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The therapeutic potential of chimeric antigen receptor (CAR) T-cell therapy in treating solid tumors is 
highly recognized, yet the complex and immunosuppressive nature of the tumor microenvironment, 
poor accessibility, and the instability of target antigens pose substantial challenges. Here, we present 
an mRNA-LNP-based therapeutic strategy that delivers mRNA encoding a fibroblast activation protein 
(FAP)-specific CAR to reprogram host immune cells in vivo and target cancer-associated fibroblasts 
within the tumor stroma. In multiple solid tumor mouse models, this approach, combined with 
chemotherapeutic agents and immune checkpoint inhibitors, achieved significant tumor regression 
and induced durable, antigen-specific immune memory. Incorporation of m6A-modified CAR mRNA 
accelerated and amplified antitumor responses, while blockade of the macrophage migration 
inhibitory factor (MIF)-CD74 axis further improved tumor control by alleviating immune suppression. 
In patient-derived xenograft models, HOX family transcription factors were implicated in treatment 
resistance, highlighting a potential biomarker and therapeutic target. The evidence from this study 
demonstrates that targeting the tumor microenvironment with a controllable mRNA-modulated 
strategy achieves substantial antitumor efficacy and holds significant potential to enhance the 
applicability and acceptance of CAR-T cell therapy across a variety of cancers.
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Cancer remains a significant global health challenge, among which solid tumors especially exemplify the 
conundrum1,2. The development of Chimeric Antigen Receptor T-cell (CAR-T) therapy has marked a significant 
advancement in oncology, showcasing notable achievement in treating certain hematological malignancies3–5. 
However, translating this to solid tumors has been met with limited efficacy, where the lack of stable antigens, 
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poor accessibility of the tumor, together with an intricate and immunosuppressive the tumor microenvironment 
(TME), stand as the three major obstacles complicating the dissection of CAR-T therapy’s mechanisms and 
straightforward applications6,7.

Shifting the focus towards the TME has become increasingly essential in cancer research, as it plays a crucial 
role in tumor progression and response to therapies8–10. Within the diverse components of the TME, cancer-
associated fibroblasts (CAFs), emerge as key players, significantly driving tumor development and creating 
formidable physical and immunological barriers that hinder therapeutic interventions11–13. Fibroblast activation 
protein (FAP), highly expressed in CAFs and even directly in tumor cells in certain cancers, plays a critical 
role in this process, yet is rarely expressed in normal tissues14,15. Accumulating evidence shows that FAP is 
involved in both enzymatic and nonenzymatic activities that regulate tumor dynamics, including remodeling 
the extracellular matrix (ECM) and modulating immune responses16–18.
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In fact, the overexpression of FAP in CAFs, correlating with tumor invasiveness and poor prognoses, 
particularly in cancers with strong desmoplastic reactions, underscores the complex interplay between cancer 
cells and the TME19. The role of FAP extends to influencing tumor vasculature and immunosuppression, 
marking it as a potential factor in disrupting the TME and, when attacked, enhancing the infiltration and efficacy 
of immune cells, thereby transforming the TME into a more immune-responsive state20,21 Moreover, the stability 
of FAP expression within the TME, compared to the variable expression of tumor-associated antigens on cancer 
cells, positions FAP as a strategic target for therapeutic intervention22. While most strategies directed at FAP, 
such as radiotherapy23, tumor vaccines24, and specific antibodies25, are currently under early-stage investigation, 
their ability to transform the TME holds considerable promise for advancing cancer treatments26,27. In essence, 
focusing on CAFs and specifically targeting markers like FAP could provide strategically precise approach to 
overcome TME-related obstacles and boost the performance of cancer immunotherapies.

Lipid nanoparticles (LNPs) have emerged as a transformative platform for the delivery of mRNA therapeutics, 
exemplified by their critical role in the development of mRNA-based COVID-19 vaccines28–30. Beyond infectious 
diseases, mRNA-LNP technology is being actively explored in cancer immunotherapy, offering an alternative to 
traditional ex vivo cellular engineering approaches31,32. In particular, the in vivo delivery of mRNA encoding 
synthetic immune receptors, such as chimeric antigen receptors (CARs), enables transient reprogramming of 
host immune cells directly within the body33,34. This non-viral, transient approach reduces the risks associated 
with permanent gene integration, which have been linked to on-target, off-tumor toxicity and other adverse 
effects35,36.

In this study, we developed an mRNA-LNP-based therapeutic strategy targeting FAP within the tumor 
stroma to reprogram host immune cells in vivo, thereby modulating the tumor microenvironment and elicit 
antitumor immunity (Fig. 1a). Unlike conventional CAR-T cell therapies, this approach does not require ex 
vivo cell manipulation or T cell-specific delivery, yet achieves potent tumor suppression and durable immune 
memory in multiple solid tumor models. Furthermore, we show that m⁶A modification of the CAR mRNA 
enhances therapeutic efficacy, identify the MIF-CD74 axis as a potential barrier to response, and reveal HOX-
driven transcriptional programs in patient-derived xenograft models as a potential resistance mechanism. 
These findings highlight a versatile and tractable immunotherapy platform that leverages stromal targeting, 
epitranscriptomic optimization, and host immunity to overcome key challenges in solid tumor treatment.

Results
FAP expression predicts malignancy in solid tumors
In our previous study, over 70 samples and more than 130,000 cells from six datasets were leveraged to establish a 
single-cell atlas of pancreatic ductal adenocarcinoma (PDAC), which identified different subtypes of CAFs. The 
interaction between these CAFs and malignant cells involves complex signaling pathways that promote tumor 
growth and maintenance, correlated with worse prognosis in PDAC patients due to their role in enhancing 
tumor growth and resistance to therapy37. We plotted the expression of FAP on the data, demonstrating that FAP 
is primarily expressed in CAFs and is present across almost all their subtypes (Fig. S1a). Besides, analysis based 
on Kaplan-Meier plotter and GEPIA (Gene Expression Profiling Interactive Analysis) revealed that increased 
FAP expression is highly correlated with malignant outcome in several solid tumors (Fig. S1b-c).

In vitro and in vivo evaluation of hFAPCAR expression and biodistribution
We synthesized mRNAs for the corresponding CARs against human FAP (hFAP) and mouse FAP (mFAP) 
in vitro and introduced the mRNAs into splenocytes collected from mouse spleens by electroporation. The 
Fluorescence-activated Cell Sorting (FACS) analysis demonstrated successful transfection and specific affinity of 
fluorescently labeled FAP proteins, where 29.7% and 37.3% of the splenocytes effectively expressed hFAPCAR 
and mFAPCAR mRNAs and bound to their corresponding FAPs in vitro, respectively (Fig. 1b). Subsequently, the 
synthesized mRNAs were encapsulated into lipid nanoparticles (physicochemical characterization summarized 
in Table S1). To assess the potential cytotoxicity of the mRNA-LNP formulation, primary mouse splenocytes 
were exposed to various concentrations of mRNA-LNP for 24 h and cell viability was measured (Fig. 1c). The 
absorbance values of splenocytes treated with mRNA-LNP at 0.1-10 nM were comparable to those of untreated 

Fig 1.  Design and preclinical evaluation of mRNA-LNP-based FAP-targeted therapy in colorectal cancer 
models. (a) Schematic representation of the mRNA-LNP-based FAP-targeted CAR strategy. (b) In vitro 
binding assay of murine splenocytes transfected with human or mouse FAPCAR mRNA. (c) Cytotoxicity of 
mRNA-LNP to primary splenocytes. Cell viability was evaluated using a CCK-8 assay after 24 h exposure to 
mRNA-LNP or control reagents (n = 8 per group). Data are presented as mean ± SD. Statistical significance 
was determined by one-way ANOVA followed by Tukey’s post hoc test. (d) In vivo validation of hFAPCAR 
mRNA-LNP expression. Splenocytes were collected 24 h after intravenous injection of hFAPCAR mRNA-LNP 
or PBS and analyzed by flow cytometry. PE-hFAP signal was compared between hFAPCAR- and control-
treated mice, and CD8⁺ staining was examined within the hFAPCAR⁺ population (where the internal control 
was from the same treated mouse and stained only with PE-hFAP). (e) Biodistribution of FAPCAR-transfected 
splenocytes in immunodeficient (NOD/SCID) and immunocompetent (C57BL/6) models. Luminescence 
intensity was measured in biologically independent replicates (n=4), and statistical analysis between each tissue 
group was performed using one-way ANOVA with post hoc Tukey‘s test. Data are presented as mean ± SD. 
(f) Schematic representation of the experimental procedure. (g) Tumor growth and individual volume change 
in syngeneic colorectal cancer models. Error bars indicate mean ± SD (n=7-9). (h) Individual tumor growth 
curves.
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controls, whereas treatment with 5-fluorouracil (5-FU; 10 μM and 100 μM) or 0.1% Triton X-100 significantly 
reduced cell viability. These results demonstrate that the mRNA-LNP exhibits minimal cytotoxicity toward 
immune cells at the tested concentrations.

To examine whether mRNA-loaded lipid nanoparticles (mRNA-LNPs) could mediate CAR expression in 
vivo, splenocytes were collected 24 h after intravenous injection of hFAPCAR mRNA-LNPs or PBS and analyzed 
by flow cytometry. Under the same gating conditions (Fig. S2a), splenocytes from the mouse injected with 
hFAPCAR mRNA-LNPs showed a distinct positive peak in the PE-hFAP channel compared with the PBS control 
(Fig. 1d). In the same treated mouse, FITC-CD8 staining of PE-hFAP⁺ cells revealed a clear CD8⁺ population 
compared with the internal control, suggesting the expression of hFAPCAR in T cells (Fig. 1d). Based on these 
findings, we sought to investigate the systemic accumulation behavior in vivo.

To evaluate the in vivo biodistribution of FAPCAR-engineered splenocytes, mRNA encoding an mFAP-
targeting CAR was co-transfected with NanoLuc luciferase mRNA to enable bioluminescence tracking. The 
transfected splenocytes were intravenously administered into both immunodeficient (NOD/SCID) and 
immunocompetent (C57BL/6) colorectal tumor models (Fig. 1e). In the NOD/SCID mice, which lack functional 
adaptive immunity, luminescence signals were predominantly detected in tumor tissues, with significantly 
lower intensities observed in the liver and kidneys. In contrast, in the immunocompetent C57BL/6 mice, 
luminescence in the tumor tissue was only marginally higher than in non-tumor tissues, with no statistically 
significant difference (Fig. 1e). These results suggest that the presence of an intact immune system may limit the 
accumulation or persistence of FAPCAR-expressing splenocytes at the tumor site.

mRNA-LNP-based FAPCAR therapy induces tumor regression and long-term immune 
memory
Next, we attempted to validate the efficacy of this therapeutic mRNA-driven FAPCAR approach in vivo (Fig. 
1f). Considering the influence of the host immune system, we evaluated a combination treatment strategy 
involving mRNA-LNPs, immune checkpoint inhibitors (ICIs; anti-PD-1 and anti-CTLA-4 antibodies), and a 
chemotherapeutic agent.

We first tested this strategy in a colorectal tumor model using MC38 cells co-injected with FAP-expressing 
3T3 cells at a ratio of 2:1. In this model, FAP-expressing stromal components accounted for one-third of the 
initial tumor cell population, mimicking a stromal-rich tumor microenvironment. As shown in Fig. 1g-h, tumor 
growth in the group treated with mRNA-LNPs in combination with 5-FU and ICIs was noticeably suppressed 
compared to the PBS control group and the group treated with 5-FU plus ICIs alone. The individual tumor 
growth curves also reflected this trend, with most tumors in the mRNA-LNP-treated group exhibiting stable or 
regressing volumes over the observation period. Fluorescence imaging of tumor sections from the mRNA-LNP-
treated mice showed detectable labeled FAP protein, suggesting local FAPCAR expression within the tumor 
tissue (Fig. S2b). To further explore the applicability of this treatment strategy across tumor types, we applied the 
same combination therapy to additional solid tumor models established with 4T1 (triple-negative breast cancer, 
TNBC), E0771 (HER2-positive breast cancer), and Renca (renal carcinoma) cells, each co-injected with FAP-
expressing 3T3 cells at a 2:1 ratio. As shown in Supplementary Fig. S2c-e, all three models exhibited a similar 
trend: tumor growth was significantly restrained in the group treated with mRNA-LNPs in combination with 
chemotherapeutic agents and ICIs.

The establishment of immune memory is crucial for ensuring long-term protection against cancer recurrence. 
To assess whether immune memory had been established, we rechallenged the colorectal cancer and TNBC 
models previously cured by the combination therapy (mRNA-LNPs, chemotherapeutic agents, and ICIs), with 
homologous and heterologous tumors, without administering further treatment. In the first round of rechallenge 
for colorectal cancer models, tumors derived from MC38 and E0771 cells were implanted into the dorsal and 
mammary fat pad regions, respectively. The results showed that the homologous MC38-derived tumors were 
completely rejected, while the heterologous E0771-derived tumors grew progressively (Fig. S2f). In a second 
round of rechallenge, MC38 cells were transplanted into the mammary fat pad, and tumor growth was again 
effectively suppressed (Fig. S2f). A similar pattern was observed in the TNBC models, where the homologous 
4T1-derived tumors were significantly suppressed compared to the heterologous MC38-derived tumors (Fig. 
S2g). This pattern of tumor rejection suggests the establishment of antigen-specific immune memory, which 
may contribute to long-term tumor control. Interestingly, when we administered anti-CD8α (to deplete CD8+ T 
cells) or FTY720 (to prevent T cell egress from lymphoid tissues) in the rechallenged colorectal cancer models, 
the tumor grew rapidly in the mouse treated with anti-CD8α, while the tumor in the mouse treated with FTY720 
showed a gradual regression, albeit at a slower pace compared to the control treated with PBS (Fig. S2h). The 
observation that immune memory remained effective even when T cells were confined to lymphoid tissues (by 
FTY720) suggests that non-circulating, tissue-resident memory T cells (Trm) played a key role in mediating 
tumor control.

Insights into optimizing the antitumor efficacy
Although the mRNA-LNP-based FAP-targeted therapy achieved effective tumor suppression, variability in 
tumor responses still requires further optimization. Below, we present preliminary findings that suggest potential 
avenues to enhance antitumor efficacy in future applications.

N6-Methyladenosine (m6A) modification enhanced the anti-tumor efficacy
N6-methyladenosine (m6A) modification is major epitranscriptomic mark that involves the addition of a 
methyl group to the adenosine base of an RNA molecule. This modification is known to regulate RNA stability, 
translational efficiency and cellular localization38. We have recently confirmed that m6A modifications can alter 
gene expression39. Based on these proven advantages, we applied m6A modification on the therapeutic mRNA 

Scientific Reports |         (2026) 16:1624 4| https://doi.org/10.1038/s41598-025-31128-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


and evaluated its impact in the syngeneic colorectal tumor models (Fig. 2a). As a result, the m6A modification 
was demonstrated to accelerate the anti-tumor effect (Fig. 2b-c). Bar graph of tumor volume changes further 
confirmed the superior antitumor effect of m6A-modified mRNA-LNPs (Fig. 2c), suggesting a more consistent 
and potent therapeutic effect conferred by m6A-modified transcripts.

MIF-CD74 limited the anti-tumor efficacy
Although the mRNA-based therapy combined with chemotherapeutic agents and ICIs successfully eradicated 
tumors in some syngeneic models, incomplete responses or relapses were still observed in certain mice. To 
investigate mechanisms associated with limited therapeutic efficacy, we performed single-cell RNA sequencing 
(scRNA-seq) on untreated and post-treatment relapsed tumor tissues from the MC38 model, which share the 
common phenotype of persistent tumor burden (Fig. 2d). UMAP analysis revealed heterogeneous cellular 
compositions, including abundant macrophages and CAFs. Notably, we observed high expression levels 
of macrophage migration inhibitory factor (MIF) and CD74 in these tissues (Fig. 2e). Recent multi-omics 
analyses in neuroblastoma have identified MIF as a tumor-derived, abundantly secreted factor that directly 
impairs CAR T-cell activation and cytotoxicity via CD74 engagement40. To further dissect intercellular 
signaling dynamics, we performed ligand-receptor interaction analysis, which highlighted MIF-CD74 as one 
of the dominant outgoing and incoming signaling axes between macrophages, CAFs, and cancer cells (Fig. 2f). 
Although relapsed and untreated tumors are not biologically identical, their inclusion aimed to capture common 
immune features associated with incomplete tumor clearance, suggesting that the MIF-CD74 axis may contribute 
by fostering an immunosuppressive microenvironment. To test the functional contribution of this pathway, we 
incorporated neutralizing antibodies against MIF and/or CD74 into the m6A-mRNA-LNP treatment regimen. 
Tumor volume analysis demonstrated that blockade of either MIF or CD74 improved tumor control, while 
simultaneous inhibition of both ligands and receptors led to the most pronounced tumor suppression (Fig. 2g).

Translational relevance and potential resistance mechanisms revealed by patient-derived 
xenograft (PDX) models
To extend our findings toward clinical relevance and explore potential mechanisms underlying variable 
therapeutic responses, we employed patient-derived xenograft (PDX) models of colorectal cancer. CAR-T 
cells that overexpress 7SL1 RNA, a component of the signal recognition particle (SRP), have been reported to 
release 7SL1 RNA as extracellular vesicles (EVs), thereby activating other immune cells and enhancing their own 
expansion, persistence, and resistance to exhaustion41. Based on these observations, we sought to investigate 
how the presence of immune cells expressing 7SL1-like RNA might influence the therapeutic efficacy of the 
mRNA-LNP therapy. To this end, we generated transgenic mice constitutively expressing GFP-tagged 7SL1-
like RNA under the control of the CAG promoter and used splenocytes from these mice for adoptive transfer. 
We established two PDX models, PDX-1 and PDX-2, which were derived from tumor tissues of two individual 
colorectal cancer patients. For treatment, splenocytes from 7SL1 knock-in mice were co-administered with 
mRNA-LNPs in the PDX-1 model, whereas both 7SL1 and wild-type splenocytes were used in the PDX-2 model, 
as illustrated in Fig. 3a. In the PDX-1 model, tumor growth was markedly suppressed in the treatment group 
(Fig. 3b). In the PDX-2 model, both treatment groups exhibited a suppressive effect on tumor growth, with the 
group receiving 7SL1 splenocytes a comparable inhibitory trend (Fig. 3c). To investigate the gene expression 
profiles of tumors under each treatment condition, we harvested tumors after therapy and performed RNA 
sequencing (RNA-seq). Gene set enrichment (GSE) analysis revealed that, compared to the PBS control group, 
the combination of mRNA-LNP administration and 7SL1-expressing immune cells led to a downregulation 
of pathways such as negative regulation of developmental process, tube morphogenesis, and blood vessel 
development in the PDX-1 model, whereas lymphocyte migration and inflammatory response were upregulated 
in the PDX-2 model (Fig. 3d and f). In addition, in PDX-2 tumors treated with wild-type splenocytes and mRNA-
LNP, we observed increased expression of genes involved in T cell migration, interleukin-10 production, and 
inflammatory response (Fig. 3e). These results indicate that immune cells expressing 7SL1-like RNA exhibited 
antitumor and transcriptional response patterns comparable to those of wild-type immune cells, highlighting a 
potential role of 7SL1 in modulating mRNA-LNP-mediated therapeutic outcomes.

Although the antitumor effect was less pronounced in PDX-2 compared to PDX-1, we sought to identify 
gene expression differences that may explain this discrepancy. Comparative transcriptomic analysis of PDX-
2 and PDX-1 tumors treated with mRNA-LNP and 7SL1-expressing splenocytes revealed that embryonic 
skeletal system morphogenesis and development pathways were upregulated in the treatment-resistant PDX-2 
model (Fig. 3g). To explore which transcription factors were activated in each condition, we performed ChIP-X 
Enrichment Analysis 3 (ChEA3) using the top-ranked differentially expressed genes (DEGs). In the treatment-
resistant PDX-2 model, transcription factors belonging to the HOX family were enriched among the top 100, 20, 
and 10 DEGs (Fig. S3a). In contrast, the HOX family transcription factors were not detected in the PDX-1 model 
under the same treatment conditions (Fig. S3b), nor were they observed when comparing untreated tumors 
between PDX-1 and PDX-2 (Fig. S3c). These findings suggest that the treatment-resistant PDX-2 model might 
alter its gene expression program in response to mRNA-LNP and 7SL1-expressing splenocyte therapy through 
activation of HOX family transcription factors, a feature not observed in the treatment-sensitive PDX-1 model.

To investigate whether the therapeutic effect was associated with changes in chromatin structure, we 
performed assay for transposase-accessible chromatin using sequencing (ATAC-seq). Analysis of open 
chromatin regions revealed that in both control and treated PDX-1 tumors, approximately 9% of the accessible 
regions were located in promoter regions and about 44% in distal intergenic regions, with similar distributions 
across other genomic elements. In contrast, in the PDX-2 tumors treated with mRNA-LNP and 7SL1-expressing 
splenocytes, the proportion of promoter-associated accessible regions increased to approximately 25%, while 
distal intergenic regions decreased to about 37% (Fig. 4a). Chromosome-wide peak distribution analysis revealed 

Scientific Reports |         (2026) 16:1624 5| https://doi.org/10.1038/s41598-025-31128-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig 2.  Optimizing antitumor efficacy via m6A modification and MIF–CD74 axis blockade. (a) Schematic 
overview of the experimental design, which was created with BioRender.com. (b) Tumor growth in syngeneic 
colorectal cancer models to assess m⁶A modification effects. Statistical analysis was conducted using two-way 
ANOVA with Tukey’s post hoc test (left) and Bonferroni’s post hoc test (right). Data are presented as mean 
± SD (n=3). (c) Individual volume change and tumor growth curves. (d) UMAP plot of the single-cell RNA 
sequencing (scRNA-seq) data on untreated and post-treatment relapsed tumor tissues. (e) Feature plots of 
MIF and CD74 in scRNA-seq. (f) CellChat analysis of MIF-CD74 axis communication. The heatmap shows 
incoming and outgoing MIF signal patterns across cell clusters. (g) Tumor growth and individual volume 
change in syngeneic colorectal cancer models to assess MIF-CD74 blockade. Statistical analysis was conducted 
using two-way ANOVA with Tukey’s post hoc test. Error bars indicate mean ± SD (n=2).
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distinct alterations in chromatin accessibility across chromosomes in each tumor type (Fig. 4b). Furthermore, 
peak density near transcription start sites (TSS) was markedly higher in the PDX-2 tumors treated with mRNA-
LNP and 7SL1 splenocytes compared to other groups (Fig. 4c). However, the read count frequency around 
TSS regions remained similar among all conditions (Fig. 4d). In the mRNA-LNP and 7SL1 splenocyte-treated 
group, PDX-2 tumors showed markedly greater ATAC-seq signal intensity at HOX gene clusters, as well as at 
GRAMD1A and CTSC, compared to PDX-1 (Fig. S4). These findings suggest that chromatin remodeling in 
treatment-resistant tumors may contribute to altered gene expression patterns, thereby playing a role in the 
resistance to mRNA-LNP and 7SL1 splenocyte-based therapy.

Fig 3.  mRNA-LNP exerts anti-tumor effects in PDX models. (a) Schematic overview of the experimental 
design, which was created with BioRender.com. (b) Individual tumor growth curves in PDX-1. (c) Individual 
tumor growth curves in PDX-2. (d) GSE analysis in PDX-1. Gene ontology (GO) terms enriched in the group 
treated with 7SL1-like RNA-expressing immune cells and mRNA-LNP compared to the PBS control. (e) GSE 
analysis in PDX-2. GO terms and Hallmark gene sets enriched in the group treated with 7SL1-like RNA-
expressing immune cells and mRNA-LNP compared to the PBS control. (f) GSE analysis in PDX-2. GO terms 
and Hallmark gene sets enriched in the group treated with wild-type immune cells and mRNA-LNP compared 
to the PBS control. (g) Comparative GSE analysis between PDX-1 and PDX-2 treated with 7SL1-like RNA-
expressing immune cells and mRNA-LNP.
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Discussion
CAR-T cell therapy has revolutionized the treatment of several hematological malignancies, capturing the 
interest of an increasing number of scientists who are striving to harness its potential for solid cancers42–44. 
Based on previous attempts to overcome the immunosuppressive tumor microenvironment and improve T cell 
trafficking into solid tumors45,46, our strategy is to utilize mRNA-LNP-based therapy to target the TME via FAP. 
A recent study by Rurik et al. demonstrated a pioneering approach to generate anti-fibrotic CAR T cells in vivo 
using CD5-targeted LNPs carrying FAPCAR mRNA, which transiently reprogrammed T cells to reverse cardiac 
fibrosis33. The present study extends this concept to solid tumor immunotherapy, employing untargeted mRNA-
LNPs to deliver FAPCAR mRNA systemically. With the assistance of chemotherapeutic agents and immune 
checkpoint inhibitors, the mRNA-LNP-based FAP-targeted strategy elicited pronounced tumor regression 
in multiple syngeneic solid tumor models, and subsequently established antigen-specific long-term immune 
memory, which provides a practical and broadly applicable framework for CAR-T therapy against solid tumors. 
Compared with conventional adoptive cell therapies, the mRNA-based approach eliminates the need for ex vivo 
genome editing and permanent genetic modification, enabling flexible control over the timing and dosage of 
CAR expression through repeated dosing, as demonstrated in the in vivo experiments, offering a safer and more 
controllable alternative to conventional CAR-T strategies.

Although our approach involved systemic administration of mRNA-LNPs without cell-type-specific 
targeting, the observed antitumor efficacy demonstrates that effective CAR-T cell activity can be elicited even 
in the absence of selective T cell transfection. The CAR construct was specifically designed for T cell function, 

Fig 4.  PDX-2 exhibits chromatin structure modulation compared to control and PDX-1. (a) Genomic 
distribution and proportions of ATAC-seq peaks. (b) Chromosomal distribution of ATAC-seq peaks. (c) Tag 
heatmap of peaks around transcription start sites (TSS). (d) Read count frequency around TSS regions.
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incorporating a CD8α leader and hinge region together with CD28 and CD3ζ intracellular domains, which 
require T cell-specific signaling machinery to operate effectively47. Therefore, despite potential transfection of 
non-T cell subsets such as NK cells, B cells, or macrophages, the therapeutic effect is most likely mediated by 
CAR-T cells selectively activated through these T cell-restricted signaling pathways.

Notably, while many recent mRNA-CAR studies have employed ligand-modified LNPs for targeted 
delivery33,35,48, our results demonstrate that untargeted LNPs can also trigger robust in vivo antitumor effects. 
Besides the permeability and retention (EPR) effect, where the abnormal vasculature of solid tumors permits 
nanoparticle entry into the tumor interstitium and inadequate lymphatic drainage promotes their retention49, 
several alternative pathways have recently been proposed that may also facilitate nanoparticle delivery. These 
include active transcytosis across tumor endothelium, immune cell-mediated transport, and vascular targeting 
followed by rapid drug release, all of which could contribute to effective accumulation and penetration in the 
tumor microenvironment50. In addition, the ability of mRNA-LNPs to control the timing and dosage of CAR 
expression may contribute to therapeutic efficacy by maximizing functional CAR-T cell activity during peak 
expression windows. These findings suggest that non-targeted LNPs remain a viable option and could pave the 
way for future innovations in organ- or microenvironment-targeted delivery systems.

We conducted in vivo experiments using syngeneic models to capture the interplay between tumor, 
treatment, and immunity. Tumor cells in solid tumors are typically heterogeneous and become highly unstable 
due to immune editing, with CAR-T cells potentially adding to this selective pressure51,52. Given that CAR-T 
cells are designed to target specific antigens, inducing bystander effects, where CAR-T cells promote the killing 
of non-target cells during lysis of target cells, may be a promising approach for solid tumor therapy53,54. Epitope 
spreading, in which the immune response expands from the initial antigen epitope to additional epitopes on 
the same or different antigens, is considered an efficient mechanism for such bystander effects53. In our in 
vivo experiments, the mRNA-LNP-based therapy targeting only FAP achieved profound and sustained tumor 
regression and resistance to rechallenge, possibly by eliminating FAP⁺ CAFs to remodel the immunosuppressive 
tumor microenvironment, and release tumor-associated antigens that promote epitope spreading to enable 
the clearance of cancer cells lacking the CAR target. This protective immunity may also involve tissue-resident 
memory T cells (Trm), which mediate rapid local immune responses and contribute to long-term immunological 
memory55,56. In our single-cell analysis, CD8⁺CD69⁺ clusters in untreated and post-treatment relapsed tumors 
showed low CD103 expression (Fig. S2i), a phenotype associated with T cell exhaustion rather than effective Trm 
cells57, potentially contributing to uncontrollable growth. Maximizing the presence and function of effective 
Trm populations could further strengthen durable tumor control.

In the preliminary exploration, incorporating m6A modification into the therapeutic mRNA resulted in a 
faster and stronger antitumor response. The potential mechanism involves m6A marks being recognized by 
binding proteins such as YTHDF2, which stabilize mRNA and delay its degradation58, as well as YTHDF1 and 
IGF2BP family proteins, which enhance translational efficiency59,60. In addition, m⁶A modification can reduce 
the innate immunogenicity of mRNA61, helping to balance immune activation. Sustained CAR expression may 
provide prolonged antigen stimulation, increasing the likelihood of epitope spreading and promoting a durable 
immune response.

Homeobox (HOX) genes encode transcription factors that play critical roles in embryonic development, 
particularly in anterior-posterior patterning and organogenesis. In adult tissues, HOX gene expression is 
typically silenced or tightly regulated; however, accumulating evidence suggests that dysregulation of HOX 
genes is a hallmark of various cancers, where they contribute to tumor initiation, progression, and therapeutic 
resistance62. For instance, overexpression of HOXA9 and HOXA10 has been implicated in the pathogenesis 
and poor prognosis of Acute myeloid leukemia (AML)63,64. In lung cancers with KRAS mutations, HOX gene 
activation forms part of an epigenetically deregulated axis that confers vulnerability to chromatin-modifying 
therapies65. In this study, PDX-2, which exhibited resistance to treatment, showed modulation of gene expression 
driven by HOX family transcription factors. These findings suggest that the efficacy of FAP-targeted mRNA-
LNP therapy might be attenuated in tumors with high HOX gene expression. While CAR-T cell therapy can 
also demonstrate limited efficacy in certain cases66, the combination of mRNA-LNP treatment with anti-tumor 
agents targeting HOX family genes might help restore therapeutic response. Furthermore, from the perspective 
of predicting treatment efficacy, evaluating HOX gene expression levels prior to mRNA-LNP therapy might 
serve as a useful biomarker.

In summary, our findings provide proof-of-concept that FAP-targeted CAR expression via mRNA-LNP 
delivery can effectively induce durable antitumor immunity. Despite these advances, the approach currently 
relies on combination with chemotherapeutic agents and immune checkpoint inhibitors, and its efficacy across 
broader tumor contexts remains to be determined. Future work should focus on optimizing delivery systems and 
mRNA modifications, elucidating resistance mechanisms such as HOX-driven transcriptional and epigenetic 
reprogramming, and expanding preclinical validation in diverse PDX and organoid models to accelerate clinical 
translation.

This study has several limitations. First, systemic toxicity of FAPCAR mRNA-LNP was not comprehensively 
assessed. Although in vitro assays using primary splenocytes showed minimal cytotoxicity, further studies are 
required to define the safety profile and therapeutic window of this platform. Second, it should be acknowledged 
that the biodistribution and tumor accumulation of the mRNA-LNPs themselves were not comprehensively 
analyzed in this study. The preliminary fluorescence observations provide only qualitative evidence, and more 
systematic biodistribution analyses are planned for future work. Finally, several exploratory or supplementary 
assays were performed with smaller sample sizes, which may limit the statistical power of some comparisons. 
Future studies with larger cohorts and extended observation periods will be important to further validate the 
reproducibility and long-term safety of this mRNA-LNP-based therapeutic approach.
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Materials and methods
Analysis on the effect of FAP expression in solid cancers
In this study, we employed Kaplan-Meier plotter (https://kmplot.com/analysis/) and GEPIA ​(​​​h​t​t​p​:​/​/​g​e​p​i​a​.​c​a​n​c​e​
r​-​p​k​u​.​c​n​​​​​) for a comprehensive analysis to investigate the impact of high versus low expression of FAP on overall 
survival (OS) in various solid tumors. The Kaplan-Meier plotter, a statistical tool, was used to generate survival 
curves, illustrating the probability of survival over time among different patient cohorts based on FAP expression 
levels. GEPIA, an online platform for cancer and normal gene expression profiling, was utilized to further 
validate and refine these findings by correlating FAP expression with clinical outcomes. This comprehensive 
approach leverages the robust capabilities of these tools to elucidate the role of FAP in cancer progression.

Synthesis of mRNA-loaded lipid nanoparticles (LNPs)
All plasmid vectors were custom-designed and provided by GenScript Biotech Corp. (Piscataway, NJ, USA). 
These plasmids were used as templates for in vitro transcription of the therapeutic mRNA. The CAR construct 
encoded by the therapeutic mRNA comprised the following elements in sequence: a T7 promoter, 5′ untranslated 
region (UTR), a CD8α leader peptide, FAP-targeting scFv (VH–VL), a CD8α hinge region, intracellular signaling 
domains from mouse CD28 and CD3ζ, and a P2A sequence enabling co-expression of an RISR–RIAD domain. 
All components were codon-optimized for murine expression. For amplification, the plasmids were transformed 
into E. coli (Thermo Fisher Scientific, Waltham, MA, USA; Cat.# C404010) and isolated using the Plasmid Midi 
Kit (QIAGEN, Hilden, Germany; Cat.# 12145). Subsequently, the plasmids were digested with Hind III (Nippon 
Gene Co., Ltd., Tokyo, Japan; Cat# 311-01163) to produce linear DNA, which was further purified through 
ethanol precipitation. Finally, the target gene fragments were transcribed into FAPCAR mRNA using the Takara 
IVTpro™ T7 mRNA Synthesis System (Takara Bio Inc., Shiga, Japan; Cat# 6144) , along with CleanCap Reagent 
AG (TriLink, San Diego, CA, USA; Cat# N-7113) and N1-Methylpseudouridine-5'-Triphosphate (TriLink, Cat# 
N-1081). The LNPs containing the mRNA were manipulated using Lipid Nanoparticle (LNP-0315) Exploration 
Kit (Cayman Chemical, Ann Arbor, MI, USA; Cat# 36426) according to the manufacturer’s instruction. The 
LNPs encapsulating mRNA were prepared using the Lipid Nanoparticle Exploration Kit (LNP-0315; Cayman 
Chemical, Ann Arbor, MI, USA; Cat. #36426) according to the manufacturer’s protocol. Briefly, ionizable lipid 
ALC-0315, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, and PEG-lipid ALC-0159 were 
dissolved in ethanol at a molar ratio of 46.3 : 9.4 : 42.7 : 1.6. The lipid mixture was rapidly combined with an 
aqueous mRNA solution in 50 mM sodium acetate at an ethanol : aqueous ratio of 1 : 3, a lipid : oligonucleotide (w 
: w) ratio of 10:1. The N:P ratio (molar ratio of lipid amine groups to mRNA phosphate groups) was maintained 
at 3 : 1. The formulated mRNA-LNPs were dialyzed against PBS overnight at 4 ºC using VivaSpin 500 centrifugal 
filters (MWCO 50 kDa, Sartorius, Cat. # VS0131).

Cell lines
Laboratory generation of FAP-expressed cells
NIH/3T3 cells (Clontech, Shiga, Japan; Cat.# 631198) stably expressing the Tet-On 3G transactivator were used 
for inducible gene expression. A codon-optimized mouse FAP gene, fused at the C-terminus with a 3×FLAG tag 
(GenScript), was inserted downstream of the IRES2 sequence in the pTRE-Dual2 vector (Clontech, PT5038-5), 
enabling doxycycline-inducible bicistronic expression of mCherry and FAP. The final construct was linearized 
using PvuI (Takara Bio Inc., Cat.# 1242A) and transfected into the NIH/3T3-Tet-On cells via electroporation.

The cells were plated in 10-cm dishes and cultured in Dulbecco’s Modified Eagle Medium (DMEM; Nacalai 
Tesque, Inc., Kyoto, Japan; Cat# 08456-36) supplemented with 1 µg/mL doxycycline (Dox) and Tet-approved 
fetal bovine serum (FBS; Clontech, Cat.# 631105) for 24 hours. Then the cells were trypsinized (Nacalai Tesque, 
Inc., Cat.# 35555-54) and suspended in Hank’s Balanced Salt Solution (HBSS, Thermo Fisher Scientific, Cat.# 
14025) to make a cell sorting solution. By using fluorescence-activated cell sorting (FACS, BD FACSymphony 
S6, Becton, Dickinson and Company, East Rutherford, NJ, USA), mCherry-positive (indicative of successful 
FAP induction) cells were selected and collected, which were subsequently stored in Cellbanker 1 (Nippon 
Zenyaku Kogyo Co., Ltd., Fukushima, Japan; Cat# CB011) to be deployed as FAP-expressed cells in the following 
experiments.

When used, the cells were thawed and cultured in DMEM with 10% heat-inactivated (56 ºC, 30 min) FBS 
(Cosmo Bio Co., Ltd., Tokyo, Japan; Cat.# 04-007-1A), at 37°C and 5% CO2.

Cancer cell lines
MC38 cell line (Applied Biological Materials Inc., Richmond, BC, Canada; Cat.# T8291), 4T1-Luc cell line 
(National Institutes of Biomedical Innovation, Health and Nutrition, Osaka, Japan; JCRB1447), E0771 cell line 
(CH3 BioSystems, Buffalo, NY, USA; Cat.# 94A001) and Renca cell line (American Type Culture Collection, 
Manassas, VA, USA; Cat.# CRL-2947) were used for colorectal cancer, triple-negative breast cancer (TNBC), 
medullary breast adenocarcinoma and renal cancer, respectively. The cells were thawed and cultured in a 
suitable medium at 37°C and 5% CO2. The medium for MC38 contained DMEM with 10% heat-inactivated FBS 
and PreGrow III Medium (Applied Biological Materials Inc., Cat.# TM003) with 10% FBS and 1% Penicillin/
Streptomycin Solution (Applied Biological Materials, Cat.# G255), at a ratio of 1:1. The medium for 4T1 and 
E0771 was DMEM with 10% heat-inactivated FBS. The medium for Renca was RPMI 1640 (Nacalai Tesque, Inc., 
Cat# 30264-56) with 10% heat-inactivated FBS.

Mice
All animals in this study were cared according to Osaka University’s standards for care and use of laboratory 
animals, and operation procedures were performed in accordance with protocols approved by the Laboratory 
Investigation Committee, Osaka University Medical School (Approval No. 04-105-014). The study is reported 
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in accordance with the ARRIVE guidelines. The mice were maintained in a specific pathogen-free facility under 
controlled environmental conditions (23°C±1.5°C, 45%±15% humidity, 12-hour light/dark cycle) with free access 
to autoclaved food and water. Health status was monitored daily by trained veterinary staff following institutional 
guidelines. Generation of 7SL1-like RNA-expressing mice was outsourced to the animal experimentation facility 
at Osaka University. The 7SL1-like RNA sequence was designed by replacing the AcGFP1 gene with the RN7SL1 
sequence “​A​T​G​C​C​G​A​T​C​G​G​G​T​G​T​C​C​G​C​A​C​T​A​A.” A DNA construct containing the 7SL1-like RNA sequence 
under the control of the CAG promoter at the 5’ end was inserted into the mouse genome immediately upstream 
of the endogenous RN7SL1 gene locus using CRISPR-Cas9 technology.

Establishment of cell line-derived tumor models and patient-derived xenograft (PDX) models
Cell line-derived tumor models were established in both immunocompetent and immunodeficient mice. In 
immunocompetent C57BL/6 mice (Japan SLC Inc., C57BL/6JmsSlc), syngeneic models were generated by 
subcutaneous injection of a cell mixture containing 5*10^6 cancer cells (from the MC38, Renca, E0771, or 4T1 cell 
lines) and 2.5*10^6 cancer FAP-expressing 3T3 cells (2:1 ratio). For biodistribution analysis, immunodeficient 
models were additionally established in NOD/SCID mice (CLEA Japan, Inc.) using MC38 cancer cells and FAP-
expressing 3T3 cells, following the same injection protocol.

In all cases, cells were harvested and resuspended in DMEM supplemented with 10% FBS. The suspension 
was kept on ice and mixed with 10% Corning® Matrigel® Growth Factor Reduced (GFR) Basement Membrane 
Matrix (Corning Inc., Somerville, MA, USA; Cat.# 354230) and 10% doxycycline (final concentration: 1 μg/
mL) to support tumor growth and doxycycline-inducible FAP expression in 3T3 cells. The colorectal and 
renal tumors were injected in the back subcutaneously and the breast tumors were in the mammary fat pad of 
respective mice background.

PDX models were established by subcutaneously transplanting colorectal cancer tissues, which were obtained 
from two certain clinical patients (referred as PDX-1 and PDX-2), into immunodeficient NOG mice (CLEA 
Japan, Inc., NOD/Shi-scid, IL-2RγKO). The tumor tissues used for PDX establishment were purchased from the 
Central Institute for Experimental Medicine and Life Science. The institute confirmed that all human samples 
were collected with informed consent from donors and with approval from the appropriate institutional ethics 
committee, in compliance with all relevant guidelines and regulations. In detail, the tissues were thawed in a 
37°C water bath, cut into 2–3 mm pieces, and suspended in a 2:1 mixture of Matrigel and RPMI-1640 medium 
with 10% FBS, and maintained on ice. Mice were anesthetized using a combination of three anesthetic agents, 
and the dorsal skin was shaved and incised. Subsequently, 2–3 tumor pieces were implanted subcutaneously into 
each mouse, and the incision was closed using SurgiBond (Bydand Medical, NSW, Australia).

In vitro assessment of FAP binding by FAPCAR-engineered splenocytes
Splenocytes were obtained from the spleen of a 5-week-old male mouse maintained in accordance with 
Osaka University’s institutional guidelines for laboratory animal care. All procedures were approved by the 
Laboratory Investigation Committee, Osaka University Medical School. The spleen was minced in cold DMEM 
supplemented with 10% FBS and filtered through a 40 µm cell strainer. The cell suspension was centrifuged at 
380 × g for 5 minutes at 4°C, and red blood cells were lysed using ACK lysis buffer (Thermo Fisher Scientific, 
Cat.# A1049201). After washing for twice, the cells were resuspended in Opti-MEM (Thermo Fisher Scientific, 
Cat.# 31985062) for mRNA transfection. Splenocytes were divided into three groups (2.5*10^7 cells per group): 
one group was electroporated with 10 µg of synthesized human FAPCAR mRNA, another with 10 µg of mouse 
FAPCAR mRNA, and the third group received no electroporation as a negative control. Electroporation was 
performed in 2 mm cuvettes using the NEPA21 Super Electroporator Type II (Nepa Gene Co., Ltd., Chiba, 
Japan), following the manufacturer’s protocol. Following electroporation, cells were cultured in DMEM 
supplemented with 10% FBS and 100 ng/mL IL-2 (Thermo Fisher Scientific, Cat.# 200-02) for 24 hours at 37°C 
in 5% CO₂. Cells transfected with human FAPCAR mRNA were incubated with PE-labeled human FAP protein 
(Acro Biosystems, Newark, DE, USA; Cat.# FAP-HP245), while those transfected with mouse FAPCAR mRNA 
were stained with mouse FAP protein tagged with a His-tag (Acro Biosystems, Cat.# FAP-M52H3), followed 
by secondary labeling with Alexa Fluor 594-conjugated anti-His antibody (Medical & Biological Laboratories, 
Tokyo, Japan; Cat.# D291-A59). After washing and centrifugation, cells were resuspended in PBS and analyzed 
by FACS using a BD FACSymphony S6 (Becton, Dickinson and Company). Flow cytometric data were processed 
using FlowJo v10.8.1.

Cytotoxicity assay and in vivo validation of hFAPCAR expression via mRNA-LNP delivery
To evaluate the cytotoxicity of mRNA-LNP, freshly isolated mouse splenocytes were seeded in 96-well plates at a 
density of 5 × 103 cells per 100 μL per well (n = 8 per group) and exposed for 24 h to mRNA-LNP at 0.1, 1, or 10 
nM. Control groups included untreated cells, 5-fluorouracil (5-FU; 10 μM and 100 μM) as cytotoxic references, 
and 0.1% Triton X-100 as a positive control for complete cell lysis. Cell viability was measured using Cell Count 
Reagent SF (Nacalai Tesque, Inc., Kyoto, Japan; Cat# 07553-44) according to the manufacturer’s instructions, and 
absorbance was recorded at 450 nm using a microplate reader.

For in vivo validation of hFAPCAR expression via mRNA-LNP delivery, splenocytes were collected from 
C57BL/6 mice 24 h after intravenous injection of hFAPCAR mRNA-LNP or PBS. For staining, FITC-anti-
CD8β antibody (BioLegend, Cat.# 126605) and PE-labeled human FAP protein were premixed to prepare an 
antibody cocktail and added to the cell suspension (2 × 10⁶ cells/100 μL). After incubation for 1 h at 4 °C, the 
cells were washed twice with PBS, followed by viability staining with 7-AAD (BioLegend, Cat.# 420403). FACS 
was performed on a BD FACSymphony S6, and data were analyzed using FlowJo v10.8.1. Gating was based on 
singlets, lymphocytes, and live cells. The PE-FMO (fluorescence-minus-one for the PE-hFAP channel) control 
was prepared from the control mouse and used to define the hFAPCAR⁺ threshold.
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Analysis of biodistribution in immunodeficient and immunocompetent tumor models
To visualize the biodistribution of FAPCAR-expressing splenocytes, a NanoLuc luciferase reporter system was 
employed. The NanoLuc luciferase mRNA was co-electroporated with FAPCAR mRNA into splenocytes, enabling 
bioluminescence imaging through the enzymatic oxidation of its substrate, furimazine. To ensure co-expression, 
the CAR construct was modified by replacing its intracellular signaling domain with NanoLuc luciferase, while 
retaining the extracellular antigen recognition domain, and an internal ribosome entry site (IRES) was inserted 
between the two coding sequences. Splenocytes were prepared and electroporated as described above, then 
intravenously injected into colorectal tumor-bearing mice, including both immunodeficient (NOD/SCID) 
and immunocompetent (C57BL/6) models. 24 hours after injection, the liver, kidney, and tumor tissues were 
harvested. A 0.6-mm biopsy sample was excised from each tissue and placed into 40 μL of PBS, followed by the 
addition of 40 μL of furimazine solution (1 μg/μL in dimethyl sulfoxide; Aobious, Gloucester, MA, USA; Cat.# 
AOB 36539). Luminescence intensity from each sample was measured using a microplate reader equipped for 
absorbance and fluorescence detection (SH-9000Lab, Corona Electric Co., Ltd., Ibaraki, Japan).

Efficacy testing in syngeneic models
For the syngeneic models, treatment was administered via intravenous tail injection on the next day following 
tumor cell inoculation for a total of four doses. Overall, the treatment regimen consisted of a chemotherapeutic 
agent (5-FU (10 mg/mL dissolved in PBS; 2 μL per injection; FUJIFILM Wako Pure Chemical Corp., Osaka, 
Japan; Cat.# 066-01402) for the MC38 models and the Renca models; CDDP (3 mg/mL dissolved in DMSO; 1 
μL per injection; FUJIFILM Wako Pure Chemical Corp., Cat.# 039-20093) for the 4T1 models, E0771 models 
and the Renca models), immune checkpoint inhibitors (ICIs) (anti-mouse PD-1 (10 μL per injection; Bio X Cell, 
Lebanon, NH, USA; Cat# BE0273) and anti-mouse CTLA-4 (10 μL per injection; Bio X Cell, Cat# BE 0032)), and 
the mRNA-LNPs (10 μg mRNA). Each administration was adjusted to a total volume of 250 μL with PBS. Tumor 
volumes were estimated using the long (L) and short (W) diameters, with the formula 1/2 × L × W2.

Immunofluorescence staining of tumor tissue
Indirect immunofluorescence was performed on tumor tissues harvested from syngeneic MC38 tumor–bearing 
mice treated with mRNA-LNP, 5-FU, and ICIs. Briefly, after fixation, dehydration, and paraffin embedding, 
the tissues were sectioned at 6 μm, deparaffinized, and subjected to antigen retrieval. The sections were then 
incubated with mouse FAP protein tagged with a His tag, followed by secondary labeling with Alexa Fluor 594–
conjugated anti-His antibody. Fluorescence signals were visualized using an all-in-one fluorescence microscope 
(BZ-X710; Keyence Corporation, Japan).

Rechallenge in the cured syngeneic models
As a rechallenge in the cured MC38 (colorectal) models, two mice that had achieved complete tumor regression 
following treatment with 5-FU, ICIs and mRNA-LNPs were rechallenged with both homologous and heterologous 
tumors. Specifically, MC38 + FAP-expressing cells were implanted subcutaneously into the dorsal region, while 
E0771 + FAP-expressing cells were implanted into the mammary fat pad. Subsequently, a second rechallenge 
with homologous tumors (MC38 + FAP-expressing cells) was performed in the mammary fat pad. Similarly, 
in the context of breast cancer, the three mice, previously treated and cured with a regimen of CDDP, ICIs 
and LNPs, were subjected to a rechallenge involving dorsal colorectal tumors (M38+FAP-expressing cells) and 
pectoral breast cancer tumors (4T1+FAP-expressing cells). The establishment and measurement of the tumors 
were consistent with the initial experiments. No treatment was conducted during the rechallenges.

Besides, three additional cured MC38 models were subjected to homologous tumor rechallenge under 
conditions of T cell depletion or sequestration. Starting one day prior to tumor cell implantation, mice 
received daily injections of either 160 μL of anti-CD8α antibody (1:16 dilution in PBS; intravenous; Bio X 
Cell, Cat# BE0004-1), 200 μL of Fingolimod hydrochloride (FTY720) (1:20 dilution from a 1 μg/μL DMSO 
stock; intraperitoneal; MedChemExpress, Monmouth Junction, NJ, USA; Cat# HY-12005), or 200 μL of PBS 
(intraperitoneal) as a control. On the following day, MC38 + FAP-expressing tumor cells were subcutaneously 
implanted into the dorsal region. To monitor CD8⁺ T cell depletion, peripheral blood was collected from the 
submandibular vein and stained with fluorophore-conjugated anti-CD8β antibody, followed by FACS analysis. 
FlowJo 10.8.1 was used to analyze and visualize the data.

m6A-modified mRNA synthesis and in vivo efficacy assessment
Therapeutic mRNA was synthesized as described above. For N6-methyladenosine (m6A) modification, 
adenosine triphosphate (ATP) in the IVT reaction (Takara IVTpro™ T7 mRNA Synthesis System) was replaced 
with N6-methyladenosine-5′-triphosphate (TriLink, Cat# N-1013). The experiment was conducted in syngeneic 
colorectal tumor models. LNP formulation, establishment of tumor models, treatment regimen (including 5-FU 
and ICIs), and tumor volume measurement were performed as previously described.

Single cell RNA sequencing of relapsed and untreated tumor tissues
Tumor tissues were harvested from three syngeneic colorectal tumor models: two that had initially responded 
to treatment with 5-FU, ICIs, and LNPs but subsequently relapsed, and one that had not received any treatment. 
Approximately 10–15 mg of tissue per sample was minced in 2 mL of DMEM containing 10% FBS, ulinastatin 
(2 μg/mL), and sivelestat (2 μg/mL) on ice. Subsequently, 8 mL of digestion buffer (DMEM supplemented with 
Collagenase D and DNase) was added, and the mixture was incubated at 37 °C in a water bath with gentle 
shaking (100 rpm) for 1 hour. Following enzymatic digestion, the suspension was filtered through a 40 μm cell 
strainer, centrifuged at 380 × g for 5 minutes at 4 °C, and the pellet was resuspended in 1 mL of pre-warmed 
ACK lysis buffer (Thermo Fisher Scientific, Cat# A1049201) for 3 minutes at 37 °C. After red blood cell lysis, 
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9 mL of HBSS was added, followed by a second centrifugation step. The resulting cell pellet was resuspended in 
0.05% BSA/PBS and adjusted to a final concentration of 1000 cells/μL in 50 μL for downstream single-cell RNA 
sequencing.

Single cell RNA sequencing (scRNA-seq) was performed using the 10x Genomics Chromium platform. The 
Gene Expression application was used to measure the expression levels of transcripts across the entire genome 
for each cell. The sequencing data was processed using the Cell Ranger pipeline (10x Genomics, cellranger 7.1.0) 
for initial demultiplexing, alignment to the reference genome, and generation of feature-barcode matrices. These 
steps were conducted by the Osaka University Bioinformatics Center.

Cell Ranger output files were imported into Seurat (v4.4.0) under R (v4.2.2) for preprocessing. Quality 
control was conducted by filtering cells with mitochondrial gene percentage ≥ 15%, fewer than 500 or more than 
3000 detected genes, or genes detected in fewer than three cells, followed by doublet removal with scDblFinder 
(v1.12.0). Gene expression counts were normalized with SCTransform (v0.4.1), and 3000 highly variable features 
were selected for integration. Data integration across samples was performed with FindIntegrationAnchors and 
IntegrateData functions, followed by dimensionality reduction with PCA and batch correction using Harmony 
(v1.2.3). The top 16 Harmony dimensions were used for neighbor graph construction, clustering (resolution 
= 0.5), and UMAP visualization. Differentially expressed marker genes for each cluster were identified using 
FindAllMarkers with thresholds of min.pct = 0.25 and logfc.threshold = 0.25. The top 10 markers per cluster 
were exported for annotation, and clusters were manually annotated based on canonical cell type markers. 
Expression patterns of tissue-resident memory T cell (Trm) markers (Cd3d, Cd8a, Cd69, Itgae) were visualized 
using DotPlot, and expression patterns of Cd74 and Mif were visualized with FeaturePlot.

Cell–cell communication analysis was performed using CellChat (v1.6.1). The CellChat mouse database 
(CellChatDB.mouse) was subset to include “Secreted Signaling”, “ECM-Receptor”, and “Cell-Cell Contact” 
pathways. Overexpressed genes and interactions were identified, and communication probabilities were 
computed with a minimum cell threshold of 10. Pathway-level communication probabilities were aggregated for 
centrality analysis, and outgoing and incoming signaling roles were visualized as heatmaps.

MIF-CD74 blockade in syngeneic colorectal tumor models
To assess the functional contribution of the MIF-CD74 axis, neutralizing antibodies were administered 
intravenously in combination with m6A-modified mRNA-LNPs, 5-FU, and ICIs in syngeneic colorectal tumor 
models. Specifically, rabbit anti-CD74 (Abcam, Cambridge, UK; Cat# ab289891; 5 μg per 25 g body weight) 
and goat anti-MIF (Bio-Techne, Minneapolis, MN, USA; Cat# AF-289-PB; 5 μg per 25 g) were used. All other 
procedures, including tumor model establishment, treatment regimen, and tumor volume measurements, 
followed previously described protocols.

Efficacy testing in patient-derived xenograft (PDX) models
For the PDX models, treatment was administered via intravenous injection every other day for a total of two doses. 
Each injection contained 3*10^7 splenocytes pre-incubated with 10 μg mRNA-LNPs, and the total injection 
volume was adjusted to 250 μL with PBS. Splenocytes were isolated from the spleens of immunocompetent 
C57BL/6 background mice using the method described above and cultured in DMEM supplemented with 
10% FBS and 100 ng/mL IL-2. The mRNA-LNPs were added to the culture medium and incubated with the 
splenocytes for 30 minutes at 37°C in 5% CO₂ prior to injection. For the PDX-1 models, one mouse was treated 
with splenocytes derived from a 7SL1 knock-in mouse, while another one received an equal volume of PBS as a 
control. For the PDX-2 models, two mice received splenocytes from a wild-type (WT) mouse and a 7SL1 knock-
in mouse, respectively, while the third mouse was administered PBS as a control. mRNA-LNPs (containing 
non‑m6A‑modified mRNA) and tumor volume measurements were performed according to previously 
described protocols.

RNA sequencing (RNA-seq) and assay for transposase-accessible chromatin using 
sequencing (ATAC-seq) of PDX tumor tissues
For bulk RNA-seq, tumor tissues were cut into 6 mm pieces, immersed in RNA later solution (Thermo 
Fisher Scientific, Cat.# AM7020), and stored at -150 °C for cryopreservation. Total RNA from the tissues was 
isolated using ISOGEN (Nippon Gene Co., Ltd., Cat.# 311-02501) according to the manufacturer’s instruction, 
after which the concentration and the quality were assessed by NanoDrop. The purified RNA was sent to 
the Microbiology Research Institute for RNA-seq. Ribosomal RNA was depleted using the Ribo-Zero Plus 
rRNA Depletion Kit (Illumina, San Diego, CA, USA), and mRNA was prepared using the TruSeq Stranded 
mRNA Sample Preparation Kit (Illumina) without the mRNA Purification Beads (RPB) step. Sequencing was 
performed using the NovaSeq6000 platform in 101 bp x 101 bp paired-end mode. Read mapping and gene 
expression quantification were performed using the Rhelixa RNA-seq pipeline (Rhelixa Inc., Tokyo, Japan) on 
the supercomputer system at the National Institute of Genetics (NIG), Japan. Sequence quality of the FASTQ 
files was assessed using FastQC, and reads were trimmed based on quality scores using Trimmomatic. Trimmed 
reads were aligned to the human reference genome (hg19) using Hisat2. The resulting SAM files were converted 
to BAM format with Samtools, and gene-level read counts (Supplementary Data S1) were generated using 
featureCounts. Differential gene expression analysis was performed using DESeq2, and pathway enrichment 
analysis was conducted using clusterProfiler. Transcription factor identification was performed using ChIP-X 
Enrichment Analysis 3 (ChEA3) based on the top differentially expressed genes (DEGs).

For ATAC-seq, approximately 20-30 mg of tumor tissue was immediately snap-frozen and stored at -150 °C 
until library preparation. ATAC-seq libraries were prepared using the ATAC-Seq Kit (Active Motif, Inc., 
Carlsbad, CA, USA; Cat.# 53150) according to the manufacturer’s protocol. The tagmentation reaction and 
DNA purification were performed in-house, while the subsequent PCR amplification of the tagmented DNA 
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and sequencing were carried out at the Microbiology Research Institute. Sequencing was performed on the 
NovaSeq 6000 platform in 151 bp x 151 bp paired-end mode. Read mapping and gene expression quantification 
were performed using the Rhelixa RNA-seq pipeline (Rhelixa Inc.) on the supercomputer system at the National 
Institute of Genetics (NIG), Japan. Sequence quality of the FASTQ files was assessed using FastQC, and reads 
were trimmed based on quality scores using Trimmomatic. Trimmed reads were aligned to the human reference 
genome (hg19) using Hisat2. The resulting SAM files were converted to BAM format with Samtools, Peak calling 
(Data S2-S4) was performed using Model-based Analysis of ChIP-seq 2 (MACS2) with the sorted BAM files. 
The resulting narrowPeak files were used for peak annotation and classification using the ChIPseeker package 
in R. Visualization of mapped reads was carried out using Integrative Genomics Viewer (IGV), with the sorted 
BAM files as input.

Statistical analysis
The details of each experiment are provided in the figure legends. All statistical analyses were performed using 
GraphPad Prism 10.1.1. For comparisons among multiple groups, one-way or two-way analysis of variance 
(ANOVA) with post hoc Tukey’s or Bonferroni’s test was employed, depending on the experimental setup. 
Kaplan-Meier survival curves were analyzed using the log-rank test.

For each experiment, the number of replicates (n) and the specific statistical test performed are detailed in 
the corresponding figure legends. A P-value of <0.05 was considered statistically significant. All analyses were 
conducted in accordance with standard statistical practices to ensure reproducibility and reliability.

Data availability
The integrated output file of scRNA-seq data in Fig. 2d-f and Fig. S2i, as well as the results of CellChat anal-
ysis, are available as R-readable .rds files on Zenodo (https://zenodo.org/records/16756958). The count data 
from RNA-seq on PDX are provided as Supplementary Data S1, and the peak files generated by MACS2 from 
ATAC-seq as Supplementary Data S2-4. The ATAC-seq, RNA-seq and scRNA-seq data have been deposited in 
NCBI’s Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number 
GSE307697 (​h​t​t​p​s​:​​/​/​w​w​w​.​​n​c​b​i​.​n​​l​m​.​n​i​h​​.​g​o​v​/​​g​e​o​/​q​u​​e​r​y​/​a​c​​c​.​c​g​i​?​​a​c​c​=​G​S​E​3​0​7​6​9​7), GSE307698 (​h​t​t​p​s​:​​/​/​w​w​w​.​​n​c​b​i​
.​n​​l​m​.​n​i​h​​.​g​o​v​/​​g​e​o​/​q​u​​e​r​y​/​a​c​​c​.​c​g​i​?​​a​c​c​=​G​S​E​3​0​7​6​9​8) and GSE307699 (​h​t​t​p​s​:​​/​/​w​w​w​.​​n​c​b​i​.​n​​l​m​.​n​i​h​​.​g​o​v​/​​g​e​o​/​q​u​​e​r​y​/​a​c​​
c​.​c​g​i​?​​a​c​c​=​G​S​E​3​0​7​6​9​9).
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