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Abstract

Messenger RNA (mRNA) therapy has revolutionized modern medicine through its rapid development capabilities and ability to induce effective
immune responses, becoming a powerful weapon against infectious diseases. The expression level of target proteins from mRNA sequences
is primarily influenced by translational efficiency and stability, which can be significantly enhanced by modifying the 5 and 3’ untranslated
regions (UTRs), codon adaptation index, GC content, and secondary structure. To address the challenges of optimizing mRNA design, we
have developed mRNAdesigner (https://www.biosino.org/mRNAdesigner/), a web server specifically designed to improve mRNA stability and
translational efficiency in eukaryotes. Users can input a coding sequence (CDS) along with optional 5 UTR and 3’ UTR, and the tool optimizes
the CDS by reducing unpaired regions, minimizing complex stem-loop structures, and mitigating the use of rare codons while adhering to user
defined GC content preferences. Additionally, mRNAdesigner identifies optimal UTR sequences to enhance translation efficiency and stability. As
an open-access computational resource, mRNAdesigner supports full-length mRNA design, enabling researchers to generate high-expression
mRNA sequences for efficient protein production in eukaryotic expression systems, providing extra support for vaccine development and protein
therapeutics. This is the first such tool that was made open accessible to the public.
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Introduction

Messenger RNA (mRNA)-based therapeutics have emerged
as a revolutionary platform for the prevention and treatment
of various diseases, demonstrating unprecedented success in
recent global health challenges and offering new possibili-
ties for cancer therapy [1, 2]. Their modular nature, poten-
tial for rapid and scalable production, high efficacy, minimal
off-target effects, and cost-effectiveness have catalyzed exten-
sive research and clinical applications in infectious diseases
and oncology [3]. By delivering synthetic mRNA that encodes
therapeutic proteins to host cells, these treatments enable en-
dogenous protein production directly within the body. Upon
cellular uptake, the host translational machinery decodes the
mRNA to synthesize the desired therapeutic proteins, which
may temporarily function as immunomodulatory agents to ac-
tivate the immune system, tumor-associated antigens to induce
immune memory, or replacement proteins to restore physio-
logical functions in cases of deficient or dysfunctional endoge-
nous proteins [4, 5].

The therapeutic efficacy and duration of mRNA-based ther-
apies are highly dependent on the ability of the delivered
mRNA to achieve sufficient and accurate translation into
functional target proteins [6]. Multiple interrelated factors in-
fluence this process, including mRNA stability, translational
efficiency, and immunogenicity [4, 7-9]. Researchers face sev-
eral key challenges: enhancing mRNA stability, improving
translation efficiency, reducing immunogenicity, and maximiz-
ing protein expression levels—all of which must be addressed
simultaneously to advance the effectiveness of mRNA-based
therapeutics.

Several sequence optimization strategies have been devel-
oped to improve in vivo mRNA expression levels, each with
specific advantages and limitations. Codon optimization, a
widely adopted approach, involves the synonymous substitu-
tion of codons to match the target species’ codon usage bias,
thereby increasing translational efficiency [8, 9]. However,
simply optimizing codon approach insufficiently addresses
the complexities of mRNA translation. Structural optimiza-
tion tools such as CDSfold [10] aim to minimize free energy
to improve sequence stability, while RiboTree [11] innova-
tively proposed optimizing sequences by reducing average un-
paired probability, thereby lowering RNA multi-loop struc-
tures to indirectly improve mRNA half-life. More recent inte-
grative approaches such as LinearDesign [12] have combined
codon optimization with structural considerations, balancing
codon adaptation index (CAI) and free energy minimization
to achieve higher protein expression levels.

Despite these advances, existing tools face challenges in ad-
dressing the multifaceted nature of mRNA expression iz vivo.
As evidenced by recent research, mRNA expression is not
governed by isolated factors but rather coordinated through
a dynamic regulatory network encompassing transcription
efficiency, mRNA stability, translation elongation, and co-
translational folding [13], rendering unilateral optimization
strategies fundamentally inadequate. For instance, optimiza-
tion strategies focusing on mRNA stability can lead to in-
creased GC content, resulting in regions that may affect poly-
merase chain reaction (PCR) amplification and sequencing.
Additionally, the presence of secondary structures in mRNA
sequences can influence recognition by intracellular RNA sen-
sors, which may impact cellular responses and mRNA persis-
tence [14]. Furthermore, codon usage patterns can influence
translation dynamics, as certain optimization approaches may

inadvertently introduce rare codons that affect protein syn-
thesis rates [15, 16]. Importantly, while many current tools
concentrate on the coding sequence (CDS), the untranslated
regions (UTRs) also play essential roles. UTRs and their struc-
tural features contribute significantly to mRNA stability and
translation efficiency, which in turn affect protein expression
levels [17-19]. Also, recent studies have shown that synergis-
tic effects between 5’ UTR and 3’ UTR sequences can dra-
matically enhance translation efficiency. For instance, recent
studies have demonstrated that when the 5 UTR from rab-
bit B-globin was paired with the 3’ UTR containing mito-
chondrial RNA regulator and encephalomyocarditis virus el-
ements, or when the 5’ UTR from adenoviral terminal protein
leader sequences was combined with BioNTech’s optimized
3’ UTR, these configurations had significantly increased lu-
ciferase expression [20]. These findings underscore the impor-
tance of optimizing UTR pairs for maximal protein produc-
tion in mRNA-based therapeutics. There remains an oppor-
tunity to develop integrated solutions that consider both CDS
and UTR optimization in a user-friendly format for compre-
hensive mRNA design.

To address these challenges, we have developed an opti-
mization framework for mRNA sequence design. Building on
established algorithms and incorporating recent advances in
RNA biology, our method simultaneously optimizes multiple
parameters known to influence mRNA stability and transla-
tion efficiency. These parameters include CAI, rare codon us-
age, GC content, unpaired nucleotide ratios, and structural
features such as maximum stem length. Through iterative
multi-parameter optimization, we generate CDSs with bal-
anced and desirable properties. Importantly, our approach
extends beyond CDS optimization to include upstream and
downstream UTRs using a pre-constructed UTR library, en-
hancing translation initiation and full-length mRNA stabil-
ity. To make this approach widely accessible to users, we
have developed mRNAdesigner, a web server that incorpo-
rates the optimization strategies for mRNA sequence design
in eukaryotes into a user-friendly platform. The mRNAde-
signer web server is freely available at https://www.biosino.
org/mRNAdesigner/.

Materials and methods

Implementation of CDS optimization module

The implementation of the CDS optimization module involves
three main steps.

(i) Optimal codon substitution: The initial step involves
synonymous substitution of all codons in the input CDS
with the highest-frequency codons specific to the target
species. This process generates a “root sequence” with a
CAI of 1, serving as the foundational sequence for sub-
sequent optimization.

(i) Sequence exploration: Starting from the root sequence,
the module iteratively performs random synonymous
codon substitutions to search sequences in order to meet
user-defined criteria. The optimization process is guided
by three key principles: minimizing the unpaired ra-
tio in CDS, adjusting the GC content to a user-defined
goal, and avoiding long stem structures. Minimizing un-
paired ratio promotes more paired bases, reducing multi-
branch RNA structures and potentially decreasing se-
quence degradation [17], thereby enhancing stability.
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However, RNA structure formation may trigger cellular
innate immune responses [21, 14]. If sequences contain
stem-loop structures that are excessively long (defined
as exceeding 30 bp), this module prioritizes synonymous
codon substitutions in regions with stem-loops greater
than 30 bp during the next iteration, disrupting exces-
sive base pairing to mitigate potential immunogenicity.
During the process of synonymous codon substitution,
we also avoid using the rarest codons to prevent reduc-
ing mRNA stability [22].

To quantify the optimization, the module calculates a se-
quence score (seq score) using the following formula:

W= Tunpair + (1 =2) - AGC+ P (L), (1)

where 7ynpair represents the unpaired base ratio and AGC de-
notes the deviation of the current sequence’s GC content from
the target GC content. P(L) serves as a penalty term for dis-
couraging the formation of overlong stems. If stems exceed
the threshold, then P(L) equals 1, otherwise it equals 0. A is a
weighting factor that balances the contributions of these ob-
jectives; default is 0.5.

To efficiently search for the optimal sequence, the mod-
ule leverages the Monte Carlo Tree Search (MCTS) algo-
rithm, inspired by the RiboTree algorithm from the Eterna
platform [11]. The MCTS algorithm balances exploration of
new sequences and exploitation of known sequences by ap-
plying the Upper Confidence Bound for Trees loss function:
w;/n; + cy/In N;/n;, where w; represents the sequence score
after the ith step of codon substitution, 7; denotes the total
visits to that sequence, and c is a constant that controls the
trade-off between exploration and exploitation.

(iii) Optimal sequence selection: When the algorithm reaches
the maximum number of searches, it stops. The opti-
mized sequence is selected based on the best sequence
score, reflecting optimized secondary structure, GC con-
tent, and stem length constraints, which collectively con-
tribute to enhanced mRNA stability and expression effi-
ciency.

Implementation of 5" UTR optimization module

The 5" UTR plays a crucial role in translation initiation and ri-
bosome loading [23-25]. To optimize the 5’ UTR for enhanced
translation efficiency, we collected 5 UTR sequences from
multiple databases (shown in Table 1) across various species
[23,24-28] to build a 5" UTR library. The sequences were fil-
tered to exclude those containing upstream AUGs (uAUGs)
[25] and those exceeding 100 nucleotides in length, as ex-
tended 5’ UTRs may complicate plasmid vector construc-
tion. If user-defined Kozak sequence parameters were speci-
fied, a Kozak consensus sequence (“GCCACC”), known to
enhance translation initiation, was appended to the 3’ end of
each 5" UTR. These UTR sequences were then concatenated
with the first 30 nucleotides of the optimized CDS to form
chimeric 5 UTR-CDS constructs. Due to the inability to di-
rectly evaluate the relationship between 5" UTR and transla-
tion efficiency, we use mean ribosome load (MRL), predicted
by the UTR-LM model [26], to indirectly quantify translation
efficiency.

We found that the secondary structure of 5 UTR-CDS
chimeric sequences, especially the folding structure of the 5’
UTR and the first 30 nt of CDS, affects translation [18],
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Table 1. Overview of 5" UTR databases

Database 5" UTR counts Source
Ensembl database 14 059 [24]
Synthetic 50 bp libraries 49 424 [23]
Cao-RF 1153 [49]
UTR-LM 78 [26]

ultimately influencing protein expression levels [27]. There-
fore, we predicted their secondary structures using Vien-
naRNA RNAfold [28, 29]. To capture structural features, the
paired/unpaired states of the terminal 30 nucleotides were
converted into binary matrices (1 for paired, 0 for unpaired)
as structural feature vectors. Based on these structural fea-
ture vectors, all chimeric sequences were divided into differ-
ent structural types using a hierarchical clustering algorithm.
To balance computational complexity and structural diversity,
we pruned the clustering tree to retain the five subclusters,
a number determined artificially by balancing computational
resources and the need to capture major structural patterns.
Within each structural subcluster, we selected the 5 UTR with
the highest MRL value as a candidate sequence.

This screening, based on structure and MRL, considers the
folding structural diversity of candidate UTR sequences with
different CDS and ensures that each type of UTR has a rela-
tively high MRL, facilitating wet lab scientists in testing the
actual expression effects of different sequences.

Implementation of 3" UTR optimization module

The 3’ UTR is also an important factor influencing mRNA
expression. Although there is currently no universally ac-
cepted principle to guide the design of 3" UTRs for improv-
ing mRNA half-life and translation efficiency, researchers have
adopted strategies that utilize naturally occurring mRNA 3’
UTRs as templates for designing therapeutic mRNA 3’ UTRs
[30]. Common sources of 3’ UTRs include genes such as
hemoglobin subunit alpha (HBA) and beta (HBB), albumin
(ALB), heat shock protein 70 (Hsp70), tyrosine hydroxy-
lase (TH), and collagen alpha-1 (COL1A1) [31]. Additionally,
some mRNA vaccines have provided beneficial attempts, such
as the 3’ UTR of the AES/TLES gene, which is considered an
ideal choice due to its low microRNA binding sites and high
hybridization energy [32].

The 3' UTR of mRNA contains various regulatory elements
that significantly influence mRNA stability, such as AU-rich el-
ements (AREs) and CU-rich elements (CUREs) [33]. AREs, in
particular, are known to decrease mRNA stability by acceler-
ating transcript degradation [34].

To assist users in selecting suitable 3" UTR sequences, we
constructed a 3’ UTR library by extracting sequences from the
UTRdb database [35]. The library includes 173 979 human-
derived and 69 113 mouse-derived 3’ UTRs. Sequences con-
taining unknown nucleotides (including nonstandard nu-
cleotides such as N, R, Y, etc.) were eliminated to ensure
that all sequences in the library consist exclusively of the
four clearly defined nucleotides: A, U, G, and C. Long 3’
UTR sequences were removed, filtering to retain 3’ UTR se-
quences <1000 nt in length for library construction. For se-
quence annotation, we utilized the Find Individual Motif Oc-
currences (FIMO) tool from the MEME-Suite package [36]
to identify and quantify the occurrences of ARE and CURE
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motifs within both user-provided 3’ UTR sequences and those
in the library.

We provide three filtering options for sequence selection to
accommodate diverse user requirements: (i) sequences devoid
of both AREs and CUREs, (ii) sequences containing CUREs
regardless of AREs presence, and (iii) sequences containing
only CUREs (with AREs excluded). These options enable
users to select 3’ UTR sequences based on their specific ex-
perimental preferences, thereby optimizing transcript stabil-
ity and functionality. To further assist users in evaluating the
potential impact of 3’ UTR selection on mRNA functional-
ity, we also calculated the folding rate of the optimized CDS-
3’ UTR. Previous studies have indicated that increased sec-
ondary structure in the CDS and the entire 3’ UTR correlated
with improved protein expression [18]. We hope this predic-
tive feature provides users with additional reference informa-
tion when selecting 3’ UTR sequences.

Web interface implementation

The mRNAdesigner web interface build on Browser/Server
architecture. The frontend is developed using Vue.js v3.2.36
(https://vuejs.org/), combined with Bootstrap v5.1.3 (https:
/lgetbootstrap.com/) for responsive and consistent Ul de-
sign. HTTP requests and API communication are facilitated
through Axios v1.6.8 (https://axios-http.com/). The frontend
application is bundled into static assets using Vite v2.9.9
(https://vitejs.dev/) and deployed on an Nginx server (https:
/Inginx.org/).

On the backend, Django v5.0.4 (https://www.
djangoproject.com/) is employed to handle HTTP re-
quests and manage application logic. Celery v5.3.6
(https://docs.celeryproject.org/) is integrated for asyn-
chronous task processing because mRNAdesigner takes
time to find the best sequence. Backend logic and sequence
processing are predominantly executed using Python and
shell scripts.

The mRNAdesigner does not require user registration or
collect personal information. Tasks submitted by users are
processed on the server, and results are temporarily stored for
a period of 30 days before deletion. The platform is optimized
for modern web browsers that support the HTMLS, including
Firefox, Google Chrome, Microsoft Edge, and Safari across
various operating systems.

Cells culture

HEK293T cells were cultured in Dulbecco’s modified Eagle
medium (DMEM, Gibco, USA) supplemented with 10% fe-
tal bovine serum (FBS, Sigma—Aldrich, USA), and 1% peni-
cillin and streptomycin (P/S, Thermo Fisher Scientific, USA).
All cells were cultured at 37°C, 5% CO, atmosphere.

Gene and plasmid preparation

The sequences of four monkeypox virus (MPV) anti-
gens L1R, D8L, A27L, and H3L were obtained from the
monkeypox virus reference sequence at NCBI (accession:
GCF_014621545.1). Respiratory syncytial virus (RSV) F pro-
tein was obtained from NCBI (GenBank: MF445831.1). Can-
dida albicans antigen proteins Als3 and Sap2 were obtained
from C. albicans SC5314 at NCBI (accession: NC_032 096).

All genes used were synthesized by Tsingke Biotechnology
Co., Ltd and cloned into pcDNA3.1 expression vector. The
Trelief S Chemically Competent Cells (Tsingke Biotechnol-

ogy Co., Ltd) were used for plasmid transformation, and the
plasmids were extracted and purified using Endo-Free Plasmid
Mini Kit (Omega Bio-tek).

Western blot analysis

Western blot was conducted to detect protein gene expres-
sion levels. HEK293T cells were seeded in six-well plates at
a density of 8 x 107 cells per well. Each well was transfected
with 2.5 ug of plasmid DNA using Lipofectamine 8000 (Bey-
otime Biotechnology) according to the manufacturer’s instruc-
tions. Subsequently, the cells were lysed on ice for 20 min
using RIPA lysis buffer (Beyotime, China). Cell lysates were
then subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis(SDS-PAGE) and transferred onto a polyvinyli-
dene fluoride membrane (Millipore) for western blotting. The
membrane was incubated with the anti-flag Tag mouse mon-
oclonal Ab (Yeasen, 1:1000 dilution) for 1 h at room tem-
perature, and subsequently with the horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG (Yeasen, 1:5000 di-
lution) for 1 h at room temperature. Enhanced chemilumi-
nescence substrate solution (biosharp) was utilized to detect
signals.

mRNA and mRNA/LNP preparation

Linear templates of antigens containing the T7 promoter and
PolyA tail were amplified from the previously constructed
plasmid using PCR. The mRNA synthesis and mRNA/lipid
nanoparticle(LNP) encapsulation were conducted by the pro-
tocol mentioned in our earlier work [37].

Animals and vaccination

Female BALB/c-mice (6 weeks old, female) were purchased
from VitalRiver (Pinghu, China). For MPV antigen vaccina-
tion, mice were divided into three groups (7 = 7) and im-
munized intramuscularly with two doses of 7.5 ug of A27L
and DSL antigen-encoding mRNA and Vac-Ctrl containing
noncoding mRNA as a placebo, respectively. For RSV antigen
vaccination, mice were divided into two groups (7 = 7), im-
munized intramuscularly with two doses of 20 pg of RSV F
antigen-encoding mRNA and Vac-Ctrl. And for C. albicans,
mice were divided into two groups (n = 7), immunized intra-
muscularly with two doses of 7.5 ug of Als3 antigen-encoding
mRNA and Vac-Ctrl. The initial immunization was given on
day 0, followed by a booster dose after 2 weeks. Blood samples
were collected twice after the initial immunization to measure
antibody levels.

Antigen purification and ELISA
The antigens used for ELISA were removed by PCR amplifi-
cations and then they were cloned into the pGEX-4T-1 vector
for expression in Escherichia coli. The cloning construction
was carried out using the in-fusion cloning protocol as per-
formed previously [38]. These plasmids were transformed into
Rosetta (DE3) strain (WEIDI, Shanghai, China). Expression of
MPV-antigens was induced using 300 umol L — 1 isopropyl-
B-D-thiogalactoside (IPTG, Beyotime) at 16°C for 18 h. The
recombinant proteins were purified using the Ni-NTA agarose
resin (Yeasen) or GST-tag purification resin (Beyotime) follow-
ing the manufacturers’ protocol.

IgG antibody titers against antigens, MPV antigens A27L
and D8L, RSV antigens F protein, and C. albicans antigen
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Als3, were determined by ELISA using the purified recom-
binant proteins. Ninety-six-well plates (Corning, USA) were
coated with 5 pg ml~! recombinant protein and incubated
overnight at 4°C. Plates were washed with TBST (20 mmol
L' Tris, 137 mmol L=! NaCl, 0.1% Tween, pH 7.4) and
blocked with 5% non-fat dry milk for 1 h at 37°C. Serial di-
lutions of heat-inactivated mouse serum were added to the
wells and incubated for 1 h at 37°C, followed by incubation
with HRP-conjugated goat anti-mouse IgG (Yeasen, diluted
1:5000 in 1% milk/TBST) for 1 h at 37°C. Next, the plates
were treated with the 3,3',5,5'-tetramethylbenzidine (Mes-
Gen, Shanghai, China) for 15 min before reactions were ter-
minated with 2 mol L=! hydrochloric acid. Absorbance at 450
nm was recorded using a Varioskan Flash microplate reader
(Thermo Fisher Scientific).

Ethics statement

All animal experiments were conducted in accordance with
the Guidelines for the Care and Use of Laboratory Ani-
mals and were approved by the Institutional Animal Care
and Use Committee of the Shanghai Institute of Immunity
and Infection, Chinese Academy of Sciences (approval num-
ber: A2023028). Mice were housed under specific pathogen-
free conditions with controlled humidity (target: 55%, range:
45%-65%), temperature (target: 22°C, range: 20-24°C), and
a 12-h light/12-h dark cycle, with free access to food and
water.

Results

Overview of web server features and functional
components

mRNAdesigner is a web server specifically developed to opti-
mize mRNA sequences for enhanced stability and translation
efficiency in eukaryotic systems. It incorporates three distinct
functional modules designed to optimize the CDS, 5’ UTR,
and 3’ UTR regions (Fig. 1).

The CDS optimization module is the core of mRNAde-
signer. It optimizes input sequences through synonymous
codon substitutions based on six parameters: target species
codon usage, GC content, maximum stem length, rare codon
allowance, and search iterations. The optimization process ini-
tiates with the replacement of all codons using the highest-
frequency synonymous codons in the target species, generat-
ing a modified CDS with a CAI of 1. This ensures that every
codon in the sequence represents the highest-frequency syn-
onymous codon. Subsequently, the module performs random
synonymous substitutions and calculates a sequence score (seq
score) for the modified sequence. The seq score is determined
by three factors, including the degree of base pairing, the de-
viation from the target GC content, and penalties for over-
long stem. Lower sequence scores indicate a better fit to user-
defined constraints. The process continues until reaching the
specified iteration limit, ultimately outputting the CDS variant
with the optimal sequence score while maintaining all speci-
fied constraints.

The 5’ UTR optimization module focuses on enhancing
translation initiation by selecting the most compatible 5’
UTR for the optimized CDS. Using a pre-constructed species-
specific 5" UTR library, this module appends the first 30 nu-
cleotides of the optimized CDS to candidate 5" UTRs, form-
ing chimeric sequences. We quantified the translation perfor-
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mance of 5 UTRs using the MRL predicted by UTR_LM [26].
RNAfold [28, 29] was used to predict the folding structure of
sequences. The folding structures were categorized by hierar-
chical clustering, and 5" UTRs with high MRL were selected
from different clusters as candidate 5’ UTRs.

The 3" UTR optimization module targets regulatory ele-
ments that influence mRNA stability within the noncoding
region downstream of the CDS. This module identifies and an-
notates stability-related elements, such as AREs and CUREs.
The module scans sequences from the 3’ UTR library or user-
provided 3’ UTRs for these regulatory elements by the FIMO
tool [34]. Based on the count of presence of these motifs, the
modaule filters 3’ UTR sequences to meet user-defined criteria.

The mRNAdesigner web server integrates computational
outputs from three modules, presenting the synthesized data
through an interactive table. This table allows evaluation of
candidate sequences through advanced sorting and compari-
son. Additionally, researchers can export datasets, including
detailed sequence annotations from all modules, for subse-
quent computational analysis and experimental validation.

User inputs and interface

The mRNAdesigner web server interface consists of three pri-
mary optimization modules for different regions of mRNA
(Fig. 2).

The CDS optimization module requires users to input a
CDS in FASTA format and select a target species codon us-
age table, which serves as the foundation for optimization.
Users can further customize parameters, including the GC
content, maximum stem-loop length, rare codon usage pref-
erences, and the number of searching iterations. By default,
the parameters are set to a GC content of 50%, rare codon
exclusion, 30 bp stem-loop length limit, and 6000 iterations.

The 5’ UTR optimization module supports both a pre-
constructed species-specific 5 UTR library and user-provided
sequences. The pre-constructed library includes high MRL
5" UTRs derived from various species or artificially con-
structed, experimentally validated sequences. By default, the
module checks the option to include a Kozak sequence, as it
enhances the expression of the target protein. Users can also
provide their custom 5" UTR sequence to predict the MRL.

In the 3’ UTR optimization module, users can either select
sequences from a pre-constructed 3' UTR library or input their
own 3’ UTR sequences. Due to the variable length of 3’ UTRs,
users are required to specify a desired 3’ UTR length range
(default 100-300 nucleotides), with a maximum allowable
length of 1000 nucleotides. The module provides regulatory
element filters, allowing users to prioritize specific sequence
characteristics. For example, selecting the “Element-Free” op-
tion outputs sequences devoid of AREs and CUREs, and the
“CU-Rich Priority” option generates sequences that maximize
CUREs counts regardless of AREs, while the “CU-Rich Ex-
cluding AU” option produces sequences rich in CUREs but
devoid of AREs. The default setting is “Element-Free.”

Case study 1: enhanced protein expression through
multi-region mRNA design

To evaluate the effectiveness of mRNAdesigner in enhanc-
ing protein expression in eukaryotic systems, we used the
tool to redesign the mRNA encoding the RSV F protein.
The RSV F protein is the primary antigen for RSV vaccines
[39, 40], and previous studies have demonstrated that the
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Figure 1. Overview of mRNAdesigner's functional components for mRNA sequence optimization. The web server consists of three main modules: 5’
UTR optimization, CDS optimization, and 3" UTR optimization. 5" UTR optimization module: starting with sequences from a pre-cleaned library or
user-provided input, this module optimizes translation initiation efficiency through: (i) incorporation of the first 30 nucleotides from the optimized CDS
module; (ii) prediction of MRL using UTR-LM,; (iii) sequence folding and clustering; and (iv) selection of sequences with high MRL from each cluster. CDS
optimization module: processes input CDSs sequences through iterative optimization: (i) performs high-frequency synonymous codon substitution; (ii)
calculates sequence scores under user-defined constraints, considering base pairing, GC content deviation, and penalties for overlong stem structures;
and (iii) selects the CDS with optimal sequence score. 3’ UTR optimization module: processes sequences from a pre-cleaned library or user inputs: (i)
annotates regulatory elements using the FIMO tool to identify AREs and CUREs and (ii) filters 3" UTR sequences according to userdefined criteria.
Sequence assembly: combines the 5" UTR, CDS, and 3’ UTR to generate a complete mRNA sequence.

wild-type (WT) RSV F protein exhibits inherently low ex-
pression levels [41]. The optimization parameters were con-
figured to achieve a target GC content of 55% based on
human codon usage frequencies while avoiding stem struc-
tures exceeding 30 base pairs and rare codons. The redesigned
mRNA sequence showed significant improvements in mul-
tiple parameters when compared to the WT sequence (Fig.
3A). The GC content of the optimized sequence increased
from 36.46% in the WT mRNA to 54.95%, closely align-
ing with our target. Additionally, the base-pairing probability
was moderately enhanced, rising from 59.88% to 61.42%.
Notably, to minimize the potential for innate immune activa-
tion, the maximum stem length was carefully controlled, in-
creasing only slightly from 19 to 21 bp. Furthermore, the CAI
demonstrated marked improvement from 0.8684 to 0.9584,
indicating enhanced alignment with human codon usage
preferences.

The RNA paring/folding structure of designed mRNA is
one of the important outputs, which is directly correlated
to the stability of mRNA [18]. The secondary structure of
the full-length mRNA sequence after modification was visu-
alized using FORGI 2.0 [42]. Structural analysis revealed that
the WT mRNA exhibited a propensity to form multi-loop

conformations, whereas the redesigned sequence showed a
more stable secondary structure with reduced structural com-
plexity. For instance, within the 546-591-nt region (high-
lighted by the red rectangle in Fig. 3A), synonymous codon
substitutions resulted in a sequence that favored stable stem
pairing, thereby reducing the formation of multi-branch loops.
The reduction in multi-branch loops in our redesigned mRNA
may contribute to enhanced stability, as these structures typi-
cally contain more single-stranded regions that can be targeted
by cellular exonucleases [43, 44].

To assess the functional impact of these structural and se-
quence optimizations, we transfected the redesigned mRNA
into 293T cells via plasmid delivery, with protein expression
analyzed by western blot at 24 h post-transfection (Fig. 3B).
Western blot quantitative densitometry revealed a 2.32-fold
(232%) increase in RSV F protein levels compared to WT
mRNA (Fig. 3C).

These findings demonstrate that mRNAdesigner serves as a
practical and effective tool for mRNA sequence optimization
in eukaryotes. Under user-defined constraints, the software
can improve the number of base pairing and CAI, and avoid
the formation of overly long stem structures that could trigger
innate immune responses. The redesigned mRNA sequences
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significantly outperformed their WT counterparts, achieving
substantial improvements in protein expression.

Case study 2: broad adaptability of the
mRNAdesigner across multiple species

The mRNAdesigner was developed to enhance the expression
of proteins from diverse sources across eukaryotic cell lines.
To evaluate its adaptability across different species, we opti-
mized and expressed mRNA sequences derived from distinct
biological origins in the 293T cell. These sequences included
viral antigens, bacterial proteins, fungal antigens, and synthet-
ically designed tumor neoantigens. The optimization was per-
formed using default parameters (GC content: 50%, maxi-
mum stem-loop length: 30 bp, rare codon elimination, and
6000 iterations). We redesigned these sequences and trans-
fected them into 293T cells for expression, with protein ex-
pression analyzed by western blot at 24 h post-transfection.
Both the original and optimized CDSs were compared. Fig-
ure 4A and Supplementary Fig. S1 compare their secondary
structures and various sequence characteristics, including CAI,
base-pairing ratio, and the length of the longest stem-loop,
with arrows highlighting improvements in the optimized ver-
sions. Figure 4B and C confirms the successful expression of
these optimized sequences in 293T cells.

Notably, all mRNA sequences optimized by mRNAdesigner
showed improvements compared to their original counter-
parts (Fig. 4A and Supplementary Fig. S1), with CAI val-
ues exceeding 0.9 across all optimized sequences. Structurally,
mRNAdesigner-optimized sequences exhibited marked reduc-
tions in multi-branch loop structures relative to their original
counterparts, resulting in enhanced pair ratio values. Addi-
tionally, the length of the longest stem-loop was reduced in

the optimized sequences, thereby mitigating the risk of trig-
gering intracellular immune responses upon delivery of these
mRNAs. This balance between structural optimization and
codon adaptation ensured consistently high and stable expres-
sion levels across all tested sequences in 293T cells. These re-
sults show the broad adaptability of mRNAdesigner in opti-
mizing sequences derived from diverse species while maintain-
ing their expression efficiency in eukaryotic cell systems.

Case study 3: immunogenicity assessment of
optimized mRNA sequences in mouse models

To assess the immunogenic potential of antigens translated
from mRNA sequences optimized by mRNAdesigner, we con-
ducted immunological studies in mouse models. Mice were
intramuscularly (IM) vaccinated twice with the mRNA con-
structs and a negative control formulation, consisting of
empty LNPs without an mRNA sequence [45]. Serum samples
were collected on days 0, 14, and 28 for serological analysis.

We selected antigenic targets from diverse sources, includ-
ing viral and fungal proteins, to evaluate the immune re-
sponses induced by the optimized mRNA sequences. Specif-
ically, we analyzed the immune responses against the RSV F
protein, the MPXV antigens (A27L and D8L), and the fungal
antigen Als3p from C. albicans. Serum samples were collected
at two distinct time  points post-immunization, and specific
antibody responses were quantified using ELISA.

As shown in Fig. 5A-C, antigen-specific IgG responses were
observed across all antigenic targets, with varying magni-
tudes that correlated with their respective antigenic proper-
ties. Significant IgG responses were detected against RSV F
protein (Fig. 5A), MPXYV antigens A27L and D8L (Fig. 5B),
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Figure 3. Optimization of RSV Fprotein mRNA by multi-region design significantly enhances its protein expression. (A) Comparison of predicted
secondary structures between WT and optimized RSV F-protein mRNA sequences. The optimized sequence exhibits improved parameters, including an
increase in GC content (54.95% versus 36.46%), a higher base-pairing ratio (61.42% versus 59.88%), and an enhanced CAIl (0.9584 versus 0.8684). A
detailed view of nucleotides 546-591 reveals the reduction of multi-loop structures in the CDS through synonymous codon substitutions. Example
changes in multi-loop structures are highlighted within the dotted rectangles. (B) Western blot showing F-protein expression levels in 293T cells
transfected with WT or optimized mRNA sequences, with cells harvested 24 h post-transfection. (C) Quantitative analysis of relative Fprotein
expression levels based on densitometric evaluation of western blot signals. Data are presented as mean 4 SD (n = 3). The optimized mRNA sequence
exhibits a 2.32-fold increase in F-protein expression compared to the WT sequence.

and the fungal antigen Als3p (Fig. 5C). These results show the
efficacy of mRNAdesigner optimized mRNA sequences in in-
ducing specific immune responses. The consistent detection of
antigen-specific antibody titers validates the capability of the
optimized sequences to achieve correct protein translation and
presentation to the immune system.

Conclusions and perspective

We developed a web-based server, mRNAdesigner, with an
optimization framework, for the design of mRNA sequence

for related applications like mRNA vaccine development and
mRNA replacement therapeutics. To our knowledge, this is
the first such tool that is open-access of its kind available to
public. This integrated tool consists of three functional mod-
ules for CDS, 5’ UTR, and 3’ UTR optimization, simultane-
ously balancing the various factors, e.g. CAl, rare codon us-
age, GC content, unpaired ratios, and structural feature like
maximum stem-loop length, which influence mRNA stability
and translation efficiency. Our tool extends from traditional
CDS optimizations, to cover both upstream and downstream
UTRs, which are considered to play crucial roles in mRNA
stability, translation efficiency, and degradation control. The
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integrity of designed mRNA is proved by the production of
proteins with good efficiency shown in three study cases. To
make it easy to use for researchers, we provide a user-friendly,
intuitive graphical interface, giving users the freedom to ad-
just inputs and parameters to meet their research needs with
mRNAdesigner.

The efficient and sustained expression of proteins is crit-
ical for mRNA-based therapeutics. Achieving this goal re-
quires carefully designing of mRNA sequences to maximize
translation efficiency and protein yield. This is challenging
because mRNA design is constrained by the need to balance
two often competing requirements: (i) minimizing secondary
structure to improve ribosome scanning speed to improve effi-

ciency and (ii) introducing some degree of structural stability
in the CDS to improve mRNA half-life and overall protein
output.

Accordingly, we address these competing requirements
by applying differentiated optimization strategies to distinct
mRNA regions. For instance, for the 5 UTR, we primarily
use MRL to quantify the efficiency of translation. For the
CDS region, we focus more on improving RNA secondary
structure. Recent research suggests that when considering the
trade-off between improved ribosome scanning speed (requir-
ing less stable structures) and extended sequence half-life (re-
quiring more stable structures), the sequence half-life often
contributes more to overall protein expression [27].
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Figure 5. Evaluation of antigen-specific immune responses induced by mRNAdesigner optimized sequence. Quantification of antigen-specific IgG
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However, while the CDSs optimized by mRNAdesigner
have high CAI values and avoid the rarest codons, it is im-
portant to note that the most frequently used codons are
not always optimal. In fact, strategically using less common
codons can help slow translation and facilitate proper pro-
tein folding [46]. Moreover, current codon usage frequencies
are typically derived from whole-genome analyses and do not
take into account tissue-specific or condition-dependent vari-
ations in tRNA abundance. Research has demonstrated that
different tissues can exhibit distinct tRNA expression pat-
terns [47], which may influence protein expression in a tissue-
specific manner. Therefore, future mRNA design could ben-
efit from incorporating tRNA transcriptomics and context-
specific abundance data to improve predictive accuracy.

Despite these limitations, we have achieved a 2.3-fold in-
crease simply by optimizing its 5’/3’" UTRs and CDSs using
mRNAdesigner. The outcome from mRNA therapeutics heav-
ily depends on the level, biological activities, and stability of
the protein in expressing tissues. Specifically for mRNA vac-
cines, the induction of protective antibody titers is related to
the protein expression levels, sustainability of the expressed
protein, and also its immunogenicity. For mRNA-based pro-
tein replacement therapies, their outcomes further depend on
the proper folding and stability of the expressed proteins, as
well as their functionality/biological activities in target tissues.
Further refinement and optimization are expected using mR-
NAdesigner to better meeting their needs that are often based
on the therapeutics purpose of each study.

While mRNAdesigner represents an important milestone in
the field, future enhancements will be critical to meet appli-
cation needs and face the evolving challenges. In the model
training for predicting ribosome load on 5’ UTRs, the UTR-
LM model utilized high-throughput datasets that modeled the
translation mechanisms of many different cell types. There-
fore, the UTR-LM model should possess the best generaliz-
ability available today. However, there is certainly much room
to improve mRNAdesigner on its applicability as studies are
progressing with many more cell lines and tissue types, which
we hope to train and update periodically. Since the impact of
modified nucleotides, such as m1W, on RNA folding dynamics
remains unresolved [48], the current version is not applicable
for structural optimization of modified nucleotides. Moreover,
extending the application of mRNAdesigner from eukaryotic
cells to a broader range of kingdoms holds considerable poten-
tial, but will require adaptation to account for distinct regula-
tory mechanisms and structural constraints present in differ-
ent biological contexts. The contexts of high MRL scores that

can potentially trigger translation-dependent mRNA degra-
dation are poorly understood [27]. Furthermore, the engage-
ment of mRNA binding proteins to various mRNA elements
beyond the AREs/CURE:s in the 3’ UTRs is to be defined for
protein expression and mRNA stability.

In conclusion, as the first integrated mRNA designing tool,
mRNAdesigner offers researchers a powerful optimization
platform for mRNA application development. Future refine-
ment will continue to expand its capabilities in both therapeu-
tic and industrial contexts, paving the way for broader appli-
cations of mRNA technology in biomedicine.
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