
antibodies. This conformational stability
ensures that the antigen translated from mRNA
within host cells closely resembles the native
prefusion structure of the viral spike protein,
resulting in more efficient and targeted
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activation of adaptive immune responses
(Corbett et al., 2020; Wrapp et al., 2020).

Preclinical studies consistently
demonstrated that incorporation of the 2P
mutation resulted in markedly higher
neutralizing antibody titers and enhanced CD4*
and CD8* T-cell responses compared with non-
stabilized spike constructs, indicating that
preservation of the prefusion conformation is
essential for optimal antigen presentation
(Corbett et al., 2020; Sahin et al., 2020).
Moreover, this structural design directs the
immune response toward a Thl-dominant
profile, characterized by secretion of interferon-
vy (IFN-y) and interleukin-2 (IL-2), thereby
reducing the risk of antibody-dependent
enhancement (ADE) associated with excessive
Th2-dominated responses (Sahin et al., 2020).
The enhanced immunogenicity observed in
preclinical studies was subsequently validated
in Phase III clinical trials, where mRNA
vaccines incorporating the 2P-stabilized spike
antigen induced high-affinity neutralizing
antibodies and demonstrated clinical efficacy
exceeding 90% against symptomatic COVID-
19 while maintaining strong protection against
severe disease (Baden et al., 2021; Polack et al.,
2020).

Although the 2P mutation effectively
preserves the prefusion conformation,
mutations arising within the receptor-binding
domain (RBD) of emerging SARS-CoV-2
variants can reduce antibody recognition
despite maintenance of the stabilized structure.
These findings highlight that structural
stabilization alone is insufficient to maintain
vaccine performance against continuously
evolving viral variants, thereby motivating the
development of next-generation constructs such
as HexaPro, which incorporates four additional
proline substitutions to further enhance
structural stability without compromising
antigenicity (Wrapp et al., 2020).

Collectively, these findings
demonstrate that the 2P mutation represents a
cornerstone of mMRNA vaccine antigen
engineering by preserving the prefusion spike
conformation required for optimal immune
recognition. However, its contribution to
vaccine performance is achieved through
synergistic interactions with other molecular
engineering strategies rather than as an isolated
structural ~ modification, providing the
foundation for the development of next-
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generation mRNA vaccine antigens (Baden et
al., 2021; Corbett et al., 2020; Polack et al.,
2020; Sahin et al., 2020; Wrapp et al., 2020).

Although structural stabilization through the 2P
mutation substantially enhances antigenicity,
optimal vaccine performance also depends on
efficient mRNA translation. Accordingly,
subsequent engineering strategies focused on
codon optimization and UTR design to further
improve transcript stability and antigen
expression within host cells (Pardi et al., 2018).

Codon Optimization and UTR

In addition to nucleoside modification
and spike protein engineering, the performance
of mRNA vaccines is further optimized through
codon optimization and UTR engineering, both
of which maximize translational efficiency and
transcript ~ stability. Codon  optimization
involves modifying the mRNA coding
sequence to match the codon usage preferences
of human cells, which are influenced by the
relative abundance of host transfer RNAs
(tRNAs). The primary objective is to replace
rarely used codons with synonymous codons
that are more efficiently recognized by the host
translational machinery, thereby reducing
ribosomal pausing and improving translational
efficiency (Pardi et al., 2018; Verbeke et al.,
2021).

In addition to increasing translation
speed, codon optimization also influences
mRNA secondary structure, thereby improving
ribosome accessibility and translation initiation
while preserving efficient elongation. An
optimal codon arrangement maintains a balance
between mRNA structural stability and
accessibility of the translation initiation region.
Studies by Pardi et al. (2018) and Sahin et al.
(2020) indicate that codon patterns aligned with
human tRNA abundance markedly improve
antigen expression and generate stronger
humoral responses compared with constructs
retaining native viral codons. These findings
indicate that codon optimization improves
vaccine performance not only by accelerating
protein synthesis but also by maximizing
antigen availability for immune recognition.

Furthermore, the UTRs located at the 5’
and 3’ ends of the mRNA play essential
regulatory roles in controlling transcript
stability and translational efficiency. UTRs
influence translational factor binding, mRNA
folding, and degradation rates within the
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cytoplasm. Engineering the 5’ and 3’ UTRs
through the incorporation of stable regulatory
sequences derived from oa-globin or B-globin
genes has been reported to extend mRNA half-
life and improve translational performance
(Pardi et al., 2018; Verbeke et al., 2021).
Optimized 5’ UTRs enhance ribosome
recruitment and translation initiation, whereas
stable 3’ UTRs reduce degradation and
strengthen interactions with polyadenylate-
binding proteins, thereby maintaining transcript
integrity (Pardi et al., 2018; Verbeke et al.,
2021).

Collectively, codon optimization and
UTR engineering act synergistically to
maximize antigen expression by simultaneously
increasing  translational  efficiency and
prolonging mRNA stability. These observations
demonstrate that efficient antigen production
depends not only on the encoded protein
sequence but also on optimization of the
regulatory  elements controlling mRNA
expression. Consequently, potent immune
responses can be achieved with lower mRNA
doses, thereby improving vaccine
immunogenicity while maintaining formulation
efficiency (Pardi et al., 2018; Sahin et al., 2020).
Within modern mRNA vaccine platforms,
codon optimization and UTR engineering
complement nucleoside modification and spike
protein stabilization to establish a rapid, robust,
and durable antigen expression system (Pardi et
al., 2018; Verbeke et al., 2021).

Although codon optimization and UTR
engineering substantially enhance intracellular
antigen expression, optimal translation also
depends on protecting the mRNA transcript
from degradation. Consequently, further
optimization focuses on the 5’ cap and poly(A)
tail, which stabilize the transcript and facilitate
efficient translation initiation (Pardi et al., 2018;
Verbeke et al., 2021).

Poly(A) Tail and 5’ Cap

The two terminal structural elements of
mRNA, namely the 5’ cap and the poly(A) tail,
play indispensable roles in preserving transcript
stability = and maximizing translational
efficiency (Pardi et al., 2018; Verbeke et al.,
2021). The poly(A) tail protects the 3’ end of the
mRNA from degradation by exonucleases and
extends its half-life within the cytoplasm. In
addition to protecting the transcript from
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degradation, the poly(A) tail enhances
translational efficiency through interactions
with poly(A)-binding protein (PABP), which
bridges the 3’ poly(A) tail with the translation
initiation complex via elF4G. This interaction
promotes formation of a closed-loop mRNA
structure that facilitates ribosome recycling and
repeated initiation of translation, thereby
increasing the total protein yield from a single
mRNA molecule (Pardi et al., 2018; Park et al.,
2021; Verbeke et al., 2021).

The length of the poly(A) tail is a key
determinant of both stability and translational
capacity. Experimental evidence indicates that
a poly(A) tail of approximately 100-150
nucleotides provides an optimal balance
between transcript stability and translational
efficiency. Shorter tails undergo rapid
deadenylation, whereas excessively long tails
may interfere with mRNA folding and ribosome
progression (Pardi et al., 2018; Sahin et al.,
2020). The enzymatic properties of the poly(A)
polymerase used during in vitro transcription
also influence the uniformity of tail length,
thereby contributing to consistent antigen
expression across cells (Park et al.,, 2021;
Verbeke et al., 2021).

At the 5 end, the cap structure plays a
crucial role in shielding the mRNA from
exonuclease-mediated degradation and
functions as a key molecular marker required
for ribosome recognition during translation
initiation. Native eukaryotic mRNA contains
either cap0 or capl structures consisting of a 7-
methylguanosine linked to the first nucleotide
through a 5'—5' triphosphate bridge. In current
mRNA vaccine designs, additional structural
refinements are incorporated to ensure correct
cap orientation and strengthen interactions with
the initiation factor elF4E. Among these
improvements, the anti-reverse cap analog
(ARCA) and CleanCap methodologies are
widely implemented because they preserve
correct 5' orientation and minimize generation
of nonfunctional reverse caps (Pardi et al.,
2018; Sahin et al., 2020; Starostina et al., 2021;
Verbeke et al., 2021).

Implementation of ARCA and
CleanCap substantially improves translational
efficiency and extends mRNA half-life by
ensuring correct cap orientation and enhancing
recognition by the translation initiation
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machinery (Pardi et al., 2018; Verbeke et al.,
2021). Furthermore, advances in co-
transcriptional capping technologies during in
vitro transcription have enabled synthesis of
high-purity, correctly oriented capped mRNA,
reducing the need for extensive post-
transcriptional purification steps (Park et al.,
2021; Verbeke et al., 2021). These observations
indicate that successful mRNA vaccine design
depends not only on maximizing antigen
production but also on preserving transcript
integrity throughout intracellular translation.

Collectively, optimization of the
poly(A) tail and the 5’ cap illustrates that
efficient antigen expression depends not only
on the coding sequence but also on precise
regulation of transcript stability and translation
initiation. Together ~ with  nucleoside
modification, spike protein stabilization, and
codon optimization, these terminal structural
elements form an integrated molecular
engineering strategy underlying the high
performance of current mRNA vaccines.
Following optimization of the mRNA construct
itself, the next critical step involves
encapsulation within LNPs, which protect the
transcript from extracellular degradation and
enable efficient intracellular delivery (Pardi et
al., 2018; Park et al., 2021; Verbeke et al.,
2021).

Delivery System: LNP

Lipid nanoparticles (LNPs) constitute
the final and indispensable component of
contemporary mRNA  vaccine  design,
protecting the inherently unstable mRNA from
extracellular RNase-mediated degradation
while enabling efficient intracellular delivery to
the cytoplasm, where antigen translation
occurs. LNPs enclose the mRNA within lipid-
based particles that remain neutral under
physiological conditions but acquire a positive
charge in the acidic environment of endosomes.
This shift in charge promotes fusion with the
endosomal membrane and enables the mRNA
to enter the cytoplasm through the process of
endosomal escape (Sahin et al., 2020; Verbeke
etal., 2021).

Ionizable lipids are the most important
component because they electrostatically
complex with negatively charged mRNA
during nanoparticle formation while remaining
electrically neutral at physiological pH, thereby
minimizing systemic toxicity. Following
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endocytosis, acidification of the endosome
protonates these lipids, destabilizing the
endosomal membrane and facilitating
cytoplasmic release of mRNA. Lipids such as
SM-102 and ALC-0315 exemplify this design
strategy by balancing delivery efficiency,
structural stability, and safety (Park et al., 2021;
Verbeke et al., 2021).

Cholesterol contributes to structural
stability by reinforcing the integrity of the lipid
bilayer and enhancing membrane fluidity,
which is essential for fusion with cellular
membranes. DSPC (1,2-distearoyl-sn-glycero-
3-phosphocholine) maintains the physical
stability and rigidity of the nanoparticle bilayer,
ensuring its robustness during storage and
circulation. =~ PEG-lipids,  consisting  of
polyethylene glycol chains conjugated to lipid
anchors, improve colloidal stability and prevent
particle aggregation. Collectively, these
structural lipids complement ionizable lipids by
maintaining nanoparticle integrity throughout
formulation, circulation, and cellular uptake,
thereby maximizing the efficiency of
intracellular mRNA delivery (Park et al., 2021;
Verbeke et al., 2021).

Beyond lipid composition, nanoparticle

size also represents an important determinant of
LNP performance. An optimal particle size
must balance systemic distribution with
efficient uptake by antigen-presenting cells,
with nanoparticles measuring approximately
80-100 nm generally exhibiting favorable
characteristics for cellular internalization
(Verbeke et al., 2021).
Beyond their protective role, LNPs also exhibit
intrinsic immunological activity that supports
vaccine efficacy. Certain ionizable lipids have
been reported to act as adjuvants, stimulating
dendritic cells and enhancing antigen
presentation via both MHC class I and class 11
pathways. This activation leads to robust CD4*
and CD8" T-cell responses, contributing to the
establishment of long-lasting protective
immunity (Sahin et al., 2020; Verbeke et al.,
2021). These findings indicate that LNPs
function not only as delivery vehicles but also
as active immunomodulatory components that
contribute directly to vaccine efficacy.

Although Moderna mRNA-1273 and
Pfizer BNT162b2 differ in their proprietary
lipid compositions, both formulations employ
similar fundamental LNP design principles.
Their comparable clinical efficacy suggests that
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overall  nanoparticle  architecture  and
intracellular delivery efficiency are more
important determinants of vaccine performance
than the identity of individual lipid components
alone (Pardi et al., 2018; Park et al., 2021;
Verbeke et al., 2021). Collectively, these
observations demonstrate that LNP
formulations serve not merely as passive
carriers but as active determinants of mRNA
vaccine efficacy, safety, and immunogenicity.

Despite  these  advances, LNP
technology remains one of the principal
challenges limiting the broader application of
mRNA therapeutics. Current formulations still
require improvements in biodistribution,
thermostability, reactogenicity, and tissue-
specific targeting. Addressing these limitations
will facilitate the expansion of mRNA
technology beyond COVID-19 vaccines toward
next-generation vaccines and a wide range of
therapeutic applications, including cancer
immunotherapy and protein replacement
therapy (Park et al., 2021; Verbeke et al., 2021).

All molecular engineering strategies
discussed previously, including nucleoside
modification, spike protein stabilization, codon
and UTR optimization, and LNP-based
delivery, act as interconnected components that
collectively contribute to mRNA vaccine
performance. Rather than acting independently,
these modifications form an integrated
molecular framework that improves transcript
stability, enhances antigen expression, regulates
innate immune activation, and facilitates
efficient intracellular delivery, ultimately
contributing to strong and balanced immune
responses (Pardi et al., 2018; Verbeke et al.,
2021).

The clinical relevance of this integrated
design is demonstrated by the immunogenicity,
efficacy, and safety outcomes summarized in
Table 2. Both first-generation mRNA vaccines,
mRNA-1273 and BNT162b2, incorporated
similar fundamental engineering principles,
including m'¥-modified nucleosides,
prefusion-stabilized spike antigens through the
2P mutation, and LNP-based delivery systems.
Despite differences in formulation
characteristics, both vaccines consistently
induced high neutralizing antibody responses,
strong T-cell activation, and clinical efficacy
exceeding 90% against symptomatic COVID-
19 infection in phase III clinical trials (Baden et
al., 2021; Polack et al., 2020).
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Beyond their immunogenic
performance, both vaccines demonstrated
favorable safety profiles, with most reported
adverse events being mild to moderate and
transient, including injection-site reactions,
fatigue, fever, and myalgia. Importantly, no
major safety concerns that limited clinical
implementation were identified during the
evaluated clinical periods. These findings
indicate that molecular optimization strategies
successfully achieved a balance between
efficient antigen expression and controlled
immune activation (Baden et al., 2021; Polack
et al., 2020).

The comparable performance observed
between mRNA-1273 and BNT162b2
highlights that vaccine success cannot be
attributed to a single structural modification but
rather on the coordinated interaction of multiple
engineering strategies. Modified nucleosides
contribute to transcript stability and reduced
innate immune sensing, spike stabilization
preserves antigenic epitopes required for
effective immune recognition, while LNP
formulations ensure protection and intracellular
delivery of mRNA. Therefore, the exceptional
performance of current mRNA vaccines
represents the cumulative outcome of optimized
RNA chemistry, antigen design, and delivery
technology rather than the contribution of an
individual molecular component alone (Corbett
et al., 2020; Pardi et al., 2018; Sahin et al.,
2020).

The success of mRNA vaccines during
the COVID-19 pandemic represents a transition
from  conventional  empirical  vaccine
development toward rational molecular
engineering. The ability to rapidly redesign
genetic sequences and optimize vaccine
components provides a flexible platform with
potential applications against other infectious
diseases, including influenza, Zika virus,
dengue, and HIV, as well as emerging nucleic
acid-based therapeutic approaches (Pardi et al.,
2018; Verbeke et al., 2021).

Future development of mRNA vaccine
technology is directed toward improving dose
efficiency, stability, and global accessibility.
One promising approach is the development of
self-amplifying mRNA (saRNA), which
incorporates replication elements derived from
RNA viruses to enhance intracellular antigen
production while potentially reducing the
required vaccine dose. This strategy may
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improve manufacturing efficiency and enhance
the scalability of mRNA-based platforms
(Sahin et al., 2020). In parallel, thermostable
mRNA formulations are being investigated to
overcome cold-chain limitations and facilitate
broader vaccine distribution, particularly in
resource-limited regions (Park et al., 2021;
Verbeke et al., 2021).

Another emerging direction in mRNA
vaccine development involves multivalent and
combinatorial vaccine designs capable of
encoding multiple antigenic targets within a
single formulation. This strategy is particularly
relevant for pathogens with high antigenic
diversity, such as dengue virus, which consists
of four distinct serotypes (DENV-1-DENV-4).
Advances in computational biology and
structural vaccinology enable rational antigen
selection and optimization to improve cross-
serotype immune recognition and enhance the
breadth and durability of protective responses.
However,  successful  development  of
multivalent mRNA vaccines requires careful
optimization of antigen expression levels,
potential immune interference, and formulation
complexity.

Despite the remarkable progress of
mRNA vaccine technology, several challenges
remain across the five major molecular
engineering strategies. Nucleoside modification
requires further optimization to achieve an
appropriate  balance between minimizing
excessive innate immune activation and
maintaining sufficient immunogenic
stimulation. Structural antigen engineering
must be continuously refined to address viral
evolution and mutations that may affect
antigenic epitopes and immune recognition.
Similarly, codon optimization and UTR
engineering require precise sequence design to
enhance translational efficiency  while
preserving proper mRNA folding and structural
stability. Optimization of the 5’ cap and poly(A)
tail remains critical for maintaining transcript
integrity, prolonging mRNA stability, and
ensuring efficient translation initiation. In
addition, LNP formulations require further
improvement in biodistribution, storage
stability, cold-chain independence, and
reduction of reactogenicity. Addressing these
challenges requires integrated advances in RNA
chemistry, computational antigen design, lipid
engineering, and formulation technologies.
Specifically, improved nucleoside chemistry

235

may enhance the balance between innate
immune regulation and antigen expression,
while advanced computational approaches can
facilitate accurate antigen prediction and
optimization. Furthermore, next-generation
delivery systems may improve LNP stability,
targeted tissue delivery, and global vaccine
accessibility.

Collectively, the advancement of
mRNA vaccine technology demonstrates that
successful vaccine performance depends on the
coordinated optimization of RNA structure,
antigen design, and delivery systems rather than
antigen selection alone. By integrating
molecular  engineering  strategies  with
computational and formulation approaches,
next-generation mRNA vaccines have the
potential to achieve improved efficacy,
enhanced stability, broader pathogen coverage,
and expanded biomedical applications beyond
COVID-19.

Conclusion

Learning from the COVID 19
pandemic, the remarkable success of mRNA
based vaccines has ushered in a new paradigm
in modern vaccinology. This achievement
demonstrates  that  precise =~ molecular
engineering, including nucleoside modification,
structural stabilization of antigens, optimization
of genetic sequences, and advanced delivery
systems, can produce vaccines that are highly
effective, safe, and rapidly developed. The
scientific principles established during the
development of COVID 19 vaccines have not
only proven their efficacy against SARS CoV 2
but have also provided a conceptual foundation
for creating vaccines against other infectious
diseases such as influenza, Zika, and HIV, as
well as potential applications in cancer
immunotherapy.

Looking ahead, the design strategies
and technological insights gained from the
COVID 19 experience will guide the
development of next generation vaccines that
are more stable, adaptable, and globally
scalable. Thus, the COVID 19 pandemic serves
as a pivotal turning point that marks the
beginning of a new era in mRNA based
vaccinology, with the potential to revolutionize
future strategies for disease prevention
worldwide.
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