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Lymph nodes are the primary sites where adaptive immunity is initiated,

yet most messenger RNA cancer vaccines reach them inefficiently and
instead accumulate in organs such as the liver, limiting therapeutic
potency and increasing systemic toxicity. Here we developed a transferrin
receptor-associating polyplex formed by electrostatic complexation

of mMRNA with low-molecular-weight polyethylenimine that had been
chemically modified with cyclic disulfide monomers to enhance nucleic acid
binding stability, enable thiol-based transferrin receptor engagement and
reduce off-target liver uptake. After subcutaneous administration, these
polyplexes activated innate immunity, rapidly recruited monocytes with
high transferrin receptor expression and bound these cells through cyclic
disulfide-mediated interactions. Monocytes then trafficked the vaccine to
draining lymph nodes, where mRNA translation and antigen presentation
occurred. Delivery of ovalbumin and interleukin 122 mRNA elicited strong
antigen-specific cytotoxic T cell responses and inhibited melanoma
progression and metastatic disease. Studies using Survivin and human
papillomavirus antigens in distinct tumour models demonstrated broad
applicability. This monocyte-driven lymph node-targeting strategy enables
potent and selective delivery of mRNA cancer vaccines.

Messenger RNA technology has revolutionized the development of
both prophylactic and therapeutic vaccines, offering broad applica-
tions against diseases like viral infections and cancers' . Despite recent
clinical advancements, the vaccines available at present still suffer
from suboptimal delivery to lymph nodes (LNs)—the primary sites of
immune activation—and off-target accumulation in organs such as
the liver, substantially reducing their efficacy and raising concerns
over systemic toxicity’ . Various strategies have been explored to
address this challenge, including the development of novel lipid nano-
particle (LNP) formulations™ ™, exosome-based carriers'®”, ionizable
amphiphilic Janus dendrimers'®' and LNPs equipped with specific

ligands®>?'. However, these engineered delivery systems still exhibit
atendency to accumulate in non-lymphoid tissues and none of them
have entered clinical evaluation. This underscores the urgent need for
novel LN-specific messenger RNA-delivery approaches.

Transferrin receptor 1 (TfR1) plays a critical role in immune
regulation’? and is expressed at high levels on activated immune cells,
including dendritic cells (DCs), monocytes and T cells***?. Markedly
higherlevels of TfR1expression have been previously observed in mon-
ocytes compared with other immune cells. Furthermore, the immu-
nological roles of monocytes present apromising avenue for enhanc-
ing antitumor immunity®* %, Notably, monocytes are approximately
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20 times more abundant than DCs, a difference that iseven more pro-
nounced inhumans compared with mice. Recent evidence underscores
monocytes as aviable target for cancer vaccine development. Specifi-
cally, nano delivery approaches have improved monocyte targeting
by decorating nanoparticles with mannose***, galactose®, CD163
(ref. 36) and apoptotic bodies”. Interestingly, phagocytic cells provide
afundamentalline of defence in the bloodstream by indiscriminately
capturing and eliminating circulating foreign substances. Their ability
torecognise and remove particles across abroad spectrum of chemical
and physical properties ensures robust systemic protection despite the
lack of strict specificity. Given their capacity to efficiently transport
antigensto LNs via high endothelial venules (HEV), leveraging the high
expression of TfR1on monocytes represents a feasible and innovative
approach for achieving LN-specific targeting.

Inthis study we developed a polyethylenimine (PEI)-based trans-
ferrin receptor-associating polyplex, which we named TRAP, for
LN-specific delivery of mRNA cancer vaccines (Supplementary
Fig.1). We demonstrate both theoretically and experimentally that
dithiolane-modified TRAP enters cells by binding to TfR1 on the cell
membrane, facilitating efficient mRNA expression in various cell types
and outperforming the positive control Lipofectamine 2000. Fol-
lowing subcutaneous administration, we observed minimal mRNA
expression in organs such as the liver, whereas mRNA expression in
LNs was highly specific. Furthermore, we show that TRAP, through
STING activation, recruits inflammatory monocytes to the injection
siteand cyclicdisulfide groups anchored on the surface of TRAP-mRNA
nanoparticleslead to strongadherence to Ly6C" monocytes, followed
by migration to LNs. The targeted delivery of mRNA vaccines encod-
ing tumour antigens and the cytokine interleukin (IL)-12 markedly
enhanced LN-specificimmune responses, activated CD8" T cells and
effectively inhibited tumour progression in melanoma models. When
combined withantibody to PD-1, the complete response rate in tumour
models reached 60%. Moreover, vaccination with Survivin mRNA mark-
edly prolonged the survival of B1I6F10 metastatic mice, highlighting the
potential of the platform for durable and LN-targeted vaccine delivery
through a monocyte-driven mechanism.

Results

Rational design of TRAP for TfR1binding

TfR1 has been widely utilized as a target for therapeutic delivery,
taking advantage of its highly differentiated expression profile and
capacity of receptor-mediated endocytosis*”*®. By analysing TfR1

expression across different immune-cell subsets (raw data collected
from The Human Protein Atlas, https://www.proteinatlas.org/; accessed
7 August 2024) as shown in Fig. 1a, markedly elevated expression was
observed inmonocytes, highlighting its potential as a viable target for
monocyte-mediated delivery. We then performed molecular dynam-
ics simulations to elucidate the structural features of TfR1, revealing
solvent-exposed Cys residues within the apical domain of its extracel-
lular domain (Fig. 1b,c). Solvent-accessible surface area (SASA) analysis
confirmed that these Cys residues are accessible for potential interac-
tions. Compared with other membrane receptor proteins, TfR1exhibits
statistically significantly higher solvent accessibility for its Cys residues
(Fig. 1d), highlighting its unique structural characteristics. Notably,
under glycosylated conditions that more accurately mimic the physi-
ological environment, the solvent exposure of these Cys residues was
statistically significantly enhanced (Fig. 1e), suggesting more favour-
able conformations for ligand recognition. Furthermore, analyses of
the ligand interactions revealed distinct binding patterns: the basal
portion (composed of the protease-like and helical domains) binds
transferrin®’, whereas the dimer interface region forms complexes
with the hereditary hemochromatosis factor*’. In contrast, the api-
cal domain, which contains the exposed Cys residues, interacts with
arenaviruses*, the Plasmodium vivaxinvasion protein PRBP2b** and
heavy-chain ferritin, thereby facilitating physiological access to the
cell (Supplementary Fig. 2).

Previous studies suggested that the introduction of a disulfide
moiety on self-assembled block co-polymer nanoparticle enhances
theinvivo delivery efficiency of small molecules and protein drugs®.
Low-molecular-weight PEI, which has agood safety profile asaresult of
faster clearance compared with its high-molecular-weight counterpart,
could pose challenges in maintaining stable complexation with large
mRNA molecules, especially during systemic circulation. Therefore,
implementing other chemical modification onlow-molecular-weight
PEl to further stabilize mRNA complexation could promote its sys-
temic delivery capability. The cyclic carbonate with a dithiolane
structure 1,2-dithiolane trimethylene carbonate (DTC) was first syn-
thesized and reported by our laboratory***. Here we synthesized a
DTC-modified PEI (molecular weight, 1,800 Da) polymer (Fig. 1f and
Supplementary Fig. 3a), TRAP. In respect that the surface Cys groups
onmonocyte membrane might facilitate cellular binding and uptake via
disulfide group formation with TRAP, this design enables LN-selective
mRNA deliveryinvivo. This synthetic reaction was simple and efficient,
and aseries of TRAP polymers with different DTC grafting ratios could

Fig. 1| Design and characterization of TRAP-mNV for enhanced cytosolic
mRNA delivery. a, Transcript expression levels, calculated as normalized
transcript per million (nTPM), in monocytes (n = 5 biological samples).

PBMC, peripheral blood mononuclear cell. b, Schematic of TfR1embedded
inthe membrane, highlighting the extracellularly exposed Cys residues.

¢, Representative molecular dynamics snapshot illustrating the solvent-
accessible Cysresidues in the apical domain of TfR1. d, SASA of Cys residues

for different receptor proteins, calculated from independent molecular
dynamics simulations (n =30 independent simulations). e, SASA of Cys residues
inmolecular dynamics simulations of TfR1 with and without glycosylation
(n=160independent simulations). f, lllustration of the fabrication process of
TRAP-mNV. g, Hydrodynamic diameter and zeta potential of TRAP-mNV (left),
together with arepresentative transmission electron microscopy image (right).
h, Immunoprecipitation analysis of the binding between Flag-TfR1and biotin-
labelled TRAP. Immunoprecipitated proteins (top) and total protein expression
levels in the whole-cell lysate (WCL; bottom) are shown. i, Schematic of the
pathway for efficient cellular internalization mediated by TRAP-mRNA

binding to TfR1. j, Representative three-dimensional reconstructed confocal
microscopy images of DC2.4 cells after treatment with Cy5-labelled TRAP-mNV,
the red chemical structure represents a five-membered cyclic disulfide structure.
k, Immunoprecipitation analysis of the binding between Flag-TfR1 and biotin-
labelled nTRAP or TRAP. I, Representative stimulated emission depletion
microscopy images showing the intracellular localization of TRAP-mNVin

DC2.4 cells.m, Pearson’s correlation coefficients (PCC) for co-localization
between TRAP-mNV and lysosomes (n = 27 biological samples; each dot
represents one cell). n, Relative cellular uptake of TRAP-mNVin DC2.4 cellsin
the presence of various endocytosis inhibitors: amiloride hydrochloride (Ami),
chlorpromazine hydrochloride (CPZ), dynasore, ferristatin Iland DTNB.

o, Relative cellular uptake of TRAP-mNV in DC2.4 cells pretreated with different
concentrations of ferristatin II. p, Percentage of enhanced GFP (EGFP)* cells
showing the expression levels of EGFP mRNA delivered by Lipofectamine 2000
(Lipo 2000) or TRAP to different cell lines (MRNA dose, 1 pg ml™).n-p,n=3
biological samples per group. a,m, Data are presented as box-and-whisker plots,
where the box represents the interquartile range (25th-75th percentiles), with
the whiskers extending to the minimum and maximum values, the line in the box
indicating the median and all individual data points displayed. d,e,n-p, Dataare
presented as the mean + s.d. Statistical significance was determined using a one-
way analysis of variance (ANOVA, two-sided; d,n,0), two-sided unpaired Student’s
t-test (e) or multiple two-sided unpaired Student’s ¢-tests with correction for
multiple comparisons (p); exact Pvalues are provided; NS, not significant.

g h,j-1, The experiments were independently repeated at least three times with
similar results. IB,immunoblotting; IP,immunoprecipitation; MW, molecular
weight; Strep, strep-tactin; TF, transferrin. Panels created in BioRender: f, Ren, Q.
https://biorender.com/6dck7ys (2026); i, Ren, Q. https://biorender.com/y8es8cs
(2026). Source dataare provided.
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be synthesized by simply adjusting the feed ratio of DTC to PEIL. The
number of DTC grafts per unit of PEIpolymer was further characterized
by the specificultraviolet absorption of the disulfide bonds at 330 nm
(Supplementary Table. 1), and the ring-opening reaction of DTC was
investigated by 'H NMR spectroscopy (Supplementary Fig. 3b). The
molar mass and degree of polymerization were determined by gel
permeation chromatography (Supplementary Fig. 4).

TRAPisabiodegradable polycarbonate with dangling DTC groups
thatenhance nucleic-acid complexation and promote self-crosslinking
during nanoparticle preparation, improving stability. To further assess
the mRNA encapsulation efficiency and responsive release behav-
iour of TRAP, we conducted quantitative assays and electrophoretic
analysis. TRAP exhibited a high mRNA encapsulation efficiency (>90%;
Extended Data Fig. 1a). We next evaluated redox-triggered mRNA
release by gel electrophoresis. Afterincubationinareducing environ-
ment containing 10 mM glutathione (GSH), and competitive polyanions
such as sodium heparin for 3 h, free mRNA was clearly released from
TRAP (Extended Data Fig. 1b). In addition, kinetic analyses revealed a
time- and condition-dependent release profile, withincreasing release
observedinreductive conditions (Extended Data Fig. 1c). To evaluate
the impact of buffer and pH on TRAP assembly, we analysed particle
size and zeta potential at different nucleic acid:polymer ratios (1:1, 3:1,
6:1and 9:1). The 6:1ratio produced the most reproducible results with
the narrowest particle size distribution, suggesting it as the optimal
formulation for TRAP-mRNA nanoparticles (Supplementary Fig. 5).
The optimal buffer, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid (HEPES.2), yielded TRAP-mRNA nanoparticles with a diam-
eter of 60-70 nm and a zeta potential of +18 mV. TRAP-mRNA
nanoparticles were confirmed to have a spherical shape through
transmission electron microscopy (Fig. 1g). Gel electrophoresis dem-
onstrated negligible nucleic-acid leakage (Supplementary Fig. 6a),
and the particle size remained stable at room temperature for a week
(Supplementary Fig. 6b,c), confirming efficient encapsulation and
protective functionality in nucleic-acid delivery.

TRAP enhances mRNA internalization and transfection
efficiency
Our study demonstrates that TRAP enhances cellular uptake and
promotes the endosomal release of mRNA, thereby improving trans-
lation efficiency. Previous studies have shown that different uptake
mechanisms canvary in efficiency, with membrane protein-mediated
mRNA delivery emerging as a promising alternative to energy-intensive
endocytosis*®™*. Notably, thiol-mediated uptake was identified as
a key mechanism®, facilitated by enhanced binding to cell surface
receptors. Confocal laser scanning microscopy (CLSM) revealed
strong co-localization of TRAP with membrane-associated TfR1
(Supplementary Fig. 7), which suggests that nanoparticle uptake is
partially dependent on TfR1. To further verify the binding ability of
DTC-modified TRAP with TfR1,immunoprecipitation experiments were
performed using green fluorescent protein (GFP) and transferrin pro-
teins as controls. Both transferrin and TfR1 exhibited stronger binding
than GFP (Fig. 1h). The SASA of transferrin was comparable to that of
TfR1, whereas GFP had a SASA of almost zero (Supplementary Fig. 8),
which explains the plausibility of binding to TRAP. These findings
provide further support for the feasibility of achieving TRAP-specific
binding by exploiting the differential expression of TfR1 across
various cell types. Real-time CLSM imaging revealed a progressive
increase in the fluorescence signal of cyanine5 (CyS5)-labelled mRNA
on the cell membrane, indicating rapid nanoparticle adsorption
(Supplementary Figs. 9a,b and 10). In conclusion, we demonstrated
that DTC-modified TRAP enhances nanoparticle internalization by
binding to cell-surface TfR1, promoting higher uptake (Fig. 1i).
InDC2.4 cells treated with TRAP (Cy5-labelled mRNA), distinct sub-
cellular distributions were observed after lysosomal and nuclear stain-
ing. Cells treated with non-DTC-modified PEI-TMC (nTRAP)-mRNA

exhibited numerous yellow co-localized spots (Supplementary Fig.11),
suggesting substantial lysosomal encapsulation of mRNA (red) within
lysosomes (green). In contrast, TRAP-treated cells displayed a diffuse
green signal throughout the cytoplasm, whichis indicative of efficient
lysosomal escape. Three-dimensional reconstructions allowed visuali-
zation of lysosomal co-localizationin cells treated with nTRAP-mRNA
and TRAP-mRNA (Fig. 1j); in addition, we validated the potential bind-
ing of NTRAP or TRAP to TfR1through immunoprecipitation (Fig. 1k).
Successful protein expression relies on the intracellular dissociation
of mRNA from the polymer and its escape from the endosome. We
dual-labelled the polymer and mRNA with distinct fluorophores to
track this process. Substantial dissociation was observed asearlyas2 h
post incubation (Supplementary Fig. 12). Furthermore, we observed
minimal co-localization of TRAP with lysosomes, indicating effective
lysosomal escape (Fig. 11 and Supplementary Fig. 13). Quantitative
Pearson’s coefficient analysis confirmed efficient cytosolic release
(Fig.1m), a probable explanation for the enhanced mRNA transfec-
tion efficiency. In addition, we observed that TRAP-pretreated cells
exhibited higher uptake of calcineurin, with a diffuse distribution of
calcineurin observed at various time points (Supplementary Fig. 14).
Previous studies suggest that the introduction of thiol groupsinduces
transient membrane pore formation, which may contribute to the
increased uptake of calcineurin® >, Moreover, it has been shown that
thiol groups facilitate endosomal escape of nanoparticles® ¥, indicat-
ing multiple potential mechanisms of TRAP’s cellular internalization
and its potential role in enhancing cell transfection.

Tofurther elucidate the endocytosis mechanism, DC2.4 cells were
pretreated with various inhibitors. After 1 h, inhibition of dynamin-
and clathrin-mediated pathways substantially reduced nanopar-
ticle uptake. Similarly, pretreatment with the sulfhydryl inhibitor
5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) or the TfR1 degradation
agent ferristatin Il suppressed nanoparticle internalization (Fig. 1n),
indicating that sulfhydryl-associated membrane proteins mediate
nanoparticle uptake. Toexplore the role of TfR1in this process, DC2.4
cells were treated with ferristatin Il at concentrations ranging from
0.1uM to 100 puM for 4 h to induce TfR1 degradation. Western blot
analysis confirmed aconcentration-dependent reductionin TfR1levels
(Supplementary Fig.15), and the nanoparticleinternalization efficiency
was closely correlated with TfR1 expression (Fig. 10). No appreciable
cytotoxicity atany of the tested concentrations was noted in cell viabil-
ity assays (Supplementary Fig.16).

We next evaluated the mRNA delivery efficiency of TRAP across
different tumour and non-tumour cell lines. Compared with conven-
tional transfection reagents, including Lipofectamine 2000 and Lipo-
fectamine MessengerMAX, substantially enhanced EGFP expression
was observed inmost of the tested cell lines when TRAP wasused as the
delivery agent, as analysed by fluorescence microscopy and flow cytom-
etry (Extended Data Fig. 1d-f, Fig. 1p and Supplementary Fig.17), and
TRAPresulted in negligible cytotoxicity (Supplementary Fig.18). Nota-
bly, TRAP achieved over 80% transfection efficiency in RAW264.7 cells
and substantially enhanced EGFP expressionin other hard-to-transfect
immune-celltypes, including DCs (DC2.4) and Jurkat T cells, compared
with Lipofectamine MessengerMAX. This superior performance s likely
to be associated with the elevated expression of TfR1 (ref. 27), which
facilitates efficient cellular uptake and endosomal escape in these cells.

Lymph node-selective mRNA delivery by TRAP

Lymph nodes are essential organs for lymphocyte residence, acti-
vation and proliferation, and are therefore critical for generating
effective anticancerimmune responses. Restricting mRNA expression
to the injection site and its associated LNs can maximize immune
activation while minimizing systemic toxicity>?***"®!, To track the
in vivo delivery efficiency of TRAP-based mRNA nanovaccines
(TRAP-mNV), we encapsulated Cy5-labelled firefly luciferase (Luc)
mRNA in TRAP and injected it subcutaneously into the base of the
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Fig. 2| Monocyte-driven, lymph node-specific mRNA delivery and
transfection. a, Representative bioluminescence images showing Luc mRNA
expression in mouse LNs 6 h after subcutaneous administration of Luc mRNA-
loaded TRAP (0.5 mg Luc mRNA kg™). b, Luminescence intensity in mouse LNs
3,6and 12 h post administration (n = 6 LNs from three mice). ¢, Representative
ex vivo bioluminescence images of major organs collected from mice 6 h after
subcutaneous administration. d, Luminescence intensity in the major organs
inc. e, Representative fluorescence images of major organs collected 12 h after
subcutaneous administration of Cy5-labelled TRAP-mLuc. f, Fluorescence
intensity analysis of the major organsin e. g, Representative fluorescence images
of LNs dissected frommice 1,3, 6 and 12 hafter subcutaneous administration

of Cy5-labelled TRAP-mLuc. h, Fluorescence intensity analysis of the LNsin g.
g,h, n=6LNsfromthree mice per time point. i, Luminescence intensity ratiosin
thelive LNs relative to theliver 6 h following subcutaneous injection of TRAP-
mLuc or SM-102-mLuc. a,c-f,i, n =3 mice.j, Representative immunofluorescence
images showing co-localization of Cy5-labelled TRAP-mNV with DCs and

monocytesin LNs. k, Representative immunofluorescence images showing
binding and internalization of Cy5-labelled TRAP-mNV by monocytes in LNs, the
white arrows indicate adhesion and internalization of Cy5-labelled TRAP-mRNA
complexes by monocytes.j k, The experiments were independently repeated at
least three times with similar results. I, Total monocytes in LNs were quantified
by flow cytometry 6 h after subcutaneous injection. The percentage of cellsin
the gated regions in the flow cytometry plots are shown. m, Representative flow
cytometry scatter plot showing uptake of Cy5-labelled TRAP by monocytes.
Black dots, no uptake; red dots, uptake of Cy5-labelled TRAP-mRNA complexes.
n, Percentage of monocytes positive for TRAP uptake (n =4 biological samples).
o, Proportion of monocytes in LNs 0,12,24 and 36 h after subcutaneous injection
(n=6Dbiological samples).b,d,f h,i,n,0, Data are presented as the mean + s.d.
Statistical significance was determined using a one-way ANOVA (two-sided;

b,d,f h,0) or two-sided unpaired Student’s t-test (i,n); exact P values are provided;
NS, not significant. Source data are provided.
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tail of C57BL/6 mice. Bioluminescence imaging was performed3-12 h
postinjection to assess the biodistribution of TRAP and Luc expres-
sion levels. Notably, mRNA expression and nanoparticle localization
were primarily confined to the injection site and the inguinal LNs
(Fig.2a). The fluorescence signals in the LNs remained stable up to
12 h following injection, indicating sustained LN-specific targeting
and expression (Fig. 2b). Ex vivo organ imaging results further con-
firmed negligible accumulation and transfection in major organs such
as the liver, heart, spleen, lungs and kidneys (Fig. 2c-f). Consistent
with previous reports™**, TRAP exhibited an asymmetrical distri-
bution across bilateral LNs. This phenomenon might be attributed
to inter-individual variation in mice and remain elusive. Moreover,
TRAP’s LN-specific expression was highly reproducible across dif-
ferent mice, with consistent distribution levels over the 12-h period
(Fig.2g,h and Supplementary Fig.19).In contrast, we found that mRNA
expression of SM-102 LNPs mainly accumulated in the liver and at
the injection site (Supplementary Fig. 20), and that TRAP greatly
enhanced the specific delivery of mRNA, achieving an LN:liver ratio
of 40 (Fig. 2i), in stark contrast to SM-102, which exhibited a ratio of
<0.2. Therefore, we speculate that TRAP-mNV could enhance vac-
cination efficacy and reduce potential off-target toxicity of current
LNP mRNA-based vaccine formulations. These findings underscore
the potentials of TRAP for delivering mRNA-based cancer vaccines.

Antigen-presenting cells, including DCs, macrophages and
monocytes, play pivotal roles in initiating immune responses follow-
ing mRNA vaccine delivery. Dendritic cells capture and present the
antigen to T cells in the LNs, whereas monocytes differentiate into
antigen-presenting cells to supportimmune activation. This enhances
antitumor immunity and generates long-lastingimmune memory. We
observed similar spatial distributions of DCs and monocytes in the
LNs (Fig. 2j), with monocytes showing marked co-localization with
Cy5-labelled TRAP-mNV. High-resolution imaging confirmed that
monocytes efficiently internalized TRAP-mNV (Fig. 2k), indicating
that they play a key role in driving nanoparticle lymphatic targeting.
Moreover, we observed clear co-localization of TfR1and TRAP-mNVin
LNs (Supplementary Fig. 21), which suggests that monocytes efficiently
capture nanoparticles via TfR1, thereby mediating LN targeting. Flow
cytometric analysis of inguinal LNs following subcutaneous immuniza-
tion revealed a substantial increase in monocyte proportions (Fig. 21
and Supplementary Fig. 22), with nearly 95% of monocytesinternalizing
TRAP-mNV and maintaining high levels from 24 to 36 h (Fig.2m-0). To
determine whether theincreaseinthe proportion of monocytesin LNs
is accompanied by enhanced TRAP-mRNA delivery and expression,
we performed a series of quantitative analyses. Using tdTomato as a
reporter in Ai9 mice, we noted that monocytes comprised the largest
population (approximately 30%) of tdTomato* cellsin the LNs, whereas
DCsrepresented approximately 10% (Extended Data Fig. 2a-c). We
then monitored the expression dynamics of mRNA-encoded surface

Thyl.1proteinin Ly6C'CD11c” monocytes at 3,12 and 24 h post injec-
tion. A time-dependent increase in Thyl.1 expression was observed
(Extended Data Fig. 2d-f), indicating accumulative mRNA translation
inmonocytes. Together, these findings provide quantitative and kinetic
evidence that monocytes notonly accumulatein LNs after TRAP-mRNA
administration but also serve as adominant cell population mediating
mRNA translationin vivo. These findings support the hypothesis that
monocytes drive TRAP-mNV lymphatic targeting, providing a promis-
ing strategy for mRNA vaccine delivery.

TRAP enhances monocyte recruitment following
subcutaneous injection

To further investigate the underlying mechanisms of monocyte-driven
trafficking, we analysed theimmune response following subcutaneous
injection (Fig. 3a). Subcutaneous administration of nTRAP did not
leadtoanobviousincreaseinlocalimmune-cell populations, includ-
ing Ly6C* monocytes, whereas TRAP induced marked recruitment
of inflammatory monocytes (Extended Data Figs. 3a-c and 4a-c),
resembling the inflammatory recruitment of monocytes and mac-
rophages during microbial infection. Haematoxylin-and-eosin and
immunohistochemistry staining confirmed the accumulation of
CD11b*" myeloid cells (Fig. 3b—-d), with a slight decrease in abundance
observed at3 h (Fig.3e), probably due to ongoing cell migration. Nota-
bly, aconcurrentincrease in CCR2 expression was detected, which s
critical for regulating monocyte recruitment and migration to sites of
inflammation®**’, This suggests that the transient reduction in CD11b*
cells may be associated with CCR2-mediated mobilization, providing
further support for its role in inflammatory cell trafficking. These
findingsindicate that DTC modification, rather than the PEIbackbone
alone, playsacritical roleininitiating local innate immune responses
and monocyte enrichment.

We next examined monocyte differentiationat the subcutaneous
injectionsite following TRAP administration. Flow cytometry revealed
thatmonocytes were the major cell type to uptake TRAP nanoparticles
(Extended Data Fig. 4d). Differentiation was also observed within 8 h
followinginjectionin certain monocyte populations previous to their
migration to LNs (Extended Data Fig. 4e). This phenotypic shift sug-
gests that the differentiation of monocytes probably occurred at the
injection site as well as the LN microenvironment.

To clarify the role of different phagocytes in TRAP trafficking,
we used clodronate liposomes (CL-lipo) to deplete macrophages. No
statistically significant reductionin Cy5 signal intensity was observed
in LNs after CL-lipo treatment, indicating minimal involvement of
macrophages in nanoparticle delivery (Supplementary Fig. 23). We
further evaluated whether CL-lipo treatment affected Ly6C* monocytes
by analysing immune-cell subsets in the peritoneum, blood and LNs.
Flow cytometry confirmed that F4/80" tissue-resident macrophages
were effectively depleted, whereas Ly6C*'CD11b* monocytes remained

Fig. 3| Activation of the STING pathway by TRAP induces monocyte
recruitment at the injection site. a, lllustration of TRAP-induced monocyte
recruitment following subcutaneous injection. b, Representative images

of mouse skin tissue collected at O (left) and 1 h (right) after subcutaneous
injection of TRAP-mLuc and stained with haematoxylin and eosin. ¢, Proportion,
determined by flow cytometry, of CD45" cellsin skin tissues collected
fromtheinjection sites1h after administration (n = 3 biological samples).

d, Representative immunohistochemistry images of CD11b (top) and CCR2
(bottom) staining of skin sections collected at 0,1and 3 h post injection. e, CD11b
(left) and CCR2 (right) staining intensity in the immunohistochemistry images
ind, calculated using ImageJ (n = 6 biological samples). f, Levels of TRAP uptake
by the indicated immune cells at the injection site following subcutaneous
injection (n=5biological samples). g, Representative flow cytometric profiles
showing surface expression of CD80 and CD86 on BMDCs following treatment
with theindicated formulations, including TRAP-mOVA and CpG. h, Proportions
of CD80*CD86" subpopulations among CD11c* BMDCs after the indicated

treatments. i, Representative flow cytometry plots illustrating SINFEKL
peptide presentation by BMDCs exposed to the indicated formulations. g,i, The
percentages of cells in the gated regions are indicated. j, Proportion of SIINFEKL-
presenting BMDCs in the different treatment groups. k, Illustration of TRAP-
induced activation of the STING pathway. 1, Cytosolic mtDNA levels, determined
by quantitative PCR analysis, in BMDCs following treatment with TRAP-mRNA.
m, Concentrations of 2’3’-cGAMP, measured by ELISA, in BMDCs following
treatment with TRAP-mRNA. h,j,1,m, n = 3 biological samples per group.

n, Representative immunoblot analysis of the STING signalling pathway

in BMDCs treated with TRAP-mRNA. MW, molecular weight; p-IRF3,
phosphorylated IRF3; p-TBK1, phosphorylated TBK1. c,e,f h,j,I,m, Data are
presented as the mean + s.d. Statistical significance was determined using a
one-way ANOVA (two-sided; e,f,hj 1) or atwo-sided unpaired Student’s ¢-test
(c,m); exact Pvalues are provided. b,d,n, The experiments were independently
repeated at least three times with similar results. Panel k created in BioRender:
Ren, Q. https://biorender.com/wlycrgé (2026). Source data are provided.
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unaffected across all tissues examined (Extended Data Fig. Sb-e),
demonstrating that monocyte-mediated TRAP delivery was preserved.

Notably, flow cytometry analyses demonstrated that 80%
ofthe Ly6C*inflammatory monocytes internalized Cy5-labelled mRNA,
far exceeding uptake by otherimmune cells (Fig. 3f). This high uptake
correlated with elevated TfR1 expression on monocytes, providing
supportforaTfR1-dependentinternalization mechanism. Collectively,
these findings suggest that TRAP enhances monocyte recruitment

and uptake at the injection site, thereby promoting their migration
to draining LNs and enabling efficient, targeted immune activa-
tion. Adjuvant-like mRNA delivery vectors can amplify the strength
and duration of immune responses, providing more effective antitu-
mour or anti-infection immunity, given that adjuvants might stimu-
late monocyte migration to LNs®*. We first investigated the ability of
TRAP to stimulate DC maturation by co-incubating TRAP-ovalbu-
min mRNA (TRAP-mOVA) with bone marrow-derived DCs (BMDCs).
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Fig. 4 |High endothelial venule-mediated recruitment of TRAP-mNV into
the lymph nodes. a, lllustration of TRAP-mNV migration into LNs. b, Mice

were subcutaneously injected with TRAP-mRNA and intravenously injected
with fluoresceinisothiocyanate (FITC)-labelled dextran, followed by intravital
microscopy imaging 30 min post administration. Representative time-lapse
images show the intravascular migration of TRAP-mRNA, the white arrows
indicate migration of TRAP-mRNA in blood vessels. ¢, Representative
immunofluorescence images of LNs collected 12 h after subcutaneous injection
of Cy5-labelled TRAP-mRNA, the white arrows indicate regions showing
co-localization of TRAP nanoparticles with monocytesin the lymph node, and
dashed green lines outline vasculature. d, Magnified view of the top-left dashed
box in ¢ highlighting the strong spatial overlap between monocytes (MOs)

and TRAP-mRNA nanoparticles (top). Lower panel shows the colocalization
profile of line-crossing region indicated in the upper figure. e, Representative
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three-dimensional reconstructed images (Imaris) showing the spatial
distribution of TRAP-mRNA and blood vessels in LNs. b—-e, The experiments were
independently repeated at least three times with similar results. f, Representative
invivo bioluminescence images showing Luc mRNA expression in mouse LNs
subjected to antibody blocking with/without anti-PSGL and anti-CD62L (n =3
mice per group). g, Intensity of Cy5 fluorescence in LNs. h, Intensity of Luc
bioluminescenceintensity in LNs. i, Percentage of monocytesin LNs, determined
by flow cytometry. g-i, Data are presented as box-and-whisker plots, where the
box represents the interquartile range (25th-75th percentiles), with the whiskers
extending to the minimum and maximum values, the line in the box indicating
the median, and all individual data points displayed. Statistical significance was
determined using a one-way ANOVA (two-sided); n =3 mice per group, six LNs per
group. AF488, Alexa Fluor 488; NP, nanoparticle. Source data are provided.

TRAP ssignificantly upregulated the expression of co-stimulatory mol-
ecules CD80 and CD86, similar to CPG, a well-known immunostimulant
(Fig. 3g,h and Supplementary Fig. 24). Unlike CPG, which induces DC
activation but lacks antigen delivery capability, TRAP-mOVA mark-
edly boosted BMDC maturation and antigen presentation (Fig. 3i,j and
Supplementary Fig. 25), highlighting its dual function asboth a delivery
vehicle and an immune stimulator. To understand the mechanism

underlying TRAP’s effect on DC maturation, CLSM co-localization
analysis confirmed a strong spatial association between TRAP and mito-
chondria(SupplementaryFig.26a).Inaddition, TRAP-mRNA treatment
induced elevated cytosolic mitochondrial DNA (mtDNA) levels com-
pared with the control groups (Fig. 3],m and Supplementary Fig. 26b).
InBMDCs and RAW264.7 cells, TRAP induced strong phosphorylation
of TBK1and IRF3 (Fig. 3n and Supplementary Fig. 26¢).
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High endothelial venule-mediated recruitment of TRAP-mNV
into the lymph nodes

We observed that inflammation at the injection site promoted the
recruitment of monocytes, which subsequently migrated to the
LNs via HEVs (Fig. 4a and Supplementary Fig. 27a). The mecha-
nisms underlying this monocyte trafficking are of particular inter-
est. In vivo imaging of the LNs revealed the dynamic migration of
TRAP-mNV within the vasculature (Fig. 4b). CD31 staining further
confirmed that TRAP-mNV migrated via blood vessels (Fig. 4c).
Meanwhile, co-localization of monocytes with TRAP was clearly
visible in immunofluorescently stained samples (Fig. 4d and
Supplementary Fig. 27b). Three-dimensional reconstruction pro-
vided clearer visualization of the uniform distribution of TRAP-mNV
withinthe vessels (Fig. 4e). These findings demonstrate that follow-
ing subcutaneousimmunization, monocytes and other recruited cells
internalize TRAP-mNV and migrate through the vasculature to the
LNs, where they efficiently express the target protein. To examine
whether TRAP nanoparticles selectively engage with monocytes
for LN homing, we analysed myeloid cell subsets at the injection
site at multiple time points post injection®. Flow cytometric profil-
ing revealed that monocytes represented the dominant population
among recruited myeloid cells from 3 h to 24 h, far exceeding the
numbers of DCs and macrophages (Extended Data Fig. 6a). Moreover,
monocytes also represented the majorimmune cells actively trans-
lating TRAP-mRNA, as examined in Thyl.1" cell populations across
all time points (Extended Data Fig. 6b). These results collectively
underscore the selective enrichment and functional engagement
of monocytes in TRAP-mediated LN targeting.

To further confirm this, we injected ablocking antibody targeting
P-selectin glycoprotein ligand-1(PSGL-1), an adhesion molecule essen-
tial for trafficking toinflamed peripheral tissues. PSGL-1blockade led to
areductionin Luc mRNA expressioninthe LNs and adecrease of >50%in
monocyterecruitment (Fig. 4f,g), indicating that monocyte trafficking
to the LNs primarily occurs via peripheral tissues. To assess the pos-
sibility of direct monocyte migration through HEVs, we administered
the blocking antibody anti-CD62L during immunization, as CD62L is
critical for HEV-mediated trafficking. Blockade of CD62L resultedina
substantial reductionin monocyte migration. Combined blockade of
PSGL-1and CDé62L led to afurther decrease, withalmost complete loss
of Cy5 mRNA fluorescence in the LNs and no detectable Luc expres-
sion (Fig. 4h,i). These findings indicate that TRAP migration to LNs is
closely linked to inflammatory monocytes, with HEV-mediated entry
as the primary route for monocyte recruitment to the LNs following
subcutaneous immunization.

TRAP-mNV drives monocyte-to-dendritic cell differentiation
to promote immune responses

Previous studies showed that nanoparticles, especially those inducing
inflammation, are preferentially taken up by monocytes, which then
differentiate into macrophages or monocyte-derived DCs, thereby

enhancing mRNA delivery®*®. Following TRAP-mNV immunization,
flow cytometry analysis demonstrated that monocytes produced
higherlevels of IL-12 compared with DCs (Fig. 5a). Toinvestigate whether
further enhancingIL-12 expressionin monocytes could potentiate the
immuneresponse and promote monocyte differentiation, we employed
aco-delivery strategy of antigen and /L-12 mRNA (mIL-12). The results
indicated that co-delivery of IL-12 did not increase the proportion of
monocytesintheLNs, possibly due to the mild early expressionat the
injectionsite, whichfailedtoinduce notable cytokine secretion (Fig. 5b).
We monitored the expression of CD11cand MHC-l1on Ly6C* monocytes
over time in the LNs (Supplementary Figs. 28 and 29). A progressive
increaseinthe expression of bothmarkers was observed (Fig. 5c,d), indi-
cating that these monocytes may differentiate into antigen-presenting
cells. Notably, we identified a Ly6C*CD11c*XCR1" population at the
injectionsite following TRAP administration (Extended Data Fig. 4e,f).
Several studies have shown that Ly6C" monocytes candifferentiate into
monocyte-derived DCs in response to inflammatory cues, and these
monocyte-derived DCs possess antigen-presenting capabilities®’.
Although XCR1is a canonical marker of cDC1, it canalso be upregulated
on monocyte-derived DCs under inflammatory conditions, suggest-
ing a phenotypic convergence towards cross-presenting cDCl1-like
states®®”°. These findings collectively support the idea that mono-
cytes, after TRAP uptake, may not only serve as initial mRNA carri-
ers but can also functionally contribute to antigen presentation and
immune activation, either directly or through differentiation into XCR1*
monocyte-derived DCs.

Importantly, co-delivery of mIL-12 seemed to enhance this
differentiation process, probably through IL-12-induced inter-
feron (IFN)-y secretion”. This creates a positive-feedback loop
that amplifies cytokine production in the LNs, further enhancing
antigen-presenting-cell function”’% These findings suggest that
co-delivery of IL-12 and antigen mRNA to LN represents amore feasible
approach for enhanced immune responses. Moderately regulated
cytokine secretion in the LNs is critical for initiating and sustaining
cell-mediated immune responses’ . However, excessive cytokine
release canresultinacytokine storm, potentially leading toimmune
overactivation and systemic inflammation, posing safety risks’®”’.
To assess this, we measured IFN-y secretion in the LNs and serum of
mice 24 h post immunization using the LEGENDplex MU inflamma-
tory panel (Fig. 5e,f). We also quantified other pro-inflammatory
cytokines, such as TNF, IL-12p70 and IL-1j3, along with additional
cytokines, including IL-27, IL-10 and IL-1a (Supplementary Fig. 30).
Notably, minimal systemic exposure to TRAP ensured that no cytokine
storm occurred, confirming the safety of this vaccination strategy.
Furthermore, co-delivery of IL-12 and mOVA resulted in the upreg-
ulation of several cytokines, including IFN-y, which is crucial for
enhancing antigen presentation. We also observed increased levels
of MCP-1and GM-CSF, both of which are key mediators of monocyte
recruitment to the LNs. MCP-1facilitates monocyte migration’”’, and

GM-CSF plays an essential role in their differentiation and activation®®,

Fig. 5| TRAP-mNV drives monocyte-to-dendritic cell differentiation

to promote immune responses. a, Percentage of IL-12° DCs and monocytes
inthe subcutaneous tissue (left) and LNs (right) of mice, as determined by

flow cytometry. b,c, Percentage of monocytes in LNs (b; n = 6 biological

samples) and surface expression of MHC-1on monocytesat 0,12,24and 36 h
after treatment with TRAP-mOVA or TRAP-mOVA + miL-12 (¢c; n = 5 biological
samples). MFI, mean fluorescence intensity. d, Percentage of CD11c"

monocytes in LNs detected by flow cytometry (n = 5biological samples).

e,f, Concentrations of cytokines (IFN-y, IL-12p70, GM-CSF, MCP-1and IL-6)
measured in the LNs (e) and serum (f) of vaccinated mice treated with
TRAP-mOVA or TRAP-mOVA + miL-12 (n = 3 biological samples). g, Experimental
scheme of subcutaneous immunization with PBS, naked OVA, TRAP-mOVA,
TRAP-mLuc, TRAP-mIL-12 or TRAP-mOVA + mlIL-12, followed by flow cytometric
analysis of LNs on day 3 and spleens on day 14 post immunization.

h,i, Representative flow cytometry plots (h) and percentage (i) of CD80*CD86"
DCsintheLNs.j, Percentage of SIINFEKL-presenting DCs in the LNs.

k1, Percentage of IFN-y* cellsin CD3"CD8" T (k) and CD3"NKL.1" (I)
subpopulations seven days after the second vaccination. m,n, Representative
flow cytometry plots (m) and percentage (n) of CD3'CD8'Tetramer* T cells
binding to H-2K® OVA tetramer-SIINFEKL in the mouse spleen seven days after
the second vaccination. h,m, The percentages of cells in the quadrants of interest
areshown. a,h-m, n= 6Dbiological samples. o, ELISpot images (left; colour-coded
asinh-n) and spot numbers (right) of IFN-y-secreting T cells in the spleens of
vaccinated mice (n = 4 biological samples). a-f,i-1,n,0, Data are presented as the
mean + s.d. Statistical significance was determined using a two-sided unpaired
Student’s t-test (a), two-way ANOVA (b,c) or one-way ANOVA (two-sided;
d-f,i-1,n,0); exact Pvalues are provided; NS, not significant. MOs, monocytes.
Source dataare provided.
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Fig. 6 | Therapeutic effect of TRAP-mNV vaccination on the B16F10 tumour
model. a, Experimental time line for tumour inoculation and vaccination.

b,c, Percentage of CD25" (b) and IFN-y* (c) CD8" T cells 14 days after the first
vaccination with the indicated formulations (n = 5 mice per group).

d,e, Percentage of memory T cells in the peripheral blood of the mice analysed
by flow cytometry based on CD44 and CD62L surface expression (d, Tgy,
CD44'CD62L; e, Tcy, CD44*CD62L"; n =5 mice per group). f,g, Tumour
growth curves of BI6F10-OVA tumour-bearing mice treated with the indicated
formulations, with primary intratumoral injection of TRAP-mIL-12 (f) or
without intratumoral TRAP-mIL-12 injection (g; n = 6 mice per group).

h,i, Summary of tumour growth curves (primary + secondary; i) and survival
curves of BI6F10-OVA tumour-bearing mice treated with the indicated
formulations (n = 6 mice per group). b-i, Definitions of the colour-coded
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with TRAP loaded with Survivin mRNA (TRAP-mSurvivin) combined with anti-
PD-1therapy.k, In vivo bioluminescence images of BI6F10-Luc tumour-bearing
mice treated with the indicated formulations; red boxes indicate mice that
succumbed to tumour burden (n =5 mice per group). 1, Survival curves of BI6F10-
Luc tumour-bearing mice during the 30-day observation period (n = 6 mice per
group). Dose: 2 ug miL-12 +10 pg mOVA per injection. b-h, Data are presented as
the mean +s.d. b-h,il, Statistical significance was determined using an ordinary
one-way ANOVA (two-sided; b-e) or the log-rank Mantel-Cox test (i,1); exact
Pvalues are provided. Illustrationsinaandjcreated in BioRender: Ren, Q.
https://BioRender.com/5ctdmo3 (2026). Source data are provided.
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providing further support for the monocyte-mediated targeted deliv-
ery of TRAPto the LNs.

Three days following subcutaneous immunization, we analysed
T cell responses to investigate adaptive immune activation (Fig. 5g).
Flow cytometry revealed that TRAP-mNV increased the proportion
of mature DCs in the LNs (Fig. 5h,i and Supplementary Fig. 31). As a
control, TRAP-mNV loaded with firefly Luc mRNA (TRAP-mLuc) also
promoted DC maturation but did notinduce OVA antigen presentation,
similar to PBS treatment. In contrast, co-delivery of IL-12 and mOVA
further enhanced both DC maturation and OVA antigen presentation
(Fig.5jand Supplementary Fig. 32). This effect was probably driven by
IL-12-induced IFN-y secretion by T cells and other LN-residentimmune
cells, consistent with earlier findings”. Moreover, co-delivery increased
intracellular IFN-y production in CD8" T and natural killer (NK) cells
(Fig.5k,land Supplementary Figs. 33 and 34). Co-delivery also remark-
ably boosted the frequency of OVA-specific CD8" T cells in the spleen
(Fig. 5m,n and Supplementary Fig. 35). ELISpot assays confirmed the
presence of IFN-y-secreting T cellsinthe spleen, in agreement with the
increased frequency of SIINFEKL-specific CD8" T cells. Unimmunized
mice showed noresponse to SIINFEKL, whereas all vaccinated groups
generated IFN-y-secreting T cells to varying degrees, with the highest
levels observedinthe co-delivery group (Fig. 50), suggesting that this
mRNA vaccine formulation induces a more robust T cell-mediated
immune response.

TRAP-mNV induces a potent and durable effect against cancer
To further assess the potency of the TRAP cancer vaccine in stimu-
lating systemic antitumour immune response, we compared the
efficacy of the cancer treatment by administering cancer vaccine
intratumorally and subcutaneously. As detailed in Fig. 6a, we sub-
cutaneously inoculated B16F10-OVA cells into both the left and
right flanks of mice on day O, followed by vaccination on days 5, 8
and 14. In addition, one group was administered anti-PD-1therapy
on days 6 and 9. Intriguingly, the group receiving LN-targeted trans-
fection of mMOVA and mlIL-12 exhibited a markedly higher percent-
age of IFN-y"CD8" T cells, with the co-administration of mOVA and
mlL-12 further enhancing CD25°CD8"and IFN-y"CD8" T cell production
(Fig. 6b,cand Supplementary Figs.36,37)./L-I2mRNA alone also led to
anincreased proportion of IFN-y"CD8" T cells but these T cells were not
antigen-specific. We assessed the immune memory effect by analysing
CDS8* T cellsinwhole blood after immunization to determine the pro-
portion of memory T cells (Supplementary Fig. 38). The combination
treatment markedly increased the percentage of effector memory T
(Tew) cells compared with the saline group and monotherapy groups
(Fig. 6d). The negligible difference in the number of central memory
T (T cells may be due to the fact that T, cells are mainly produced
inlymphoid organs such as the spleen (Fig. 6e).

We speculated that LN-targeted delivery of cancer vaccine and
IL-12 would elicit a more robust systemic antigen-specificimmune
response. Althoughintertumoral delivery effectively inhibited tumour
growth at the injection site, its impact on distal tumours was limited

(Fig. 6f-h).In contrast, subcutaneous delivery of mIL-12 alone had no
obviouseffect on tumour growth at either flank. However, when com-
bined with mOVA for synergistic LN delivery, robust tumour growth
suppression was observed bilaterally, emphasising the critical role of
OVA-specific T cells. These findings underscore theimportance of the
co-administration of mIL-12 for enhancing the therapeutic efficacy of
the mRNA vaccine. Three mice in the group with combined anti-PD-1
treatment exhibiting the strongest T cell responses achieved com-
plete remission (Fig. 6i), indicating that combining mRNA vaccines
with check-pointinhibitors provides substantial therapeutic benefits.
Antitumour efficacy was further evaluated in metastatic BI6F10 models
using Survivin as a tumour-associating antigen (Fig. 6k,1). Immuniza-
tionwiththe TRAP-mRNA vaccine in combination with mIL-12 notably
prolonged survival in both models, further highlighting its broad
therapeutic potential.

To further assess the generalizability of TRAP-mNV, we employed
the human papillomavirus (HPV)-driven TC-1tumour model. Mice were
subcutaneously immunized with TRAP-HPV mRNA (mHPV) formula-
tionson days 0,3 and 10 (Fig. 7a). TRAP vaccination markedly delayed
tumour growth and extended overall survival (Fig. 7b). Beyond its
therapeutic efficacy, TRAP vaccination increased the frequency of
CD69" activated CD8' T cellsinthe spleenand LNs (Fig. 7c,d), enhanced
the abundance of HPV E7 tetramer*CD8" T cells in the spleen (Fig. 7e)
and promoted IFN-y*CD8" T cell responses in peripheral blood (Fig. 7f).
In addition, analysis of T cell phenotypes revealed elevated frequen-
cies of CD8" T cells and effector memory T cells in the spleens of the
TRAP-mHPV-treated mice compared with controls, indicating the
induction of durable T cellimmunity (Fig. 7g). Importantly, TRAP-mNV
also exhibited a favourable systemic safety profile. Comprehensive
haematological, biochemical and histopathological analyses revealed
no signs of systemic toxicity following subcutaneous administration
(Extended DataFig. 7a-c).

Discussion
Messenger RNA-based therapies have emerged as a revolutionary
tool in precision medicine>*®. However, mRNA-based cancer vac-
cines are faced with challenges, including weak immunogenicity and
non-specific expression®”, particularly in non-lymphatic organs such
astheliver®” Inresponse to this challenge, lymphoid organ-targeted
mRNA cancer vaccine delivery strategies offer a promising solution
by enhancing immune activation and reducing systemic side effects.
Despite recent advances in utilizing monocytes to deliver
poly(B-amino esters)-mRNA particles smaller than one micrometre
and screening of cationic lipids or polymers for mRNA delivery to
lymphoid organs''*'#1%486¢ these approaches have partially improved
delivery efficiency, withinevitable liver accumulation. In contrast, our
TRAP strategy, which exploits TfR1 binding for monocyte association,
facilitates efficientintracellular mRNA delivery and highly selective LN
trafficking, a rare and promising result in the research field. Further
in vivo cancer vaccine studies demonstrated robustimmune activation
and systemic antitumour efficacy using TRAP delivery system. Given

Fig. 7| Therapeutic efficacy of TRAP-mRNA vaccines on the TC-1tumour
model. a, Time line schematic of TC-1tumour inoculation (day 0), followed by
subcutaneous immunizations with TRAP-mNV formulations on days 5, 8 and
14.b, Tumour growth curves of TC-1tumour-bearing mice treated with PBS,
TRAP-mLuc, TRAP-mIL-12, TRAP-mHPV or TRAP-mHPV + mIL-12 formulations
(G1-5, colour-coded as per the key beneath the panel). Tumour volume, survival
and body weight were monitored throughout the study. ¢, Representative

flow cytometry plots showing activated CD8* T cells (CD3'CD4 CD8'CD69")
inthe mouse spleens on day 14 after the first vaccination with the different
formulations (G1-5).d, Proportion of CD69*CD8" T cells in the LNs and

spleens of the mice in the different vaccination groups. e, Representative flow
cytometry plots (left) of tetramer staining of splenic CD8" T cells specific for
HPV E7 antigen, gated on CD45'CD3°CD4 CD8" cells, seven days after the final

immunization, with the corresponding quantification (right). f, Representative
flow cytometry plots (left) and proportion of IFN-y-producing CD8" T cells, gated
on CD45°CD3"CD4 CD8" cells, in peripheral blood. g, Flow cytometry analysis
of memory T cell subsets in the spleen based on CD44 and CD62L expression,
gated on CD3"CD8" cells. Ty, cells (CD44°CD62L") are shown with statistical
comparisons. ¢,e-g, The percentage of cellsin the gated regions of interest are
shown. b,d-g, Data are presented as the mean + s.d. Statistical significance was
determined using an ordinary one-way ANOVA (two-sided) for all comparisons
with the exception of the survival analysis in b, where the log-rank Mantel-Cox
test was used; exact Pvalues are provided; n =5 mice per group. lllustrationina
created in BioRender: Ren, Q. https://BioRender.com/5ctdmo3 (2026). Source
dataare provided.
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that TfR1is expressed in a broad range of cell types, future efforts to
improve monocyte-specific vaccine delivery, in the context of systemic
administration, may require the use of targeting ligands, such as nano-
bodies on TRAP, to avoid potential off-target side effects.
Itisimportant to acknowledge several additional limitations of this
study. First, we focused on the branched PEImolecule for cyclic disulfide
modification because of its lower molecular weight and good safety
profile®®2, Whether this chemical modification approach could be
generalized to other cationic polymers remains unknown. In principle,
polymers such as high-molecular-weight PEI, linear PEI, poly(-amino
esters), poly(lactic-co-glycolicacid) and chitosan could also be modified
with DTCto achieve targeted mRNA delivery invivo. Further optimiza-
tion, including modification of hydrophobic groups or conjugation
of targeting ligands, could potentially enhance their mRNA delivery
efficiency and organ specificity, respectively. Despite the demonstrated
efficacy and safety of the low-molecular-weight branched PEl used in
this study, quality control and process development of the molecule
to meet regulatory standards might prove to be a challenge due to its
polydispersity. More diverse polymers willbeincluded in the future to
evaluate theimpact of cyclic disulfide modification on mRNA delivery.
Second, we assume that cyclic disulfide groups on TRAP would facilitate
monocyte associationin vivo. Future work should be done toinvestigate
in-depth whether the TRAP particles would have non-specific cellular
interactions that could cause potential toxicity issues. Third, these
studies were limited to amouse model. Potential differences inin vivo
trafficking of TRAP in larger animals, such as non-human primates,
introduce uncertainty when translating findings to human clinical trials.
Despite these limitations, we believe our data provide evidence
that TRAP enables precise and efficient mRNA delivery to LNs via
amonocyte-driven mechanism. The adaptive immunity activated
through this method highlights its potential inimmunotherapy and
offers anew avenue for the development of clinical cancer vaccines.

Methods

Solvent accessibility analysis of Cys residues

We evaluated the SASA of Cys residues within the extracellular domains
of several surface membrane proteins, specifically TfR1 (PDB ID:
1CX8), transferrin-binding protein B (PDB ID: 403W), low-density
lipoprotein receptor (PDB ID: IN7D; encompassing [3-propeller resi-
dues 377-640) and epidermal growth factor receptor (PDB ID: 11VO).
To explore the structural dynamics of TfR1, we performed molecular
dynamics simulations where the glycosylated system was prepared
using CHARMM-GUI®* and a reference system without glycosylation
was assembled using standard GROMACS®* procedures. Molecu-
lar dynamics systems were constructed based on PDB entry 3KAS,
which depicts the receptor in abound state with another protein and
includes glycosylation information. All simulations were performed
using the CHARMMS36 (refs. 85,86) force field. Each system under-
went energy minimization until the maximum force was reduced to
<1,000 kJ ' mol™nm™, followed by equilibration under the NVT (con-
stant number of particles, volume and temperature) ensemble using a
v-rescale® thermostat with a1 fs time step over 125,000 steps. Subse-
quently, production runs were conducted with a 2 fs time step, main-
taining the temperature at 303.15 K using the v-rescale® thermostat and
pressure at1barwithanisotropic c-rescale® barostat. Both Coulombic
and van der Waals interactions were truncated at a cutoff distance of
12 A, and hydrogen bonds were constrained using the LINCS® algo-
rithm. Eachsimulation was extended for 200 ns and threeindependent
replicates were performed for each system to ensure reproducibility.
AlISASA values were calculated from the simulation trajectories using
GROMACS tools. Figures were prepared using Chimera X°° and VMD?".

Determination of encapsulation efficiency
The encapsulation efficiency of mRNA was quantified using a Quant-iT
RiboGreen RNA assay kit. TRAP-mRNA samples were diluted in 1XTE

buffer to assess free mRNA content. A ribosomal RNA standard curve
was prepared by serial dilution in the same buffer. Equal volumes of
samples or standards were combined with RiboGreen reagent diluted
1:200 in a black, clear-bottom 96-well plate and incubated for 5 min
at room temperature. Fluorescence signals were recorded using a
microplate reader (excitation, 480 nm; emission, 520 nm). Encapsu-
lation efficiency was calculated as follows: encapsulation efficiency
(%) = (fluorescence of total MRNA fluorescence of free mRNA) / (fluo-
rescence of total mRNA) x 100%.

GSH-responsive release assay

To evaluate redox-dependent mRNA release, TRAP-mRNA nanocom-
plexes wereincubated with 10 mM GSH in1xDPBS or phosphate buffer
at 37 °C. Aliquots (200 pl) were withdrawn at designated time points
(0-24 h). Released mRNA was quantified using the RiboGreen assay,
with fluorescence measured at 480 and 520 nm (excitation and emis-
sion, respectively). Cumulative release was calculated from a standard
curve and reported as a percentage of the total mRNA loaded.

Celland animal care

Celllines were purchased from the Cell Bank of the Chinese Academy
of Sciences. 929, B16F10, B16F10-Luc, B16F10-OVA and HEK293T cells
were cultured in DMEM medium, and 4T1, LLC, DC2.4, RAW264.7 and
Jurkat cells were maintained in RPMI 1640 medium. All media were
supplemented with 10% fetal bovine serum and 1% penicillin-strep-
tomycin. All cell lines were confirmed to be mycoplasma-free before
use. Cells were cultured at 37 °C in a humidified incubator contain-
ing 5% CO,. Female C57BL/6 mice (6-8 weeks old, approximately
20 g) were obtained from SLAC Laboratory Animal Co., Ltd, and
female Ai9 mice (6-8 weeks old, approximately 20 g) were obtained
from Suzhou Abogen Biosciences. All animals were maintained
under specific-pathogen-free conditions at Soochow University
with ad libitum access to food and water. The mice were housed in
climate-controlled rooms under a 12 h light-dark cycle with 40-70%
relative humidity and acclimated for at least one week before random
assignment into experimental groups. All animal procedures were
approved by the Ethics Committee of Soochow University (approval
number SUDA20240716A03) and were conducted inaccordance with
institutional guidelines for the care and use of laboratory animals.

Synthesis of TRAP

Dithiolane trimethylene carbonate and PEl were mixed at amolar ratio
of15:1(DTC:PEI) and dissolved in dimethylsulfoxide to a concentration
of 300 mg ml™. Polymerization was performed at room temperature
under stirring for 48 h. The resulting polymer was purified by dialysis
against dimethylsulfoxide (three cycles, 24 h each), precipitated with
anhydrous ethanol, re-dissolved in anhydrous tetrahydrofuran and
re-precipitated with anhydrous ethyl ether. The product was washed
twice, vacuum-dried for 48 hand stored for further use.

Preparation of TRAP-mRNA

Messenger RNA was dissolved in 10 mM HEPES buffer (pH 5.2), and
TRAP was prepared in 100 mM sodium acetate buffer (pH 4.0). The
TRAP and mRNA were combined at a fixed mass ratio of 6:1 by rapid
mixing to generate cationic nanocomplexes, which were stored at
4 °C until use. The hydrodynamic diameter, polydispersity index and
zeta potential were determined using a Zetasizer Nano ZS90 system
(Malvern). Particle morphology was examined by transmission electron
microscopy (HT7700,120 kV) using copper grids.

Sequences of mRNA

The mouse mRNA constructs used in this study were synthesized
by Catug Biotechnology Co., Ltd according to the specified cod-
ing sequences. The mRNA coding sequences are provided in Sup-
plementary Data 1. All newly generated mRNA are available for
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reuse on reasonable request; requests should be directed to the
corresponding authors.

Thiol-mediated cellular uptake

Cellular uptake of TRAP was visualized by confocal microscopy. Cell
nucleiwere stained with Hoechst 33342, and Cy5-labelled TRAP-mNV
wasimaged at the indicated time points. Lysosomal co-localization was
examined using stimulated emission depletion confocal microscopy.
Nanoparticles assembled from nTRAP and mRNA were analysed in
parallelunder identical conditions. Z-stackimaging was performed to
enable accurate three-dimensional assessment of lysosomal localiza-
tion. To investigate uptake mechanisms, DC2.4 cells were pretreated
with endocytosis inhibitors—dynasore, chlorpromazine or DTNB—for
2 hbefore incubation with Cy5-labelled TRAP-mNV for 1 or 6 h. For
transferrin receptorinvolvement, cells were pretreated with ferristatin
lIfor4-8 hbefore exposure to TRAP-mNV. The cells were then collected
and analysed by flow cytometry (BD LSRFortessa) and data were pro-
cessed using FlowJo (v10).

Assessment of intracellular mRNA delivery efficiency

DC2.4 and RAW264.7 cells were seeded in 24-well plates at a density of
1x10° cells per well and incubated for 12 h. The cells were then treated
with TRAP, Lipofectamine 2000 or Lipofectamine MessengerMAX for
4 h, followed by replacement with fresh complete mediumand further
incubation for 24 h. The cells were subsequently collected and EGFP
expression was analysed by flow cytometry.

Immunoprecipitation and immunoblotting
Strep-Tactinmagnetic beads (Smart-Lifesciences) were preloaded with
biotin-DTCby incubation at4 °C for 3 h. HEK293T cells expressing Flag-
GFP, Flag-transferrin or Flag-TfR1were harvested and lysed (onice for
10 min) inlysis buffer 20 mM Tris-HCI pH 7.4,2 mMEDTA, 25 mM NaF
and 1% Triton X-100) supplemented with protease inhibitors (Sigma).
The lysates were clarified by centrifugation at12,000g for 10 minand
the protein concentrations were determined. Equal amounts of lysates
were incubated with the pretreated beads for 1 h at 4 °C. After three
washes with wash buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate and 0.1% SDS), the bound proteins
were eluted by boiling the samples in SDS sample buffer at 95 °C for
5min. The eluted proteins were resolved by SDS-PAGE, transferred
onto a polyvinylidene fluoride membrane and subjected to immu-
noblot analysis. Immunoblotting was performed using the indicated
primary antibodies and horseradish peroxidase-conjugated second-
ary antibodies, followed by chemiluminescent detection. Antibodies
to Flag (M2), STING, phospho-STING (Ser365), IRF3, phospho-IRF3
(Ser396), TBK1, phospho-TBK1 (Ser172) and 3-tubulin were used.

Flow cytometry

After processing, cells were stained for viability using anti-zombie
NIR (APC/Cy7 viability dye). The staining was performed for 30 min
at 4 °C, followed by washing with FACS buffer (1xPBS containing 0.2%
bovine serumalbuminand1 mMEDTA). The cells were thenincubated
with Fcblock (FACS buffer containing anti-CD16/32) at 4 °C for 30 min
to prevent non-specific binding. Tetramer-specific CD8" T cells were
identified by staining with SIINFEKL-MHC-I tetramers in 50 pl FACS
buffer for 35-45 minat 4 °C. Surface marker staining was subsequently
performed in 50 pl FACS buffer at 4 °C for 20-25 min, followed by
washing before acquisition. For the transcription factor analysis, the
cells were first surface-stained, as described earlier, and then fixed
and permeabilized using an eBioscience Foxp3 transcription factor
fixation/permeabilization kit for 30 minat4 °C. The cells were washed
with permeabilization buffer and incubated with transcription factor
antibodies in 1xpermeabilization buffer for 1 h at 4 °C. After the final
washes, the cells were resuspended in FACS buffer and analysed by
flow cytometry.

Monocyte differentiation assay

Mice were subcutaneously injected at the tail base with Cy5-labelled
TRAP-mRNA complexes (10 pg mRNAin 100 pl). At 0,1,3and 8 hpost
injection, tissue from the injection site was collected, enzymatically
digested and processed into single-cell suspensions for flow cytom-
etry. Cy5 fluorescence was analysed in CD45" (immune) and CD45"
(non-immune) cells to assess mRNA uptake. CD45°CD11b" myeloid
cells were further characterized for uptake and differentiated into
Ly6C*" monocytes, CD11c* DCs and F4/80" macrophages. The dynamics
of Ly6C*CD11c" cells and XCR1 expression on Ly6C* monocytes were
evaluated over time.

Analysis of myeloid cell dynamics

To investigate the kinetics and cellular specificity of TRAP-mediated
mRNA delivery and translation, we employed Cre mRNA (for
recombination-based lineage tracing) in Ai9 mice and Thyl.I mRNA
(membrane-anchored reporter) in wild-type C57BL/6 mice. For LN
analysis, the mice were subcutaneously injected at the tail base with
TRAP-formulated Cre mRNA (10 pg) or Thyl.I mRNA, and their LNs were
harvested 3,12 and 24 h post injection. Single-cell suspensions were
prepared and stained for CD11b, CD11c, Ly6C, F4/80 and other relevant
markers. For the Ai9 mice, Cre-mediated recombination was assessed
by tdTomato expressionin DCs, macrophages and monocytes. For the
Thyl.lexperiments, Thyl.1expressionserved asasurrogate for mRNA
translationin the myeloid subsets. For the injection-site analysis, skin
tissues surrounding the tail base were collected 3,12 and 24 h following
subcutaneousinjection of TRAP-mThyl.1. The tissue was minced and
enzymatically digested into single-cell suspensions for flow cytom-
etry. CD11b" myeloid cells were gated and further classified into DCs
(CD11c"), macrophages (F4/80%) and monocytes (Ly6C"). The Thyl.1*
cellsineach subpopulation were quantified to assess the efficiency of
in situ translation. Flow cytometry was performed using a Beckman
Coulter CytoFLEX system and analysed using the FlowJo software.

Invivo imaging system imaging

C57BL/6 mice (n = 5-6 per group) were injected with PBS, LNP or TRAP
(TRAP-mLuc; 10 pg mLuc per mouse) at the tail base. LNPs were for-
mulated using SM-102, DSPC, cholesterol and PEG-lipid, all of which
were purchased from AVT (Shanghai) Pharmaceutical Tech Co., Ltd.
Six hours post injection, D-luciferin potassium salt (150 mg kg™) was
administered intraperitoneally. After 10 min, the mice were euthanized
andtheinguinal LNs, along with other major organs, were collected. The
harvested tissues were then subjected toimaging using anin vivo imag-
ing system (IVIS) to assess firefly Luc expression and biodistribution.

Macrophage depletion

To deplete macrophages in vivo, mice were intraperitoneally admin-
istered a200-pl dose of CL-lipo (catalog no. 40337; Yeasen, Shanghai,
China) onday 0, followed by asecond dose 0of 100 pl on day 4. Control
mice received equal volumes of PBS containing control liposomes.
The mice were euthanized on day 5 and immune cells from peripheral
blood, peritoneal lavage fluid, spleen and draining LNs were collected
for analysis. Cell populations were analysed by flow cytometry using
the markers CD11b, CD11c, Ly6C and F4/80 to distinguish DCs, mac-
rophages and monocytes.

Mechanistic analysis of ymph node targeting

To investigate the mechanism of LN targeting, CD11b" myeloid cells
in LN sections were stained 6 h after caudal basal subcutaneous
administration of Cy5-labelled TRAP to observe their co-localization.
Simultaneously, vascular migration of the TRAP was analysed by stain-
ing blood vessels with anti-CD31. Dextran-FITC was intravenously
administered to C57BL/6 mice via the tail vein 1 h after subcutane-
ous administration of Cy5-labelled TRAP-mRNA. Three-dimensional
reconstruction of the intravascular nanoparticle migration was
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performed using the Imaris Viewer software. For in vivo antibody
blocking studies, 100 pg anti-CD62L (clone Mel-14, BioXCell) and/or
100 pg anti-PSGL-1 (clone 4RA10, BioXCell) were administered intra-
peritoneally at the time ofimmunization and subsequently daily for up
tothree days.

Detection of cytosolic mitochondrial DNA

RAW264.7 cellsand BMDCs were incubated with TRAP for 6 hand then
dividedinto two equalfractions. One fraction was resuspended in PBS
for total DNA analysis. The other fraction was lysed in Buffer A (10 mM
Tris—HCI pH 7.5, 10 mM KCl, 1.5 mM MgCl, and 0.25 M D-mannitol,
supplemented with protease inhibitors) and gently mixed for 30 min
at 4 °C for cytosolic extraction. The lysates were centrifuged at 700g
for10 min, and the supernatant was further cleared by centrifugation
at15,000gand 4 °Cfor 30 min to obtain cytosolic fractions. DNA from
the cytosolic fractions and total cell lysates was purified using DNeasy
mini spin columns (QIAGEN) and quantified by quantitative PCR using
the following primer pairs targeting nuclear DNA (Tert) and mtDNA
(D-loop): mtDNA D-loop forward, 5-AATCTACCATCCTCCGTGAAACC-3’
and mtDNA D-loop reverse, 5’-TCAGTTTAGCTACCCCCAAGTTTAA-
3’; nucDNA Tert forward, 5'-CTAGCTCATGTGTCAAGACCCTCTT-3’
and nucDNA Tert reverse, 5-GCCAGCACGTTTCTCTCGTT-3’. The
cytosolic mtDNA levels were normalized to the total cellular mtDNA
based onthe Tert C,values and expressed as percentages. The absence
of Tert amplification in the cytosolic samples confirmed minimal
nuclear contamination.

Assessment of in vivo immune-cell uptake and responses
C57BL/6 mice were anaesthetized and subcutaneously injected with
50 pl TRAP formulated with Cy5-labelled mRNA. The mice were eutha-
nized 0.5,1.0and 3.0 hfollowing injection, and skin tissue at the injec-
tion site and inguinal LNs were collected. The skin tissue was minced
and enzymatically digested with 2 mg ml™ collagenase D at 37 °C for1 h.
Single-cell suspensions were prepared by sequential filtration (50 pm
and then 40 pm), followed by red-blood-cell lysis with ACK buffer. The
cellswere washed, blocked with anti-CD16/32 and stained with the indi-
cated antibody panels. At later time points (6,12,24 and 36 h), LNs were
processed similarly and stained with antibodies to CD64, Ly6C, CD11b
and CD11c. After washing, the cells were analysed by flow cytometry.

Invivo immunogenicity study

Different formulations were subcutaneously injected into the tail base
of C57BL/6 mice, and the activation and antigen presentation of DCS
ininguinal LNs of mice were detected on day 3. In addition, C57BL/6
mice were immunized with TRAP-mOVA and TRAP-mOVA + mIL-12.
Spleens from both sets of experiments were harvested on day 14. The
number of Ag-specific T cells (IFN-y) in the spleen was determined using
an ELISpot assay. Splenocytes were seeded in 96-well plates (1 x 10°
cells per well) precoated with mouse anti-IFN-y as per the manufac-
turer’s instructions. The splenocytes were stimulated with 25 ug ml™?
OVA for 24 h. A biotinylated antibody specific for IFN-y and alkaline
phosphatase conjugated to streptavidin were subsequently used to
detect the secreted IFN-y. Splenocytes were also plated in 24-well
plates (2 x 10¢ per well) and pulsed with OVA. After 72 h, the cells were
centrifuged and washed with FACS buffer, incubated with anti-CD16/32
at room temperature, and then stained with antibodies to CD3, CD8
and IFN-y. The cells were then washed twice with FACS buffer and ana-
lysed using a flow cytometer. The cytokine levelsin the serum and LNs
were measured using a LEGENDplex MU inflammation panel (13-plex)
with VbP.

Invivo tumour therapy

For therapeutic efficacy evaluation, C57BL/6 mice were subcutane-
ouslyinoculated with 2 x 10°B16F10-OVA cells on both the left and right
flanks on day 0. The mice wereimmunized with nanoparticle vaccines

ondays 5, 8 and 14. In the B16F10 tumour treatment model, the mice
were subcutaneously injected with 2 pg mIL-12 and 10 pg mOVA per
dose. Luc mRNA was administered as an isotype control. In addition,
intratumoralinjections of IL-12 into the primary tumour on the left flank
were performed following a clinical strategy to serve asacomparison.
The potential of co-delivering antigen and miL-12 to stimulate systemic
immune responses was assessed by examining the inhibition of both
primary and secondary tumour growth across varying doses of treat-
ment. For the TC-1tumour model, C57BL/6 mice were subcutaneously
inoculated with 5 x 10° TC-1 cells on the right flank on day 3. The mice
were subcutaneously vaccinated with TRAP-mHPV formulations on
days 0, 3 and 10 according to the same immunization schedule used
in the B16F10 model. For metastasis modelling, C57BL/6 mice were
intravenously inoculated with 5 x 10° B16F10-Luc cells on day 0 and
immunized with TRAP on days 3, 6, 9 and 16. D-Luciferin potassium
salt (150 mg kg™) was administered intraperitoneally. After 10 min, the
mice were imaged using anin vivoimaging systemto assess firefly Luc
expression and biodistribution. Caliper measurements were made and
the subcutaneous tumour volume was estimated using the formula
(width? x length) / 2. The maximum tumour burden permitted by the
ethics committee was 2,000 mm?; this limit was not exceeded at any
point during the study.

Statement

No statistical methods were used to pre-determine sample sizes but our
sample sizes are similar to those reported in previous publications®.
Theinvestigators were not blinded to allocation during data acquisition
oranalysis, as measurements were obtained using the same instrumen-
tation and did not involve subjective scoring. Data distribution was
assumed to be normal but this was not formally tested; individual data
points are shownwhere applicable. Animals were randomly assigned to
experimental groups and no additional blocking or randomization of
experimental conditions was applied. No animals or data points were
excluded from the final analyses.

Statistical analysis and reproducibility

Statistical analyses were performed using GraphPad Prism v.10 and
all quantitative data are presented as the mean + s.d. Comparisons
between two groups were conducted using an unpaired two-sided
Student’s t-test, whereas comparisons among more than two groups
were analysed using aone-way or two-way ANOVA, followed by Tukey’s
multiple comparisons test. P> 0.05 was considered not significant.
At least three biological replicates were analysed for all quantitative
experiments. The transmission electron microscopy, CLSM, haema-
toxylin and eosin staining, immunofluorescence and immunobhisto-
chemistry experiments were repeated at least three independent times
with similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
Article, Supplementary Information and Source Data. Source data
are provided with this paper. Additional data are available from the
corresponding authors onreasonable request.
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Extended DataFig. 1| See next page for caption.
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Extended Data Fig. 1| Physicochemical characterization and transfection
performance of TRAP-mRNA complexes. a, Quantification of mRNA
encapsulation efficiency by TRAP-mRNA and nTRAP-mRNA formulations
(n=6independent measurements). b, Agarose gel electrophoresis showing
that mRNA is effectively protected by TRAP. ¢, Time course of mRNA release
from TRAP-mRNA complexes in the presence of GSH (0-24 h), as measured by a
RibogreenTM assay (n =3 independent measurements). d, Representative

GFP protein fluorescence imaging of various cells, scale bar: 100 um.

e, Representative flow cytometry histograms of mEGFP expression in different
celllines. f, Quantification of GFP* cells determined by flow cytometry (n=3
biological samples). Dataina,c,fare presented as mean values +s.d. The
experimentsinband d were independently repeated at least three times with
similar results. Statistical significance for panel fwas determined by multiple
two-sided unpaired Student’s ¢-tests with correction for multiple comparisons,
by two-sided unpaired Student’s ¢-test for panel a. Exact Pvalues are provided in
the figures where applicable. Source dataare provided.
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Extended Data Fig. 2| mRNA translation in lymph nodes following
TRAP-mRNA administration. a, Schematicillustration of Cre mRNA-mediated
tdTomato expressionin cells, where TRAP-mCre induces recombination and
tdTomato expression through excision of the LoxP-flanked STOP cassette.

b, Representative flow cytometry plots showing tdTomato* DCs, Macs, and MOs
ininguinal lymph nodes 48 h after subcutaneous injection of TRAP-mCre.

¢, Quantitative summary of Cre mRNA delivery efficiency, shown as the
percentage of tdTomato* cellsamong eachimmune-cell subset (n = 3 biological
samples). d, Schematic representation of Thyl.1 (membrane-anchored) reporter
expression following TRAP-mediated delivery of Thyl.1mRNA, used to trace

translation events in DCs and MOs within lymph nodes. e, Representative flow
cytometry plots showing the frequency of Ly6C*CD11c"cells ininguinal lymph
nodes at 3 hand 24 h after subcutaneous injection of TRAP-mLuc nanoparticles.
f, Representative histogram overlays depicting Thyl.l expressionin Ly6C*'CD11c™
monocytesat3 h,12 h, and 24 h post-injection of TRAP-mThy1.1, and
TRAP-mLuc treated mice served as isotype controls. Quantification of the MFI
of Thyl.1' MOs (n = Sbiological samples). Datain cand fare presented as mean
values * s.d. Statistical significance in fwas determined by ordinary one-way
ANOVA (two-sided). Source data are provided.
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Extended Data Fig. 3| TRAP enhances localimmune-cell recruitment
following subcutaneous administration. a, Representative IVIS
bioluminescence images showing luciferase expression after subcutaneous

administration of TRAP-mLuc or non-targeted nTRAP-mLuc. b, Flow cytometry
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Extended Data Fig. 4| TRAP-mRNA uptake and monocyte differentiation cells (CD11c"), and macrophages (F4/80") account. e, Time-course analysis of
dynamics at the injectionsite. a, Subcutaneous administration of TRAP-mRNA monocyte differentiation at the injection site, as evidenced by the progressive
leads to increased recruitment of CD11b* myeloid cells at the injection site, as increase in CD11c expression on Ly6C" monocytes from O h to 8 h post-injection
shown by representative flow cytometry histograms and quantification (n=6 and quantification of Ly6C*CD11c* double-positive cells over time (n=35
biological samples). b, Comparative analysis of TRAP-mRNA (Cy5-labelled) biological samples). f, Temporal expression of XCR1in Ly6C" monocytes at the
uptake between immune (CD45") and non-immune (CD45") cell populations injection site, as assessed by flow cytometry at 3-, and 8-h post-injection, with
at theinjection site, shown by representative dot plots and fluorescence representative plots and quantification (n = Sbiological samples). Datain a, e and
intensity histograms. ¢, Representative flow cytometry plot showing Cy5 fare presented as mean values + s.d. Statistical significance was determined by
signalin CD45'CD11b" myeloid cells following subcutaneous injection of one-way ANOVA (two-sided) for panels e and f, by two-sided unpaired Student’s
TRAP-Cy5-mRNA. d, Among Cy5*" myeloid cells, monocytes (Ly6C"), dendritic t-test for panel a. Source data are provided.
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and quantification of macrophages (F4/80*) and monocytes (Ly6C")
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Tracking in situ recruitment and TRAP-Thyl.1mRNA
expressionin myeloid cells at the injection site. a, Flow cytometry analysis
of CD11b* cellsat 3 h,12 h, and 24 h following subcutaneous injection of
TRAP-mThyl.1. Representative gating on CD11b* cells is shown, with
quantification of DCs, Macs, and MOs among the recruited CD11b* population
attheinjection site over time (n = 6 biological samples). b, Representative
flow cytometry plots showing Thyl.1* cellsat 3 h,12 h, and 24 h post-injection.

Quantification of DCs, Macs, and MOs within the Thy1.1" population reveals
the distribution of translation-active myeloid subsets at the injection site (n =6
biological samples). Thyl.l encodes amembrane-anchored reporter protein,
enabling detection of mRNA translation following TRAP-mediated delivery.
Datainaandbare presented as mean values * s.d. Statistical significance was
determined by one-way ANOVA (two-sided). Exact Pvalues are provided in the
figure where applicable. Source data are provided.

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article https://doi.org/10.1038/s41551-026-01672-0
o PBS O TRAP-mRNA
a b P=0.8322
_ P=05212 _ P=0.5904 104 p= P=0.4895 P=0.7417 —
10 15 P=0.6657 104 145 — 1
~ 8 o 8 . . %} ﬁ 140. 01 gg O H
E 3 10 a i = J ’_T —~
:0_6-%% % g ODEE gs 5 3] o | S 20- o
O 4 o o S 4 = & 130- 5
fis] Z 54 s o Q 64 I < 104
s o|lo ] @ 0
2- 2 x| 1251 o O
0 T T 0 T Q 0 T T 4 T T 120 T T O—T——
P=0.3996 P=0.5660 _ P=0.0926 _ P=0.7799 P=0.8178
%81 PO S 8 57 1 0207 —— goq 1
: o 1 P=03165 1 o 1 - oTH
361 o2 _ a0 & % 27- — ?4-_ - gons- ° 601 523
& 34 S I E 3- g ] S o
<37 2 600 _— &> % Q] " 2 0.10- 2 404
Q 321 = 400 1 & 21 > %
I H = z =z O <
] T 54 ] = < 0.05 20-
304 o 200 ] 11 |
8-+—T—7T— 0 T T 4 T T 0 T T 0.00-——F—7— o-—
(o] Heart Liver
PBS
TRAP-mLuc
TRAP-mHPV

R C— LR S
with PBS controls. ¢, Representative hematoxylin and eosin (H&E)-stained
sections of major organs (heart, liver, spleen, lung, and kidney) collected 24 h
post-injection from mice treated with TRAP-mLuc (control) or TRAP-mHPV
revealed no apparent histopathological abnormalities, indicating minimal off-
target tissue toxicity. Data are presented as mean + s.d. Statistical significance
was assessed using a two-tailed unpaired Student’s ¢-test. Exact Pvalues are

provided in the figure where applicable. Source data are provided.

e 2
Extended Data Fig. 7| Comprehensive safety evaluation of TRAP-mRNA
vaccination. a, Complete blood count (CBC) parameters were analysed 24 h
post-injection in mice receiving subcutaneous administration of TRAP-mRNA
nanoparticles (3 pg mRNA, N/P =10) or PBS (n = 6 mice per group), including
WBC, NEU, LYM, RBC, HGB, HCT, PLT, MPV, NRBC, and ALY. No significant
differences were observed between groups. b, Serum biochemical indicators of
liver function (ALT and AST) measured 24 h post-injection (n =4 mice per group)
showed no evidence of hepatotoxicity in TRAP-mRNA-treated mice compared
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Antibodies used All the antibodies were diluted and used following the supplier's protocols.
Flow cytometry:
anti-CD11b (clone M1/70, BioLegend, 101215, 1:200),
anti-CD11b (clone M1/70, BioLegend, 101211, 1:200),
anti-CD11b (clone M1/70, BioLegend, 101216, 1:200),
anti-CD11c (clone N418, BioLegend, 117329, 1:200),
anti-CD11c (clone N418, BioLegend, 117317, 1:200),
anti-CD11c (clone N418, BioLegend, 117305, 1:200),
anti-CD11c (clone N418, BioLegend, 117310, 1:200),
anti-Ly6C (clone HK1.4, BioLegend, 128005, 1:200),
anti-Ly6C (clone HK1.4, BioLegend, 128016, 1:200),
anti-64 (clone S18017D, BiolLegend, 161003, 1:200),
anti-CD45 (clone 30-F11, BioLegend, 103112, 1:200),
anti-CD45 (clone 30-F11, BioLegend, 103132, 1:200),
anti-86 (clone A17199A, Biolegend, 159204, 1:200),
anti-80 (clone 16-10A1, BioLegend, 104706, 1:200),
anti- H-2Kd/H-2Dd (clone 34-1-2S, BioLegend, 114715, 1:200),
anti-CD3 (clone 17A2, BioLegend, 100204, 1:300)
anti-CD3 (clone 17A2, BioLegend, 100236, 1:300)
anti-CD8a (clone 53-6.7, BioLegend, 100706, 1:300)
anti-CD8a (clone 53-6.7, BioLegend, 100708, 1:300)
anti-CD4 (clone GK1.5, BioLegend, 100408, 1:200)
anti-F4/80(clone BMS, BiolLegend, 123115, 1:200)
anti-F4/80(clone W20065B, BioLegend, 111603, 1:200)
anti-XCR1(clone ZET, BioLegend, 148206, 1:200)
anti-CD90.1(clone $20007C, BioLegend, 109006, 1:200)
anti-IFN-y (clone XMG1.2, BioLegend, 505810, 1:200)
anti-CD16/32 (clone 93, BioLegend, 101302, 1:30)
anti-NK1.1 (clone PK136, BioLegend, 108727, 1:200),
anti-zombie NIR ( BioLegend, 423105 , 1:10000),
anti-H-2Kb OVA Tetramer-SIINFEKL ( MBL, TS-5001-1C, 1:200),
anti-CD4 (clone GK1.5, BioLegend, 100408, 1:300),
anti-CD25 (clone PC61, BioLegend, 102016, 1:300),
anti-CD69 (clone H1.2F3, BioLegend, 104511 &104512, 1:300),
anti-CD62L (clone MEL-14, BiolLegend, 161204, 1:300),
anti-CD44 (clone IM7, BioLegend, 103031, 1:300),
Block antibody:
inVivo MAb anti-mouse L-Selection (clone Mel-14, Bio X Cell, 794822J1, 1:200)
inVivo MAb anti-mouse PSGL-1 (clone 4RA10, Bio X Cell, 808722M1, 1:200)

Validation The antibodies used in this manuscript were bought from commercial sources and validated by the supplier.
According to statements on the manufacturers websites, each antibody used in this study was validated for flow cytometry
applications: anti-CD11b (https://www.biolegend.com/en-gb/products/pe-cyanine7-anti-mouse-human-cd11b-antibody-1921), anti-
CD11c (https://www.biolegend.com/en-gb/products/fitc-anti-mouse-cd11c-antibody-1815), CD11c (https://www.biolegend.com/en-
gb/products/apc-anti-mouse-cd11c-antibody-1813), anti-Ly6C (https://www.biolegend.com/en-gb/products/fitc-anti-mouse-ly-6¢-
antibody-4896), anti-64 (https://www.biolegend.com/en-gh/products/pe-anti-mouse-cd64-fcyri-antibody-21518), anti-CD45 (https://
www.biolegend.com/en-gb/products/apc-anti-mouse-cd45-antibody-97), anti-86 (https://www.biolegend.com/en-gb/products/pe-
anti-mouse-cd86-antibody-18945), anti-80 (https://www.biolegend.com/en-gb/products/fitc-anti-mouse-cd80-antibody-41), anti-
H-2Kd/H-2Dd (https://www.biolegend.com/en-gb/products/percp-cyanine5-5-anti-mouse-h-2kd-h-2dd-antibody-15820), anti-CD3
(https://www.biolegend.com/en-gb/products/fitc-anti-mouse-cd3-antibody-45), anti-CD3 (https://www.biolegend.com/en-gb/
products/apc-anti-mouse-cd3-antibody-8055),anti-CD8a (https://www.biolegend.com/en-gb/products/fitc-anti-mouse-cd8a-
antibody-153), anti-CD8a (https://www.biolegend.com/en-gh/products/pe-anti-mouse-cd8a-antibody-155),anti-IFN-y (https://
www.biolegend.com/en-gb/products/apc-anti-mouse-ifn-gamma-antibody-993), anti-NK1.1 (https://www.biolegend.com/en-gb/
products/percp-cyanine5-5-anti-mouse-nk-11-antibody-4289), anti-Live/Dead (https://www.biolegend.com/en-gb/products/zombie-
nir-fixable-viability-kit-8657), anti-H-2Kb OVA Tetramer-SIINFEKL (https://www.mblbio.com/bio/g/dtl/T/?pcd=TS-5001-1C), anti-CD4
(https://www.biolegend.com/en-gb/products/pe-anti-mouse-cd4-antibody-250), anti-CD25 (https://www.biolegend.com/en-gb/
products/pe-cyanine7-anti-mouse-cd25-antibody-1929), anti-CD62L (https://www.biolegend.com/en-gb/products/pe-anti-mouse-
cd62l-antibody-19844), anti-CD44 (https://www.biolegend.com/en-gb/products/percp-cyanine5-5-anti-mouse-human-cd44-




antibody-5605).

As stated on manufacturers/suppliers websites, the following antibodies have been validated for reactivity in mouse: inVivo MAb
anti-mouse L-Selection (https://bioxcell.com/invivomab-anti-mouse-l-selectin-cd62l-be0021), inVivo MAb anti-mouse PSGL-1
(https://bioxcell.com/invivomab-anti-mouse-psgl-1-cd162-be0186

querylD=dd2d1ee524b84de735e598ecacc052 1a&object|D=30634&indexName=bioxcell_live_default_products).
anti-CD90.1(Https://www.biolegend.com/en-gb/products/pe-anti-mouse-cd90-1-thy1-1-antibody-23901)
anti-XCR1(https://www.biolegend.com/en-gb/products/apc-anti-mouse-rat-xcrl-antibody-10222)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Multiple mouse tumor cell line (LLC, 4T1, B16F10, B16F10-OVA, B16F10-LUC), mouse derived cell lines (DC2.4, RAW264.7)
and human cells (L929) were used for in vivo and in vitro experiments. All cell lines were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). BMDCs were induced from bone marrow cells collected from the tibia and
femur of C57BL/6 mice.

The cell lines were not further authenticated after receiving. In all related studies, cell lines with a low passage number were
used.

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  The study did not involve commonly misidentified cell lines.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Female C57BL/6 mice (6—8 weeks old, approximately 20 g) were obtained from SLAC Laboratory Animal Co., Ltd., and female Ai9
mice (6—8 weeks old, approximately 20 g) were purchased from Suzhou Abogen Biosciences. All animals were maintained under SPF
conditions at Soochow University, with ad libitum access to food and water. Mice were housed in climate-controlled rooms under a
12 h light/dark cycle with 40-70% relative humidity and acclimated for at least one week prior to random assignment into
experimental groups. All animal procedures were approved by the Ethics Committee of Soochow University (Approval No.
SUDA20240716A03) and were conducted in accordance with institutional guidelines for the care and use of laboratory animals.

No wild animals were used in this study.
Female mice
The study did not involve samples collected from the field.

All animal experiments were reviewed and approved by the Ethics Committee of Soochow University (ECSU) (Approval
No.SUDA20240716A03), and all protocols of animal studies conformed to the Guide for the Care and Use of Laboratory Animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology
Sample preparation Samples were prepared according toto methods listed in "Flow cytometry " section.
Instrument Data were acquired on a LSRFortessa (BD Bioscience and BECKMAN CYTOPLEX)
Software FlowJo v1010.7.1
Cell population abundance Cells were not sorted for this study.
Gating strategy For all experiments, preliminary FSC-A/SSC-A gates were used to exclude debris. Subsequently, SSC-A/SSC-H and FSC-A/FSC-

H gates were used to select singlets. FSC-A/FITC-A was used to determine fluorescence. Gating based on GFP-positive was
used to determine the in vitro transfection efficiency.
Examples of the subsequent plots for the immune cell specificity study are provided in the supplementary material.

g Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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