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Modified mRNA technology has transformed vaccine development by enabling rapid and precise antigen
production. The incorporation of adjuvants may further enhance innate immune activation, thereby
improving the efficacy of mRNA vaccines. However, inappropriate vaccine kinetics leading to excessive
activation of the innate immune system can inhibit the mTORC1 pathway and impair antigen mRNA
translation, ultimately limiting vaccine potency. Herein, we present the development of a time-ordered-
expression mMRNA (TOE mRNA) based on ADAR-mediated A-to-| base editing. Upon cellular entry, the
TOE mRNA initiates immediate antigen translation, while the adjuvant encoded within the same mRNA is
translated approximately 12 hours post-antigen expression. This delayed adjuvant expression ensures

sustained activation of the mTORC1 pathway and robust antigen expression, effectively overcoming the
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Accepted 12th January 2026 limitations imposed by suboptimal vaccine kinetics. We demonstrate that vaccines utilizing TOE mRNA

encoding a tumor neoantigen (for normal translation) and an IL-12 adjuvant (with delayed translation)

DOI: 10.1039/d55c07482g elicit significantly enhanced antitumor immune responses. TOE mRNA technology represents
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Introduction

Vaccines serve as pivotal tools in advancing tumor therapy and
preventing infectious diseases." mRNA vaccines, exemplified
by the Moderna* and BioNTech® SARS-CoV-2 vaccines, represent
a landmark advancement in vaccine technology due to their
exceptional efficacy (95%), scalable manufacturing processes,
and adaptability for targeting mutant strains. Recent investi-
gations have highlighted that the integration of immune adju-
vants can enhance both the potency and durability of immune
responses by stimulating innate immunity-related pathways,
including complement activation,® toll-like receptor (TLR)
signaling,” and dendritic cell (DC) maturation.®* However, the
premature administration of excessive concentrations of
immune adjuvants may lead to diminished antigen
translation®™ and accelerated antigen degradation," thereby
constraining the potential for further optimization of vaccine
efficacy.’**

Recent advances have revealed that immune adjuvants can
impair vaccine efficacy via multiple mechanisms,' including
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a promising platform for advancing next-generation mRNA vaccines with improved efficacy.

the induction of cellular apoptosis,'” hyperactivation of innate
immunity," suppression of the mTORC1 pathway, and induc-
tion of systemic toxicity.” These insights highlight the impor-
tance of delaying adjuvant expression in tumor immunotherapy
to maintain Th1 polarization and preserve CD8" T-cell func-
tionality.” As a result, achieving a harmonized kinetic balance
between innate immune activation and robust antigen expres-
sion has become a key challenge in optimizing mRNA vaccine
efficacy.”®** However, current strategies for modulating vaccine
kinetics—such as nanomaterial-based delivery systems*** or
co-delivery of adjuvant-encoding mRNAs**—are associated with
notable limitations. For instance, biodegradable polymers and
hydrogels require intricate fabrication processes and exhibit
variable degradation profiles,* while lipid nanoparticle (LNP)-
mediated co-delivery often induces premature innate immune
activation due to simultaneous antigen/adjuvant expression.>*
Critically, no existing approach enables intrinsic temporal
control over antigen/adjuvant expression through program-
mable mRNA translation regulation.

Herein, we present the development of a time-ordered-
expression mMRNA (TOE mRNA) system, wherein the mRNA
region encoding the desired antigen is translated immediately
upon cellular entry, while another region encoding the adjuvant
on the same mRNA undergoes delayed translation. This
temporal separation enables its application in tumor vaccines.
To achieve this, an endogenous-mRNA-sensing sequence
harboring a stop codon (UAG) was inserted between the
antigen-encoding and adjuvant-encoding regions. Upon mRNA
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Fig.1 Design and optimization of the TOE mRNA. (a) A schematic diagram of the TOE mRNA. The TOE mRNA is modular RNA composed of a 5’
upstream protein-coding region (protein I) and a 3’ downstream protein-coding region (protein I1), separated by P2A and T2A coding regions. An
endogenous RNA-sensing sequence is positioned in the middle region, which is complementary to the intracellular trigger RNA and contains
a stop codon that halts the translation of protein Il. Protein | is directly expressed within the cell. Interaction between the endogenous RNA-
sensing sequence and the intracellular trigger RNA induces A-to-I base editing and converts the UAG stop codon to the UGG tryptophan codon,
thereby initiating the translation of protein Il. This mechanism enables the time-ordered expression of two distinct proteins, which are controlled
by the presence and abundance of specific trigger RNAs within the cell. (b) Design of the BFP-GFP reporter plasmids. (c) Flow cytometry analysis
of BFP and GFP in HEK293FT cells transfected with the plasmid for time-ordered BFP/GFP expression. MFl is the mean fluorescence intensity. (d)
Flow cytometry analysis of BFP and GFP in HEK293FT cells transfected with the plasmid for simultaneous BFP-GFP expression. (e) Flow
cytometry analysis of the intracellular base editing; the cell conversion ratio was calculated from the BFP*GFP* cells among the BFP™ cells. (f)
Quantification of the A-to-| base editing efficiency through Sanger sequencing in HEK293FT cells transfected with the plasmids. (g and h)
Optimization of trigger RNAs in terms of the time differences (At) between the upstream and downstream protein expression (g) and relative
protein expression levels (h). Expression levels of endogenous trigger RNAs were determined via RNA-seq and quantified using reads per kilobase
per million mapped reads (RPKM). (i) A schematic diagram of the TOE mRNA encoding OVA and IL-12 (left) and control mMRNA with a UGG codon
(right), resulting in simultaneous OVA and IL-12 expression. (j) Expression of antigen OVA and adjuvant IL-12 was measured by flow cytometry and
ELISA, respectively, after transfection of B16F10 cells with the TOE mRNA. (k) Expression of antigen OVA and adjuvant IL-12 after the transfection
of B16F10 cells with simultaneously expressed mRNAs. Data in (c—h, j, and k) are presented as the mean + sd from n = 3 biologically independent
experiments. The time difference At (red) in (c) and (j) is defined as the time difference corresponding to the half-peak timepoints of the two
proteins.
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entry into cells, the antigen sequence is promptly translated.
The adjuvant sequence translation is subsequently delayed by
approximately 12 hours due to the requirement for adenosine-
to-inosine (A-to-I) base editing at the stop codon mediated by
adenosine deaminases acting on RNA (ADARs). This strategy
effectively circumvents the inhibition of antigen mRNA trans-
lation caused by innate immune activation triggered by
premature adjuvant expression. Moreover, the delayed adjuvant
expression facilitates antigen processing and presentation,
thereby ensuring robust vaccine efficacy. We first validated and
optimized the TOE mRNA system and confirmed that it
enhances immune responses in dendritic cells (DCs). Further-
more, we demonstrated the efficacy of TOE mRNA vaccines in
melanoma immunotherapy and metastasis inhibition. This
approach represents a promising platform for advancing next-
generation mRNA vaccines.

Results

Design and optimization of the TOE mRNA

The ADAR family comprises three members: ADAR1, ADAR2,
and ADAR3. ADAR1 edits a broad range of double-stranded
RNAs (dsRNAs) and plays a key role in immunomodulation
and the maintenance of genomic stability.”® In contrast, ADAR2
specializes in the precise editing of a limited number of critical
sites,” while ADAR3 is generally considered to lack significant
editing activity.”® This study leverages the editing activity of
ADAR1 for our TOE mRNA design.

ADAR1 catalyses A-to-I conversion on stretches of base-
paired dsRNAs, and the cellular machinery subsequently
recognizes inosine as guanosine (G).*® This process is ubiqui-
tous in animal cells** and can be designed to target specific
mRNA sites. Here, we wanted to utilize this mechanism to
design a TOE mRNA encoding an antigen and an adjuvant to
achieve delayed adjuvant expression (Fig. 1a). The TOE mRNA
system comprises three segments: an upstream protein-coding
sequence, an endogenous-mRNA-sensing sequence, and
a downstream protein-coding sequence. To avoid the middle
sequence extending to the open reading frame of the upstream
and downstream proteins and potentially affecting the folding
of the encoded proteins, we excised the polypeptide encoded by
the middle sequence from the upstream and downstream
proteins through P2A and T2A self-cleaving peptides.’’** In
eukaryotic systems,* these two types of 2A peptides mediate
rapid® and efficient self-cleavage® of fusion proteins during
mRNA translation via a ribosome skipping mechanism.*?

The sensing sequence in the TOE mRNA system is designed
using a modular strategy to achieve temporally ordered protein
expression. It is engineered to form a complementary duplex
with specific cellular trigger RNAs (200-300 nucleotides),
introducing a central A-to-C mismatch at the TAG stop codon to
activate ADAR-mediated A-to-I editing. This conversion trans-
forms the stop codon (UAG) into a tryptophan codon (UGG),
enabling downstream protein translation. The upstream and
downstream coding regions are separated by self-cleaving P2A/
T2A peptides to ensure efficient post-translational processing of
the proteins. The sensing sequence lacks ATG start codons and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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avoids complex secondary structures, thereby promoting stable
binding to trigger RNAs while preventing unintended trans-
lation. By harnessing endogenous RNA editing dynamics, this
design introduces a programmable delay in adjuvant expression
following antigen translation, addressing the critical challenge
of balancing innate immune activation and antigen production
in mRNA vaccines.

To validate the hypothesis that the TOE mRNA system delays
the expression of a model protein, we initially constructed
a TOE mRNA encoding blue fluorescent protein (BFP) in the
upstream segment and green fluorescent protein (GFP) in the
downstream segment (Fig. 1b) and introduced this TOE mRNA
into cells via plasmid transfection. Fluorescence imaging
revealed that BFP expression was initiated approximately 8 h
post-transfection, whereas GFP expression was delayed,
commencing approximately 16 h later (Fig. S1a). However, upon
mutating the stop codon TAG to TGG within the sensing
sequence, the temporal difference between BFP and GFP
expression disappeared (Fig. S1b). Flow cytometry analysis
further confirmed the time-ordered expression of BFP and GFP
mediated by the TOE mRNA system in cells (Fig. 1c, d and Sic).
Additionally, we first characterized A-to-I editing efficiency by
flow cytometry, quantifying the percentage of GFP" cells within
the BFP" population (Fig. 1€). Subsequent Sanger sequencing
confirmed A-to-I/G editing at the target site, which converted
the stop codon TAG to the tryptophan codon TGG, with the
editing efficiency reaching 59.4% (Fig. 1f and S2). This
combined analysis showed sufficient editing to ensure abun-
dant downstream protein expression. Moreover, we directly
transfected TOE mRNAs encoding AkaLuc (normal translation)
and NanoLuc (delayed translation) luciferases and observed
their time-ordered expression, demonstrating the versatility of
the TOE mRNA system for regulating the temporal expression of
other proteins (Fig. S3a and b).

After confirming the feasibility of the TOE mRNA system, we
next aimed to optimize both the time gap between upstream
and downstream protein expression and the yield of down-
stream protein production. To achieve this, we designed several
sensing sequences tailored to various endogenous trigger RNAs
(Fig. S3c). Our findings revealed that a higher abundance of
endogenous trigger RNA within cells resulted in a shorter time
gap (Fig. 1g) and increased downstream protein production
(Fig. 1h). Specifically, Eeflal mRNA induced a 12 hours time
gap and achieved the highest level of downstream protein
expression, making it the most favorable trigger RNA candidate
(Fig. 1g and h). Moreover, we performed trigger RNA perturba-
tion detection and found that TOE mRNA transfection did not
alter the normal expression of endogenous trigger RNAs, indi-
cating that the system operates without perturbing their phys-
iological expression patterns (Fig. S4). Additionally, detection of
delivered mRNA levels in cells at different time points post-
transfection showed that the binding of endogenous trigger
RNA to TOE mRNA does not affect its stability during A-to-I base
editing (Fig. S5). Furthermore, we established HEK293FT cell
lines with either ADAR1 overexpression or knockdown
(Fig. S6a—c) and demonstrated the critical role of ADAR1 in
regulating the TOE mRNA system. Specifically, elevated ADAR1
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Fig. 2 Delayed expression of adjuvants by the TOE mRNA system leads to enhanced dendritic cell activation in vitro. (a) A schematic diagram of
the TOE mRNA (OVA_IL-12) encoding the antigen OVA (normal expression) and cytokine IL-12 (delayed expression), along with corresponding
controls. The controls include OVA&IL-12 mRNA (with UAG replaced by UGG in the TOE mRNA of OVA_IL-12, resulting in simultaneous OVA and
IL-12 expression), individual OVA or IL-12 mRNA, and OVA/IL-12 mRNA (an equimolar mixture of mRNAs expressing OVA and IL-12). (b) A
schematic diagram of BMDC extraction and vaccine treatment. (c) Effects of different mRNA vaccines on the translation efficiency of the OVA
antigen, as determined by ribosome profiling-based gqPCR (ribo-gPCR). (d) ELISA analysis of the OVA concentration in cell culture medium after
BMDCs were treated with various formulations for 24 h. (e) Flow cytometry analysis of the SIINFEKL-H-2K® antigen presentation levels. (f) A
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enzyme expression in HEK293FT cells accelerated the base
editing process, thereby reducing the temporal delay between
upstream and downstream protein expression. Conversely,
ADAR1 knockdown abolished base editing and eliminated
downstream protein production entirely (Fig. S6d). Given the
ubiquitous presence of ADAR1 across diverse immune cell types
(Fig. S6e), the TOE mRNA system appears highly adaptable for
use in mRNA vaccines. Subsequently, we engineered a TOE
mRNA encoding ovalbumin (OVA, a model antigen) and the
cytokine IL-12 (Fig. 1i) and confirmed its ability to sequentially
express antigens and cytokine adjuvants (Fig. 1j and k). Addi-
tionally, western blot analysis indicated the expression of both
proteins flanking the 2A peptide in the aforementioned three
cell models, verifying that the self-cleaving activity of the 2A
peptide mediated the generation of two distinct protein prod-
ucts within the cells (Fig. S7). Collectively, these results indicate
that our optimized TOE mRNA system holds significant
potential for enhancing mRNA vaccine kinetics.

The TOE mRNA system enhances antigen expression via
delayed adjuvant expression

After developing the TOE mRNA for the OVA antigen and the IL-
12 adjuvant, we investigated the effects of this TOE mRNA-
based vaccine on DC activation and maturation. To this end,
we constructed lipid nanoparticles (LNPs) encapsulating the
TOE mRNAs encoding OVA (normal expression) and IL-12
(delayed expression) and constructed LNPs encapsulating an
mRNA simultaneously encoding OVA and IL-12 (OVA&IL-12,
with UAG replaced by UGG in the TOE mRNA of OVA_IL-12),
LNPs encapsulating mRNAs encoding OVA or IL-12 individu-
ally, and LNPs encapsulating equimolar mixtures of mRNAs
encoding OVA and IL-12 (OVA/IL-12) (Fig. 2a) as control groups.
We used these LNPs to treat bone marrow-derived dendritic
cells (BMDCs) (Fig. 2b) and subsequently evaluated the effect of
this TOE mRNA in BMDCs (Fig. S8). Compared with those in the
OVA&IL-12 and OVA/IL-12 groups, the OVA_IL-12 TOE mRNA
group showed markedly improved OVA antigen expression
(Fig. 2c¢), increased OVA secretion (Fig. 2d) and, consequently,
elevated levels of OVA antigenic peptide (SIINFEKL)-MHC I
complexes on the surface of the BMDCs (Fig. 2e). The mTORC1
pathway regulates protein synthesis in immune cells through
4E-BPs and eIF4E,'**¢ affecting IRF7 translation,* type I inter-
feron production, and T-cell differentiation.*® Through RNA-seq
analysis, we demonstrated that the OVA_IL-12 TOE mRNA
activated the mTORC1 pathway, as characterized by increased
expression levels of crucial genes such as Tscl, Pik3ca, and
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Eifdebp1 (Fig. 2f), which potentially contributed to improved
antigen expression in the cells. In contrast, owing to the
expression of the adjuvant, the mTORC1 pathway was inhibited
by the innate immune response in the OVA&IL-12 group, the
OVA/IL-12 group and, especially, the IL-12 group. Consistently,
western blot (WB) analysis revealed that the OVA_IL-12 TOE
mRNA group exhibited significantly increased phosphorylation
levels of 4E-BP1 (p-4E-BP1, Fig. S9a) and S6K1 (p-S6K1, Fig. S9b),
which are well-characterized downstream effectors of mTORCI1.
This directly confirms mTORC1 pathway activation, aligning
with our RNA-seq results showing upregulated expression of key
regulatory genes. To further mechanistically validate the role of
the mTORC1 pathway in TOE mRNA-mediated antigen expres-
sion enhancement, we treated BMDCs with rapamycin (an
mTORC1-specific inhibitor)* prior to OVA_IL-12 TOE mRNA
transfection. The results showed that rapamycin pretreatment
completely abolished the improved OVA antigen expression
(Fig. S10a) and elevated OVA secretion (Fig. S10b), and the
increased levels of SIINFEKL-MHC I complexes on BMDCs
(Fig. S10c) induced by OVA_IL-12 TOE mRNA. This finding
directly demonstrates that mTORC1 activation is indispensable
for the TOE mRNA-mediated enhancement of antigen
presentation.

Next, we evaluated whether the TOE mRNA vaccine could
induce the activation of bone marrow-derived dendritic cells
(BMDCs). RT-qPCR analysis revealed that the expression levels
of cytokines Tnf, Il1b, and TIr2, as well as key immune sensors
Ddx58 and Ifih1, were significantly upregulated 24 h after TOE
mRNA transfection (Fig. S11a). This upregulation of Ddx58 and
Ifih1 indicates that ADAR-mediated RNA editing triggers the
activation of these dsRNA-sensing pathways (Fig. S11a). The Pkr
gene plays a critical role in translational control, particularly
during viral infection or cellular stress, as it phosphorylates the
elF2a subunit to inhibit protein synthesis.’>** Notably, the
expression level of the translational repressor Pkr remained
unchanged (Fig. S11a), indicating that the dsRNA formed by the
complementary pairing of the TOE mRNA and triggering RNA
activates interferon production without inducing translational
arrest or RNA degradation. At the protein level, BMDCs treated
with the TOE mRNA vaccine exhibited markedly higher secre-
tion of inflammatory cytokines, including IFN-y, TNF-a, IL-10,
and IL-12p70, as well as the chemokine MCP-1, compared to
those treated with OVA&IL-12 or OVA/IL-12 vaccines. These
findings support the stronger activation of BMDCs induced by
the TOE mRNA vaccine (Fig. S11b).

heatmap of mTORC1 pathway gene expression in BMDCs after the cells were treated with various mRNA vaccines for 24 h. (g) A heatmap of
immune-related gene expression after BMDCs were treated with various mRNA vaccines for 24 h. (h) A bubble plot of immune-related gene set
enrichmentin BMDCs treated with various mRNA vaccines for 24 h. (i—1) Flow cytometry analysis of CD80 and CD86 expression on the surface of
resident DCs (rDCs) and migratory DCs (mDCs). (m) The B3Z hybridoma cell activation assay to analyse MHC | antigen presentation. BMDCs were
treated with mRNA vaccines for 24 h and then cocultured with B3Z cells for another 24 h. Afterwards, B3Z cell activation was quantified via a plate
reader after treatment with a B-galactosidase substrate. (n) Levels of B3Z cell activation mediated by different mRNA vaccines. (0) A schematic
diagram of the OT-I T-cell proliferation assay. BMDCs were treated with mRNA vaccines for 24 h and subsequently cocultured with OT-I T cells,
triggering T-cell proliferation. (p) Flow cytometry analysis of OT-I| T-cell proliferation induced by mRNA vaccine treatment. Data in (c—e, i-l, n,
and p) are presented as mean =+ sd from n = 3 biologically independent experiments, and each point represents a biological replicate sample.
Statistical significance was assessed via one-way ANOVA with Dunnett's correction. ns, not significant; *, P < 0.05; ** P < 0.01; *** P < 0.001;
Rk P < 0.0001
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We subsequently evaluated the overall transcriptomic
changes following LNP transfection using RNA-seq. Our find-
ings revealed that TOE mRNA transfection significantly upre-
gulated key genes associated with immune activation (Fig. 2g),
thereby enhancing the enrichment of critical biological
processes, including immune cell activation (Fig. 2h), cytokine
secretion, immune cell chemotaxis, and signal transduction
(Fig. S12a). Additionally, the TOE mRNA vaccine markedly
activated genes involved in cytokine-cytokine receptor interac-
tions, Th1 and Th2 cell differentiation, and the TNF signaling
pathway (Fig. S12b).

At the cellular function level, the expression of costimulatory
molecules CD80 and CD86 on the surface of BMDCs was
significantly enhanced after TOE mRNA treatment (Fig. 2i-1 and
S13). Furthermore, BMDCs treated with the TOE mRNA vaccine
demonstrated substantially improved MHC class I antigen
presentation compared to those treated with OVA&IL-12 or OVA/
IL-12 vaccines, as evidenced by a BMDC and B3Z hybridoma cell
culture assay (Fig. 2m and n) and an OT-I CD8+ T-cell prolifer-
ation assay (Fig. 20 and p).

Collectively, these results highlight the notable synergistic
immune-enhancing effects of time-ordered antigen and adju-
vant expression mediated by the TOE mRNA system, surpassing
those achieved through the delivery of individual antigen and
adjuvant mRNA components.

TOE mRNA vaccines initiate robust innate and adaptive
immune responses in vivo

After confirming that the TOE mRNA vaccine elicited a strong
immune response in bone marrow-derived dendritic cells
(BMDCs), we proceeded to evaluate its ability to induce potent
cellular and humoral immune responses in mice. A prime-boost
immunization strategy was employed, with intravenous
administration of the vaccines on days 0 and 21 (Fig. 3a).
Consistent with its known biodistribution profile, SM-102 LNPs
predominantly deliver encapsulated mRNA to the liver,*” with
substantial accumulation also observed in lymph nodes and
other peripheral tissues.**** The SM-102 lipid nanoparticle
(LNP) formulation used in the Moderna COVID-19 vaccine was
adopted for TOE mRNA vaccine encapsulation,” and this LNP,
which had been fully characterized in terms of particle size
(Fig. S14a), PDI (Fig. S14b), and zeta potential (Fig. S14c) and
thus exhibited excellent performance, exhibited a high encap-
sulation efficiency for all the mRNA (Fig. S14d). First, we
continuously monitored the plasma levels of two proteins via
ELISA to validate the in vivo feasibility of the TOE mRNA design
under complex physiological conditions (Fig. S15). Subse-
quently, we assessed the biodistribution of the mRNA vaccine
by examining OVA expression in draining lymph nodes (dLNs)
24 h post-vaccination (Fig. 3b). Next, we analysed innate
immune cell populations in the dLN, spleen, and lung using
flow cytometry (Fig. S16). Compared with the OVA&IL-12
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simultaneous expression and OVA/IL-12 coexpression groups,
the TOE mRNA vaccine group exhibited a significant increase in
the number of various innate immune cells, particularly
monocytes capable of antigen presentation, antigen-
recognizing B cells, and macrophages responsible for antigen
uptake (including marginal cord macrophages (MCMs),
marginal sinus macrophages (MSMs), and subcapsular sinus
macrophages (SSMs)) within the first day after primary immu-
nization (Fig. 3c). This trend was also observed in the spleen
(Fig. S17a) and lungs (Fig. S17b). Furthermore, an increase in
CD86 expression was noted across all macrophage and
dendritic cell (DC) subsets in the dLN (Fig. 3d) and spleen
(Fig. S18a), consistent with the increased proportions of these
cells. Following secondary immunization, there was a general
increase in the proportions of innate immune cell subpopula-
tions in the spleen (~1.5-fold) and lungs (~1.3-fold) compared
with primary immunization (Fig. S17a and b). Notably, macro-
phage and DC subpopulations in the spleen exhibited nearly
two times greater activation than those in the OVA&IL-12 or
OVA/IL-12 groups (Fig. S17a). The secondary immune activation
effect of the TOE mRNA vaccine was approximately 2-fold
greater than that in the OVA&IL-12 group and 1.8-fold greater
than that in the OVA/IL-12 group (Fig. S18a). Additionally, CD86
expression levels in the dLNs significantly increased after
secondary immunization (Fig. 3d and e). Importantly, the acti-
vation levels of several immune cell types, including monocytes,
SSMs, and mDCs, were markedly higher in the TOE mRNA
group than in the OVA&IL-12 (1.34-1.66-fold) and OVA/IL-12
(1.32-1.72-fold) treatment groups (Fig. 3e). Moreover, TOE
mRNA-inoculated mice consistently demonstrated robust acti-
vation of CD86 expression in monocytes, mDCs, and rDCs
(Fig. 3f and S18b). Additionally, we found that TOE mRNA
vaccine immunization greatly enhanced the release of cyto-
kines, including IL-2, IL-4, IFN-B, and IFN-y, by immune cells
compared with the other groups (Fig. 3g). Collectively, these
results indicate that vaccination with TOE mRNA leads to more
efficient antigen uptake and processing by innate immune cells,
subsequent activation of a diverse array of innate immune cells,
robust induction of inflammatory cytokine release, and more
effective triggering of innate immune responses in mice.

We further investigated whether the TOE mRNA vaccine
could induce adaptive immune responses. First, we assessed
the production of OVA-specific antibodies following vaccination
and observed a substantial increase in the levels of OVA-specific
IgG antibodies (Fig. 4a), including IgG1 (Fig. 4b) and IgG2a
(Fig. 4c), 14 days after primary immunization. This elevated
antibody level was maintained for up to 21 days post-primary
immunization. Additionally, secondary immunization on day
21 resulted in an over 5-fold increase in the antibody response
(Fig. 4a—c). Notably, OVA-specific IgA antibody levels exhibited
a similar upward trend (Fig. S18c), indicating that the TOE
mRNA vaccine elicited a robust humoral immune response. We

sd from n =5 biologically independent experiments, and each point represents a biological replicate sample. Statistical significance was assessed
for the data in (a—f) via two-way ANOVA with Dunnett's correction and for the data in (h) via one-way ANOVA with Dunnett's correction. ns, not

significant; *, P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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Fig.5 The TOE mRNA vaccine inhibits melanoma growth and metastasis. (a) Timeline for the vaccination of tumour-bearing mice. (b) Images of
melanomas isolated from mice 10 days post-vaccination. (c) Melanoma growth curves during vaccine treatment. (d) Images of tumour-bearing
mice on day 18 after tumour cell injection. (e) H&E staining of tumour sections. Scale bar, 100 um. (f and g) Percentages of tumour-infiltrating
CD4" and CD8" T cells as determined via flow cytometry. (h) Percentages of intratumoural cytokine-positive (IFN-v, TNF-ga, and granzyme B)
CD8* T cells. (i) Distributions of naive, effector, and memory cells within the CD8* T-cell population in the spleen. (j) Percentages of cytokine-
secreting (IL-2, IFN-v, TNF-a, and granzyme B) T cells isolated from the spleens of vaccinated mice. (k) Survival curves of vaccinated mice (n =
10). () The immunization schedule for the melanoma lung metastasis model. (m) Photos of mouse lungs 14 days after vaccine treatment. (n)
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further analysed antigen-specific T-cell responses in the spleen
and lung after primary (day 21) and secondary immunization
(day 42) using flow cytometry (Fig. S19). The TOE mRNA vaccine
induced an increase in the proportion of SIINFEKL tetramer-
positive CD8" T cells after both primary and secondary immu-
nization (Fig. 4d and S20a). Moreover, the TOE mRNA vaccine
also enhanced antigen-specific CD4" and CD8" T-cell responses,
as evidenced by significantly increased secretion of IFN-y, TNF-
o, and IL-2 by these cells (Fig. 4e and f). Furthermore, histo-
logical examination of H&E-stained images of major organs
revealed no signs of tissue damage or inflammation in vacci-
nated mice compared with healthy controls, indicating the
excellent biocompatibility of the TOE mRNA vaccine (Fig. S20b).
To further confirm the absence of off-target toxicity, we assessed
key serum biomarkers of hepatic (ALT, AST), muscular (LDH,
creatine kinase), and renal (urea, cystatin C) injury in vaccinated
mice. As shown in Fig. S21, there were no significant differences
in these biomarkers between the TOE mRNA vaccine groups
and healthy controls, indicating that the vaccine did not induce
off-target toxicity in major organs. Finally, we evaluated whether
TOE mRNA vaccine-induced immune responses could lead to
target cell killing (Fig. 4g). The TOE mRNA vaccine achieved the
highest OVA-specific cell killing rate (76.7%), which was 1.86-
fold higher than that of the OVA&IL-12 group and 1.57-fold
higher than that of the OVA/IL-12 group (Fig. 4h). These results
demonstrate the significant advantage of the TOE mRNA
vaccine in stimulating both cellular and humoral immune
responses in vivo.

LNPs encapsulating the TOE mRNA system elicit strong
tumour-specific immune responses in vivo

Having established the potent immunotherapeutic effects of
TOE mRNA vaccines, we subsequently explored their potential
for directly targeting and treating malignant tumours in vivo.
Mouse B16F10 cells were subcutaneously injected to establish
the tumour model, and the TOE mRNA encoding Pbk-Actn4 (a
neoantigen identified in the B16F10 cell line)* and an IL-12
adjuvant (delayed expression) were used to formulate the
mRNA melanoma vaccine (Fig. 5a). Tumour-bearing mice were
administered LNPs encapsulating the TOE mRNA (Neo_IL-12),
LNPs encapsulating simultaneously expressed mRNAs
(Neo&IL-12), LNPs encapsulating the neoantigen mRNA (Neo),
LNPs encapsulating the IL-12 mRNA, LNPs encapsulating
equimolar mixtures of mRNAs encoding neoantigens and IL-12
(Neo/IL-12), or saline on days 0 and 21. Tumour growth and
mouse body weight were monitored. Administration of the TOE
mRNA melanoma vaccine resulted in the most potent inhibi-
tion of tumour growth, leading to the smallest tumour volume
in the TOE mRNA vaccine-treated group compared with the

other groups (Fig. 5b-d). Histological analysis further
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confirmed the therapeutic efficacy of the TOE mRNA melanoma
vaccine in restraining tumour cell proliferation (Fig. 5e).
Furthermore, flow cytometry was performed to analyse the
immune cell status in the tumours, spleens, and lymph nodes
(Fig. S22). Within the tumour microenvironment, the TOE
mRNA melanoma vaccine significantly increased T-cell infil-
tration (Fig. 5f), particularly in terms of CD4" and CD8" T-cell
population proportions (Fig. 5g). Additionally, markedly
increased populations of CD8" T cells secreting IFN-y, TNF-q,
and granzyme B were detected (Fig. 5h). Phenotyping of
immune cell populations in the spleen and lymph nodes
revealed that injection of the TOE mRNA melanoma vaccine not
only expanded effector CD8" T cells (CD44" CD62L ") and central
memory CD8" T cells (CD44" CD62L") but also enhanced the
production of IL-2, IFN-y, TNF-o, and granzyme B by CD8" T
cells (Fig. 5i, j, S23a and b). Importantly, the robust anti-tumour
immune response triggered by the TOE mRNA melanoma
vaccine not only effectively suppressed primary tumour growth
and extended the survival of tumour-bearing mice (Fig. 5k) but
also prevented lung metastasis of melanoma (Fig. 5l-n and
S23c). These results indicate that the TOE mRNA tumour
vaccine enhances immune cell infiltration into tumour tissue
and promotes the anti-tumour activity of T cells, thereby effec-
tively inhibiting tumour growth and preventing metastasis.

Discussion

The emergence of mRNA vaccine technology has ushered in
a new era for vaccinology, providing a rapid and versatile plat-
form for the development of novel cancer therapeutics and
solutions to infectious diseases. However, a critical challenge in
mRNA vaccine design lies in achieving an optimal balance
between immune response stimulation via adjuvants and
antigen expression for the induction of adaptive immunity.
Prior studies have demonstrated that the inclusion of immune
adjuvants can suppress antigen translation and accelerate
mRNA degradation, thereby limiting the overall efficacy of
vaccines.”* Unlike conventional strategies that rely on
complex delivery systems, we developed a TOE mRNA-based
approach to address this issue by leveraging ADAR-mediated
base editing to delay adjuvant expression until after antigen
translation is completed. This ensures the resolution of the
inherent trade-off between robust innate immune activation
and efficient antigen expression. Our strategy not only sustains
high levels of antigen production but also elicits a potent innate
immune response, as evidenced by enhanced DC activation and
the subsequent induction of both cellular and humoral
immunity in vivo. The TOE mRNA system signifies a paradigm
shift toward more efficient, cost-effective, and clinically trans-
latable mRNA vaccine design.

Percentages of tumour metastasis areas observed in the lungs. Data in (c, f—j, and n) are shown as mean =+ sd from n = 5 biologically independent
experiments, with each point representing a biological replicate sample. Statistical significance for the data in (k) was assessed via the log-rank
(Mantel-Cox) test. Statistical significance for the data in (c) and (g—j) was evaluated via two-way ANOVA with Dunnett's correction. Statistical
significance for the data in f and n was determined via one-way ANOVA with Dunnett's correction. ns, not significant; *, P < 0.05; **, P < 0.01; ***,

P < 0.001; **** P < 0.0001.
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TOE mRNA technology provides several distinct advantages
over conventional mRNA vaccines involving separate administra-
tion of the antigen and adjuvant (e.g OVA/IL-12 and Neo/IL-12
groups). First, the time-ordered expression of antigens and adju-
vants (with a precise 12 hours delay) enables the optimization of
immune responses, thereby enhancing vaccine efficacy. Unlike
separate administration, which is prone to spatial-temporal
mismatch or simultaneous expression-induced mTORC1 pathway
inhibition, our TOE mRNA system ensures coordinated, cell-
autonomous action. Our findings demonstrate that, based on
the general mechanism of antigen-mediated immune activation
followed by adjuvantinduced amplification of the immune
response,”* the TOE mRNA vaccine elicits stronger immune
responses compared with traditional mRNA formulations.
Specifically, it achieves an OVA-specific target cell killing rate of
76.7% (1.54-fold higher than the OVA/IL-12 group's 49.8%)
(Fig. 4h), reduces melanoma tumor volume to 22.3% of the Neo/IL-
12 group's size 10 days post-inoculation (Fig. 5c), achieves long-
term survival in 71.4% of mice (persistent survival vs. all deaths
by day 30 in the Neo/IL-12 group) (Fig. 5k), and suppresses the
lung metastasis area to only 3.7% (57% lower than the Neo/IL-12
group's 8.6%) (Fig. 5n). This is attributed to the precise timing
of adjuvant expression, which enhances antigen processing and
presentation without compromising initial translation efficiency.
Second, our approach minimizes the risk of systemic toxicity and
adverse effects associated with excessive innate immune activa-
tion. Unlike traditional translation regulation methods that rely on
nanomaterial-based delivery systems* (with unstable efficacy) or
exogenous stimulus-responsive elements,*** this study achieves
kinetic control exclusively through mRNA engineering, thereby
bypassing complex material construction. This method eliminates
the need for nanocarrier systems or external triggers, enabling
programmable kinetic regulation via intrinsic mRNA sequence
design. Third, the TOE mRNA strategy offers notable convenience.
With a single mRNA, it enables one-time transfection for pro-
grammed expression of the antigen and adjuvant, unlike separate
administration of the antigen and adjuvant, which requires
independent optimization of dosages, timelines, and carriers. This
simplifies workflows, reduces costs, and facilitates production
scalability, making it more advantageous than separate adminis-
tration. Finally, the flexibility of TOE mRNA design enables the
rapid development of vaccines targeting emerging pathogens or
tumour-specific antigens, thereby preserving the inherent advan-
tages of mRNA vaccines.

Despite these promising results, further studies are neces-
sary to comprehensively evaluate the long-term safety of TOE
mRNA vaccines. Such investigations should include exploring
their applicability to a broader spectrum of antigens and adju-
vants, as well as advancing towards clinical evaluation. More-
over, the interplay between TOE mRNA vaccines and the IFN-y/
mTOR signalling axis in macrophages offers additional insights
into the potential mechanisms for optimizing these vaccines.*
Further exploration of the interactions between TOE mRNA
vaccines and other regulatory pathways, such as ¢cGAS/STING
and inflammatory mediators,*® could provide valuable infor-
mation for enhancing vaccine-induced immune responses.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In conclusion, our study presents a transformative platform
for designing mRNA vaccines that addresses the limitations of
conventional mRNA vaccines. By precisely regulating the timing
of adjuvant translation, this innovative platform enhances
vaccine efficacy while maintaining safety, thereby paving the
way for the development of advanced therapeutic and prophy-
lactic interventions.
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