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Fig. S1. IL-33 expression levels in paired normal (N = 113) and tumor (T = 113) tissues from the TCGA-BRCA dataset.
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Fig. S2. Spearman correlation between IL-33 expression (log₂(FPKM+1)) and activated CD8 T cells, DC, and macrophages enrichment score across TCGA samples; R and p-value are indicated on the panel.
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Fig. S3. Western blot analysis and densitometric quantification of IL-33 expression in paired human breast cancer specimens. (A) Western blot analysis of IL-33 protein expression in additional paired tumor (T) and adjacent normal (N) breast tissues from patients not shown in the main figure (Patients 7-12). (B) Densitometric quantification of IL-33 protein expression in all 12 paired samples. Band intensities were normalized to GAPDH and are presented as paired dot plots with individual patient samples connected. Statistical significance was analyzed using a paired two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S4. Additional IHC micrographs corresponding to Figure1E. Full numerical IHC scores for all 12 samples are listed in Fig. 1F.
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Fig. S5. Schematic of the X-H 3D Mixer: The inlet channel is 2.5 mm long, the main mixing channel is approximately 9 mm long, the channel height is 75 μm, and it features a two-layer structure.
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Fig. S6. Integrity and serum stability of IL-33 mRNA after LNP formulation. Agarose gel electrophoresis was used to assess IL-33 mRNA integrity after LNP formulation and after incubation under serum-containing conditions. Lane M, RNA marker; Lane 1, naked IL-33 mRNA; Lane 2, IL-33 mRNA extracted from IL33-LNP after disruption with Triton X-100; Lane 3, naked IL-33 mRNA after incubation in 10% fetal bovine serum at 37°C for 24 h; Lane 4, IL-33 mRNA extracted from IL33-LNP after incubation in 10% fetal bovine serum at 37°C for 24 h, followed by Triton X-100 disruption. Comparable single bands in Lanes 1 and 2 indicate that LNP formulation did not induce detectable mRNA degradation. In contrast, the preserved band in Lane 4 compared with Lane 3 demonstrates that LNP encapsulation protects IL-33 mRNA from serum-associated degradation.
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Fig. S7. Serum stability of IC-LNP. IC-LNPs were incubated in medium containing 10% fetal bovine serum at 37°C, and particle size and PDI were monitored over 48 h (n = 3). Data are presented as mean ± SD. The nanoparticles maintained a stable size distribution without significant aggregation, indicating good colloidal stability under physiological conditions.
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Fig. S8. Storage stability of IL33-LNP and IC-LNP. Particle size changes of IL33-LNP and IC-LNP after storage at 4°C for 16 days (n = 3). Data are presented as mean ± SD.
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Figure S9. In vitro release profiles of IL-33 mRNA and c-di-AMP from IC-LNP under physiological and acidic conditions. Cumulative release of IL-33 mRNA (A) and c-di-AMP (B) from IC-LNP was evaluated under physiological conditions (pH 7.4) and endosomal-mimicking acidic conditions (pH 5.5) over 48 h. Both cargos exhibited minimal release at physiological pH, indicating good stability of the nanoparticle formulation under extracellular conditions. In contrast, accelerated release was observed under acidic conditions, consistent with pH-responsive cargo release following endosomal internalization. Notably, c-di-AMP showed a relatively faster early release phase compared with IL-33 mRNA, suggesting temporally coordinated activation of STING signaling followed by IL-33 expression after intracellular delivery.
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Fig. S10. In vitro cytotoxicity evaluation of IC-LNP. Cell viability of (A) 4T1 tumor cells and (B) MCF-10A normal mammary epithelial cells following incubation with increasing concentrations of IC-LNP for 24 h, as determined by CCK-8 assay. Cell viability was normalized to untreated controls. IC-LNP treatment did not induce significant cytotoxicity in either cell type within the tested concentration range, consistent with low in vitro cytotoxicity under the tested conditions. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S11. Route-matched comparison of tumor and serum IL-33 levels after intratumoral administration of recombinant IL-33 or IL33-LNP. (A) Time-course analysis of IL-33 levels in tumor tissues after intratumoral administration of recombinant IL-33 or IL33-LNP. IL-33 concentrations were measured by ELISA and normalized to tumor tissue weight. (B) Time-course analysis of serum IL-33 levels after intratumoral administration of recombinant IL-33 or IL33-LNP, measured by ELISA.
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Fig. S12. Serum AST and ALT levels following treatment. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels were measured in mouse serum after treatment to evaluate hepatic toxicity (n = 6). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S13. Histopathological evaluation of major organs following IL33-LNP and IC-LNP treatment. Representative H&E-stained sections of heart, liver, spleen, lung, and kidney tissues collected from mice treated with PBS, IL33-LNP, or IC-LNP. No significant inflammatory infiltration, tissue necrosis, or structural abnormalities were observed across groups. Scale bars: 50 μm.
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Figure S14. Systemic cytokine levels following intratumoral IC-LNP treatment. Serum concentrations of IL-6 (A), TNF-α (B), IFN-γ (C), and IL-1β (D) were measured by ELISA 24 h after treatment (n = 6). Data are presented as mean ± SD. Although moderate increases were observed in the IC-LNP group compared with control groups, serum cytokine levels remained within a controlled range and did not indicate excessive systemic inflammatory activation under the current intratumoral dosing conditions. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S15. Evaluation of IL-33/ST2–Wnt/β-catenin signaling following IC-LNP treatment. (A) Western blot analysis of IL-33, ST2, β-catenin, and c-Myc expression in 4T1 cells after treatment with the indicated formulations. GAPDH was used as a loading control. (B) Quantitative analysis of protein expression levels normalized to GAPDH. Data are presented as mean ± SD (n = 3). No significant activation of the ST2/Wnt/β-catenin signaling axis was observed following IC-LNP treatment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S16. Running enrichment plots from GSEA of RNA-seq data comparing IC-LNP–treated versus PBS-treated tumors. The plots show significant enrichment of immune activation–related pathways, including (A) regulation of the antigen receptor–mediated signaling pathway (p = 0.022) and (B) response to interferon-beta (p = 0.001). These results further confirm the transcriptional activation of interferon response and adaptive immune signaling pathways induced by IC-LNP treatment.
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Fig. S17. Quantitative analysis of STING, TBK1, IRF3, and NF-κB p65 protein expression in BMDCs after the indicated treatments. Band intensities were normalized to GAPDH (n = 3). Data are presented as mean ± SD. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S18. Representative flow cytometry dot plots showing MHC-II and CD86 expression on BMDCs after various treatments. The percentage of MHC-II+ CD86+ double-positive cells reflects the activation and maturation status of BMDCs. These results correspond to the quantitative data presented in Figure 5F.
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Fig. S19. Representative western blots and quantitative analysis of total NF-κB p65 and IκBα protein levels in 4T1 breast cancer cells after indicated treatments (n = 3). Data are presented as mean ± SD. Statistical significance was determined by an unpaired two-tailed Student’s t-test; ns, not significant.
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Fig. S20. Quantification of IL-33 protein levels in tumor tissues from different treatment groups measured by ELISA, demonstrating sustained intratumoral IL-33 expression following IL33-LNP and IC-LNP administration (n = 6). Data are presented as mean ± SD. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S21. In vivo activation of STING downstream signaling in tumor tissues. (A) Representative Western blot images showing p-TBK1, TBK1, p-IRF3, IRF3, and GAPDH expression in tumor lysates from mice treated with PBS, Empty-LNP, AMP-LNP, IL33-LNP, or IC-LNP. (B) Quantification of p-TBK1/TBK1 and p-IRF3/IRF3 ratios normalized to GAPDH (n = 3). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S22. Validation of IC-LNP activity in human TNBC cells. (A) Representative Western blot analysis of IL33, phosphorylated TBK1 (p-TBK1), total TBK1, phosphorylated IRF3 (p-IRF3), total IRF3, and GAPDH in MDA-MB-231 cells following treatment. (B) Quantitative analysis of IL33, p-TBK1, TBK1, p-IRF3, and IRF3 protein levels normalized to GAPDH. Data are presented as mean ± SD (n = 3). Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S23. Quantitative analysis of CD4⁺ T-cell infiltration in tumor tissues from different treatment groups (n = 5). Data are presented as mean ± SD. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test; ns, not significant
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Fig. S24. Representative flow cytometry dot plots showing IFN-γ expression in CD8⁺ T cells isolated from tumor tissues after different treatments. IFN-γ⁺ cells were gated from the CD8⁺ population (n = 5). Corresponding quantitative data are shown in the main text.
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Fig. S25. Representative flow cytometry dot plots showing TNF-α expression in CD8⁺ T cells isolated from tumor tissues after indicated treatments. TNF-α⁺ cells were gated from the CD8⁺ population (n = 5). Quantitative comparisons are presented in the main figures.
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Fig. S26. Quantification of exhaustion-associated markers on tumor-infiltrating CD8⁺ T cells. (A) Representative flow cytometry gating strategy for identification of CD45⁺CD3⁺CD8⁺ T cells and assessment of PD-1 expression. (B) Quantification of PD-1⁺ cells among CD8⁺ T cells across treatment groups. (C) Representative flow cytometry plots showing TIM-3 expression on CD8⁺ T cells. (D) Quantification of TIM-3⁺ cells among CD8⁺ T cells. Data are presented as mean ± SD (n = 5). Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparison test. These results are consistent with reduced PD-1 and TIM-3 expression in tumor-infiltrating CD8⁺ T cells after IC-LNP treatment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S27. Representative flow cytometry dot plots of CD49b⁺ NK cells gated from the CD3⁻ population in tumor tissues following different treatments (n = 5). The corresponding quantitative analysis is provided in the main text.
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Fig. S28. Expanded intratumoral cytokine profiling following IC-LNP treatment. Quantification of CCL5 (A) and IL-12 (B) levels in tumor lysates measured by ELISA (pg/mg tumor tissue; n = 6). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S29. Quantitative analysis of CD8⁺ T-cell infiltration based on immunofluorescence staining of tumor sections collected from the four treatment groups: PBS, aPD-L1, IC-LNP, and IC-LNP + aPD-L1 (n = 5). Data are presented as mean ± SD. Corresponding representative immunofluorescence images are shown in the main text. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S30. Histopathological evaluation of major organs after combination therapy. Representative H&E-stained sections of heart, liver, spleen, lung, and kidney collected from mice treated with PBS, aPD-L1, IC-LNP, or IC-LNP + aPD-L1. No evident structural abnormalities, inflammatory infiltration, or tissue damage were observed under the conditions tested. Scale bars: 50 μm.
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Fig. S31. IC-LNP treatment increases splenic memory CD8⁺ T-cell subsets. (A) Representative flow cytometry plots showing CD44 and CD62L expression in splenic CD3⁺CD8⁺ T cells from different treatment groups. (B) Quantification of central memory CD8⁺ T cells (CD44⁺CD62L⁺). (C) Quantification of effector memory CD8⁺ T cells (CD44⁺CD62L⁻). Data are presented as mean ± SD (n = 5). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S32. Tumor growth curves in the C57BL/6 E0771 model. Tumor volumes were measured every 2 days. Mice were treated with PBS, aPD-L1, IC-LNP, or IC-LNP + aPD-L1 (n = 5). Tumor volumes were measured every 2 days and calculated as V = (length × width²) / 2. Data are presented as mean ± SD. Statistical significance was determined by two-way repeated-measures ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. S33. Kaplan–Meier survival curves for the C57BL/6 E0771 experiment. Treatment groups were the same as those shown in Fig. S32. Survival was analyzed using the log-rank (Mantel–Cox) test.
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Fig. S34. ELISA quantification of IL-33 (A), IFN-β (B), TNF-α (C), and IFN-γ (D) levels in tumor homogenates (n = 5). Cytokine concentrations were normalized to total protein and expressed as pg/mg total protein. Data are presented as mean ± SD. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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[bookmark: OLE_LINK1]Fig. S35. Flow cytometry gating strategies for major tumor-infiltrating immune cell populations analyzed in this study. Gating schemes are shown for (A) CD8⁺ T cells, including downstream analysis of activation- and function-associated markers, (B) dendritic cells, including assessment of maturation-associated markers, and (C) CD11b⁺Gr-1⁺ myeloid cells. These gating strategies correspond to the flow cytometric analyses presented in the main figures and associated supplementary figures.


Table S1. Batch-to-batch reproducibility of LNP formulations.
Particle size, PDI, zeta potential, and encapsulation efficiency (EE) of IL33-LNP, AMP-LNP, and IC-LNP prepared in three independent batches.
	Formulation
	Batch
	Size (nm)
	PDI
	Zeta potential (mV)
	IL-33 mRNA EE (%)
	c-di-AMP EE (%)

	AMP-LNP
	Batch 1
	72.6
	0.08
	-2.07
	-
	83.7

	AMP-LNP
	Batch 2
	77.4
	0.09
	-0.95
	-
	89.5

	AMP-LNP
	Batch 3
	80.1
	0.08
	-1.34
	-
	88.4

	IL33-LNP
	Batch 1
	87.2
	0.09
	-1.93
	93.4
	-

	IL33-LNP
	Batch 2
	88.6
	0.09
	-1.84
	92.3
	-

	IL33-LNP
	Batch 3
	82.2
	0.07
	-2.73
	91.7
	-

	IC-LNP
	Batch 1
	95.4
	0.09
	-1.98
	92.6
	85.3

	IC-LNP
	Batch 2
	106.8
	0.08
	-1.02
	91.8
	85.9

	IC-LNP
	Batch 3
	101.3
	0.09
	-1.45
	91.0
	82.6









Table S2. Sequence and size information for IL-33 mRNA
	mRNA name
	Size
	Sequence

	Interleukin-33 mRNA 
(IL-33 mRNA)
	603 nt

	ATGAGGCCCAGAATGAAGTACAGCAACAGCAAGATCAGCCCCGCCAAGTTCAGCTCTACAGCTGGCGAAGCTCTGGTGCCTCCTTGCAAGATTAGAAGGTCCCAGCAAAAGACCAAAGAGTTCTGCCACGTCTACTGCATGAGACTGAGAAGCGGCCTGACCATCAGAAAAGAGACAAGCTACTTCCGGAAAGAGCCCACCAAGAGGTACAGCCTGAAGTCCGGCACCAAGCACGAAGAGAACTTCAGCGCTTACCCCAGAGACAGCAGAAAGAGAAGCCTGCTGGGCAGCATCCAGGCCTTCGCTGCTTCTGTGGACACCCTGAGCATTCAGGGCACATCCCTGCTGACACAGTCTCCAGCTTCTCTGAGCACCTACAACGACCAGAGCGTGTCCTTCGTGCTGGAAAACGGCTGCTACGTGATCAACGTGGACGACAGCGGCAAGGACCAAGAGCAGGATCAGGTGCTGCTGAGGTACTACGAGAGCCCTTGTCCTGCCTCTCAGAGCGGAGATGGCGTGGACGGCAAGAAACTGATGGTTAACATGAGCCCCATCAAGGACACCGACATCTGGCTGCACGCCAACGACAAGGACTACAGCGTGGAACTGCAGCGGGGAGATGTGTCTCCACCTGAGCAGGCCTTTTTCGTGCTGCACAAGAAAAGCAGCGACTTCGTGTCTTTCGAGTGCAAGAACCTGCCTGGCACCTACATCGGCGTGAAGGATAACCAGCTGGCCCTGGTGGAAGAAAAGGACGAGAGCTGCAACAACATCATGTTCAAGCTGAGCAAGATC




Table S3. Exact p-values for key comparisons in the study.
	Figure
	Outcome
	Comparison
	Statistical test
	Exact p-value

	4L
	Tumor volume at endpoint
	IL33-LNP vs PBS
	Two-way ANOVA with Tukey’s multiple comparison test
	<0.0001

	4L
	Tumor volume at endpoint
	IC-LNP vs IL33-LNP
	Two-way ANOVA with Tukey’s multiple comparison test
	0.0061

	4M
	Tumor weight at endpoint
	IC-LNP vs PBS
	One-way ANOVA with Tukey’s multiple comparison test
	<0.0001

	4O
	Overall survival
	IC-LNP vs IL33-LNP
	Log-rank (Mantel–Cox) test
	0.0384

	4O
	Overall survival
	IC-LNP vs PBS
	Log-rank (Mantel–Cox) test
	0.00074

	6D
	CD8+ T-cell infiltration
	IC-LNP vs PBS
	One-way ANOVA with Tukey’s multiple comparison test
	<0.0001

	7I
	Dendritic cell infiltration
	IC-LNP vs IL33-LNP
	One-way ANOVA with Tukey’s multiple comparison test
	0.0041

	8G
	IFN-β concentration
	IC-LNP vs PBS
	One-way ANOVA with Tukey’s multiple comparison test
	<0.0001

	8H
	CXCL10 concentration
	IC-LNP vs AMP-LNP
	One-way ANOVA with Tukey’s multiple comparison test
	0.0296
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