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Supplementary Table S1. NanoString nCounter PlexSet probe sequences for the twelve onco-immune candidate genes.
The full capture (A) and reporter (B) probe sequences with RefSeq identifiers for the twelve onco-immune candidate genes are provided as a separate supplementary data file (Supplementary_Table_S1_probe_sequences.tsv).
Probe sequences are those of the FFPE-compatible NanoString nCounter PlexSet onco-immune panel as originally applied in colorectal cancer ([17]). Six further genes carried on the source probe table are omitted. Reporter (B) probes share the common PlexSet 5′ tag.
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Supplementary Table S2. Biological function of the twelve onco-immune panel genes.
	Gene
	Biological function (broader cancer; ccRCC)

	TGFB1
	TGF-β1, an immunosuppressive cytokine central to immune evasion and to resistance to cancer immunotherapy [S1]. In ccRCC, higher TGF-β signaling tracks with grade and poorer survival [S2].

	PTK2
	Focal adhesion kinase (FAK), promoting tumor-cell adhesion, migration and survival signaling in many cancers [S3]. Implicated in ccRCC invasion and progression [S4].

	RORC
	RORγt, master regulator of Th17 / type-17 immunity with context-dependent roles in cancer [S5]. In a pan-cancer analysis, RORC expression showed prognostic value, notably in ccRCC [S6].

	SOCS1
	Suppressor of cytokine signaling-1, a negative regulator of JAK/STAT signaling acting as tumor suppressor or promoter by context [S7]. Here associated with inflamed, higher-risk ccRCC [S8].

	BCL2L1
	BCL-xL, an anti-apoptotic BCL-2-family protein conferring survival and therapy resistance [S9]. Linked to apoptosis resistance in ccRCC [S10].

	CASP3
	Caspase-3, the principal executioner caspase of apoptosis [S11]. Caspase-3 activation accompanies apoptosis induction in ccRCC cells [S12].

	CCL17
	CCL17 / TARC, a CCR4 chemokine recruiting Th2 and regulatory T cells into an immunosuppressive niche [S13]. Lower CCL17 expression is associated with worse postoperative outcome in ccRCC [S14].

	IDO1
	Indoleamine 2,3-dioxygenase-1, a tryptophan-catabolizing enzyme driving T-cell tolerance and immune escape [S15]. In ccRCC, IDO is expressed mainly in tumor endothelium, and higher tumor IDO mRNA is associated with longer survival [S16].

	IDO2
	IDO2, an IDO1 paralogue with immunomodulatory tryptophan catabolism [S17]. Constitutively co-expressed with IDO1 in primary human renal cell carcinoma [S18].

	IFNA1
	Interferon-α1, a type I interferon with immunomodulatory and antitumor effects applied in cancer therapy [S19]. Type I interferon has an established therapeutic history in RCC [S20].

	IFNG
	Interferon-γ, the type II interferon and central Th1 effector with dual antitumor and adaptive-resistance effects [S21]. An interferon-γ response signature is prognostic in ccRCC [S22].

	STAT1
	STAT1, the transducer of interferon signaling and a context-dependent tumor suppressor or promoter [S23]. STAT1 is overexpressed in renal cell carcinoma, and its inhibition sensitizes RCC cells to radiotherapy and chemotherapy [S24].


Supplementary Table S3. Public datasets used in this study, with sample size, platform, endpoint and analytical purpose.
	Dataset
	n (this study)
	Platform / assay
	Endpoint
	Analytical purpose

	TCGA-KIRC
	345 (male, RNA)
	Bulk RNA-seq (Illumina, RSEM)
	Overall survival
	Derivation of the three-gene score; modules; grade meta

	GSE73731
	265 (grade 256; stage 125)
	Microarray (Affymetrix HG-U133 Plus 2.0)
	None
	Grade / clinicopath validation; module reproducibility

	GSE53757
	72 tumors (72 paired normal)
	Microarray (Affymetrix HG-U133 Plus 2.0)
	None
	Module reproducibility; panel association

	GSE126964
	44 used (66 in series)
	Bulk RNA-seq (Illumina HiSeq X Ten)
	None
	Grade meta; module reproducibility

	E-MTAB-1980
	101 (survival; 106 clinical)
	Microarray, bulk mRNA
	Overall survival
	Survival-direction validation (most powered)

	GSE29609
	39
	Microarray (Agilent two-color, GPL1708)
	Overall survival
	Survival-direction validation (underpowered)

	CPTAC-3 (CPTAC-ccRCC)
	105 (OS; 110 grade)
	Bulk RNA-seq (proteogenomic, WashU)
	Overall survival
	Survival-direction validation; grade meta

	JAVELIN Renal 101
	726 (372 TKI / 354 ICI)
	Bulk RNA-seq (log2 TPM, trial suppl.)
	Progression-free survival
	Immunotherapy-response (score × treatment interaction)

	PRJNA705464
	10,637 malignant cells
	scRNA-seq (10x)
	None
	Single-cell localization

	EGAD00001008030
	9,139 malignant cells
	scRNA-seq (10x)
	None
	Single-cell localization

	GSE175540
	12 sections
	Spatial (10x Visium, FFPE)
	None
	Spatial localization


Supplementary Table S4. Source of the expression and clinical data for the three external survival cohorts, with the fields from which the survival endpoint was constructed.
	Cohort
	Expression source
	Clinical source
	Clinical fields used

	CPTAC-3
	cptac Python package v1.5.14, WashU transcriptomics (https://pypi.org/project/cptac/)
	cptac Python package v1.5.14, MSSM clinical
	vital status at last contact, days from initial pathologic diagnosis to death, days to last contact, histologic grade

	GSE29609
	GEO, GSE29609 series matrix (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29609)
	GEO, GSE29609 series matrix, sample characteristics
	survival time, death (1 = yes, 0 = no)

	E-MTAB-1980
	ArrayExpress, E-MTAB-1980 (https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-1980)
	cBioPortal (https://www.cbioportal.org), study ccrcc_utokyo_2013
	vital status, follow-up time (months), grade


Supplementary Table S5. Univariate and multivariable Cox regression (overall survival) for the twelve panel genes, TCGA-KIRC male (n = 345, 111 deaths).
	Gene
	Univariate HR/SD (95% CI)
	Univariate p
	Multivariable (final model) coef (β)
	Multivariable (final model) HR/SD (95% CI)
	Multivariable (final model) p

	TGFB1
	1.43 (1.15–1.78)
	0.001
	+0.216
	1.24 (1.01–1.53)
	0.040

	PTK2
	0.88 (0.73–1.07)
	0.20
	-
	-
	-

	RORC
	0.66 (0.57–0.76)
	p < 0.001
	−0.343
	0.71 (0.61–0.83)
	p < 0.001

	SOCS1
	1.46 (1.22–1.75)
	p < 0.001
	+0.286
	1.33 (1.09–1.62)
	0.004

	BCL2L1
	0.87 (0.72–1.06)
	0.16
	-
	-
	-

	CASP3
	1.57 (1.30–1.90)
	p < 0.001
	-
	-
	-

	CCL17
	0.87 (0.72–1.05)
	0.15
	-
	-
	-

	IDO1
	0.93 (0.77–1.13)
	0.48
	-
	-
	-

	IDO2
	1.20 (1.00–1.46)
	0.054
	-
	-
	-

	IFNA1
	1.05 (0.87–1.28)
	0.60
	-
	-
	-

	IFNG
	1.38 (1.15–1.66)
	p < 0.001
	-
	-
	-

	STAT1
	1.22 (1.02–1.47)
	0.034
	-
	-
	-


Supplementary Table S6. Patients and events in each multivariable analysis, after exclusion of cases with missing covariates.
	Multivariable analysis
	Covariates in the model
	Patients
	Events

	Three-gene score derivation by backward elimination, TCGA-KIRC
	six univariate-significant candidate genes
	345
	111

	Score and overall survival, TCGA-KIRC
	stage, grade, age, tumor purity
	315
	106

	Module eigengene and overall survival, TCGA-KIRC
	stage, grade, age
	341
	111

	Score and overall survival, E-MTAB-1980
	grade
	99
	23

	RORC promoter methylation and RORC expression, TCGA-KIRC
	tumor purity
	192
	not applicable

	Random survival forest, TCGA-KIRC
	stage, grade, age, tumor purity
	315
	106

	Score by treatment interaction, JAVELIN Renal 101
	treatment arm, score by arm
	726
	358


Supplementary Table S7. Association between the three-gene score and tumor grade, adjusted individually for immune composition and tumor purity.
	Adjustment
	Patients
	Odds ratio per SD (95% CI)
	p

	None (unadjusted)
	249
	2.03 (1.58–2.61)
	< 0.001

	ESTIMATE, immune score
	249
	1.94 (1.48–2.55)
	< 0.001

	quanTIseq, T cell CD8+
	249
	1.94 (1.48–2.54)
	< 0.001

	MCP-counter, T cell CD8+
	249
	1.96 (1.50–2.56)
	< 0.001

	EPIC, T cell CD8+
	249
	2.02 (1.57–2.60)
	< 0.001

	quanTIseq, Macrophage M1
	249
	1.77 (1.36–2.29)
	< 0.001

	quanTIseq, Macrophage M2
	249
	2.04 (1.58–2.64)
	< 0.001

	MCP-counter, Cancer associated fibroblast
	249
	2.21 (1.65–2.96)
	< 0.001

	quanTIseq, T cell regulatory (Tregs)
	249
	2.05 (1.58–2.66)
	< 0.001

	purity
	240
	1.86 (1.43–2.43)
	< 0.001


Supplementary Table S8. All eight co-expression modules: overall-survival association per standard deviation, unadjusted and adjusted for stage, grade, and age.
	Module
	Reproducible
	HR per SD, unadjusted
	p, unadjusted
	HR per SD, adjusted
	p, adjusted

	M1
	No
	1.18
	0.11
	1.22
	0.06

	M2
	No
	0.66
	< 0.001
	0.73
	< 0.001

	M3
	Yes
	0.84
	0.073
	0.90
	0.31

	M4
	No
	0.88
	0.09
	0.89
	0.19

	M5
	Yes
	1.32
	0.0044
	1.12
	0.27

	M6
	Yes
	1.57
	< 0.001
	1.35
	0.0033

	M7
	No
	0.92
	0.39
	0.85
	0.12

	M8
	No
	1.50
	< 0.001
	1.34
	0.0013
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Supplementary Fig. S1. Flowchart showing the study design: derivation of the three-gene risk score in TCGA-KIRC (male, n = 345), external validation, and downstream biological characterization.
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Supplementary Fig. S2. Median-split Kaplan-Meier overall survival in the external E-MTAB-1980 cohort (n = 101, 23 events), high versus low three-gene risk by median split (log-rank p = 0.19). The dichotomized split is underpowered in this cohort; the continuous per-standard-deviation score is significant (HR 2.23, 95% CI 1.42–3.50, p < 0.001; main Fig. 2b).
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Supplementary Fig. S3. Median-split Kaplan-Meier overall survival in the female patients of TCGA-KIRC (n = 186, 64 deaths), with the three-gene score applied using the male-derived coefficients without refitting. Adjusted hazard ratio 1.51 per standard deviation (95% CI 1.20–1.90); log-rank p < 0.001.
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Supplementary Fig. S4. Interpretable survival-machine-learning analysis of the three-gene signature (TCGA-KIRC, n = 315, overall survival). A random survival forest was built from the three signature genes (RORC, TGFB1, SOCS1) and clinical variables (stage, grade, age, tumor purity), and feature contributions were quantified by two independent methods. (a) RSF permutation importance and (b) global SurvSHAP(t) importance, each coloured by the direction of the feature’s association with risk (Spearman correlation with the model risk score). RORC is the top-ranked protective molecular feature, while TGFB1 and SOCS1 are adverse, recovering the signature’s directions under a non-linear, model-agnostic method; the two importance rankings are concordant (Spearman ρ = 0.96). Panels a and b quantify the contribution of each feature within the model.
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Supplementary Fig. S5. Score-by-treatment interaction in JAVELIN Renal 101 (n = 726). Progression-free survival by the three-gene score (median split, high vs low) in the sunitinib arm (TKI control, n = 372, left) and the avelumab plus axitinib arm (ICI, n = 354, right). Each panel shows the per-SD Cox hazard ratio (95% CI), Cox p, and the score-by-treatment interaction (HR 0.73, 95% CI 0.59–0.91, p = 0.0047); shaded bands are 95% confidence intervals. The adverse score is prognostic under TKI and attenuated under ICI.
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Supplementary Fig. S6. Clinical utility of the combined model in the TCGA-KIRC derivation cohort (n = 341, 111 events). Left, prognostic nomogram combining the three-gene risk score with stage, grade, and age. Top right, Harrell C-index for the score alone (0.653), the clinical variables alone (0.727) and the combined nomogram (0.739). Middle right, calibration of predicted against observed Kaplan-Meier survival at three and five years. Bottom right, decision-curve analysis at five years (eligible n = 191). All metrics are apparent, obtained in the cohort in which the model was fitted.
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