Cancer Immunology, Immunotherapy (2025) 74:54
https://doi.org/10.1007/500262-024-03888-y

RESEARCH q

Check for
updates

FcRn-guided antigen trafficking enhances cancer vaccine efficacy
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Abstract

The development of tumor vaccines represents a significant focus within cancer therapeutics research. Nonetheless, the effi-
ciency of antigen presentation in tumor vaccine remains suboptimal. We introduce an innovative mRNA-lipid nanoparticle
platform designed to express tumor antigenic epitopes fused with the transmembrane domain and cytoplasmic tail of the
neonatal Fc receptor (FcRn). This novel design exploits FcRn trafficking signals to direct the epitope-FcRn fusion toward
endolysosomal degradation, thereby generating epitopes capable of eliciting targeted T cell responses and establishing
immune memory. The FcRn-directed presentation of epitopes enhances MHC class I and II antigen presentation, thereby
robustly inducing CD4* and CD8* T cell responses, which translates to the inhibition of tumor growth and extension of sur-
vival in preclinical mouse models. In summary, the deliberate incorporation of FcRn trafficking signals into vaccine design
markedly boosts T cell responses, underscoring the promise of this novel strategy in advancing the efficacy of tumor vaccines.
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Introduction

The immune system is crucial for maintaining health and
combating disease. Genetic and evolutionary studies have
underscored the pivotal role of the major histocompatibility
complex (MHC) in immune recognition, defense, and sur-
veillance [1]. MHC molecules on antigen-presenting cells
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(APCs) bind to peptides resulting from proteasomal degra-
dation, presenting cellular status cues on the cell surface for
T cell recognition and activation. This enables the immune
system to recognize the state of the cell in a timely manner
and to clear the abnormal cell efficiently and specifically [2].
Nevertheless, in certain pathological contexts, MHC presen-
tation can be compromised. For example, tumor cells may
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diminish the display of MHC molecules or essential antigen-
processing proteins, thereby reducing epitope presentation
and facilitating immune evasion [3, 4].

Identifying functional T cell epitopes poses significant
challenges. Advances in algorithms for predicting MHC-
binding epitopes and identifying T cell epitopes have facili-
tated the creation of epitope vaccines for disease treatment
and prevention [5—12]. However, the practical implementa-
tion of epitope-based vaccines continues to face unresolved
challenges. For example, the presentation of epitopes by
MHC class I to activate the immune response has been
reported to be an inefficient process. In contrast, MHC class
II presents not only exogenous proteins but also intracellular
antigens [13-16]. In recent years, various strategies have
been employed to optimize MHC II presentation, primar-
ily by annexing antigenic sequences to localization motifs
within the endosomal-lysosomal system. This integration
allows for the co-presentation of antigens with the MHC II
pathway, enhancing antigen presentation [17-21].

FcRn, a non-classical Fc receptor, predominantly binds to
IgG, shielding it from endosomal-lysosomal degradation and
extending its half-life [22-24]. Studies have shown that the
cytoplasmic tail of FcRn is the principal domain containing
endosomal-lysosomal sorting signals [25, 26]. Moreover, the
excision of Fc-binding and transmembrane domains does
not impede the lysosomal routing of FcRn-linked moieties
[25, 27].

In this study, we engineered a novel mRNA construct
leveraging FcRn-mediated transport, expressing FcRn's
transmembrane and cytoplasmic domains fused to antigenic
epitopes. The objective was to enhance degradation and
presentation efficiency by steering mRNA-encoded products
toward lysosomal degradation, yielding the desired epitopes.
Our findings revealed that this vaccine could increase the
proportion of T cells activated in tumor models, thereby
delaying tumor growth. Additionally, the vaccine also could
be used to preventing tumorigenesis.

Results

Trafficking of FcRn-tagged fusion proteins
into endolysosomal compartments

To elicit an adaptive immune response against the encoded
antigens, the mRNA vaccine must be functionally delivered
to the cytosol of the cell and undergo the process of tran-
scription and translation, thus the products could enter the
antigen presentation pathway, which presents the antigenic
message to the T cells [28, 29]. To ascertain whether the
mRNA encoding the FcRn protein could be translated and
transported to the lysosome, we utilized EGFP as a tracer
in DCs (DC2.4 cells). To enhance transfection efficiency,
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the mRNAs were encapsulated within LNPs [30, 31]. Post-
transfection, a higher frequency of GFP* cells was observed
in those transfected with EGFP mRNA-LNP (Fig. 1B). The
addition of NH,Cl, which directly neutralises the lysosomal
pH, to the culture medium [32], led to an elevation in the
frequency of GFP* in EGFP-FcRn mRNA-LNP-transfected
cells. And the elevation was found to be dose-dependent
with respect to NH,Cl (Fig. 1C). To investigate cytoplas-
mic trafficking, transfected cells were co-stained with a
polyclonal rabbit anti-EGFP antibody and monoclonal anti-
bodies against LAMP1 (a lysosomal marker) and RAB11
(endosome maker protein). The fluorescence intensity trends
observed for EGFP-FcRn within cells were largely consist-
ent with those of LAMP1 and RAB11. However, this con-
sistency was relatively less pronounced for EGFP (Fig. 1D).
Consequently, EGFP-FcRn colocalization with endosomes
and lysosomes was observed, indicating that FcRn directs
the linked EGFP into the endosomal-lysosomal system. In
summary, these findings demonstrate that FcRn facilitates
the entry of associated proteins into endosomal-lysosomal
compartments for timely lysosomal degradation.

Improved MHC class | and Il epitope presentation
mediated by FcRn trafficking signals

Epitope vaccines are classified as pathogen-derived peptide
vaccines recognized by T cells via presentation by MHC
molecules [33]. Short peptides are the end products of
epitope vaccines, which may originate from DNA, RNA,
synthetic long peptides, and other sources. Unlike other vac-
cine types, mRNA-based epitope vaccines can rapidly trans-
late within the cytoplasmic ribosomes into numerous long
peptides containing epitopes upon cell entry. Subsequently,
these long peptides are processed and cleaved by intracel-
lular proteasomes or lysosomes into short peptides that bind
to MHC class I or II molecules, presented on the cell sur-
face for T cell recognition, initiating immune responses and
memory formation. To assess the impact of FcRn addition
on immune response enhancement, mice were immunized
using mRNAs encoding luciferase antigenic fragments
(48-147, 238-315), either with or without FcRn. ELISPOT
assays were then conducted to compare T cell responses
to H-2-Kb-restricted epitope LMYRFEEEL or H-2-1Ab-
restricted epitope GALFIGVAVAPANDI, both derived from
luciferase. Spot counts revealed that mice immunized with
FcRn-containing mRNA exhibited a significantly higher
response than treated with PBS (as blank control) and mTu-
bulin (as a control of LNP) (Fig. 2). This, in conjunction
with intracellular trafficking, demonstrated that FcRn directs
associated proteins to the endosomal-lysosomal system,
enhancing degradation and epitope generation, which aug-
ments antigen presentation efficiency and T cell activation.
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Fig. 1 Trafficking of FcRn-tagged fusion proteins into endolysoso-
mal compartments. A Schematic representation of EGFP and EGFP-
FcRn mRNA constructs. B DC2.4 cells were transfected with EGFP,
EGFP-FcRn, or a blank control, GFP* cell frequencies were assessed
using flow cytometry. C DC2.4 cells transfected with EGFP-FcRn
were treated with NH,CI at 6 h post-transfection. GFP-positive cell
frequencies were then evaluated by flow cytometry. D Cellular locali-

zation of EGFP and EGFP-FcRn in DC2.4 cells was analyzed 48 h
post-transfection with 5 pg of mRNA-LNP. Cells were stained with
antibodies targeting Lampl and RAB11 (red), and EGFP signal was
amplified using a polyclonal anti-EGFP antibody (cyan). Colocali-
zation was analyzed using the Plot Profile tool in ImageJ, with ROI
indicating the region of interest
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Fig.2 Epitopes fusion with
FcRn could lead to greater T
cell response after immuniza-
tion. Mice were allocated into

A

s.c. vaccination: 20 pg Euthanasia

three groups and immunized
twice with mRNA-LNPs
encoding Fluc (luciferase),
Fluc-FcRn, and mTubulin
(tubulin from Mus musculus).
The specific T cell responses
were then assessed using
ELISPOT. A Schematic of the
immunization schedule with
mRNA-LNPs. B Splenocytes
were stimulated with single
peptides from luciferase. C
Statistical analysis of the spot
counts. Data are shown as
mean values + SEM. *P <0.05,
**P<0.01, ***P<0.001 and
FHEEP <0.0001
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Elicitation of antitumoral immunity in a therapeutic
mouse model

We further validated the efficacy of mRNA-encoded FcRn-
antigen fragment fusions in a tumor model designed as a
vaccine. We utilized a B16F10 melanoma mouse model,
known for expressing classical melanoma-associated
antigens and epitopes, including the highly expressed
tyrosinase-related proteins 1 and 2 (TRP1 and TRP2) in
melanocytes [34, 35]. We designed mRNAs encoding
antigenic fragments of TRP1 (108-201, 354-469) and
TRP2 (64-198, 358-464), which enriched with epitopes
predicted to have high binding affinity to H-2-Kb, H-2-Db,
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and H-2-TAb according to IEDB, and fused these with
FcRn before LNP encapsulation. Mice received four
vaccine treatments post-tumor development (Fig. 3A).
Treatment with vaccine resulted in partial tumor inhibi-
tion and reduced tumor growth rates (Fig. 3E), along with
prolonged survival compared to PBS (blank control) and
mTubulin (LNP control) (Fig. 3B). Moreover, tumor pro-
files significantly improved with vaccination, as indicated
by reduced weights and volumes (Fig. 3C, D). This indi-
cates that the vaccine exerts a degree of efficacy in inhibit-
ing tumor progression.
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Fig.3 The epitope-FcRn vaccine could be used in both treatment
and prevention for tumor. The A-E depict the tumor treatment mod-
els. A The establishment of the melanoma model and the treatment
regimen. Mice were divided into three groups and injected with 200
pL PBS (n=10), 200 pL mTubulin mRNA-LNP (n=10), or 200
pL vaccine ( a combination of 100 pL TRP1 mRNA and 100 pL
TRP2 mRNA) (n=10); B the survival curves for the three groups;
C, D the mice were enthusiasm on dayl8 post- tumor inoculation.
Tumor tissues were isolated, and tumor weights were measured; E

Furthermore, we assessed the vaccine's potential for
tumor prevention. Following four prophylactic vaccina-
tions, mice were challenged with tumor cells (Fig. 3F). We
observed a slowdown in tumor growth and enhancement in
survival rates among immunized mice (Fig. 3G, H). These
findings suggest that the antigen fragments-FcRn vaccine
can confer both therapeutic and preventive effects.
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the tumor volumes were measured throughout the treatment period.
The F-H describe the tumor prevention models. F the vaccination
and tumor challenge schedule, with mice divided into three groups
receiving 200 pL PBS (n=5), 200 pL mTubulin mRNA-LNP (n=5),
or 200 pL vaccine (a combination of 100 pL TRP1 mRNA and
100 pL TRP2 mRNA) (n=5); G the survival curves for the three
groups; H tumor volume post-tumor cell inoculation. Data are shown
as mean values+SEM. *P<0.05, **P<0.01, ***P<0.001 and
*#x%P <0.0001

Robust induction of CD4* and CD8* T cell response
by stimulation with FcRn fusion Ags

Immune profiles were assessed using flow cytometry fol-
lowing tumor treatment at day18. Firstly, the T cells iso-
lated from tumor were changed notably, and vaccination
significantly increased the proportion of lymphocytes
(CD3" cells) from 38 to 50%. CD8* and CD4* T cell popu-
lations were augmented in vaccine-treated mice, exhibiting
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heightened activation as evidenced by increased CD69
expression (Fig. 4A). Given that CD39 is recognized as
a marker for tumor-reactive T cells [36-38], we assessed
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Fig.4 The T cell responses were detected after treatment and pre-
vention. A-C the T cells isolated from tumor were analyzed by flow
cytometry, D the T cells from splenocytes were analyzed by flow
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control group (Fig. 4B). Tumor-infiltrating immune cells and
splenocytes were isolated, and cytokine release, including
TNF-a, IFN-vy, perforin, and Granzyme B, was quantified
(Fig. 4C, D). A significant enhancement in T cell activity
and cytotoxicity was observed in both tumor-infiltrating lym-
phocytes (TILs) and splenocytes.

Furthermore, splenocytes from prophylactically vacci-
nated mice were analyzed for T cell responses to vaccine-
included peptides using ELISPOT. The appearance of spots
in the vaccinated group post-peptide stimulation (Fig. 4E)
indicated the successful establishment of immune memory.

Vaccination with FcRn fusion Ags remodels tumor
microenvironment

In addition to assessing the impact of mRNA vaccination
on T-cell populations, we aimed to determine if there was
a detectable effect on other leukocytes within the tumor
microenvironment (TME). In the group treated with
the vaccine, the proportion of tumor-infiltrating tumor-
associated macrophages (TAMs) was modestly reduced,
with a notable increase in the percentage of M1-type

Fig.5 Vaccination with FcRn-
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macrophages, while the other groups displayed predomi-
nantly M2-type macrophages (Fig. 5A). Moreover, both
M-MDSCs and PMN-MDSCs showed reduced infiltra-
tion in the tumor microenvironment of vaccine-treated
mice (Fig. 5B). Additionally, the frequency of NK cells
increased by approximately 10% (Fig. 5C). This suggests
that the vaccine may improve the immunosuppressive
nature of the TME, although the underlying mechanisms
remain unexplored in this study.

Safety profile of mRNA-LNPs

We assessed the impact of the mRNA-LNP on cell viability
using the CCK8 assay, and our findings indicated that none
of the transfection reagents utilized in this study exerted any
detrimental effects on cell viability. Furthermore, serum was
collected during the assessment of therapeutic and immu-
nogenic effects. Our analysis revealed that the vaccine did
not induce hepatotoxicity, as evidenced by the measure-
ment of AST and ALT levels, thereby confirming that the
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Fig.6 Safety profiles. A The cytotoxicity of the four mRNA-LNPs
used in the study was detected using CCK-8 kit. B AST and ALT
activities in peripheral blood were measured in tumor-bearing mice
treated with PBS, mTubulin mRNA-LNP, and vaccine. C AST and

mRNA-LNP did not compromise the health of the mice
in vivo. These findings suggested that the vaccine is safe
(Fig. 6).

Discussion

In this study, we developed a novel mRNA-lipid nanopar-
ticle (MRNALNP) vaccine platform that harnesses the traf-
ficking signals of the neonatal Fc receptor (FcRn) to aug-
ment the presentation of tumor-specific antigenic epitopes
and elicit robust antitumor immune responses. By fusing
tumor epitopes with the cytoplasmic tail of FcRn, we guided
the antigenic cargo to the lysosomal compartment, facilitat-
ing efficient processing and presentation on MHC class I
and II molecules. This strategic harnessing of FcRn traf-
ficking signals resulted in a robust induction of both CD4*
and CD8™" T cell responses, ultimately leading to significant
tumor growth inhibition and enhanced survival in a mouse
model.

The observed enhancement in antigen presentation facili-
tated by FcRn trafficking signals represents a key mecha-
nistic insight from this work. In contrast to methods that
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ALT activities in peripheral blood were evaluated in mice immu-
nized with PBS, mTubulin mRNA-LNP, and vaccine. Data are shown
as mean values+SEM. *P<0.05, **P<0.01, ***P<0.001 and
##xxP <(0.0001

target antigens to the endoplasmic reticulum (ER) or cyto-
sol [39, 40], such as the MITD domain in the BioNTech
mRNA vaccine platform [17], our system's FcRn-directed
lysosomal trafficking may offer several potential advantages.
By directing the antigens into the endocytic pathway and
lysosomal compartment, we facilitate efficient processing
and loading onto MHC class II molecules, thereby inducing
potent CD4* T cell help essential for the establishment and
maintenance of durable antitumor immunity. Furthermore,
the FcRn-guided lysosomal degradation of the antigen,
as indicated by our use of predicted MHC-I and MHC-II
epitopes, enhances the generation of a diverse array of MHC
class I and II-presented epitopes, broadening the repertoire
of both CD8* and CD4* T cell responses, as confirmed by
ELISPOT and FACS analysis. This comprehensive activa-
tion of both CD4* and CD8* T cells likely contribute to the
enhanced therapeutic efficacy observed in our preclinical
tumor model. This FcRn-based approach underscores the
value of harnessing specific trafficking mechanisms to aug-
ment the immunogenicity of tumor antigens. Rather than
relying on passive or nontargeted antigen delivery, our stra-
tegic harnessing of the FcRn recycling pathway enables tar-
geted transport of tumor epitopes to the optimal subcellular
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compartments for efficient antigen processing and presen-
tation. This targeted strategy ensures that the critical steps
in the antigen presentation cascade are optimized, resulting
in the robust induction of tumor-specific T cell responses.
Furthermore, the FcRn-mediated trafficking signals could
potentially be applied to other vaccine platforms or immu-
notherapeutic strategies, expanding the applicability of this
innovative approach.

In summary, our study explored the potential of FcRn
trafficking signals in enhancing antigen presentation and
immune response within mRNA vaccines. These findings
highlight the efficacy of rational vaccine design that incor-
porates specific trafficking mechanisms to unleash the full
potential of tumor antigen-based immunotherapy.

Method
Cells

The murine melanoma cell line B16F10 and the dendritic
cell line DC2.4 were cultured under standard conditions. The
B16F10 cell line was used to establish a tumor model. The
DC2.4 cell line was used to assess the intracellular distribu-
tion and localization of mRNA product.

Animals

C57BL/6 mice were obtained from Gempharmatech and
were 7-8 weeks old at the initiation of the experiments. The
mice were group-housed in ventilated cages at an ambi-
ent temperature of 21-23 °C, with an automated 12:12 h
light—dark cycle, and provided with water and commercial
rodent food. Animal care was conducted in compliance with
the animal welfare guidelines of the University of Science
and Technology of China. All animal experiments were
approved by the Animal Care and Use Committee of the
University of Science and Technology of China (USTCA
CUC24080124056).

Construction of clone and mRNA in vitro
transcription

All mRNAs used in this study were synthesized via in vitro
transcription using the modified pUC57 plasmid as a vector.
mRNA synthesis was carried out by in vitro transcription
from linearized plasmids using the MEGAscript® T7 Tran-
scription Kit, following an optimized protocol. During this
process, mRNA was co-transcriptionally capped at the 5'
end with the CleanCap capl analog (Cat# N-7413, TriLink).
After incubating for 6 h, the transcription products were iso-
lated by selective precipitation with lithium chloride. The

resulting mRNA pellet was reconstituted in nuclease- and
endotoxin-free water. Concentration was measured with a
Nanodrop, and purity was assessed through capillary elec-
trophoresis. The final mRNA solution was aliquoted and
stored at — 80 °C.

The non-coding region, T7 promoter, and polyA tail
transcription element were incorporated at both ends of the
mRNA coding sequence to form a complete T7 promoter-
5'UTR-minigene-3'UTR-polyA transcribed region, replacing
the lactose manipulator region in the pUC57 plasmid. EGFP
mRNA and mTubulin mRNA encoded the full-length ver-
sions of EGFP and mTubulin, respectively. The EGFP-FcRn
mRNA encoded the transmembrane region and intracellular
segment of FcRn (referred to as FcRn throughout the text)
at the 3'-end of the EGFP nucleic acid.

The Fluc mRNA encoded a multiepitope fragment
(48-147, 238-315) of luciferase (BAA93575.1), which was
ligated at the GS linker. The Fluc-FcRn mRNA encoded
FcRn at the 3'-end of Fluc.The vaccine comprised two
mRNAs. TRP1 mRNA encoded a multiepitope fragment
of the antigen TRP1 (108-201, 354-469 for TRP1) and
FcRn, and TRP2 encoded a multiepitope fragment of TRP2
(64-198, 358—464 for TRP2) and FcRn. The antigenic frag-
ments were linked to one another, and to FcRn, by the GS
linker.

Formulation of mRNA into LNP

The mRNA was solubilized in 100 mM pH 4.0 citrate buffer.
The LNPs were composed of an ionizable lipid (SM102),
helper lipids (DSPC and cholesterol), and a PEG-modi-
fied lipid (DMG-PEG2000), dissolved at a molar ratio of
50:10:38.5:1.5 (SM102:DSPC:cholesterol: DMG-PEG2000).
The N/P ratio was 6:1. Subsequently, the lipids dissolved in
ethanol were mixed with mRNA at a 3:1 volume ratio. Sub-
sequently, the mixture was dialyzed against pH 7.4 buffer for
18 h, filtered through a 0.22 pm filter membrane to eliminate
bacteria, and stored at 4 °C for future use.

Immunofluorescence

Cells were seeded at the count of 3 x 10%, after 24 h for
adherence, the cells were transfected with 5 pg of EGFP
mRNA-LNP or EGFP-FcRn mRNA-LNP. After 48 h, wash
the plates with pre-warmed PBS. Fix cells with 4% para-
formaldehyde for 15 min and wash the cells 3 times with
pre-chilled deionized water. Add permeabilization reagent
0.1% PBST to the wells and kept at room temperature for
15 min. Subsequently, after discarding the liquid, the block-
ing solution was added to the wells and blocked for 1 h at
room temperature. Discard the liquid and add PBS-diluted
Anti-EGFP Polyclonal Antibody (Solarbio, KO0O9757P),
Purified Mouse Anti-RAB11 (BD, 610656), and purified
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anti-CD107a(LAMP-1) (Biolegend, 328601) to the trans-
fection wells and incubate overnight at 4 °C. After washing
with PBST, add PBS-diluted Cy3 Conjugated Goat anti-
mouse IgG (Solarbio, K1031G-Cy3) and FITC Conjugated
Goat anti-rabbit IgG (Solarbio, SF134) to the wells, incubate
for 1 h at room temperature, and wash 3 times with PBST.
Drop 20 pL of antifluorescence quenching medium contain-
ing DAPI on the glass slide, remove the crawler to absorb
the water, cover the slide, seal the edge with nail polish,
and observe using ZEISS LSM880 with Airyscan confocal
fluorescence microscopy.

Enzyme-linked immunospot assay

Antigen-specific T cell responses were assessed using the
Mouse IFN-y Pre-coated ELISPOT Kit (Dakewe Biotech,
2210006) following the manual instructions. Briefly, sple-
nocytes from immunized mice with mRNA-LNP were
isolated and resuspended in complete cell medium before
being seeded onto plates pre-coated with mouse IFN-y cap-
ture antibody at a density of 5x 10° cells.The cells were
stimulated with PMA, DMEM, single peptides, or peptide
pools for 20 h. Subsequently, the supernatant was discarded,
and the cells were lysed; clones with IFN-y secreting abil-
ity became visible upon incubation with HRP-conjugated
antibodies and chromogenic substrates.

Assessment of theraputic efficacy of vaccine

In order to evaluate the in vivo therapeutic efficacy of
melanoma, we established mouse models of experimental
subcutaneous tumors by inoculating B16F10 cells. For the
experimental melanoma model, 1 X 10° B16F10 cells in 100
pL of PBS were implanted via s.c. injection into C57BL/6
male mice. Following implantation, mice were monitored for
tumor growth every 3 days using a digital caliper. Treatment
was administered via s.c. injection at a dose of 100 ug per
mouse. The initial treatment was given on day 7 post-tumor
inoculation, followed by three additional injections on days
10, 13, and 17 (in total, four injections).

Flow cytometry analysis

To evaluate mMRNA-LNP expression in DC2.4 cells, the cells
were plated in 12-well plates at a density of 100,000 cells
per well and incubated for 24 h. Subsequently, the cells were
transfected with mRNA-LNP. After a 48 h post-transfection,
the cells were harvested and washed three times with PBS
before analysis.

To identify immune cells in mice post-tumor treatment,
tumor-infiltrating immune cells were isolated using density
gradient centrifugation in the 40%-80% Percoll system.
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Then, splenocytes were isolated by grinding the spleen and
lysing erythrocytes, followed by resuspension in PBS. The
cells were incubated with fluorescently labelled antibod-
ies for one hour, after which flow cytometry analysis was
conducted.

For assessing T cell cytokine expression, splenocytes and
tumor-infiltrating immune cells from treated mice were col-
lected and resuspended in RPMI-1640 full medium. Then,
phorbol 12-myristate 13-acetate (PMA), ionomycin, and
monensin were added to stimulate the cells for four hours.
After this, the cells were washed and stained with fluores-
cently labelled anti-CD3, CD8, and CD4 antibodies (Biole-
gend). Then, the cells were fixed and permeabilized with a
Biolegend fixation and permeabilization kit according to the
manufacturer's instructions. The cells were then intracellu-
larly stained with fluorescently labelled cytokine antibodies
and analyzed by flow cytometry (Beckman, CytoFLEX).

Cell viability assay in vitro.

DC2.4 cells were seeded in 96-well plates until reach-
ing approximately 80% confluence confluence and sub-
sequently treated with EGFP-mRNA-LNPs, EGFP-FcRn
mRNA-LNPs, mTubulin-mRNA-LNPs, and a combination
of TRP1-mRNA-LNPs and TRP2-mRNA-LNPs.Two days
post-transfection, the mRNA-LNPs were removed and fresh
medium was introduced. The CCK-8 reagent (YEASEN,
40203ES76) was added to each well at a volume of 10 pL
per well and the plates were incubated at 37 °C for one hour
prior to detection. The OD,s,, of each well was measured
using a microplate reader, and cell viability was determined.

In vivo toxicity evaluation

To assess in vivo toxicity, serum was collected from vacci-
nated mice 7 days post the final injection (day 21) and from
tumor-bearing mice at the end of the efficacy study (day 22).
AST and ALT levels were measured using assay kits for AST
(Solarbio) and ALT (Solarbio) following the manufacturers’
instructions.

Statistical analysis

All graphs were generated with GraphPad Prism 10 soft-
ware, and statistical analyses were conducted using the same
software, including one-way analysis of variance (ANOVA)
and two-sided ¢ tests. A P value less than 0.05 was consid-
ered statistically significant. All significant values are indi-
cated in various figures as follows: *P <0.05, **P <0.01,
*#*%P <0.001 and ****P <(0.0001.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-024-03888-y.
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