Radiogenomics predicts immune microenvironment heterogeneity and response to combination immunotherapy in hepatocellular carcinoma
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Section 1. Supplementary Methods
1.1 Patients’ inclusion and exclusion criteria
Tissue microarrays that contained 337 cases of HCC specimens and corresponding adjacent non-tumor tissues were obtained from the study institution. Exclusion criteria were as follows: (1) unavailable high quality CT scans; (2) CT performed over 1 month before surgery; (3) any treatment (ie, repeat liver resection, local ablation and transarterial chemoembolization) before surgery. Overall, 96 patients enrolled from January 2016 to December 2018 met the study criteria for the CT-tissue cohort. The CT-tissue cohort was tested for the correlation between biomarker-predicted and IHC-quantified marker gene expression. 
We queried the clinical and imaging databases from the study institution, yielding 833 consecutive patients with pathology-proven HCC and preoperative imaging of the liver who underwent curative resection between January 2010 and December 2019. Exclusion criteria were as follows: (1) duplicated cases with CT-tissue cohort; (2) unavailable contrast-enhanced CT or MR scans of high quality; (3) CT or MR performed over 1 month before surgery; (4) any treatment (ie, repeat liver resection, local ablation and transarterial chemoembolization) before surgery; (5) liver resection for ruptured tumor; (6) unavailable  either clinical or follow-up data. Overall, 534 patients met the study criteria for the surgical treatment cohort, subdivided by imaging modality into the CT-surgical cohort (n=362) and the MR-surgical cohort (n=172). We examined the prognostic performance of radiogenomics biomarker for resected HCC patients in both CT-surgical and MR-surgical cohorts. 
Besides, we examined 182 patients with advanced-stage HCC and Eastern Cooperative Oncology Group performance status of 0-1 treated with the combination of PD-1/PD-L1 inhibitor plus anti-VEGF monoclonal antibody or anti-VEGF-based multikinase inhibitors between January 2019 and June 2023. Exclusion criteria were as follows: (1) insufficient clinical, radiological or follow-up data of high quality for study analysis; (2) any other intervention (ie, local ablation, radiotherapy and transarterial chemoembolization) during drug administration; (3) presence of other primary solid tumors or hematological malignancies. Overall, 108 patients met the study criteria for the systemic treatment cohort, subdivided by imaging modality into the CT-systemic cohort (n=74) and the MR-systemic cohort (n=34). We assessed the correlation of radiogenomics biomarker with objective tumor response and survival in patients with advanced HCC treated with PD-1/PD-L1 inhibitors plus anti-angiogenic agents in both CT-systemic and MR-systemic cohorts.
1.2 Follow-up surveillance
After resection, patients were monitored at 3-month intervals for the first 2 years, followed by 6-month intervals thereafter, by means of serum alpha-fetoprotein, liver function tests, chest CT scans, and contrast-enhanced abdominal CT or MR scans. Patients treated with antiangiogenic-ICI combinations in 3-week cycles were assessed by contrast-enhanced abdominal CT or MR scans every 6-8 weeks. Additional imaging was performed whenever progressive disease was clinically indicated. Survival data were censored on December 15, 2023.
1.3 Immune infiltration estimation and unsupervised clustering
ssGSEA implemented in R package GSVA was utilized to quantify the relative abundance of 28 tumor-infiltrating immune cells.1 Unsupervised non-negative matrix factorization (NMF) was performed to identify immune cell infiltration clusters using R package NMF, with ranks ranging from 2 to 10 and 100 runs for each rank.2 The optimal clustering number was determined by the cophenetic correlation coefficient while the factorization rank that showed the maximum decrease in this coefficient was chosen.
1.4 WGCNA and differential expression analysis
WGCNA was performed using R package WGCNA with protein-coding genes expression profiles.3 A power of β=6 and a scale-free R2=0.85 were selected as soft-threshold parameters to ensure a signed scale-free co-expression gene network. Cut height of 0.25 and minimal module size of 30 were set to identify key modules. Modules that highly correlated with immune clusters (absolute value of correlation coefficient>0.3 and p<0.05) were retained, followed by selection of hub immune-related genes with both high gene significance (>0.4) and module membership (>0.6).1 Differential gene expression in tumor-adjacent tissues was conducted with R package DESeq2 using significance thresholds of adjusted p<0.05 and |log2 fold change|>1.0 to identify DEGs.4 Overlaps between WGCNA- and DEG-defined genes were extracted for subsequent analysis.
1.5 Discovery of IRS
We integrated RSF and LASSO with Cox proportional hazards regression to discover a robust IRS. First, univariate Cox regression was conducted to identify prognostic genes using R package ezcox. Then, we applied two different algorithms, LASSO-Cox regression with 10-fold cross-validation and RSF with minimal depth and VIMP, for feature importance ranking via R package glmnet and randomForestSRC, respectively. Overlaps of the top 10 candidate genes between LASSO-Cox and RSF algorithms were included in backward stepwise Cox regression analysis to compile the IRS as follows: Riskscore = . Expi represents the expression of the i gene, and βi represents the coefficient of the i gene. Patients in each study cohort were systematically stratified into high-risk and low-risk groups based on respective median value of IRS.
1.6 Prediction of response to immunotherapy
Two web-based tools were utilized to validate the potential of IRS in predicting response to immunotherapy: the Immune Cell Abundance Identifier (ImmuCellAI) (available at http://bioinfo.life.hust.edu.cn/web/ImmuCellAI) and the Tumor Immune Dysfunction and Exclusion (TIDE) (accessible at http://tide.dfci.harvard.edu/).
1.7 Drug sensitivity and gene set variation analysis
GDSC2 and CTRP2-derived drug response data were obtained from the website https://osf.io/c6tfx/. The R package oncoPredict was applied to estimate the half-maximal inhibitory concentration (IC50) of agents in HCC patients using GDSC2 and CTRP2 datasets as the training data.5
The gene set variation analysis (GSVA) was conducted using R package GSVA, and the hallmark gene sets were acquired from MSigDB (https://www.gsea-msigdb.org/gsea/msigdb/).6 Spearman correlation analysis was performed to determine the association between gene set enrichment scores and IRS.
1.8 Single-cell RNA-seq data analysis
Single-cell expression arrays were obtained from raw Illumina sequencing data using the Cell Ranger pipeline (version 7.2.0) from 10x Genomics. Downstream analysis was conducted using R package Seurat (version 4.3.0), including quality control, normalization, principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE).7 To begin, low-quality cells, defined as the number of UMI counts or detected genes less than the medians of all cells minus 3× the median absolute deviation or the proportion of mitochondrial gene counts larger than 15%, were removed, followed by detection and removal of doublet cells using the DoubletFinder algorithm.8 Filtered data were normalized to examine highly variable genes, which were then identified and extracted for PCA to determine significant principal components. Integration of samples was performed using R package harmony for batch correction.9 Cell clustering was predominantly based on t-SNE and the optimal resolution was tested by R package clustree.10 The clusters were manually annotated according to cell markers from previous publications.11 Epithelial cells were extracted and re-clustered while copy number variation of epithelial cells was estimated by using R package inferCNV (https://github.com/broadinstitute/inferCNV) to identify malignant cells. Each gene expression was visualized using FeaturePlot function. According to the expression of known ligand-receptor pairs in different cell types, cell-cell interactions were inferred using CellChat.12
1.9 Tissue microarray and IHC analysis
In brief, 1.5 mm-diameter cores were taken from the representative tumor area and matched non-tumor adjacent tissue. Tissue sections of 4-lm thickness were prepared and affixed onto glass slides (Shanghai Outdo Biotech Co., Ltd., Shanghai, China). Tissue slides were deparaffinized in xylene and rehydrated through a descending alcohol gradient after baking at 60°C for 2 hours, followed by antigen retrieval in 0.01 M citrate buffer at pH 6.0 and microwave heating for 15 minutes. The slides were then blocked with 5% goat serum and incubated at 37°C for one hour, followed by overnight incubation at 4°C using the following antibodies according to the manufacturer’s protocols: rabbit polyclonal anti-KPNA2 (Proteintech, catalog no. 10819-1-AP) and rabbit polyclonal anti-SMG5 (Abcam, catalog no. ab33033). Immunostained tissue sections were captured using a panoramic 3DHistech scanner and and analyzed using SlideViewer 2.6.0 (3D-Histech, Budapest, Hungary). Five independent densest-stained areas were manually selected and digitally photographed at a fixed size of 0.0625mm2, followed by estimation of the average optical density using “Fiji” version of ImageJ Software.
2.0 Functional experiments
2.0.1 Cell culture and transfection
HCC cells were sourced from Shanghai Anwei Biotechnology Co., Ltd. (Shanghai, China). Primary human hepatocytes were obtained from patients who underwent liver resection by an adapted two-step collagenase perfusion method. These cells were cultured in a medium comprising 10% fetal bovine serum (GIBCO, Grand Island, NY, USA) and 1% penicillin-streptomycin (GIBCO), maintained at 37°C with 5% CO2 in a humidified incubator (Thermo Fisher Scientific, Waltham, MA, USA).
Customized short hairpin RNA sequences targeting human SMG5 and KPNA2 genes were designed to knockdown gene expression while lentiviral vectors were designed to overexpress human SMG5 and KPNA2 genes in HCC cells. Short hairpin RNAs and lentiviral vectors were synthesized by GeneChem (Shanghai, China). Transduced cells were selected with puromycin following the manufacturer’s instructions. The efficiency of gene knockdown or overexpression was confirmed by Western blotting.
2.0.2 Western blotting
Cells were lysed in RIPA Lysis Buffer (Beyotime, China) supplemented with PMSF to extract proteins, which were then separated by 10% SDS-polyacrylamide gels (Beyotime, Shanghai, China) and transferred to polyvinylidene difluoride (PVDF) membranes (Roche, Shanghai, China). The PVDF membranes were incubated overnight with primary antibodies at 4°C after blocking with the blocking buffer (Beyotime) for 20 minutes, followed by incubation with corresponding secondary antibodies for 2 hours. Antigen-antibody reactions were visualized by the ECL kit (YEASEN, Shanghai, China) and the enhanced chemiluminescence imaging system (Vilber, Paris, France). The following antibodies were used: rabbit polyclonal anti-KPNA2 (Proteintech, catalog no. 10819-1-AP) and rabbit polyclonal anti-SMG5 (Abcam, catalog no. ab33033).
2.0.3 Cell counting kit-8 (CCK-8) assay
CCK-8 assay kit (Dojindo, Japan) was used to measure cell proliferation. Cells were seeded in 96-well plates (1×103 cells per well), followed by adding 100μ medium that contained 10μ CCK8 reagent to the wells once per day for 5 days. The absorbance at 450nm was measured by Multi-Mode Microplate Reader (Biotek, USA) after 2 hours incubation to represent the relative cell numbers.
2.0.4 EdU assay
EdU cell proliferation kit (Beyotime, China) was utilized for EdU assay to evaluate cell proliferation. Cells were seeded in 24-well plates and cultured for 24 hours, followed by 2-hour incubation with 10μM EdU medium. Thereafter, the cells were fixed in 4% paraformaldehyde for 15 minutes and permeabilized with 0.3% Triton for 15 minutes, and then photographed under a fluorescence microscope (Olympus, Japan).
2.0.5 Clone formation assay
HCC cells were seeded in 6-well plates (500 cells per well) and incubated in 2mL of medium at 37°C for 14 days. Cells were then fixed with 4% paraformaldehyde (Beyotime, China) and stained with crystal violet (Beyotime, China). The colonies were counted and photographed.
2.0.6 Enzyme-linked immunosorbent assay (ELISA)
MIF levels in conditioned media were measured using sandwich ELISA kits (Multi Sciences)  according to the manufacturer’s instructions. Serum-free supernatants were harvested after 24-hour cell culture that, alongside the standard samples, were added to wells coated with specific antibodies and then incubated at room temperature for 2 hours. The wells sequentially incubated with detection antibodies, HRP-labeled streptavidin, substrate solution and stop solution. Absorbance readings were taken using Multi-Mode Microplate Reader (Biotek, USA), and protein concentrations were determined by standard curves.
2.1 CT and MR protocols
Liver CT and MR protocols have been described in our previous study.13 Specifically, liver CT exams were performed using various multi-detector row CT scanners: 256-channel scanner (Revolution CT, GE Healthcare, USA), 256-channel scanner (iCT 256, Philips, The Netherlands), 128-channel scanner (SOMATOM Definition AS+, Siemens, Germany), 128-channel scanner (SOMATOM Definition Flash, Siemens, Germany), 64-channel scanner (SOMATOM Definition, Siemens, Germany), 16-channel scanner (SOMATOM Sensation 16, Siemens, Germany). The routine four-phase (un-enhanced, arterial-dominant, portal-dominant and delayed phases) liver CT protocol was obtained using the following parameters: slice thickness of 1.5-5.0 mm; reconstruction interval of 1.5-5.0 mm; rotation time of 0.50-0.75 seconds; peak voltage of 100-120 kVp; tube current of 150-250 mAs. Non-ionic contrast medium [Ultravist (Bayer Schering Pharma, Berlin, Germany), Omnipaque (GE Healthcare, Waukesha, Wisconsin), or Ioversol (Jiangsu Hengrui Medicine, Jiangsu, China)] was injected at a dose of 1.5-2.0 ml/kg at a rate of 2.5-4.0 ml/s via a venous indwelling needle after acquisition of pre-contrast images. By using the bolus tracking technique, arterial phase scanning was initiated with 15-25 seconds delay after enhancement of the descending aorta to 100-120 HU. Portal and delayed phase images were obtained at 70 and 180 seconds, respectively, after contrast injection.
On the other hand, liver MRI exams were performed with 3.0-T or 1.5-T scanners as follows: 3.0-T scanners (Skyra and Magnetom Verio, Siemens Healthcare, Erlangen, Germany; Signa HDxt and Discovery MR750w, GE Healthcare, Milwaukee, WI, USA); 1.5-T scanners (Signa Excite, GE Healthcare, Milwaukee, WI, USA; uMR 560, United Imaging Healthcare, Shanghai, China). Pre-contrast MR sequences consisted of axial T1-weighted breath-hold gradient-echo in-phase and opposed-phase images, axial T1-weighted breath-hold fat-suppressed 3-dimensional gradient-echo images, respiratory-triggered T2-weighted fat-suppressed turbo spin-echo images and diffusion-weighted imaging. Post-contrast MR imaging with 3-dimensional fat-suppressed T1-weighted interpolated spoiled gradient-echo sequence was performed using extracellular contrast agent (Magnevist, Bayer Healthcare, Leverkusen, Germany) or gadoxetic acid (Primovist, Bayer Healthcare, Leverkusen, Germany). A standard dose of extracellular contrast agent (Magnevist; 0.1 mmol/kg) or gadoxetic acid (Primovist; 0.025 mmol/kg) was administered at a rate of 1.0-2.0 ml/s followed by a 20 ml saline flush. Thereafter, arterial phase (20-40 seconds after injection of contrast material), portal phase (60-90 seconds after injection of contrast material), delayed phase (150-180 seconds after injection of contrast material), and hepatobiliary phase (20 minutes after injection of gadoxetic acid only) images were obtained.
2.2 Radiomics feature selection
 In the cross-modality cohort, which included both CT and MRI images of tumors, ROIs on both CT and MR images for each tumor were outlined simultaneously, and the corresponding image features were extracted. Features from CT and MRI images with a correlation of 0.7 or higher for the same tumor were considered stable features across different imaging modalities. Our analysis was then conducted based on these robust features. 
The reliability of radiomic features was assessed using intraclass correlation coefficients (ICCs). Radiomic features exhibiting inter-observer ICC exceeding 0.75 and intra-observer ICC over 0.9, indicating excellent stability, were selected for further investigation. Then the correlation coefficient between each pair of features was calculated, and one of them was deleted randomly if the correlation coefficient was greater than 0.9. After screening for features significantly correlated with IRS or genes comprising IRS, radiomic features of all TCIA cases were standardized by the z-score method before entering the classification task. The other cohorts were also standardized with z-score transformation according to the parameters of TCIA cohort.


Section 2. Supplementary Tables
Table S1. Treatment regimens for CT-systemic and MR-systemic cohorts
	Regimen
	CT-systemic cohort
(N=74)
	MR-systemic cohort
(N=34)

	Atezolizumab + Bevacizumab
	10
	4

	Carelizumab + Apatinib
	10
	8

	Carelizumab + Bevacizumab
	1
	0

	Carelizumab + Donafenib
	1
	0

	Carelizumab + Lenvatinib
	2
	2

	Carelizumab + Regorafenib
	6
	1

	Carelizumab + Sorafenib
	2
	2

	Tislelizumab + Apatinib
	4
	1

	Tislelizumab + Donafenib
	4
	0

	Tislelizumab + Lenvatinib
	13
	8

	Tislelizumab + Regorafenib
	1
	2

	Tislelizumab + Sorafenib
	0
	2

	Sintilimab + Apatinib
	2
	0

	Sintilimab + Anlotinib
	1
	0

	Sintilimab + Bevacizumab
	7
	2

	Sintilimab + Donafenib
	1
	0

	Sintilimab + Lenvatinib
	9
	1

	Sintilimab + Regorafenib
	0
	1



Table S2. Demographics and clinical characteristics of early-intermediate HCC patients treated with surgical resection
	Variable
	CT-tissue cohort
(N=96)
	CT-surgical cohort
(N=362)
	MR-surgical cohort
(N=172)
	p.value

	Patient demographics
	
	
	
	

	Age, years
	56.0 (47.0-62.0)
	56.0 (47.0-65.0)
	55.0 (46.0-64.0)
	0.742

	Gender
	
	
	
	0.620

	    Female
	11 (11.5)
	54 (14.9)
	27 (15.7)
	

	    Male
	85 (88.5)
	308 (85.1)
	145 (84.3)
	

	Hepatitis B virus infection
	
	
	
	0.937

	    Negative
	16 (16.7)
	61 (16.9)
	31 (18.0)
	

	    Positive
	80 (83.3)
	301 (83.1)
	141 (82.0)
	

	Hepatitis C virus infection
	
	
	
	0.864

	    Negative
	95 (99.0)
	353 (97.5)
	168 (97.7)
	

	    Positive
	1 (1.0)
	9 (2.5)
	4 (2.3)
	

	Laboratory parameters
	
	
	
	

	Albumin, g/L
	41.0 (37.0-43.0)
	41.2 (38.0-44.2)
	41.2 (38.3-43.7)
	0.303

	Alanine transaminase, U/L
	36.2 (24.4-52.1)
	34.5 (24.3-52.6)
	35.8 (25.0-52.8)
	0.906

	Bilirubin, μmol/L
	15.4 (11.7-20.0)
	14.9 (11.8-20.7)
	14.9 (11.9-19.9)
	0.947

	Prothrombin time, seconds
	12.5 (12.0-13.4)
	12.5 (11.9-13.4)
	12.5 (11.8-13.5)
	0.726

	Alpha-fetoprotein, ng/mL
	160.0 (17.1-1210.0)
	122.0 (7.6-1210.0)
	153.0 (15.4-1210.0)
	0.512

	Child-Pugh grade
	
	
	
	0.887

	    A
	92 (95.8)
	348 (96.1)
	164 (95.3)
	

	    B
	4 (4.2)
	14 (3.9)
	8 (4.7)
	

	Histological characteristics
	
	
	
	

	Tumor size, cm
	5.0 (3.0-8.1)
	4.9 (3.0-8.0)
	5.5 (3.0-8.0)
	0.600

	Tumor number
	
	
	
	0.365

	    Solitary
	76 (79.2)
	306 (84.5)
	147 (85.5)
	

	    Multiple
	20 (20.8)
	56 (15.5)
	25 (14.5)
	

	Edmondson-Steiner grade
	
	
	
	0.695

	    I-II
	52 (54.2)
	179 (49.4)
	85 (49.4)
	

	    III-IV
	44 (45.8)
	183 (50.6)
	87 (50.6)
	

	Liver cirrhosis
	
	
	
	0.699

	    Absent
	34 (35.4)
	112 (30.9)
	54 (31.4)
	

	    Present
	62 (64.6)
	250 (69.1)
	118 (68.6)
	

	Microvascular invasion
	
	
	
	0.394

	    Absent
	80 (83.3)
	287 (79.3)
	144 (83.7)
	

	    Present
	16 (16.7)
	75 (20.7)
	28 (16.3)
	

	Macrovascular invasion
	
	
	
	0.616

	    Absent
	82 (85.4)
	301 (83.1)
	139 (80.8)
	

	    Present
	14 (14.6)
	61 (16.9)
	33 (19.2)
	

	AJCC TNM stage
	
	
	
	0.353

	    I-II
	80 (83.3)
	320 (88.4)
	147 (85.5)
	

	    III-IV
	16 (16.7)
	42 (11.6)
	25 (14.5)
	


Numbers of patients with percentages in parentheses are given for categorical variables, while medians with ranges in parentheses are given for continuous variables.
AJCC, American Joint Committee on Cancer; TNM, tumor-node-metastasis.
Table S3. Demographics and clinical characteristics of advanced HCC patients treated with antiangiogenic-ICI combinations
	Variable
	CT-systemic cohort
(N=74)
	MR-systemic cohort
(N=34)
	p.value

	Best treatment response
	
	
	0.226

	Complete response
	6 (8.1)
	0 (0.0)
	

	    Partial response
	19 (25.7)
	9 (26.5)
	

	    Stable disease
	28 (37.8)
	18 (52.9)
	

	    Progressive disease
	21 (28.4)
	7 (20.6)
	

	Patient demographics
	
	
	

	Age, years
	57.0 (51.0-63.0)
	57.5 (52.0-63.5)
	0.701

	Gender
	
	
	0.754

	    Female
	12 (16.2)
	4 (11.8)
	

	    Male
	62 (83.8)
	30 (88.2)
	

	Hepatitis B virus infection
	
	
	0.243

	    Negative
	25 (33.8)
	7 (20.6)
	

	    Positive
	49 (66.2)
	27 (79.4)
	

	Hepatitis C virus infection
	
	
	0.257

	    Negative
	70 (94.6)
	30 (88.2)
	

	    Positive
	4 (5.4)
	4 (11.8)
	

	Laboratory parameters
	
	
	

	Albumin, g/L
	36.7 (33.6-40.3)
	37.8 (33.9-40.4)
	0.776

	Alanine transaminase, U/L
	32.8 (20.5-51.1)
	35.6 (21.4-51.9)
	0.897

	Bilirubin, μmol/L
	14.2 (9.5-21.1)
	14.6 (12.9-18.2)
	0.523

	Prothrombin time, seconds
	12.8 (12.2-13.5)
	12.9 (12.1-13.3)
	0.997

	Alpha-fetoprotein, ng/mL
	94.7 (10.3-1192)
	89.9 (7.02-916)
	0.837

	Child-Pugh grade
	
	
	0.787

	    A
	64 (86.5)
	28 (82.4)
	

	    B
	10 (13.5)
	6 (17.6)
	

	Radiological characteristics
	
	
	

	Tumor size, cm
	7.5 (3.7-11.4)
	4.0 (3.0-8.7)
	0.026

	Tumor number
	
	
	0.136

	    Solitary
	17 (23.0)
	3 (8.8)
	

	    Multiple
	57 (77.0)
	31 (91.2)
	

	Vascular invasion
	
	
	0.136

	    Absent
	49 (66.2)
	28 (82.4)
	

	    Present
	25 (33.8)
	6 (17.6)
	

	Liver cirrhosis
	
	
	0.655

	    Absent
	32 (43.2)
	17 (50.0)
	

	    Present
	42 (56.8)
	17 (50.0)
	

	Extrahepatic metastasis
	
	
	1.000

	    Absent
	61 (82.4)
	28 (82.4)
	

	    Present
	13 (17.6)
	6 (17.6)
	


Numbers of patients with percentages in parentheses are given for categorical variables, while medians with ranges in parentheses are given for continuous variables.


Table S4. Discriminative performance of the radiogenomics biomarker across cohorts.
	Cohort
	AUC
	95% CI (AUC)
	Sensitivity
	Specificity

	TCIA cohort
	0.992
	0.972-1.0
	1.0
	0.971

	[bookmark: OLE_LINK16]CT-systemic cohort
	0.720
	0.589-0.851
	0.776
	0.640

	MR-systemic cohort
	0.829
	0.655-1.0
	0.840
	0.778

	Neoadjuvant cohort
	0.729
	0.403-1.0
	0.833
	0.750


AUC, area under the ROC curve; CI, confidence interval.
	
Section 3. Supplementary Figures
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Fig. S1. Unsupervised clustering based on NMF in TCGA-LIHC cohort. NMF, non-negative matrix factorization.
[image: Fig.S2]
Fig. S2. Verification of ssGSEA results using other immune cell-focused deconvolution tools. The abundance of tumor-infiltrating immune cells estimated by CIBERSORT (A), MCP-counter (B), ImmuCellAI (C), EPIC (D), xCell (E), quanTIseq (F) and TIMER (G) for the three immune clusters.
[image: Fig.S3]
Fig. S3. High correlations between gene significance and module membership within modules significantly associated with immune clusters.
[image: Fig.S4]
Fig. S4. Bioinformatic analysis of multi-omics data. (A) IRS distribution across immune clusters. (B) Correlation between IRS and ssGSEA-based immune cell infiltration. (C) MDSC infiltration score in IRS risk groups as indicated by TIDE algorithm. (D-E) Correlation of IRS risk groups with sensitivity to chemotherapeutic agents (fluorouracil and oxaliplatin). (F) Correlation between IRS and hallmark pathways scored by gene set variation analysis. (G) Dot plots of representative marker genes across cell clusters. (H) t-SNE plot of all cell clusters colored by KPNA2 distribution. (I) t-SNE plot of all cell clusters colored by SMG5 distribution. IRS, immune-related signature; MDSC, myeloid-derived suppressor cell; IC50, half-maximal inhibitory concentration.

[image: Fig.S5]
Fig. S5. Representative tissue microarray slides. Representative slides immunostained for KPNA2 (A) and SMG5 (B) in tissue microarrays with 337 pairs of tumor (T) and adjacent non-tumor tissue (N).
[image: Fig.S6]
Fig. S6. Clinical and experimental validation of IRS. (A-B) Comparisons of IHC-determined KPNA2 (A) and SMG5 (B) expression between tumor and adjacent non-tumor tissue in 337 HCC cases. Paired t- test. (C-F) Kaplan-Meier survival curves stratified by IHC-determined KPNA2 (C-D) and SMG5 (E-F) expression in 337 HCC cases. (G-N) CCK8, Colony formation and EDU assays to detect proliferation of Huh7 cells with KPNA2 overexpression (LV-KPNA2) and proliferation of 97H cells with SMG5 overexpression (LV-SMG5). (O) Quantitative analysis of MIF levels in conditioned media from control and Huh7 cells with KPNA2 overexpression by ELISA. (P) Quantitative analysis of MIF levels in conditioned media from control and 97H cells with SMG5 overexpression by ELISA. HCC, hepatocellular carcinoma; IHC, immunohistochemistry; CCK-8, cell counting kit-8; MIF, macrophage migration inhibitory factor; ELISA, enzyme-linked immunosorbent assay. Data are presented as mean ± standard deviation. *p<0.05, **p<0.01, ***p<0.001.


[image: ]
Fig. S7. Predictive and prognostic value of the radiogenomics biomarker. (A) ROC curve for predicting IRS in the TCIA cohort. (B) Bootstrap AUC distribution from 500 resampling iterations. (C-D) Kaplan-Meier survival curves stratified by biomarker-predicted risk groups in the CT-tissue cohort. (E-F) Comparison of tumor size between biomarker-predicted H-IRS and L-IRS groups in CT-surgical (E) and MR-surgical (F) cohorts. (G-J) Kaplan-Meier survival curves stratified by biomarker-predicted risk groups in CT-systemic (G, H) and MR-systemic (I, J) cohorts. (K) Recurrence-free survival stratified by biomarker-predicted risk groups in the neoadjuvant cohort.
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