Transcriptomic profiling of CD8⁺ T cells across distinct stages of chronic HBV infection and hepatitis B virus-related acute-on-chronic liver failure: development of a short-term prognostic model
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Materials and Methods
Study design
All participants were aged 25–65 years and enrolled between May 2025 and May 2026 at Guangzhou Eighth People's Hospital, Guangzhou Medical University. Exclusion criteria were: (1) co-infection with HAV, HCV, HEV, HDV, or HIV; (2) concomitant alcoholic liver disease, drug-induced liver injury, autoimmune liver disease, or metabolic-associated fatty liver disease; (3) malignancy or severe dysfunction of the heart, lungs, kidneys, or brain; (4) pregnancy or lactation.

PBMC isolation
Peripheral blood samples from all patients were collected within 24 hours of admission and prior to treatment, to preclude effects of antiviral agents, artificial liver support therapy, or corticosteroids on immune cell transcriptomic profiles and functional states. Blood samples from healthy controls were collected at the time of enrollment. We used EDTA-anticoagulant vacuum tubes (BD, USA) to collect peripheral venous blood and PBMC isolation was completed within 2 hours. Briefly, whole blood was centrifuged (3000 rpm, 6 min, acceleration/deceleration 6; Eppendorf, Germany) to remove plasma. The remaining blood cells were mixed 1:1 with RPMI 1640 (Gibco, USA), gently layered over 4 mL of lymphocyte separation medium (Ficoll, GE) in centrifuge tubes (Axygen, USA), and centrifuged (2000 rpm, 20 min, acceleration/deceleration 1). The buffy coat was carefully aspirated, transferred to RPMI 1640 supplemented with 5% fetal bovine serum (FBS; Gibco), and washed twice (1800 rpm, 6 min, acceleration/deceleration 6). The cell pellet was resuspended in 3 mL of 1× red cell lysis buffer (BioLegend, USA), incubated at room temperature in the dark for 3 minutes, and quenched with two volumes of PBS (without FBS). Cells were centrifuged (4°C, 350 × g, 5 min), and the pellet was resuspended in 1 mL PBS supplemented with 2% FBS for counting (Countstar, USA). After centrifugation (4°C, 350 × g, 5 min), cells were resuspended in PBS with 2% FBS at approximately 1 × 10⁸cells/mL and transferred to polystyrene flow cytometry tubes (BD Falcon, USA).

Immunomagnetic positive selection of CD8⁺ T cells
For immunomagnetic positive selection, the EasySep™ Human CD8 Positive Selection Kit II (Cat. No. #17853) was used. The prepared PBMC suspension was incubated with the positive selection antibody cocktail (Cat. No. #17853C) at 100 µL per mL of sample for 3 minutes at room temperature. Then vortexed RapidSpheres™ magnetic beads (Cat. No. #50100) for 30 seconds and added at 50 µL per mL of sample, followed by incubation at room temperature for 3 minutes. The cell suspension was adjusted to a final volume of 2.5 mL with PBS supplemented with 2% FBS, gently mixed, and placed in an EasySep™ magnet (Cat. No. #18000) for 3 minutes at room temperature. The magnet and tube were inverted together in a continuous, slow motion to discard the supernatant (non-target cells) and repeated three times. Cells were resuspended in 3 mL PBS with 2% FBS, centrifuged (4°C, 350 × g, 5 min), and the pellet was resuspended in 0.5 mL TRIzol (Invitrogen), vortexed for 30 seconds (Scientific Industries), transferred to 1.5 mL microcentrifuge tubes (Axygen, USA), and stored at −80°C (Thermo Fisher Scientific, USA).

Flow cytometry
To assess the purity of immunomagnetically selected cells, flow cytometric analysis was performed. CD8⁺ T cells were stained with the following antibodies: AF532 anti-human CD3 (Invitrogen), APC-Cy7 anti-human CD4 (BioLegend), BV650 anti-human CD8 (BD Biosciences), and BV421 Live/Dead (BioLegend). Detailed information about all antibodies is shown in Supplementary Table 1.

RNA sequencing and bioinformatic analysis
Total RNA was extracted using TRIzol reagent (Invitrogen) and quantified with a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). mRNA sequencing was performed using the VAHTS® Universal V8 RNA-seq Library Prep Kit for MGI (Vazyme, Nanjing, China) according to the manufacturer's instructions, including mRNA purification,  fragmentation, first-strand and second-strand cDNA synthesis, end repair and 3' adenylation, adapter ligation, and DNA fragment enrichment. For bioinformatic processing, raw sequencing reads were first quality-assessed using FastQC, and adapters and low-quality reads were filtered. Because samples were sequenced in two batches, we used removeBatchEffect function from the R package limma to minimize batch effects during exploratory data analysis and visualization. Batch information of all samples is provided in Supplementary Table 2. Gene expression quantification was performed using featureCounts to generate the count matrix. Differential gene expression analysis was conducted using the DESeq2 package, and functional enrichment analysis of gene sets was carried out with the clusterProfiler package.

qRT-PCR
To validate the expression levels of ENTPD1, LAG3, PDCD1, NR4A3, CPT1A, PLIN2, HLA-DRA, IL7R, and PRKRA, quantitative reverse-transcription PCR (qRT-PCR) was performed using a two-step protocol. RNA was reverse-transcribed into complementary DNA (cDNA) using HiScript IV RT SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing, China). Expression levels were quantified via real-time PCR using SureRealQ Purple Universal SYBR qPCR Master Mix (U+) (Vazyme) according to the manufacturer's instructions. Transcripts were quantified using the comparative Ct method and normalized to the endogenous control GAPDH. Detailed primer information is provided in Supplementary Table 3.

Supplementary Table 1. Antibodies used for flow cytometry analysis
	Marker
	Fluorochrome

	Manufacturer

	Dilution (μl/10^6cell/100μl)
	Clone

	Cataloge No.


	CD3
	AF532
	Invitrogen
	1
	UCHT1

	58-0038-42

	CD4
	APC/Cy7
	BioLegend
	1
	OKT4
	317418

	CD8
	BV650
	BD Biosciences
	1
	RPA-T8

	563821

	Live/Dead
	BV421
	BioLegend
	2
	/
	423113



Supplementary Table 2. Batch information of all samples
	Group
	Batch1
	Batch2
	Total

	HC
	7
	4
	11

	IT
	5
	2
	7

	IA
	10
	15
	25

	IC
	0
	9
	9

	Eneg
	5
	12
	17

	ACLF
	10
	15
	25

	Total
	37
	57
	94
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Supplementary Table 3. Primers for qRT-PCR in the study
	Gene
	Primers (5ʹ-3ʹ)

	PDCD1
	Forward:ACGAGGGACAATAGGAGCCAG
Reverse: GCCCATTCCGCTAGGAAAGAC

	LAG3
	Forward:GCCTCCGACTGGGTCATTTT
Reverse: CTTTCCGCTAAGTGGTGATGG

	ENTPD1

	Forward:TTGGAGCTTTGGACCTTGGG
Reverse: TTATCTGGGGACTCGATAGTCTG

	CPT1A

	Forward:TCCAGTTGGCTTATCGTGGTG
Reverse: TCCAGAGTCCGATTGATTTTTGC

	PLIN2

	Forward:ATGGCATCCGTTGCAGTTGAT
Reverse: GGACATGAGGTCATACGTGGAG

	HLA-DRA

	Forward:AGTCCCTGTGCTAGGATTTTTCA
Reverse: ACATAAACTCGCCTGATTGGTC

	IL7R

	Forward:CCCTCGTGGAGGTAAAGTGC
Reverse: CCTTCCCGATAGACGACACTC

	NR4A3

	Forward:TGCGTCCAAGCCCAATATAGC
Reverse: GGTGTATTCCGAGCTGTATGTCT

	PRKRA

	Forward: CACCTTCAGAGTAACCGTTGG
Reverse: AGCTCTATGTTTCGCCAGCTT

	GAPDH
	Forward: GTGGACCTGACCTGCCGTCT
Reverse: GGAGGAGTGGGTGTCGCTGT



Supplementary Table 4. Clinical Characteristics of patients in six groups
	Characteristics
	HC(n=11)
	IT(n=7)
	IA(n=25)
	IC(n=9)
	Eneg(n=17)
	All ACLF(n=25)

	Demographics
	
	
	
	
	
	

	Age (yrs.)
	31.6[26.0,40.0]
	37.9[29.0,42.0]
	35.8[31.5,38]
	39.3[34.0,47.0]*
	45.5[39.5,54.0]***
	45.6[38.0,55.0] ***

	Male (%,n)
	45.5(5)
	71.4(5)
	72.0(18)
	77.8(7)
	76.5(13)
	96.0(24)

	Laboratory data
	
	
	
	
	
	

	ALT (U/L)
	26.1[15.7,28.2]
	17.4[13.1,21.7]
	524.1[151.6,590.7] ****
	27.0[14.5,41.3]
	576.8[104.8,933.2] ****
	770.9[130.0,1208.0] ****

	AST (U/L)
	23.3[15.6,21.8]
	20.6[17.8,23]
	350.5[83.5,531.1] ****
	26.8[19.1,29.7]
	293.4[50.2,417.6] ****
	505.5[123.4,732.1]****

	TB (μmol/l)
	13.9[11.9,15.0]
	17.9[13.0,22.1]
	79.7[24.5,81.5] ****
	17.1[9.4,21.9]
	47.4[12.3,50.8] *
	270.7[181.1,336.0] ****

	DB (μmol/l)
	4.6[3.5,5.9]
	4.9[3.0,5.9]
	57.4[11.0,60.4] ****
	5.7[3.7,7.0]
	31.0[5.2,34.3] **
	201.2[126.1,262.6] ****

	ALB (g/L)
	47.1[45.5,47.5]
	44.6[41.3,47.9]
	39.0[35.0,43.2] ****
	45.8[42.7,48.9]
	37.2[35.1,38.3] ****
	32.0[28.6,35.3] ****

	INR
	1.1[1.0,1.1]
	1.0[1.0,1.1]
	1.1[1.0,1.2]
	1.0[0.9,1.0] **
	1.1[1.0,1.2] *
	2.0[1.6,2.2] ****

	Cr(μmol/l)
	63.0[54.5,74.1]
	75.2[56.0,83.3]
	61.5[51.5,72.8]
	78.1[65.4,95.5] *
	68.4[58.3,76.6]
	65.8[58.1,71.9]

	eGFR(mL/min/1.73m2)
	120.5[113.6,124.3]
	106.0[93.1,115.1] *
	120.0[115.5,123.6]
	106.7[92.0,120.3] *
	111.6[102.1,119.6] *
	112.9[105.8,121.0] *

	Na+ (mmol/L)
	136.7[135.0,138.0]
	138.0[136.0,140.0]
	137.4[135.5,140]
	139.0[136.5,141.5] *
	138.1[136.5,139.5]
	135.6[134.0,138.0]

	WBC (109 /L)
	6.6[5.6,8.2]
	5.5[5.1,5.9] *
	6.1[4.9,6.9]
	5.8[4.6,7.0]
	5.5[4.3,6.7] *
	5.8[4.7,6.8]

	Neutrophils(%)
	57.5[53.8,62.6]
	53.2[46.0,64.6]
	57.7[51.2,63.3]
	59.7[51.8,66.7]
	55.7[53.5,59.6]
	64.6[58.5,73.7]

	Hemoglobin (g/L)
	139.3[127.0,157.0]
	137.1[132.0,148.0]
	134.1[122.5,149.0]
	139.9[119.5,162.5]
	125.1[123.5,144.0]
	123.8[105.5,143.5] *

	PLT (109 /L)
	249.9[217,296]
	231.1[209,270]
	221.5[182.5,246.5]
	204.7[194,231.5] *
	164.5[113.5,189.5] **
	125.3[99.0,162.5] ****

	AFP (ng/ml)
	3.5[2.5,4.1]
	3.7[2.4,5.0]
	68.8[7.4,53.7] ****
	2.4[1.7,2.9]
	40.7[5.1,52.9] **
	161.4[10.0,318.5] ****

	HBsAg positive(%,n)
	0(0)
	100.0(7)
	100.0(25)
	100.0(9)
	100.0(17)
	100.0(25)

	HBsAb positive(%,n)
	100.0(11)
	28.5(2)
	40.0(10)
	33.3(3)
	17.6(3)
	24.0(6)

	HBeAg positive(%,n)
	0(0)
	100.0(7)
	100.0(25)
	0(0)
	0(0)
	20.0(5)

	HBeAb positive(%,n)
	0(0)
	0(0)
	28.0(7）
	100.0(9)
	100.0(17)
	92.0(23)

	HBcAb positive(%,n)
	0(0)
	100.0(7)
	100.0(25)
	100.0(9)
	100.0(17)
	100.0(25)

	lgHBVDNA(IU/mL)
	0
	8.5[8.4,8.7]
	7.5[6.8,8.4]
	/
	6.1[4.4,8.2]
	5.5[3.3,7.4]

	Organ failure (No.)
	
	
	
	
	
	

	Liver
	0
	0
	0
	0
	0
	100.0(25)

	Coagulation
	0
	0
	0
	0
	0
	16.0(4)

	ACLF stage
	
	
	
	
	
	

	Pre(%,n)
	0
	0
	0
	0
	0
	24.0(6)

	Early(%,n)
	0
	0
	0
	0
	0
	40.0(10)

	Intermediate(%,n)
	0
	0
	0
	0
	0
	20.0(5)

	Advanced(%,n)
	0
	0
	0
	0
	0
	16.0(4)

	Severity score
	
	
	
	
	
	

	MELD
	6.0[6.0,6.0]
	6.3[6.0,6.3]
	8.6[6.0,11.0]
	6.4[6.0,6.6]
	8.6[6.0,10.9]
	20.6[17.1,23.8] ****

	MELD-Na
	6.0[6.0,6.0]
	6.3[6.0,6.3]
	9.5[6.0,12.6]
	6.4[6.0,6.6]
	8.6[6.0,10.9]
	22.3[17.1,24.2] ****


Data are presented as medians (p25, p75) or percentages (numbers of patients). *p<0.05, **p<0.01, ***p value <0.001 and ****p value <0.0001 for comparisons between IT or IA or IC or Eneg or ACLF and HC group. HC, Healthy controls; IT, immune-tolerant; IA, immune-active; IC, inactive carrier; Eneg, HBeAg-negative hepatitis; ACLF, acute-on- chronic liver failure; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TB, total bilirubin; DB, direct bilirubin; ALB, albumin; INR, international normalised ratio; Cr, Creatinine; eGFR, estimated glomerular filtration rate; WBC, white blood cell; PLT, Platelet; AFP, Alpha fetoprotein; MELD, model for end-stage liver disease; MELD-Na, model for end- stage liver disease-sodium.
Supplementary Table 5. Clinical Characteristics of improvement and deterioration group in ACLF
	Characteristics
	Improvement group (n=17)
	Deterioration group (n=8)

	Demographics
	
	

	Age (yrs.)
	44.9[36.5,53.0]
	47.0[39.0,56.8]

	Male (%,n)
	94.1(16)
	100.0(8)

	Laboratory data
	
	

	ALT (U/L)
	748.5[157.6,1208.0]
	818.6[55.7,1660.0]

	AST (U/L)
	449.9[149.5,732.1]
	623.7[107.6,1265.0]

	TB (μmol/l)
	269.0[178.2,325.3]
	274.5[185.5,343.3]

	DB (μmol/l)
	201.0[120.0,258.2]
	201.9[124.1,280.6]

	ALB (g/L)
	32.4[30.6,35.3]
	31.1[27.2,36.8]

	INR
	1.8[1.5,2.2]
	2.3[1.6,2.8]

	Cr(μmol/l)
	67.3[58.9,75.1]
	62.6[56.0,69.1]

	eGFR(mL/min/1.73m2)
	112.2[104.9,122.8]
	114.3[108.8,119.4]

	Na+ (mmol/L)
	136.6[135.0,138.5]
	133.4[131.5,137.8]

	WBC (109 /L)
	5.8[4.7,6.8]
	5.8[3.3,7.4]

	Neutrophils(%)
	61.9[55.3,69.5]
	70.4[62.8,83.3]

	Hemoglobin (g/L)
	124.0[110.5,143.5]
	123.3[97.0,144.5]

	PLT (109 /L)
	135.0[101.0,186.0]
	104.6[76.0,139.3]

	AFP (ng/ml)
	220.0[12.8,372.0]
	36.7[4.6,81.7]

	HBsAg positive(%,n)
	100.0(17)
	100.0(8)

	HBsAb positive(%,n)
	35.3(6)
	0(0)

	HBeAg positive(%,n)
	17.6(3)
	25(2)

	HBeAb positive(%,n)
	94.1(16)
	87.5(7)

	HBcAb positive(%,n)
	100.0(17)
	100.0(8)

	lgHBVDNA(IU/mL)
	5.5[3.2,7.3]
	5.3[3.3,8.7]

	Organ failure (No.)
	
	

	Liver
	100.0(17)
	100.0(8)

	Coagulation
	5.9(1)
	37.5(3)

	ACLF stage
	
	

	Pre(%,n)
	29.4(5）
	12.5(1）

	Early(%,n)
	41.2(7）
	37.5(3)

	Intermediate(%,n)
	23.5(4）
	12.5(1）

	Advanced(%,n)
	5.9(1)
	37.5(3)

	Severity score
	
	

	MELD
	20.2[16.7,23.4]
	21.5[18.4,25.3]

	MELD-Na
	20.6[17.0,23.8]
	25.9[20.2,29.9]


Data are presented as medians (p25, p75) or percentages (numbers of patients). ALT, alanine aminotransferase; AST, aspartate aminotransferase; TB, total bilirubin; DB, direct bilirubin; ALB, albumin; INR, international normalised ratio; Cr, Creatinine; eGFR, estimated glomerular filtration rate; WBC, white blood cell; PLT, Platelet; AFP, Alpha fetoprotein; MELD, model for end-stage liver disease; MELD-Na, model for end-stage liver disease-sodium.
