Supplementary Information
Microglial HIF‑1α‑Driven Lactate Reprogramming Disrupts Cancer Metabolism and Redox Homeostasis in Glioma via TTF
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	Figure S1. Establishment and characterization of patient-derived glioblastoma organoids.
(A) Representative bright-field images showing the establishment and three-dimensional morphology of patient-derived glioblastoma organoids (GBOs).
(B) Representative H&E staining of a parental glioblastoma specimen and the corresponding GBO showing preservation of major histological features.
(C) Comparison of somatic alterations between the parental tumor and matched GBO. The mutation profiles show substantial conservation of genomic alterations during GBO establishment.
(D) Representative immunofluorescence images of GBOs stained for IBA1 and KI67, NOTCH1 and SOX2, or Nestin, with DAPI counterstaining of nuclei. The staining demonstrates the presence of proliferating tumor cells, glioma-associated phenotypes, and retained IBA1⁺ myeloid cells within the GBOs.
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	Figure S2. Supporting characterization of TTFields-induced microglial phenotypic and functional remodeling.
(A) Representative flow-cytometry gating strategy showing the unstained control, the CD11b-positive population in mixed glial cultures, and the purity of isolated primary microglia. 
(B) Relative cell counts of control and TTFields-treated microglia, showing no significant treatment-associated reduction in cell number.
(C and D) Representative low- and high-magnification bright-field images of BV2 cells (C) and primary mouse microglia (pMG; D) under control and TTFields conditions. Red arrows indicate cells exhibiting TTFields-associated morphological changes. 
(E) Relative expression of Tnf and Il6 in pMG and BV2 cells following TTFields exposure, as determined by qRT–PCR. 
(F) Expression of Il1b, Cd86, Tnf, Il6, and Nos2 in BV2 cells under control, LPS, and TTFields conditions. LPS treatment was included as an inflammatory reference condition.
(G and H) Representative flow-cytometry histograms and paired quantification of normalized MFI for total surface MHC-I expression in BV2 cells (G) and pMG (H). Blue and red curves indicate control and TTFields-treated cells, respectively. 
(I) Representative fluorescence images of bead uptake by BV2 cells under control and TTFields conditions. Nuclei and fluorescent beads are shown in blue and green, respectively, and bead uptake was quantified relative to the control group.
Data are presented as mean ± SEM. Individual points represent independent biological replicates; microscopy measurements were averaged across multiple fields within each experiment before statistical analysis. Two-group unpaired comparisons were analyzed using two-tailed unpaired Student’s t-tests, paired flow-cytometry measurements using two-tailed paired Student’s t-tests, and three-group comparisons using one-way ANOVA followed by Dunnett’s multiple-comparisons test. Exact P values are shown in the figure; ns, not significant. Scale bars are indicated in the corresponding images.
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	Figure S3. Extended transcriptomic characterization of TTFields-treated BV2 cells and primary microglia.
(A) Principal-component analysis of RNA-sequencing samples based on log2-transformed counts per million [log2(CPM + 0.5)] for BV2 cells and primary mouse microglia. Circles and triangles indicate control and TTFields-treated samples, respectively; open symbols denote samples from the indicated sequencing batch. The percentages of variance explained by the first two principal components are shown on the axes. 
(B) KEGG pathways negatively enriched in TTFields-treated BV2 cells. 
(C) Gene Ontology biological processes negatively enriched in TTFields-treated BV2 cells. 
(D) Gene Ontology biological processes positively enriched in TTFields-treated BV2 cells.
(E) KEGG pathways negatively enriched in TTFields-treated primary microglia. For panels B–E, normalized enrichment scores were calculated by gene-set enrichment analysis; dot size represents gene-set size, and color represents −log10(FDR).
(F) Gene Ontology over-representation analysis of genes upregulated by TTFields in primary microglia. Dot size represents gene count, and color represents −log10(FDR).
Enrichment significance was assessed using Benjamini–Hochberg-adjusted FDR values. Positive and negative normalized enrichment scores indicate enrichment toward the TTFields and control ends of the ranked gene list, respectively.
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	Figure S4. Biological-replicate distributions of cytokine changes induced by TTFields in primary microglia and GBO-derived myeloid cells.
(A) Concentrations of selected cytokines in conditioned medium collected from control and TTFields-treated primary mouse microglia (pMG; n = 3 biological replicates per condition). Displayed analytes include CCL22, CCL12, CCL19, CCL7, CCL24, TNF-α, IL-1β, CCL20, CXCL12, CXCL10, CXCL11, and IL-6. 
(B) Concentrations of selected cytokines in CD11b⁺ myeloid samples derived from control and TTFields-treated glioblastoma organoids (GBOs; n = 4 biological replicates per condition). Displayed analytes include CCL20, IL-1β, CXCL5, CXCL8, IL-4, CCL21, CXCL12, IL-10, CSF2/GM-CSF, CXCL6, CCL1, and CCL11. Cytokine concentrations are presented as log2(concentration + 0.01). Blue and red points indicate control and TTFields-treated biological replicates, respectively, and horizontal black lines indicate group means. Filled circles represent directly measured values; open circles indicate values imputed as one-half of the lower limit of detection (LLOD/2).
Statistical comparisons were performed on log2-transformed concentrations using two-sided Welch’s t-tests followed by Benjamini–Hochberg correction across analytes.
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	Figure S5. TTFields-primed microglial conditioned medium induces ferroptosis-associated transcriptional and oxidative changes in glioma cells.
(A) Principal-component analysis of bulk RNA-sequencing profiles from GL261 cells cultured for 12 h with conditioned medium from control or TTFields-treated primary microglia (control pMG-CM and TTFields-pMG-CM, respectively; n=3 independent samples per group). Primary microglia were exposed to TTFields at 200 kHz and 1.4 V/cm for 40 h before conditioned-medium collection. PC1 and PC2 accounted for 43.0% and 27.0% of the total variance, respectively.
(B) Representative low- and high-magnification phase-contrast images of CT2A cells after 24 h exposure to control medium, cell-free medium exposed directly to TTFields, or TTFields-pMG-CM. Scale bar:100μm.
(C) Gene set enrichment analysis plots showing enrichment of ferroptosis and glutathione-metabolism programs in GL261 cells treated with TTFields-pMG-CM relative to control pMG-CM. Normalized enrichment scores and false-discovery rates are indicated.
(D) Heatmap of z-scored pathway activity scores across individual GL261 RNA-sequencing samples for ferroptosis, glutathione metabolism, arachidonic acid metabolism, autophagy, apoptosis, necroptosis, and p53 signaling. Columns represent three control pMG-CM-treated samples and three TTFields-pMG-CM-treated samples.
(E) Representative flow-cytometry histograms and quantification of lipid reactive oxygen species in CT2A cells after 24 h exposure to control CM, CM from LPS-stimulated microglia (LPS-CM), TTFields-pMG-CM, or conditioned medium from TTFields-treated BV2 cells (TTFields-BV2-CM). Lipid ROS was measured using BODIPY 581/591 C11 and quantified as median fluorescence intensity normalized to the control group. Data are presented as mean ± SEM from n=3 independent experiments. Statistical significance was assessed using two-tailed unpaired Student’s t-tests for the indicated comparisons; exact P values are shown.
CM, conditioned medium; FDR, false-discovery rate; GSEA, gene set enrichment analysis; LPS, lipopolysaccharide; MFI, median fluorescence intensity; NES, normalized enrichment score; pMG, primary microglia; ROS, reactive oxygen species.
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	Figure S6. 4-HNE immunoreactivity in paired human glioblastoma specimens and patient-derived glioblastoma organoids before and after TTFields exposure.
(A) Representative immunohistochemical staining for 4-hydroxy-2-nonenal (4-HNE), a product of lipid peroxidation, in paired glioblastoma specimens obtained from seven patients before and after TTFields treatment (n=7 paired patients).
(B) Representative 4-HNE immunohistochemical staining in two patient-derived glioblastoma organoid models, GBO1 and GBO2, before and after ex vivo TTFields exposure at 200 kHz and 1.4 V/cm for 40 h. Brown DAB signal indicates 4-HNE immunoreactivity, and nuclei were counterstained with hematoxylin. Scale bars are indicated in the images.
4-HNE, 4-hydroxy-2-nonenal; DAB, 3,3′-diaminobenzidine; GBO, glioblastoma organoid; TTFields, Tumor Treating Fields.
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	Figure S7. TTFields induces a conserved glycolytic transcriptional response in microglia.
(A) Glycolysis module scores in BV2 cells and pMG under control and TTFields-treated conditions. Individual biological replicates and group means are shown; exact P values are indicated.
(B) Cross-model concordance of glycolysis-associated gene expression changes between BV2 cells and pMG following TTFields treatment. Each point represents a glycolysis-associated gene, with the log2 fold change in BV2 cells plotted against that in pMG. All 11 shared glycolytic genes displayed concordant upregulation across the two microglial models.
(C) Dot plot showing metabolic pathway activity across annotated cell populations in TTFields-treated glioblastoma organoids. Glycolysis/gluconeogenesis is highlighted. Dot size and color represent the relative pathway score as indicated.
(D) qRT–PCR analysis of Hif1a, Pkm2, Hk1, and Hk2 expression in BV2 cells under control conditions, following lipopolysaccharide (LPS) stimulation, or following TTFields exposure. Gene expression is shown relative to the control group. TTFields induced a glycolytic transcriptional profile distinct from that elicited by LPS.
Data are presented as mean ± SD with individual biological replicates shown where applicable. Statistical tests and exact P values are indicated in the corresponding panels.
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