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Supplementary Methods
FFA intake detection
Cells were treated with NBD-X acid (100 μM, HY-D0133, MedChemExpress) to detect FFA intake. Fluorescent images were obtained using a Leica TCS SP8 microscope (NBD-X acid: Ex = 463 nm, Em = 538 nm).
Flow cytometry 
To validate surface marker expression, the cells were directly stained with the indicated fluorochrome-conjugated antibodies for 30 min in Cell Staining Buffer (00-4222-26, eBioscience, CA, USA) at 4°C and analyzed by flow cytometry. For intracellular staining, the cells were permeabilized, fixed and stained by using Intracellular Fixation & Permeabilization Buffer Set (88-8824-00, eBioscience). For intracellular cytokine detection, the cells were stimulated with Leukocyte Activation Cocktail (550583, BD biosciences, CA, USA) at 37°C for 6 h. Dead cells were excluded using FVS575V (565694, BD biosciences). The cells were then washed in Cell Staining Buffer three times, resuspended in Cell Staining Buffer and analyzed by flow cytometry. Samples were acquired and recorded in a FACSCelesta™ Flow Cytometer (BD Biosciences) and data were analyzed with a FlowJo software (FlowJo, CA, USA). Antibodies used in this study were listed in Table S2.
Isolation of tumor tissues 
The tumor mass was cut into small pieces with a diameter of 1-3 mm and digested in tissue digestion solution [0.4 mg/ml Collagenase Type IV (17104019, Gibco), 10 mg/ml DNase I (10104159001, Merck), 10% FBS, DPBS] at 37°C for 30 min. The reaction was terminated by adding EDTA (60126ES02, Yeasen) to a final concentration of 5 mM. To make the sample uniform, pipette repeatedly with a 23 G needle until a homogenate was formed. The homogenate was passed through a 70 mm mesh and centrifuged at 400 × g for 8 min at 4°C. Centrifuge at 900 × g for 30 min in 30% and 50% Percoll (P1644, Merck) to collect the middle white cell layer (immune cells) and lower layer (HCC cells). The cells were washed twice with DPBS for subsequent flow cytometry sorting.
Immunoblotting and immunofluorescence 
[bookmark: _Hlk173150395]Immunoblotting: Cells were lysed with RIPA Lysis Buffer (P0013B, Beyotime, China) and 1% Protease inhibitor cocktail (P1006, Beyotime) for 30 min on ice. The lysate supernatants were heated to 95°C with Protein Loading Buffer (20315ES05, Yeasen) for 10 min, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to PVDF membranes (88585, Thermo Scientific, CA, USA). The membranes were blocked in 5% BSA (B2064, Sigma, MO, USA) in TBST (ST677, Beyotime) and probed with the indicated antibodies and the bands were visualized using a Gel Doc XR+ Gel Documentation System (Bio-Rad, CA, USA). Antibodies used in this study were listed in Table S2. 
[bookmark: _Hlk173150426]Immunofluorescence: Cells were fixed with 4% paraformaldehyde (15710, Electron Microscopy Sciences, PA, USA) for 30 min, permeabilized with 0.3% Triton X-100 (ST797, Beyotime) in DPBS for 20 min and then blocked with 5% BSA for 1 h. Cells were incubated with the primary antibodies at 4°C overnight. After three washes with PBST (BL314B, Biosharp, China), the cells were incubated with the fluorescence-conjugated secondary antibodies for 30 min at RT. Nuclei were labeled with DAPI for 30 min. The cells were mounted with an AntiFade Mounting Medium (HY-K1042, MedChemExpress) and images were collected on a Leica TCS SP8 microscope (AF488: Ex = 490 nm, Em = 525 nm; APC: Ex = 650 nm, Em = 660 nm; DAPI: Ex = 340 nm, Em = 488 nm). Antibodies used in this study were listed in Table S2.
Isolation of primary cells 
Cells isolated from HBV-positive HCC tissues were subjected to flow cytometry sorting. Immune cells were stained with FITC anti-human CD45 antibody (304005, Biolegend, CA, USA). T cells were stained with FITC anti-human CD45, BV421 anti-human CD3 (317343, Biolegend), PE anti-human CD8a (300907, Biolegend), and APC/Cy7 anti-human CD4 (300517, Biolegend) antibodies. NK cells were stained with FITC anti-human CD45, BV421 anti-human CD3, and BV510 anti-human CD335 (331923, Biolegend) antibodies. MDSCs were stained with APC/Cy7 anti-human HLA-DR (307617, Biolegend), BV421 anti-human CD11b (393113, Biolegend), and PE anti-human CD33 (983904, Biolegend) antibodies. HCC cells were stained with FITC anti-c-Kit antibody (ab119107, Abcam). Then cells were sorted with a BD FACSAria™ III Cell Sorter (BD Biosciences). During cell sorting, the concentration was maintained at 1 × 107 cells/ml, with a pressure of 60 psi, a 70 μm nozzle, and a maximum rate of 20,000 events/s.
[bookmark: _Hlk194750728]Nuclear localization signal detection  
Nuclear localization signal was measured using a Leica TCS SP8 microscope (NLS-GFP: Ex = 488 nm, Em = 507 nm; DAPI: Ex = 340 nm, Em = 488 nm). NLS-GFP-HBV-positive HCC cells were cultured in 96-well black-walled microplates, with each well containing 4000 cells. Imaging of nuclear localization signal was carried out 48 h post-transfection. Briefly, the culture medium was aspirated, and the cells were washed twice with DPBS, followed by nuclear staining with DAPI for 30 min.
JC-1 staining 
Following JC-1 Mitochondrial Potential Sensor (T3168, Invitrogen) staining at 37˚C for 10 min, the cells were washed with the JC‑1 staining buffer three times. Nuclei were labeled with DAPI for 30 min (Ex = 340 nm, Em = 488 nm). Images were detected via a Leica TCS SP8 microscope. In the healthy mitochondria, JC‑1 aggregates to form a polymer in the mitochondrial matrix, which emits intense red fluorescence (Ex = 585 nm, Em = 590 nm). In the unhealthy mitochondria, JC‑1 monomers present in the cytoplasm due to the decline/loss of mitochondrial membrane potential, which generates green fluorescence (Ex = 514 nm, Em = 529 nm). Therefore, the ratio of red/green reflects the mitochondrial membrane potential. 
[bookmark: _Hlk175387469]Liquid chromatography-mass spectrometry (LC-MS)
Proteins were extracted by 8 M urea (U4883, Merck) with 1% PMSF. Then, the proteins were subjected to Trypsin (HY-129047, MedChemExpress) digestion at an enzyme/protein mass ratio of 1:50 overnight following the Filter-Aided Sample Preparation procedure1. Speciﬁcally, the proteins were subjected to reductive alkylation with Dithiothreitol (D0632, Merck) for 30 min at 56°C and Iodoacetamide (A3221, Merck) for 30 min at RT. Then, the samples were loaded into 10 kDa Centrifugal Filter Unit with Ultracel (MRCPRT010, Millipore), and the urea was diluted and replaced by NH4HCO3 (5438350100, Merck) gradually after centrifugation for twice with 50 mM NH4HCO3. Proteins were digested with Trypsin overnight at 37°C. Finally, puriﬁed peptide was acquired after extraction with 50% Acetonitrile (34851, Merck) and 0.1% Formic acid (06473, Merck). The peptides were dried in a vacuum at 60°C before LC-MS analysis. 
[bookmark: _Hlk175387478]LC-MS analysis
The peptides were subjected to LC-MS analysis using an Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo Scientific) coupled with an EASY-nLC™ 1000 (Thermo Scientific). Dried peptide was re-suspended in loading buffer and loaded onto a 100 C18 HPLC Columns (100 μm × 2 cm, homemade; particle size, 3 μm; pore size, 120Å, Thermo Scientific) with a maximum pressure of 280 bar using solution A. Then, the peptides were separated on a 100 C18 HPLC Columns (150 μm × 12 cm, homemade; particle size, 1.9 μm; pore size, 120Å) with a gradient of 5 ~ 35% mobile phase B, and adjusted as a series of linear gradients following the different hydrophilic properties of six fractions, respectively, at a ﬂow rate of 600 nl/min for 75 min. The MS analysis was performed by scanning m/z values from 300 to 1400 and a resolution of 120,000 at 200 m/z. An automatic gain control target value of 5 × 105 was used, with a maximum injection time of 50 ms for full scans. The top-speed mode was selected with a 1.6 m/z window and fragmented by higher energy collisional dissociation at a normalized collision energy of 35%. Then measurements were taken using ion trap analyzer with an automatic gain control target of 5 × 103 and a maximum injection time of 35 ms for MS/MS scans. Finally, the dynamic exclusion time was set at 18 s, and data were acquired by Xcalibur 2.2 (Thermo Scientific). 
[bookmark: _Hlk175387491]Peptide and protein identiﬁcation 
[bookmark: _Hlk183879773]MS raw ﬁles were processed with the “Firmiana”2 against the mouse RefSeq protein database. The maximum number of missed cleavages was set to 2. Mass tolerances of 20 ppm for precursor and 0.5 Da for production were allowed. For quality control of protein identiﬁcation, the target-decoy-based strategy was applied to conﬁrm that the false discovery rate (FDR) of both peptide and protein was lower than 1%. The program percolator was used to obtain probability value (q value) and showed that the FDR of every peptide-spectrum match was lower than 1%. Then all peptides shorter than seven amino acids were removed. The cut-off ion score for peptide identiﬁcation was 20. All the peptide-spectrum matches in all fractions were combined for protein quality control, which was a stringent quality control strategy. The q values of both target and decoy peptide sequences were dynamically increased until the corresponding protein FDR was less than 1% employing the parsimony principle. Finally, to reduce the false positive rate, the proteins with at least one unique peptide were selected for further investigation.
[bookmark: _Hlk175387509]Label-free-based MS quantiﬁcation of proteins
“Firmiana”2 was employed for protein quantiﬁcation. Here, the identiﬁcation results and the raw data from mzXML ﬁle were loaded into the “Firmiana”. Then for each identiﬁed peptide, the XIC (extracted-ion chromatogram) was extracted by searching against the MS1 based on its identiﬁcation information, and the abundance was estimated by calculating the area under the extracted XIC curve. For protein abundance calculation, the nonredundant peptide list was used to assemble proteins following the parsimony principle. Then, the protein abundances were ﬁrstly corrected by deploying a traditional label-free, iBAQ algorithm, which used number of theoretical peptides to correct the differences in signal intensity caused by protein size and sequence.
Measurement of mitochondrial ROS
Cells were collected and washed three times with DPBS, followed by incubation with 5 µM MitoSOX Green (M36005, Invitrogen) for 45 min at 37˚C in the dark. Cells were then washed three times with DPBS and detached with Trypsin/EDTA Solution (R001100, Invitrogen). Nuclei were labeled with DAPI for 30 min. The relative level of mitochondrial ﬂuorescence was quantiﬁed by a Leica TCS SP8 microscope (MitoSOX Green: Ex = 488 nm, Em = 510 nm; DAPI: Ex = 340 nm, Em = 488 nm). 
RT-qPCR
[bookmark: _Hlk194497728][bookmark: _Hlk194868403][bookmark: _Hlk113213737]Total RNA was extracted and purified with FastPure Cell/Tissue Total RNA Isolation Kit V2 (RC112-01, Vazyme, China) and reverse transcribed using HiScript II Q RT SuperMix for qPCR (+gDNA wiper) for qPCR (R223-01, Vazyme). RT-qPCR was performed on Applied Biosystems 7500 and 7500 Fast Real-Time PCR Systems (Thermo Scientific) using ChamQ SYBR qPCR Master Mix (Q311-02, Vazyme). PCR cycling conditions were 95°C for 30 s, followed by 40 cycles of 95°C for 10 s, 63°C for 10 s and 72°C for 30 s. The cDNA melting curve was set as usual. Relative gene expression was calculated using 2−ΔΔCT method, calibrated against GAPDH. Primers (which were synthesized by Beijing Qingke Biotechnology Co., LTD., China) used in this study: human CD36-F: 5’-GGCTGTGACCGGAACTGTG-3’, human CD36-R: 5’-AGGTCTCCAACTGGCATTAGAA-3’; human GAPDH-F: 5’-GGAGCGAGATCCCTCCAAAAT-3’, human GAPDH-R: 5’-GGCTGTTGTCATACTTCTCATGG-3’.
[bookmark: _Hlk173150495]TUNEL assay
[bookmark: article1.body1.sec2.sec3.sec2.p1]Cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. DNA fragmentation was determined by One Step TUNEL Apoptosis Detection Kit (FITC) (HY-K1078, MedChemExpress). Nuclei were labeled with DAPI for 30 min. Images were obtained using a Leica TCS SP8 microscope (FITC: Ex = 488 nm, Em = 510 nm; DAPI: Ex = 340 nm, Em = 488 nm).
Supplemental Figures
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Fig. S1 Vonafexor induced sublethal damage of HBV-positive HCC cells. a Study flow diagram. b HE staining analyzed the pathological features of tumor tissues in patients and patient-derived orthotopic xenograft models. HBV, hepatitis B virus; HCC, hepatocellular carcinoma.
[image: ]
Fig. S2 Gating logistic. a-c Flow cytometry assessed the expression levels of GZMK, IFN-γ, IL-2, and TNF-α in CD4+ T (a), CD8+ T (b), and NK (c) cells within HBV-positive HCC treated with Vonafexor. d-f Flow cytometry showed the expression of mitochondrial outer membrane proteins TOM20, HSP60, and ATP5A in CD4+ T (d), CD8+ T (e), and NK (f) cells within HBV-positive HCC treated with Vonafexor. HBV, hepatitis B virus; HCC, hepatocellular carcinoma.
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[bookmark: _Hlk145673077][bookmark: OLE_LINK1][bookmark: OLE_LINK8]Fig. S3 Vonafexor stimulated ox-mtDNA-cGAS-STING-NF-κB signaling in T and NK cells to eliminate HBV-positive HCC cells. a, b Flow cytometry evaluated the impact of Vonafexor, MitoQ, SN-011, and JSH-23 on the expression of GZMB in T and NK cells infiltrated by HBV-positive HCC of Hu-SRC mice. (a) Gating logistic. (b) Representational plots and quantitative analysis (n = 3). c-f Immunofluorescence analysis assessed the effects of Vonafexor, MitoQ, SN-011, JSH-23, as well as the deletion of T or NK cells, on the sublethal damage of HBV-positive HCC cells from Hu-SRC mice (n = 3). Anti-CD4, CD8, and CD56 antibodies were injected into the tail vein to clear CD4+ T cells, CD8+ T cells, and NK cells, respectively. (c) TUNEL assay detected apoptosis of HBV-positive HCC cells. Green marked the nucleus of apoptotic cells. (d) The GCaMP6s indicator measured calcium influx. The green fluorescence intensity indicated the concentration of calcium ions. (e) The NLS-GFP examined the subcellular distribution of nuclear DNA. Green fluorescence labeled nuclear localization signal. (f) The morphology of 53BP1 showed karyopyknosis. Mean ± SD. b-f were evaluated by Student’s t test. *P < 0.05, **P < 0.01. HBV, hepatitis B virus; HCC, hepatocellular carcinoma; ox-mtDNA, oxidized mitochondrial DNA.
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Fig. S4 Vonafexor inhibited HBV-positive HCC growth by activating ox-mtDNA-cGAS-STING-NF-κB in immune cells. a Representive. Blue lines marked orthotopic HCC. Anti-CD45 antibody was injected into the tail vein to clear immune cells. b Survival curve. b was analyzed by Log-rank test. *P < 0.05, **P < 0.01. HBV, hepatitis B virus; HCC, hepatocellular carcinoma.
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Fig. S5 CD36 expression in HBV-positive HCC cells from Hu-SRC mice was knocked out or overexpressed with rAAV8 adeno-associated virus. HBV, hepatitis B virus; HCC, hepatocellular carcinoma.
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Fig. S6 Vonafexor exhibited an anti-tumor immunomodulatory effect on HBV-positive HCC growth. a,b Effects of Vonafexor, knockout or overexpression of CD36, FFA, and HBeAg on the growth of HBV-positive HCC cells in Hu-SRC mice (n = 6). (a) Representive. Blue lines marked orthotopic HCC. (b) Survival curve. c, d Flow cytometry analysis elucidated the impact of Vonafexor, knockout or overexpression of CD36, FFA, and HBeAg on GZMB expression in T and NK cells (c) and MDSC infiltration (d) in HBV-positive HCC of Hu-SRC mice (n = 6). e, Mechanism diagram. Mean ± SD. b was analyzed by Log-rank test. c, d were evaluated by Student’s t test. *P < 0.05, **P < 0.01. FFA, free fatty acid; HBV, hepatitis B virus; HBeAg, hepatitis B e antigen; HCC, hepatocellular carcinoma; MDSC, myeloid-derived suppressor cell.

Supplemental Table
[bookmark: _Hlk123934459]Table S1. Patient cohort description.
	ID
	SEX
	AGE
	HBV (NEGATIVE/POSITIVE)
	GRADE
	TUMOR SITE
	T
	N
	M
	AJCC

	Patient_1
	Male
	75
	Positive
	II
	Right paramedian sector
	T3
	N0
	M0
	3A

	Patient_3
	Female
	43
	Positive
	III
	Left paramedian sector
	T3
	N0
	M0
	3A

	Patient_4
	Female
	60
	Positive
	Ⅱ
	Left paramedian sector
	T3
	N1c
	M0
	3B

	Patient_5
	Male
	67
	Positive
	III
	Right paramedian sector
	T4
	N0
	M1
	4B

	Patient_6
	Male
	50
	Positive
	II
	Left paramedian sector
	T3
	N0
	M0
	3A

	Patient_7
	Female
	48
	Positive
	I
	Left paramedian sector
	T3
	N0
	M0
	3A

	Patient_8
	Male
	52
	Positive
	II
	Right paramedian sector
	T4
	N0
	M0
	3B

	Patient_9
	Female
	55
	Positive
	II
	Left paramedian sector
	T2
	N0
	M0
	2

	Patient_10
	Female
	71
	Positive
	II
	Left paramedian sector
	T3
	N0
	M0
	3A



Table S2. Antibodies used in this study.
	Primary antibodies used in flow cytometry
	Catalogue
	Supplier

	Anti-human ATP5A antibody
	ab14748
	Abcam

	Anti-human CD36 antibody
	ab252922
	Abcam

	Anti-human HSP60 antibody
	ab190828
	Abcam

	Anti-human TOMM20 antibody
	ab186735
	Abcam

	APC anti-human GZMB antibody
	372203
	Biolegend

	APC anti-human TNF-αantibody
	502913
	Biolegend

	APC/Cy7 anti-human CD4 antibody
	300517
	Biolegend

	APC/Cy7 anti-human HLA-DR antibody
	307617
	Biolegend

	BV421 anti-human CD3 antibody
	317343
	Biolegend

	BV421 anti-human CD11b antibody
	393113
	Biolegend

	BV421 anti-human GZMB antibody
	396413
	Biolegend

	BV510 anti-human CD335 antibody
	331923
	Biolegend

	BV650 anti-human CD15 antibody
	323033
	Biolegend

	FITC anti-human CD4 antibody
	300506
	Biolegend

	FITC anti-human CD8a antibody
	300905
	Biolegend

	FITC anti-human CD14 antibody
	325603
	Biolegend

	FITC anti-human CD45 antibody
	304005
	Biolegend

	FITC anti-human CD335 antibody
	331921
	Biolegend

	PE anti-human CD8a antibody
	300907
	Biolegend

	PE anti-human CD33 antibody
	983904
	Biolegend

	PE anti-human IFN-γ antibody
	383303
	Biolegend

	PerCP/Cyanine5.5 anti-human IL-2 antibody
	500321
	Biolegend

	Secondary antibodies used in flow cytometry
	Catalogue
	Supplier

	AF405 Goat Anti-Rabbit IgG H&L antibody
	A-31556
	Invitrogen

	APC Goat Anti-Rabbit IgG H&L antibody
	A-10931
	Invitrogen

	PerCP-eFluor710 Goat Anti-Rabbit IgG H&L antibody
	46-4817-82
	Invitrogen

	Isotypes used in flow cytometry
	Catalogue
	Supplier

	APC Mouse IgG1, κ Isotype ctrl antibody
	400119
	Biolegend

	APC Rat IgG2a, κ Isotype ctrl antibody
	17-4321-81
	Invitrogen

	BV421 Rat IgG1, κ Isotype ctrl antibody
	400429
	Biolegend

	BV421 Rat IgG2a, κ Isotype ctrl antibody
	404-4321-81
	Invitrogen

	PE Rat IgG2a, κ Isotype ctrl antibody
	400507
	Biolegend

	PerCP/Cyanine5.5 Rat IgG2a, κ Isotype ctrl antibody
	400531
	Biolegend

	Primary antibodies used in immunoblotting
	Catalogue
	Supplier

	Anti-human CD36 antibody
	ab252922
	Abcam

	Anti-human GAPDH antibody 
	ab181602
	Abcam

	Anti-human IKKα antibody 
	ab32041
	Abcam

	Anti-human IKKβ antibody 
	ab32135
	Abcam

	Anti-human IRF3 antibody
	ab68481
	Abcam

	Anti-human ISG15 antibody
	ab308219
	Abcam

	Anti-human p65 antibody 
	ab32536
	Abcam

	Anti-human p-IKKα+p-IKKβ antibody 
	ab194528
	Abcam

	Anti-human p-IRF3 antibody 
	ab76493
	Abcam

	Anti-human p-p65 antibody 
	ab76302
	Abcam

	Anti-human p-STING antibody 
	19781
	Cell Signaling Technology

	Anti-human p-TBK1 antibody 
	ab109272
	Abcam

	Anti-human STING antibody 
	ab288157
	Abcam

	Anti-human TBK1 antibody 
	MA5-42812
	Invitrogen

	Anti-human TNF-α antibody 
	ab183218
	Abcam

	Secondary antibodies used in immunoblotting
	Catalogue
	Supplier

	Goat Anti-Rabbit IgG H&L (HRP) antibody
	ab6721
	Abcam

	Primary antibodies used in immunofluorescence
	Catalogue
	Supplier

	Anti-human c-Rel antibody
	ab133251
	Abcam

	Anti-human TOMM20 antibody 
	ab186735
	Abcam

	Anti-human 8-OHdG antibody 
	ab48508
	Abcam

	Anti-human 53BP1 antibody 
	ab175933
	Abcam

	Secondary antibodies used in immunofluorescence
	Catalogue
	Supplier

	AF488 Goat Anti-Rabbit IgG H&L antibody
	A-11006 
	Invitrogen

	APC Goat Anti-Rabbit IgG H&L antibody
	A-10931
	Invitrogen
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