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1.1. Cell culture and ethics approval
[bookmark: _Hlk202960935][bookmark: OLE_LINK24][bookmark: OLE_LINK14][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Human menstrual-blood-derived mesenchymal stem cells (MenSCs) or umbilical-cord-derived mesenchymal stem cells (UC-MSCs) were cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12, Gibco), supplemented with 10% fetal bovine serum (FBS, Gibco), 1% mesenchymal stem cell growth supplement, and 1% penicillin–streptomycin (Gibco). These two distinct types of mesenchymal stem cells were donated by Zhejiang Shengchuang Precision Medicine Technology Co., Ltd (Ethics No. [2019] Documentary Review No. (IGS)). Human liver tissues were obtained from Southern University of Science and Technology Hospital (SUSTech Hospital; Ethics No. 2022Y XY133) and Shenzhen Third People's Hospital (Ethics No. HE2022256). Peripheral blood mononuclear cells (PBMCs) were obtained from donors at Shenzhen People’s Hospital (Ethics No. LL-KY-2024170-01). Plasma samples from healthy donors and patients with HBV-related acute-on-chronic liver failure (HBV-ACLF) were obtained from the Fifth Medical Center of the Chinese PLA General Hospital (Ethics No. KY-2023-3-19-1). All protocols were approved by the Ethics Committees of the respective institutions. 
[bookmark: OLE_LINK43][bookmark: OLE_LINK3][bookmark: _Hlk212585863]1.2. Isolation of primary hepatocytes and culture of liver organoids
[bookmark: OLE_LINK8]Primary hepatocytes were isolated, and liver organoids were established in our laboratory according to published protocols [1]. Briefly, liver tissue specimens were cut into 0.5–1.0 mm³ fragments and washed with washing medium (DMEM supplemented with GlutaMAX, sodium pyruvate, and 1% penicillin–streptomycin; Gibco). Tissue fragments were digested in 4–5 mL pre-warmed digestion medium (DMEM containing 0.1 mg/mL DNase I; Sigma-Aldrich, 2.5 mg/mL collagenase D; Roche, and 2.5 U/mL dispase II; Life Technologies) at 37°C with vigorous shaking for 15 min. The cell suspension was washed three times with D-PBS (Gibco) and centrifuged at 350 × g for 5 min at 4°C. The pellet was collected and resuspended in Matrigel (Corning) at a density of 2 × 10⁵ cells per 100 μL per well in 12-well plates. After Matrigel polymerization, 500 μL expansion medium was added to each well. The expansion medium consisted of Advanced DMEM/F-12 supplemented with 1% penicillin–streptomycin, 1% GlutaMAX, B27 supplement without vitamin A (1:50; Gibco), N2 supplement (1:100; Gibco), 1 mM N-acetylcysteine (Sigma-Aldrich), 10% (v/v) R-spondin-1-conditioned medium (Sigma-Aldrich), 10 mM nicotinamide (Sigma-Aldrich), 10 nM recombinant human [Leu15]-gastrin I (PeproTech), 50 ng/mL recombinant human epidermal growth factor (EGF; PeproTech), 100 ng/mL recombinant human fibroblast growth factor 10 (FGF10; PeproTech), 25 ng/mL recombinant human hepatocyte growth factor (HGF; PeproTech), 10 μM forskolin (Sigma-Aldrich), and 5 μM A83-01 (Sigma-Aldrich). Medium was refreshed every 2–3 days, and ductal organoids were passaged every 3–5 days. When ductal organoids reached 200–350 μm in diameter, expansion medium was replaced with differentiation medium. The differentiation medium consisted of Advanced DMEM/F-12 supplemented with 1% penicillin–streptomycin, 1% GlutaMAX, B27 supplement with vitamin A (1:50; Gibco), N2 supplement (1:100; Gibco), 1 mM N-acetylcysteine (Sigma-Aldrich), 10 nM recombinant human [Leu15]-gastrin I (Sigma-Aldrich), 50 ng/mL recombinant human EGF (PeproTech), 25 ng/mL recombinant human HGF (PeproTech), 0.5 μM A83-01 (Sigma-Aldrich), 10 μM DAPT (Sigma-Aldrich), 3 μM dexamethasone (Sigma-Aldrich), 25 ng/mL recombinant human BMP7 (PeproTech), and 100 ng/mL recombinant human FGF19 (PeproTech). The differentiation medium was refreshed every 2–3 days. After 7 days of differentiation, ductal organoids differentiated into mature liver organoids, which consisted exclusively of epithelial cells. Ductal and mature liver organoids cultured for 3 days were harvested, along with their corresponding supernatants, for downstream analyses. Cellular identity and differentiation status were assessed by quantitative PCR (qPCR) and immunofluorescence staining. 
1.3. HBV production and purification by PEG precipitation
Hepatitis B virus (HBV) was produced from HepAD38 cells cultured in collagen I–coated 10-cm dishes in HepAD medium (DMEM/F-12 with GlutaMAX supplemented with 10% fetal bovine serum (FBS), 1% penicillin–streptomycin–glutamine, 400 μg/mL G418 [neomycin; Gibco], and 0.3 μg/mL tetracycline). When cells reached confluence, tetracycline was removed to induce HBV production. Culture supernatants were harvested every 4 days and replaced with fresh tetracycline-free medium until day 60. Harvested supernatants were centrifuged at 1,750 × g for 10 min at 4°C to remove cellular debris. The clarified supernatants were precipitated overnight at 4°C with polyethylene glycol (PEG) (final concentrations: 39% PEG 8000 and 2.25 M NaCl). Viral particles were pelleted by centrifugation at 1,750 × g for 30 min at 4°C, washed three times with D-PBS, and resuspended in Opti-MEM (Gibco) at 1/300 of the original supernatant volume (i.e., ~300-fold concentration) overnight at 4°C. The suspension was gently mixed by pipetting, aliquoted, and stored at −80°C. Viral genome equivalents (GE) were quantified by qPCR, yielding an HBV stock titer of 1.86 × 108 GE/μL, which was used for all subsequent infection experiments.
1.4. Establishment of the HBV-infected liver organoid model
Differentiation medium was removed, and liver organoids were washed with ice-cold PBS. Organoids were transferred to 15-mL conical tubes and centrifuged at 100 × g for 10 min at 4°C to remove residual medium. To estimate the total cell number for calculating the infection input, 10 μL of organoid suspension was collected, dissociated into single cells using TrypLE (Gibco), and counted. The total cell number per well was extrapolated from this count and used to calculate the multiplicity of infection (MOI). HBV concentrations were quantified by qPCR and expressed as genome equivalents (GE)/μL. MOI was defined as: MOI = (total HBV genome equivalents added per well) / (total estimated organoid cell number per well). Based on this definition, MOIs of 100 and 200 GE/cell were used. HBV stocks were thawed on ice and diluted in expansion medium supplemented with 4% PEG, 2% dimethyl sulfoxide (DMSO), and 0.1% Y-27632. The virus–organoid mixture was transferred to 48-well ultra-low-attachment plates, sealed with Parafilm, and subjected to spinoculation at 600 × g for 60 min at 32°C. Organoids were then gently resuspended using widened P1000 pipette tips and incubated at 37°C with 5% CO₂ for 5 h. After infection, organoids were collected and centrifuged at 100 × g for 10 min at 4°C. Supernatants were discarded, and organoids were washed five times with PBS to remove unbound virus. Organoids were resuspended in differentiation medium and seeded into 48-well ultra-low-attachment plates for suspension culture. Samples were collected at 1, 3, and 5 days post-infection for downstream analyses.
1.5. In Vitro Expansion of HBV-Specific CD8⁺ T Cells
PBMCs were isolated from healthy donors using Ficoll density gradient centrifugation. PBMCs were subsequently activated and expanded in the presence of an HBV peptide pool to enrich HBV-responsive CD8⁺ T cells. In brief, PBMCs were resuspended in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin at 1 × 106 cells/mL and incubated at 37°C in a humidified incubator with 5% CO₂ for 20 h. After incubation, cells were collected and centrifuged at 300 × g for 5 min at room temperature, and the pellet was resuspended. Next, PBMCs were activated using ActiveMax® Human T Cell Activation/Expansion CD3/CD28 Beads (premium grade; ACROBiosystems) at a 2:1 cell-to-bead ratio. The resulting cell–bead suspension was adjusted to 2 × 105 cells/mL in RPMI-1640 containing 10% FBS, 1% penicillin–streptomycin, and 50 IU/mL recombinant human interleukin-2 (rhIL-2), seeded into 12-well plates, and incubated overnight at 37°C with 5% CO₂. On the following day, the medium was replaced with HBV-specific CD8⁺ T-cell expansion medium consisting of RPMI-1640 supplemented with 10% FBS, 1% penicillin–streptomycin, 50 IU/mL rhIL-2, and 1 μg/mL HBV peptide pool (FLPSDFFPSV-A-A-A-QYIKANSKFIGITEL-A-A-A-RGLYFPA). Cells were cultured for 10 days, with fresh expansion medium provided every 3–4 days. Notably, the peptide pool included the CTL epitope HBcAg18–27 (FLPSDFFPSV), the Pre-S2 B18–24 epitope (RGLYFPA), and the tetanus toxoid (TT) universal T helper epitope (QYIKANSKFIGITEL).
1.6. Intercellular cytokine staining (ICS) of HBV-specific CD8⁺ T cells
Flow cytometry was used to quantify HBV-responsive CD8⁺ T cells and IFN-γ–producing CD8⁺ T cells within the expanded T-cell population. Expanded T cells (day 10) and freshly thawed PBMCs were collected for analysis. Expanded T cells were plated in 96-well plates and stimulated with 1 μg/mL HBV peptide pool in the presence of 1× brefeldin A (BFA; BD Biosciences) at 37°C, 5% CO₂ for 8 hours. PBMCs cultured under identical conditions with BFA alone served as unstimulated controls. Following stimulation, cells underwent sequential surface staining with anti-human CD8-FITC and anti-human CD3-Alexa Fluor 647 (both BD Biosciences) for 30 min at 4°C, fixation and permeabilization with Cytofix/Cytoperm (BD Biosciences), and intracellular staining with anti-human IFN-γ-BV421 (BD Biosciences). Data were acquired on a Cytek® Aurora or Northern Lights™ flow cytometer and analyzed in FlowJo (Tree Star), with a minimum of 100,000 events recorded per sample. Gating was applied sequentially: lymphocytes (FSC-A vs. SSC-A) → singlets (FSC-A vs. FSC-H) → CD3⁺ T cells → CD8⁺ T cells → IFN-γ⁺CD8⁺ T cells. The complete gating strategy is provided in Additional file Figure S2g.
1.7. [bookmark: OLE_LINK11] Establishment of the direct MSC co-culture organoid model for HBV-specific CD8⁺ T cell-mediated acute liver injury
HBV-infected liver organoids (MOI = 200 GE/cell) were co-cultured with expanded CD8⁺ T cells at a hepatocyte:T-cell ratio of 1:10 and/or with MenSCs or UC-MSCs at a hepatocyte:MSC ratio of 1:1. Co-cultures were maintained in differentiation medium supplemented with 50 IU/mL recombinant human interleukin-2 (IL-2). Ten experimental groups were established: (i) control groups: liver organoids alone (LO), liver organoids + CD8⁺ T cells (LO+T), liver organoids + MenSCs (LO+MB), and liver organoids + UC-MSCs (LO+UC); (ii) HBV infection groups: HBV-infected liver organoids alone (inf), HBV-infected liver organoids + CD8⁺ T cells (inf+T), HBV-infected liver organoids + MenSCs (inf+MB), and HBV-infected liver organoids + UC-MSCs (inf+UC); and (iii) MSC treatment groups: HBV-infected liver organoids + CD8⁺ T cells + MenSCs (inf+T+MB) and HBV-infected liver organoids + CD8⁺ T cells + UC-MSCs (inf+T+UC). After 3 days of co-culture, organoids and culture supernatants were collected for immunofluorescence staining, quantitative PCR, ELISA, and histological analyses, including Alcian blue–periodic acid–Schiff (AB-PAS) and hematoxylin and eosin (H&E) staining.
1.8. Establishment of the indirect MSC co-culture organoid model for HBV-specific CD8⁺ T cell-mediated acute liver injury
To determine whether MSC-mediated protection depended on direct cell–cell contact or paracrine signaling, an indirect co-culture system was established using Transwell inserts. HBV-infected liver organoids (MOI = 200 GE/cell) were co-cultured with expanded CD8⁺ T cells in the lower chamber at a hepatocyte:T-cell ratio of 1:10. MenSCs or UC-MSCs were seeded in the upper Transwell inserts (0.4-μm pore size) at a hepatocyte:MSC ratio of 1:1, thereby preventing direct cell–cell contact while allowing exchange of soluble factors. These groups were designated as inf+T+MB Transwell and inf+T+UC Transwell, respectively. In the same experiment, the groups LO, inf, inf+T, inf+T+MB, and inf+T+UC were included for batch-wise comparison. Co-cultures were maintained in differentiation medium supplemented with 50 IU/mL recombinant human interleukin-2 (IL-2) for 3 days. After co-culture, Transwell inserts were removed, and organoids and culture supernatants from the lower chamber were collected for quantitative PCR, ELISA, and AB-PAS.
1.9. Evaluation of MSC Function Under HBV-ACLF-Associated Inflammatory Conditions
To assess the protective effects of MSCs under clinically relevant inflammatory conditions, a direct co-culture system was established using HBV-infected liver organoids, expanded CD8⁺ T cells, and MSCs. Liver organoids were infected with HBV (MOI = 200 GE/cell) and co-cultured with CD8⁺ T cells at a hepatocyte:T-cell ratio of 1:10, in the presence or absence of MenSCs or UC-MSCs at a hepatocyte:MSC ratio of 1:1. To mimic the inflammatory microenvironment of HBV-ACLF, differentiation medium supplemented with 50 IU/mL recombinant human interleukin-2 (IL-2) was further supplemented with 20% pooled plasma from patients with HBV-ACLF (ACLF; n = 3; mixed at equal volumes) or healthy donors (HC; n = 3; mixed at equal volumes). Accordingly, six experimental groups were established: inf+T HC, inf+T+MB HC, inf+T+UC HC, inf+T ACLF, inf+T+MB ACLF, and inf+T+UC ACLF. In the same experiment, the groups LO, inf were included for batch-wise comparison. After 3 days of co-culture, organoids and culture supernatants were collected for downstream analyses. Clinical characteristics of patients with HBV-ACLF are summarized in Additional file Table S1.
1.10. Quantification of Albumin, HBsAg, and HBcAg by ELISA
Culture supernatants collected from the co-culture systems were assayed for human albumin (ALB), hepatitis B surface antigen (HBsAg), and hepatitis B core antigen (HBcAg) using enzyme-linked immunosorbent assays (ELISA) according to the manufacturers’ instructions. ALB was quantified using a Human Albumin ELISA Kit (Elabscience). Briefly, standards and appropriately diluted samples were added to antibody-precoated plates and incubated at 37°C. After washing, biotinylated detection antibody and streptavidin–HRP were added sequentially. Signal was developed using tetramethylbenzidine (TMB) substrate and stopped with stop solution, and absorbance was read at 450 nm. HBsAg and HBcAg were measured using a Human Hepatitis B Surface Antigen ELISA Kit and a Human Hepatitis B Core Antigen ELISA Kit (both from Qisong Biological), respectively. Standards and samples were added to antibody-precoated plates and incubated with HRP-conjugated detection antibodies. After TMB development and reaction termination, absorbance was measured at 450 nm. Concentrations were calculated from the corresponding standard curves.
1.11. Histology and immunofluorescence
Paraffin-embedded tissue sections (3 µm) were stained using the H&E High-Definition Kit (Servicebio) or AB-PAS Staining Kit (Solarbio) per manufacturers’ instructions. For multiplex immunofluorescent staining, the sections were processed using the Novo-light® 4-colour IHC Kit (WiSee Technology) after heat-induced epitope retrieval. The sections were stained with primary antibodies against sox9 (Abcam), KRT19 (Abcam), ALB (Abcam), EPCAM (Abcam), HBcAg (Abcam), CD90 (Servicebio), HBcAg (Abcam), Granzyme B (Proteintech), CD8 (Servicebio), and HNF4α (Cell Signaling Technology). The nuclei were stained with DAPI (Beyotime). The sections were scanned with a GScan-120Pro whole-slide scanner (G Cell Technology, Guangzhou, China) and imaged on a ZEISS LSM 980 microscope (Carl Zeiss AG, Oberkochen, Germany).
1.12. Gene expression and viral DNA / pgRNA quantification
Total RNA was extracted using TRIzol™ Reagent (Invitrogen) following the manufacturer’s instructions. One microgram of total RNA was reverse-transcribed into cDNA using PrimeScript™ RT Master Mix (Takara). RT-qPCR was performed with 2× SYBR Green qPCR Master Mix (Servicebio) using gene-specific primers (Additional file, Table S1). Fold change was calculated using the 2^−ΔΔCt method, with Ct values first normalized to the endogenous control GAPDH and expressed relative to the reference sample indicated in each figure legend. Importantly, for HBV pgRNA detection, primers were designed within the first 1 kb of the 5′ region, which is unique to the full-length 3.5 kb pregenomic RNA, avoiding shorter transcripts. The pgRNA primer sequences were: forward 5′-CCCTATCTTATCAACACTTCCGGA-3′ and reverse 5′-AGATCTTCTG-CGACGCGG-3′, as previously validated [2]. For intracellular HBV DNA quantification, total cellular DNA was recovered from TRIzol-processed samples after RNA extraction. Briefly, following removal of the aqueous RNA-containing phase, DNA was precipitated with ethanol, sequentially washed with sodium citrate solution and 75% ethanol, air-dried, and dissolved in 8 mM NaOH. Insoluble material was removed by centrifugation, and intracellular HBV DNA levels were normalized to the total DNA input for qPCR. For extracellular HBV DNA quantification, viral DNA was extracted from culture supernatants using the FastPure Viral DNA/RNA Mini Kit (Vazyme) according to the manufacturer’s instructions. HBV DNA copy number was determined by probe-based qPCR using Premix Ex Taq™ (Probe qPCR) (Takara) on a qTOWER³ Real-Time PCR System (Analytik Jena GmbH, Jena, Germany). Primers and probe for HBV DNA quantification were designed within the C (core) region of the HBV genome. The sequences were: forward primer 5′-GCAACTTTTTCACCTCTGCCTA-3′, reverse primer 5′-AGTAACTCCACAGTAG-
CTCCAAATT-3′, and probe FAM-TTCAAGCCTCCAAGCTGTGCCTTGGGT-GGC-BHQ1, as previously described [3]. Absolute quantification was performed using a standard curve generated from a plasmid containing the full-length HBV genome (PUC57-HBV, generated in our laboratory), HBV DNA levels were normalized to total DNA concentration and expressed as copies/µL per µg of total DNA.
1.13. Statistical analysis 
All statistical analyses were performed using GraphPad Prism v9 (GraphPad Software, San Diego, CA, USA). Data are presented as mean ± standard error of the mean (SEM), as specified in the figure legends. Data distribution was assessed using the Normality and Lognormality Tests in Prism prior to statistical analysis. For data that passed the normality test, comparisons among multiple groups were performed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple-comparisons test. For non-normally distributed data, the Kruskal-Wallis test was applied. Comparisons between two groups were performed using the Mann-Whitney test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, no significance).
















Additional file Table S1. Clinical characteristics of HBV-ACLF patients providing plasma for this study
ID
Age (years)
Sex
BMI (kg/m²)
HBV DNA (IU/mL)
Albumin (g/L)
TBil (μmol/L)
PTA (%)
INR
D-dimer (mg/L)
ALT (U/L)
AST (U/L)
Creatinine (μmol/L)
Blood ammonia (μmol/L)
Lactate (mmol/L)
MELD-Na score
COSSH ACLF II score
1
63
Male
21.31
3.04 × 10⁸
27
395.6
32.6
2.07
3.31
722
589
42
59.8
3.6
29.59
8.16
2
50
Male
26.2
1.01 × 10³
28.3
445.3
28.76
2.28
3.76
402
218
97
43.9
3.63
32.01
7.8
3
40
Male
22.41
2.56 × 10³
31.1
385
33.1
2.25
4.05
294
423
55
17.1
1.38
28.34
6.88 

















Additional file Table S2. List of primers used in this study
	No.
	Gene
	[bookmark: RANGE!F5]Primer (forward, 5'-3' direction)
	Primer (reverse, 5'-3' direction)

	1
	IL-10
	GCCTAACATGCTTCGAGATC
	TGATGTCTGGGTCTTGGTTC

	2
	IL-6
	GGTACATCCTCGACGGCATCT
	GTGCCTCTTTGCTGCTTTCAC

	3
	IL-8
	CTTGGCAGCCTTCCTGATTT
	TTCTTTAGCACTCCTTGGCAAAA

	4
	TNFα
	GGAGAAGGGTGACCGACTCA
	CTGCCCAGACTCGGCAA

	5
	CXCL10
	TGTACGCTGTACCTGCATCA
	GGACAAAATTGGCTTGCAGGA

	6
	P53
	AAACTACCAACCCACCGACC
	TCTGGCCTTGAAACCACCTT

	7
	FASL
	GCAGCCCTTCAATTACCCAT
	CAGAGGTTGGACAGGGAAGAA

	8
	CASP7
	CCGAGTGCCCACTTATCTGT
	ACCTGTCGCTTTGTCGAAGT

	9
	ALB
	TTTATGCCCCGGAACTCCTTT
	AGTCTCTGTTTGGCAGACGAA

	10
	HGF
	GAGAGTTGGGTTCTTACTGCACG
	CTCATCTCCTCTTCCGTGGACA

	11
	IFN-γ
	GAGTGTGGAGACCATCAAGGAAG
	TGCTTTGCGTTGGACATTCAAGTC

	12
	GAPDH
	CTGGGCTACACTGAGCACC
	AAGTGGTCGTTGAGGGCAATG

	13
	CYP2C9
	TGGATGAAGGTGGCAATTTT
	AGGAATAAAAACAGCTCCATGC

	14
	CYP2C19
	ACTATTGAAAACTTGGTAATCACTGC
	TCTCAGGGTTGTGCTTGTTG

	15
	CYP3A4
	GATGGCTCTCATCCCAGACTT
	AGTCCATGTGAATGGGTTCC

	16
	CYP3A7
	GGAACCCGTACACATGGACT
	GATGTCAAACGTCCAATAGCC

	17
	NTCP
	CATGCGCTATGTCATCAAGG
	TGATGCTCTTCCCCACATT

	19
	pgRNA
	CCCTATCTTATCAACACTTCCGGA
	AGATCTTCTGCGACGCGG

	20
	HNF4α
	GGCCAAGTACATCCCAGCTTT
	CAGCACCAGCTCGTCAAGG
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Additional file Figure S1. Characterization of liver organoid differentiation, HBV infection, and HBV-specific CD8⁺ T cell activation.
(a) Representative bright-field and immunofluorescence images of ductal organoids (DO) and liver organoids (LO). DO were immunostained for cholangiocyte markers KRT19 (green) and SOX9 (white); LO were immunostained for EPCAM (green), albumin (ALB, red), and HNF4α (white). Nuclei were counterstained with DAPI (blue). Scale bar = 50 μm. (b) Human ALB concentration in culture supernatants collected from LO, as measured by ELISA (n = 4). Data are presented as mean ± SEM. (c) Fold change of hepatocyte-associated genes (CYP2C9, CYP3A7, CYP3A4, CYP2C19, HNF4α, ALB, and NTCP) in DO and LO relative to the DO group, as quantified by qPCR using GAPDH mRNA as the internal control (n = 4). Data are presented as mean ± SEM. *P < 0.05. (d) Representative immunofluorescence images of LO infected with HBV at multiplicities of infection (MOIs) of 100 and 200, assessed at days 1, 3, and 5 post-infection. Organoids were immunostained for HBV core antigen (HBcAg, red) and hepatocyte marker HNF4α (pink); nuclei were counterstained with DAPI (cyan). Uninfected organoids served as negative controls (Ctrl). Scale bar = 50 μm. (e) Quantification of intracellular HBV DNA copy numbers in LO infected at MOIs of 100 and 200, assessed at days 1, 3, and 5 post-infection by qPCR (n = 3). Data are presented as mean ± SEM. (f) Representative bright-field images showing morphological changes of HBV-specific CD8⁺ T cells during in vitro expansion at days 0, 5, 10, and 12. Scale bar = 50 μm. (g) Representative flow cytometric analysis of IFN-γ production in HBV-specific CD8⁺ T cells. Cells were gated sequentially as follows: all events → lymphocytes → singlets → CD3⁺CD8⁺ T cells → IFN-γ⁺ cells. The percentage of IFN-γ⁺ cells within the CD3⁺CD8⁺ T cell gate is shown for both the HBV peptide pool-stimulated and unstimulated control groups.

[image: ]
Additional file Figure S2. Establishment of an HBV-specific CD8⁺ T cell-mediated acute liver injury organoid model and evaluation of the effects of MSC therapy. (a) Representative bright-field images of the co-culture system at day 0 across all experimental groups: LO, LO+MB, LO+UC, inf, inf+MB, inf+UC, inf+T, inf+T+MB, and inf+T+UC. Scale bar = 100 μm. (b) Representative bright-field images of the co-culture system at day 3 in the following groups: inf, inf+MB, inf+UC, inf+T, inf+T+MB, and inf+T+UC. Scale bar = 100 μm. (c) Quantification of HBsAg and HBcAg concentrations in culture supernatants from all experimental groups, as measured by ELISA (n = 3–4). Data are presented as mean ± SEM. (d) Quantification of HBV DNA copy numbers in culture supernatants from all experimental groups, as determined by qPCR (n = 3–4). Data are presented as mean ± SEM. (e) Fold change of intracellular HBV pgRNA in all experimental groups relative to the LO group, as quantified by qPCR using GAPDH mRNA as the internal control (n = 3–4). Data are presented as mean ± SEM. (f) Representative AB-PAS staining images of organoids from four groups (LO, LO+T, LO+MB, and inf+MB), used to assess organoid morphology and glycogen storage. Scale bar = 50 μm. ***P < 0.001, ****P < 0.0001; ns, not significant.
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Additional file Figure S3. Immunofluorescence characterization of HBcAg expression, CD8⁺ T cell infiltration, and CD90⁺ MSC distribution in co-cultured liver organoids.
Representative immunofluorescence images of liver organoids across eight experimental groups: LO, LO+MB, LO+T, inf, inf+MB, inf+T, inf+T+MB, and inf+T+UC. Each row corresponds to one experimental group, and each column represents an individual fluorescence channel: nuclei (DAPI, cyan), HBV core antigen (HBcAg, red), CD8⁺ T cells (pink), CD90⁺ MSCs (green), and the merged image of all channels. Scale bar = 50 μm.
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Additional file Figure S4. Immunofluorescence characterization and hepatic gene expression analysis in the HBV-specific CD8⁺ T cell-mediated acute liver injury organoid model with MSC treatment.
(a) Representative immunofluorescence images of liver organoids from six experimental groups: LO, LO+T, inf, inf+T+MB, inf+T+UC, and inf+T. Each row corresponds to one experimental group, and each column represents an individual fluorescence channel: nuclei (DAPI, blue), HNF4α (pink), HBcAg (white), CD8 (green), Granzyme B (red), and the merged image of all channels. Scale bar = 50 μm. (b) Quantification of HBcAg⁺ cells as a percentage of total cells in four experimental groups (inf, inf+T, inf+T+MB, and inf+T+UC), based on immunofluorescence staining analysis. (c) Fold change of liver regeneration-associated genes (IL-6 and HGF) in all experimental groups relative to the LO group, as quantified by qPCR using GAPDH mRNA as the internal control (n = 3–4). Data are presented as mean ± SEM. ***P < 0.001, ****P < 0.0001; ns, not significant.
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Additional file Figure S5. Effects of MSC treatment under ACLF-associated inflammatory conditions in the HBV-specific CD8⁺ T cell-mediated acute liver injury organoid model.
(a) Quantification of HBV DNA copy numbers in cell lysates (intracellular) and culture supernatants from seven experimental groups: inf, inf+T HC, inf+T+MB HC, inf+T+UC HC, inf+T ACLF, inf+T+MB ACLF, and inf+T+UC ACLF, as determined by qPCR (n = 3–4). (b) Fold change of intracellular HBV pgRNA in LO, inf+T HC, inf+T+MB HC, inf+T+UC HC, inf+T ACLF, inf+T+MB ACLF, and inf+T+UC ACLF groups relative to the LO group, as quantified by qPCR using GAPDH mRNA as the internal control (n = 4). (d) Representative AB-PAS staining images of liver organoids from six experimental groups (inf+T HC, inf+T+MB HC, inf+T+UC HC, inf+T ACLF, inf+T+MB ACLF, and inf+T+UC ACLF), used to evaluate glycogen storage capacity and hepatocyte morphology. Scale bar = 50 μm. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001; ns, not significant.
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Additional file Figure S6. Comparison of direct and indirect MSC co-culture effects on viral replication, inflammatory responses, and hepatocyte function in the HBV-specific CD8⁺ T cell-mediated acute liver injury organoid model.
(a) Schematic illustration comparing the direct and indirect (Transwell insert) MSC co-culture systems used in the HBV-specific CD8⁺ T cell-mediated acute liver injury organoid model. (b) Quantification of intracellular HBV DNA copy numbers in cell lysates from six experimental groups: inf, inf+T, inf+T+MB, inf+T+UC, inf+T+MB Transwell, and inf+T+UC Transwell, as determined by qPCR (n = 3–4). (c) Fold change of intracellular HBV pgRNA in seven experimental groups (LO, inf, inf+T, inf+T+MB, inf+T+UC, inf+T+MB Transwell, and inf+T+UC Transwell) relative to the LO group, as quantified by qPCR using GAPDH mRNA as the internal control (n = 3–4). (d) Quantification of HBsAg and HBcAg levels in the culture supernatants of five experimental groups (inf, inf+T, inf+T+MB, inf+T+UC, inf+T+MB Transwell, and inf+T+UC Transwell) by ELISA (n = 3–4). (e) Representative AB-PAS staining images of liver organoids from indirect co-culture groups (inf+T, inf+T+MB Transwell, and inf+T+UC Transwell), used to assess glycogen storage capacity and hepatocyte morphology. Scale bar = 50 μm. (f) Fold change of inflammatory and cytotoxicity-associated genes (IFN-γ, TNF-α, and FasL) in C, inf, inf+T, inf+T+MB Transwell, and inf+T+UC Transwell groups relative to the LO group, as quantified by qPCR using GAPDH mRNA as the internal control (n = 3–4). Data are presented as mean ± SEM. ***P < 0.001, ****P < 0.0001; ns, not significant.
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