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ABSTRACT
Objective  Hepatitis B virus-related acute-on-chronic 
liver failure (HBV-ACLF) pathophysiology remains unclear. 
This study aims to characterise the molecular basis of 
HBV-ACLF using transcriptomics.
Methods  Four hundred subjects with HBV-ACLF, acute-
on-chronic hepatic dysfunction (ACHD), liver cirrhosis 
(LC) or chronic hepatitis B (CHB) and normal controls 
(NC) from a prospective multicentre cohort were studied, 
and 65 subjects (ACLF, 20; ACHD, 10; LC, 10; CHB, 10; 
NC, 15) among them underwent mRNA sequencing 
using peripheral blood mononuclear cells (PBMCs).
Results  The functional synergy analysis focusing on 
seven bioprocesses related to the PBMC response 
and the top 500 differentially expressed genes (DEGs) 
showed that viral processes were associated with all 
disease stages. Immune dysregulation, as the most 
prominent change and disorder triggered by HBV 
exacerbation, drove CHB or LC to ACHD and ACLF. 
Metabolic disruption was significant in ACHD and severe 
in ACLF. The analysis of 62 overlapping DEGs further 
linked the HBV-based immune-metabolism disorder to 
ACLF progression. The signatures of interferon-related, 
neutrophil-related and monocyte-related pathways 
related to the innate immune response were significantly 
upregulated. Signatures linked to the adaptive immune 
response were downregulated. Disruptions of lipid 
and fatty acid metabolism were observed during ACLF 
development. External validation of four DEGs underlying 
the aforementioned molecular mechanism in patients 
and experimental rats confirmed their specificity and 
potential as biomarkers for HBV-ACLF pathogenesis.
Conclusions  This study highlights immune-metabolism 
disorder triggered by HBV exacerbation as a potential 
mechanism of HBV-ACLF and may indicate a novel 
diagnostic and treatment target to reduce HBV-ACLF-
related mortality.

INTRODUCTION
Acute-on-chronic liver failure (ACLF) develops in 
patients with chronic liver diseases, regardless of the 
presence of cirrhosis and represents the common 
final pathway leading to death.1 An understanding 

of the molecular mechanism of ACLF pathogen-
esis is essential for the development of effective 
early diagnostic and treatment strategies. The 

Significance of this study

What is already known on this subject?
►► Acute-on-chronic liver failure (ACLF) has 
regional phenotypic specificities due to the 
disease aetiology and precipitating event.

►► Hepatitis B virus-related ACLF (HBV-ACLF) 
exhibits clinical characteristics different from 
alcoholic liver disease-related ACLF in Western 
populations.

►► The transcriptomic-based molecular mechanism 
underlying disease development and the 
prognosis of HBV-ACLF remains unclear.

What are the new findings?
►► The transcriptome of HBV-ACLF is characterised 
by an excessive immune response triggered by 
HBV exacerbation that drives chronic hepatitis 
B or liver cirrhosis to acute-on-chronic hepatic 
dysfunction and ACLF.

►► Dysregulation of immune responses leads 
to metabolic disorder and inflammation and 
induces multiorgan failure in patients with 
HBV-ACLF.

►► Immune-metabolism disorder is a core axis 
of disease development and progression in 
patients with HBV-ACLF.

►► Four differentially expressed genes (PPAR 
gamma, MER tyrosine kinase, thrombospondin 
1 and semaphorin 6B) are identified as 
potential biomarkers that reflect dysregulated 
pathways underlying the virus-based immune-
metabolism disorder in patients with ACLF.

How might it impact on clinical practice in the 
foreseeable future?

►► The new findings may direct the development 
of effective early diagnostic and treatment 
strategies targeting immune regulation and 
metabolic balance to reduce the high mortality 
rate of patients with HBV-ACLF.

http://www.bsg.org.uk/
http://gut.bmj.com/
http://orcid.org/0000-0002-7236-8088
http://crossmark.crossref.org/dialog/?doi=10.1136/gutjnl-2020-323395&domain=pdf&date_stamp=2021-10-25


164 Li J, et al. Gut 2022;71:163–175. doi:10.1136/gutjnl-2020-323395

Hepatology

chronic liver failure (CLIF) Consortium Acute-On-Chronic 
Liver Failure in Cirrhosis (CANONIC) study first developed 
the definition and diagnostic criteria for ACLF in patients with 
acutely decompensated alcoholic liver disease or hepatitis C 
virus-related cirrhosis.2 This well-accepted definition recognises 
ACLF as a distinct syndrome based on the presence of organ 
failure and a high mortality rate. Our recent large prospective 
multicentre study (Chinese Group on the Study of Severe Hepa-
titis B, COSSH) documented that hepatitis B virus-related ACLF 
(HBV-ACLF) exhibits clinical characteristics different from alco-
holic liver disease-related ACLF in Western populations, and 
we proposed the COSSH-ACLF criteria for the diagnosis of 
ACLF in the HBV-positive population, as these criteria exhibited 
improved diagnostic sensitivity and prognostic accuracy.3

Hepatocyte injury and death are known to initiate ACLF; 
however, the cause of hepatocyte injury and the pathway 
involved in ACLF progression remain unclear.4 The CANONIC 
study indicated that an intense systemic inflammatory response 
is the main cause of acute deterioration in patients with alco-
holic liver disease-related and hepatitis C virus-related ACLF.5 6 
As mentioned earlier, the two largest prospective multicentre 
studies of ACLF to date, CANONIC and COSSH, revealed 
regional phenotypic specific differences in the disease aetiology 
and precipitating events of ACLF.7 Nevertheless, immune cells 
appear to play a crucial role in ACLF; however, the ongoing 
processes in these cells may be different and have not been 
investigated in depth to date. In the present study, we aim to 
provide a transcriptomic-based dataset from circulating immune 
cells (peripheral blood mononuclear cells, PBMCs) collected at 
the different stages of disease progression in patients with HBV-
ACLF to clarify the detailed molecular mechanisms underlying 
disease development and their effects on the liver tissue and 
prognosis of patients with HBV-ACLF, as well as to develop and 
validate potential biomarkers to improve the diagnosis and prog-
nosis of HBV-ACLF.

MATERIALS AND METHODS
Study design
To elucidate the detailed transcriptomic-based molecular mech-
anism of the development and progression of HBV-ACLF, we 
prospectively and randomly selected 340 patients with HBV aeti-
ology from the COSSH study open cohort to evaluate and charac-
terise the evolving disease course starting from chronic hepatitis 
B (CHB, n=70) or liver cirrhosis (LC, n=70) and progressing 
through acute-on-chronic hepatic dysfunction (ACHD, n=70) 
to ACLF (n=130). Relevant clinical and follow-up data were 
collected from the electronic data capture system and case report 
forms. Normal, healthy volunteers were enrolled as normal 
controls (NC, n=60). Antiviral nucleoside analogues were 
immediately administered if HBV DNA was detected in patients 
with ACLF or ACHD according to the Consensus Recommenda-
tions of the Asian Pacific Association for the Study of the Liver 
(2009).8 The patients and controls were randomly allocated into 
a sequencing group and a validation group (figure 1A). Among 
the sequencing group, 20 patients with HBV-ACLF from the 
COSSH cohort were selected using stratified random sampling 
according to the prevalence of ACLF grades in the COSSH 
study (ACLF-1, 60.6%; ACLF-2, 33.0% and ACLF-3, 6.4%).3 
PBMCs from 65 subjects (ACLF, 20; ACHD, 10; LC and CHB, 
10 each, respectively and NC, 15) in the sequencing group were 
subjected to transcriptomic sequencing. A functional synergy 
analysis (figure 1B) was conducted to identify variations in genes 
and biological processes related to the clinical pathophysiology 

of HBV-ACLF.9 Potential biomarkers were validated by quan-
titative reverse transcription-PCR (qRT-PCR) in PBMCs from 
remaining 335 subjects and immunohistochemistry (IHC) in 
liver tissues from patients with HBV-ACLF and in liver tissues 
from a rat ACLF model, respectively.

Definitions
COSSH-ACLF and ACHD
HBV-ACLF was diagnosed based on the COSSH-ACLF criteria.3 
The definition identified HBV-ACLF as a complicated syndrome 
with a high short-term mortality rate that develops in patients 
with HBV-related chronic liver disease, regardless of the presence 
of cirrhosis, and it is characterised by acute deterioration of liver 
function and hepatic and/or extrahepatic organ failure. HBV-
ACLF comprises three grades: ACLF-1, ACLF-2 and ACLF-3. 
ACLF-1 comprises four types of patients: (1) patients presenting 
with liver failure alone with an international normalised ratio 
(INR) ≥1.5 and/or kidney dysfunction and/or hepatic encepha-
lopathy (HE) grade I or II; (2) patients with kidney failure alone; 
(3) patients with failure of a single organ failure in the coagula-
tion, circulatory or respiratory system and/or kidney dysfunction 
and/or HE grade I or II and (4) patients with cerebral failure 
plus kidney dysfunction. ACLF-2 comprises patients with fail-
ures in two organ systems, while ACLF-3 comprises patients 
with failures in three or more organ systems. ACHD was defined 
as patients with pre-ACLF who did not fulfil the criteria for the 
ACLF diagnosis. ACHD comprised of two groups of patients: (1) 
patients with severe liver injury (total bilirubin, TB ≥5 mg/dL) 
with previously diagnosed CHB and (2) patients with previously 
diagnosed cirrhosis presenting with one of five of the following 
precipitating events: ascites, upper gastrointestinal bleeding, HE, 
bacterial infection and a high level of jaundice (TB ≥5 mg/dL).

LC, CHB and NC
In this study, LC was defined as patients with stable compen-
sated cirrhosis. Cirrhosis was diagnosed based on previous liver 
biopsy results, clinical evidence of previous decompensation and 
laboratory tests, endoscopy (oesophageal and gastric varices) 
and radiological imaging of portal hypertension and/or liver 
nodularity. Patients with a history of decompensation (ascites/
HE/upper gastrointestinal haemorrhage/bacterial infection) were 
excluded. Detailed information about the criteria used for the 
cirrhosis diagnosis is provided in online supplemental materials 
and methods. The enrolment criteria for the patients with CHB 
corresponded to the 2009 American Association for the Study of 
Liver Diseases (AASLD) guidelines.10 Normal healthy volunteers 
(18–80 years) are participants with a normal physical examina-
tion. The subjects with underlying common diseases, such as 
diabetes mellitus and hypertension, were excluded.

Methods for mRNA sequencing, qRT-PCR and histological 
staining
The mRNA sequencing was performed using TruSeq RNA LT 
Sample Prep Kit v2 (Illumina, San Diego, California, USA). The 
materials, reagents, primers and antibodies, and protocols for 
qRT-PCR, H&E/Masson’s trichrome staining and IHC used in 
this study are provided in online supplemental methods, online 
supplemental table 1 (primers) and online supplemental table 2 
(antibodies).

Functional synergy analysis
Significant differentially expressed genes (DEGs) were iden-
tified and clustered into biological processes by performing a 
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network-based functional synergy analysis (gene set linkage anal-
ysis, GSLA).11 Biological processes were defined using publicly 
available gene sets (Gene Ontology, GO; Kyoto Encyclopedia 
of Genes and Genomes, KEGG; Reactome, etc.). Interactions 
between related biological processes were analysed to elucidate 
the molecular mechanism of HBV-ACLF. A detailed description 
of the identification of DEGs, principal component analysis, 
hierarchical clustering of gene expression, sliding window anal-
ysis of DEG functions and gene expression pathway analysis is 
provided in online supplemental materials and methods.

Immune profile analysis
Blood transcriptional modules (BTMs) were used to further 
define the differences in immune profiles among patients 
with different disease stages. BTMs are molecular signatures 
constructed under different types of immunological stimuli from 
PBMC transcriptomics developed by Li et al,12 which were used 
to reduce the transcriptomic data dimensionality. Each BTM was 
used as a gene set for a frequency analysis, gene set enrichment 
analysis (GSEA),13 paired t-test and the mean value analysis. 
Above analyses were used to measure BTM activity.

Statistical analysis
The results of the measurements are presented as the means±SD 
or medians (p25, p75), unless indicated otherwise. Student’s 

t-test was used to compare two continuous variables if each 
compared group passed the Shapiro-Wilk test (p>0.05). Paired 
t-tests were only used to compare the member genes of BTMs 
between patients with different disease stages and NC. The 
Mann-Whitney U test was used in other scenarios to compare 
variables. The χ2 test was used to compare categorical vari-
ables. Multiple comparisons corrections were performed using 
the Benjamini-Hochberg procedure to control for type I error. 
Significance was defined as p<0.05.

RESULTS
Patients and clinical characteristics
The clinical characteristics of all 400 subjects are provided in 
table  1. The HBV DNA level was significantly higher in the 
ACLF group than in the LC and CHB groups (p<0.001). The 
levels of laboratory indicators, including TB and INR, were 
significantly higher in the ACLF group than in the other four 
groups. Liver failure and coagulation failure were the most 
frequent types of organ failure occurring in the patients with 
ACLF, consistent with the observations in our previous study.3 
The short-term (28/90 days) mortality rate of the patients with 
ACLF was 33.0/46.0%, which was higher than the patients with 
ACHD (2.9/2.9%). Among the 65 subjects in the sequencing 
group (figure  1A, online supplemental table 3), one sample 
from a patient with LC and one NC sample did not reach the 

Figure 1  Transcriptomic characteristics of patients with HBV-ACLF. (A) Study design and patient group allocation based on the COSSH-ACLF 
diagnostic criteria. (B) Flow chart of the functional synergy analysis strategy. (C) Principal component analysis of subjects in the ACLF, ACHD, LC, CHB 
and NC groups. (D) Number of DEGs analysed in pairwise comparisons among the five groups. (E) Venn diagram of the DEGs analysed in pairwise 
comparisons among subjects in the CHB, LC and NC groups. The number of mRNA sequencing (n=20/10/10/10/15, ACLF/ACHD/LC/CHB/NC groups, 
respectively). ACHD, acute-on-chronic hepatic dysfunction; ACLF, acute-on-chronic liver failure; CHB, chronic hepatitis B; COSSH, Chinese Group on 
the Study of Severe Hepatitis B; DEGs, differentially expressed genes; HBV, hepatitis B virus; LC, liver cirrhosis; NC, normal controls; PBMC, peripheral 
blood mononuclear cell.
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minimum sequencing reads (>20 M) quality check criterion 
and were excluded from this study. Sequencing reads are avail-
able in the Sequence Read Archive database (accession number: 
PRJNA548207, online supplemental table 4).

Transcriptomic characteristics of PBMCs from patients with 
HBV-ACLF
The principal component and kernel density estimation analyses 
of gene expression in PBMCs revealed that patients with ACLF 
clustered together and were clearly separated from the other 
patients (figure 1C and online supplemental figure 1). The NC/
CHB/LC group, ACHD group and ACLF group were progres-
sively distributed along one direction (figure 1C, red line).

The pairwise differential expression analysis illustrated that 
the ACLF and ACHD groups had a small number of DEGs (13), 
and thus they were significantly different from the other groups 
(>297 DEGs) (figure 1D and online supplemental tables 5–14). 
Although ACHD did not manifest the clinical features of ACLF, 
it was transcriptionally considered a precursor stage of ACLF. 
We also performed a multigroup comparison and identified 
1078 DEGs with distinct differences in expression levels in at 
least one group. The hierarchical clustering analysis based on the 
multigroup DEGs produced the same result (online supplemental 
figure 2). An analysis of the LC, CHB and NC groups indicated 
that their pairwise DEGs did not overlap, suggesting that LC 
and CHB were dissimilar disease bases for ACLF (figure  1E). 

Table 1  Clinical characteristics of patients

Characteristics
ACLF
(n=130)

ACHD
(n=70)

LC
(n=70)

CHB
(n=70)

NC
(n=60)

 � Age (years) 44.5 (36.2, 55.0) 41.5 (36.0, 51.7) 46.0 (40.0, 52.5) 43.5 (38.0, 50.0) 46.5 (33.8, 53.0)

 � Male (No.) 86.2% (112) 81.4% (57) 74.3% (52) 77.1% (54) 56.7% (34) ***

HBV DNA level (IU/mL)  �  Significance† Significance† Significance†  �

 � ≤2×102 5.4% (7) 22.8% (16) 91.4% (64) 81.4% (57) NA

 � 2×102–2×106 66.9% (87) 52.9% (37) 8.6% (6) 12.9% (9) NA

 � >2×106 27.7% (36) 24.3% (17) 0.0% (0) 5.7% (4) NA

Laboratory data  �

 � Alanine aminotransferase (U/L) 252.0 (93.0, 592.0) 160.0 (60.3, 556.0) 24.5 (18.0, 32.0)*** 23.2 (17.0, 29.8)*** 19.0 (14.0, 25.0)***

 � Aspartate aminotransferase (U/L) 147.5 (101.3, 290.8) 115.0 (59.8, 261.8)* 23.5 (19.3, 29.8)*** 22.0 (20.0, 26.8)*** 20.0 (18.0, 25.0)***

 � Albumin (g/L) 31.5 (28.5, 33.8) 32.4 (29.9, 36.0)* 47.6 (45.6, 48.8)*** 48.7 (46.5, 51.1)*** 47.7 (46.1, 49.1)***

 � Total bilirubin (µmol/L) 352.5 (262.9, 437.9) 179.9 (120.0, 286.3)*** 13.2 (11.0, 17.0)*** 13.0 (9.2, 16.0)*** 11.0 (8.5, 14.0)***

 � Alkaline phosphatase (U/L) 137.0 (110.5, 166.0) 118.0 (99.3, 143.8)** 70.0 (58.3, 90.0)*** 64.5 (50.5, 79.8)*** 67.0 (55.0, 84.0)***

 � γ-glutamyl transpeptidase (U/L) 77.8 (56.0, 115.4) 88.6 (49.5, 135.7) 22.0 (17.0, 37.8)*** 20.5 (13.0, 32.8)*** 19.0 (12.8, 27.0)***

 � Creatinine (μmol/L) 67.0 (58.0, 80.8) 66.0 (58.0, 76.0) 70.5 (62.7, 81.0) 75.0 (65.0, 85.0) 70.5 (57.7, 81.0)

 � Sodium (mmol/L) 137.0 (135.0, 139.0) 138.0 (137.0, 140.0)** 141.0 (140.0, 142.0)*** 141.0 (140.0, 143.0)*** 141.0 (140.0, 143.0)***

 � White blood cell count (109/L) 7.6 (6.1, 10.3) 6.1 (4.2, 7.6)*** 5.1 (4.0, 6.3)*** 5.5 (4.7, 6.3)*** 6.1 (5.4, 6.9)***

 � Haemoglobin (g/L) 125.0 (116.2, 136.0) 133.0 (115.5, 143.7) 153.0 (142.5, 158.8)*** 151.0 (140.0, 162.0)*** 149.0 (136.8, 160.0)***

 � Haematocrit (%) 35.6 (32.5, 38.9) 37.6 (32.6, 42.5)* 45.5 (42.9, 47.3)*** 44.5 (41.2, 46.9)*** 44.1 (40.7, 47.6)***

 � Platelet count (109/L) 112.0 (74.0, 145.0) 141.0 (76.5, 186.0) 155.5 (117.0, 207.8)*** 174.0 (139.0, 214.0) *** 218.5 (188.5, 257.2)***

 � INR 2.3 (1.8, 3.0) 1.4 (1.2, 1.7)*** 1.0 (1.0, 1.1)*** 1.0 (0.9, 1.1)*** NA

 � Alpha fetoprotein (μg/L) 88.8 (34.8, 235.3) 62.4 (5.7, 301.6) 2.2 (1.8, 2.8)*** 2.5 (1.9, 3.4)*** 2.8 (2.0, 4.0)***

Organ failure (No.)  �

 � Liver 94.6% (123) 35.7% (25)*** 0*** 0*** 0***

 � Coagulation 42.3% (55) 5.7% (4)*** 0*** 0*** 0***

 � Kidney 6.2% (8) 0 0 0 0

 � Cerebral 7.7% (10) 0* 0 * 0* 0*

 � Lung 1.5% (2) 0 0 0 0

 � Circulation 0.8% (1) 0 0 0 0

Severity score  �

 � COSSH-ACLFs 6.2 (5.7, 6.8) NA NA NA NA

 � CLIF-C ACLFs 42.0 (37.4, 45.9) NA NA NA NA

 � MELD 24.6 (20.7, 28.6) NA NA NA NA

Transplant-free mortality rate (number of deceased patients)‡  �

 � 28-day 33.0% (37) 2.9% (2)*** 0*** 0*** NA

 � 90-day 46.0% (47) 2.9% (2)*** 0*** 0*** NA

Data are presented as the means±SD, medians (p25, p75) or percentages (numbers of patients).
*p<0.05, **p<0.01 and ***p<0.001 for comparisons between the ACHD/LC/CHB/NC and ACLF groups.
†P value (<0.001) for comparisons of the HBV DNA distribution between the ACHD/LC/CHB/NC and ACLF groups.
‡Twelve patients with ACLF underwent liver transplantation and were considered lost to follow-up for the mortality calculation. Six patients with ACLF were lost to the 28-day 
follow-up analysis and 10 patients were lost to the 90-day follow-up analysis.
ACHD, acute-on-chronic hepatic dysfunction; ACLF, acute-on-chronic liver failure; CHB, chronic hepatitis B; CLIF-C ACLFs, Chronic Liver Failure Consortium ACLF score; COSSH-
ACLFs, Chinese Group on the Study of Severe Hepatitis B-ACLF score; INR, international normalised ratio; LC, liver cirrhosis; MELD, model for end-stage liver disease; NC, normal 
controls.
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Therefore, these two groups were separately used as controls in 
further analyses.

Acute exacerbation of HBV and immune-metabolism disorder 
in patients with ACLF
The top 500 DEGs, which were identified by four pairwise 
comparisons between the ACLF/ACHD/LC/CHB group and the 
NC group, were subjected to a functional synergy analysis of 
their connections to biological processes to identify significant 
pathophysiological variations that underlie ACLF progression. 
The resulting 1014 biological process terms were summarised 
into seven general biological processes related to the PBMC 
response (viral, immune, wounding, metabolic, coagulation, 

inflammatory and apoptotic processes). The allocation map of 
these biological processes is provided in online supplemental 
figure 3 and online supplemental table 15.

As shown in the sliding window DEG function plot (figure 2A), 
virus processes were associated with all disease stages (CHB, 
3/17; LC, 4/35; ACHD, 5/39 and ACLF, 5/35 GO terms/DEGs). 
Immune processes (27/115 GO terms/DEGs) exhibited the most 
significant disorder in patients with ACHD, which represented 
the most prominent change among all seven functional processes 
and across all disease stages. Inflammatory processes were 
also associated with all stages (CHB, 3/57; LC, 1/23; ACHD, 
20/70 and ACLF, 7/35 GO terms/DEGs). However, the levels 
of inflammatory process dysregulation were similar between 

Figure 2  Hepatitis B virus exacerbation and immune-metabolism disorder during ACLF aggravation. (A) Functional synergy analysis of the 
functional implications of the top 500 DEGs in pairwise comparisons between the ACLF/ACHD/LC/CHB and NC groups. (B) Network of the biological 
processes identified in the functional synergy analysis of 100 DEGs between the ACHD and NC groups. (C) Network of the biological processes 
identified in the functional synergy analysis of 100 DEGs between the ACLF and NC groups. (D) Network of the biological processes identified 
based on overlapping DEGs. Top panel, number of DEGs analysed in pairwise comparisons among the ACLF, ACHD, LC and CHB groups. Bottom 
panel, network of the biological processes identified in a functional synergy analysis of 62 overlapping DEGs. The number of mRNA sequencing 
(n=20/10/10/10/15, ACLF/ACHD/LC/CHB/NC groups, respectively). ACHD, acute-on-chronic hepatic dysfunction; ACLF, acute-on-chronic liver failure; 
CHB, chronic hepatitis B; DEGs, differentially expressed genes; IL, interleukin; LC, liver cirrhosis; NC, normal controls; NK, natural killer.
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patients with CHB and ACHD and were slightly improved in 
patients with ACLF. Apoptotic processes (7/35 GO terms/DEGs) 
exhibited more obvious dysregulation in patients with CHB than 
in patients with ACHD (1/7 GO terms/DEGs) and ACLF (4/17 
GO terms/DEGs). The dysregulation of metabolic processes was 
observed at all disease stages and progressively increased from 
CHB to ACLF (CHB, 4/38; LC, 8/41; ACHD, 22/59 and ACLF, 
17/69 GO terms/DEGs). Coagulation and wounding processes 
are closely related to coagulation failure and liver damage, 
respectively, which represent the known clinical manifestations 
of ACLF. These three processes were dysregulated in patients 
with ACHD and ACLF, suggesting consistency between our 
transcriptomic observations and known pathophysiological vari-
ations. Based on these observations, viral, immune and meta-
bolic processes participated in the development and progression 
of HBV-ACLF.

The top 100 DEGs identified by comparing the ACLF/ACHD 
group and the NC group were subjected to a GSLA to obtain 
insights into the most prominent biological processes that 
changed from ACHD to ACLF. As shown in figure 2B,C, among 
the most prominent biological processes that were changed in 
patients with ACHD and ACLF, viral, immune and metabolic 
processes played central roles in the biological process network. 
The biological processes related to viral activation (eg, the regu-
lation of viral replication and transcription) were altered during 
the progression from ACHD to ACLF and associated with the 
increased HBV DNA level or HBV exacerbation in patients 
with ACLF (table  1). Immune processes (eg, innate immune 
activating cell surface receptor, innate immune activating signal 
transduction and activation of innate immune response) were 
significantly regulated in patients with ACHD and ACLF. 
Inflammatory processes activated in response to proinflam-
matory factors (such as interleukin (IL)-6, IL-1 and IL-2) were 
dysregulated in patients with ACHD, whereas this dysregulation 
was mostly ameliorated in patients with ACLF (only IL-8 and 
antigenic stimulus were observed). Dysregulation in glycogen, 
cholesterol efflux and high-density lipoprotein metabolism were 
notably observed during the transition from ACHD to ACLF. 
Sixty-two DEGs were consistently identified when the ACLF and 
ACHD groups were compared with the LC and CHB groups 
(figure 2 and online supplemental table 16). These DEGs were 
associated with the core mechanisms underlying ACLF devel-
opment. The GSLA identified 27 GO terms, 14 of which were 
related to viral, immune and metabolic processes, indicating that 
the development of ACLF is strongly correlated with virus-based 
immune-metabolism disorder.

Innate immune response is upregulated while the adaptive 
immune response is downregulated across ACLF development
The analysis of immune-related BTMs revealed the substan-
tial upregulation of genes associated with the innate immune 
response, whereas the expression of genes involved in the adap-
tive immune response was downregulated. The DEGs associated 
with the innate immune response were most noticeable in five 
modules (interferon, monocytes, neutrophils, inflammation 
and dendritic cells) (figure 3A). In the interferon module, the 
majority of the genes in the gene cluster, including the antiviral 
interferon signature, innate antiviral response and type I inter-
feron response, were significantly upregulated in the CHB and 
ACHD groups compared with the NC group. The results of the 
GSEA showed that the enrichment scores of the aforementioned 
gene clusters were higher in the CHB and ACHD groups. The 
mean expression of the modules revealed the highest expression 

of these DEGs in the ACHD group, with significant downregu-
lation detected in the ACLF group, indicating that the interferon 
modules might be an initial factor contributing to the occurrence 
of ACLF.

The genes in the monocyte modules enriched in monocytes (I/
II/III/IV/surface), activated dendritic cells/monocytes, monocyte 
surface signature and myeloid cells/monocytes were significantly 
upregulated in the ACHD and ACLF groups compared with the 
NC group. The GSEA showed a strong clustering of the DEGs 
in the ACHD and ACLF groups. The paired t-test of member 
genes showed the most significant changes in the six BTMs, and 
mean expression plots of the modules showed upregulation in 
the ACHD and ACLF groups. Based on these results, activation 
of monocyte function plays a vital role in the immune response 
in patients with ACLF. Similarly, the BTMs associated with 
neutrophils, inflammation, dendritic cells and antigen presenta-
tion showed consistent changes in the ACHD and ACLF groups. 
Taken together, the activation of the innate immune system 
might be the key mechanism underlying ACLF progression.

The BTMs associated with the adaptive immune response 
showed contrasting changes, and the majority of the DEGs in the 
gene clusters were downregulated (figure 3B). The GSEA, paired 
t-test and mean expression plots also showed that the BTMs 
associated with T cells, B cells and NK cells were significantly 
suppressed in the ACLF group. Thus, adaptive immunity might 
be exhausted in patients with ACLF.

Transcriptome reveals metabolic alterations in patients with 
ACLF
Metabolic pathways from the KEGG database were used for func-
tional annotation based on the GSEA results to further investi-
gate metabolic changes across ACLF development. The pathway 
enrichment analysis identified 53 pathways (p<0.05) that were 
enriched across ACLF development (figure 4A). Thirty of these 
pathways were upregulated in the ACLF group, including the 
peroxisome proliferator-activated receptor (PPAR) signalling 
pathway, cholesterol metabolism, hypoxia-inducible factor 1 
signalling pathway, mechanistic target of rapamycin (mTOR) 
signalling pathway, insulin resistance, insulin signalling pathway, 
autophagy, AMP-activated protein kinase signalling pathway, 
sphingolipid metabolism and glycosaminoglycan biosynthesis. 
These pathways play roles in lipid metabolism, fatty acid metab-
olism, oxygen homoeostasis and autophagy.

We then compared the expression levels of individual genes 
in each metabolic pathway in the CHB, LC, ACHD and ACLF 
groups with the NC group and observed robust changes in gene 
expression across ACLF development (figure 4B). An increase 
in the expression of metabolic genes was observed compared 
with other disease stages, most noticeably genes in the PPAR and 
mTOR signalling pathways, which further indicated that lipid 
metabolic disorders might play a key role in ACLF development. 
Additionally, ‘complement and coagulation cascades’ and ‘glyco-
sphingolipid biosynthesis’ were significantly upregulated among 
metabolic pathways in patients with coagulation failure (online 
supplemental figure 4). Patients with cerebral dysfunction 
showed disorder in the ‘relaxin signalling pathway’, ‘inositol 
phosphate metabolism’ (online supplemental figure 5).

Immune-metabolism signatures associated with ACLF 
development
We performed four pairwise comparisons between disease stages 
(starting from NC, CHB, and LC to ACHD and ACLF) to identify 
the key molecules that were differentially expressed and related 
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Figure 3  Spectra of immune responses defined by BTMs across ACLF development. (A) Innate immune response-related BTMs were activated in 
patients with ACLF. (B) Adaptive immune response-related BTMs were exhausted in patients with ACLF. The first column shows the frequency analysis 
of significant DEGs in each module. Coloured spots represent the percentage of significantly upregulated (red) or downregulated (blue) genes. The 
second column shows the results of the GSEA using BTMs as gene sets. The heatmap represents the Normalised Enrichment Score (NES) calculated 
by the GSEA for these modules. *p<0.05, **p<0.01, ***p<0.001. The third column shows the results of the paired t-test comparing member genes 
between patients with different disease stages and NC. The transcriptomics data were summarised into module level scores by calculating the mean 
values of member genes. The colour intensity and size of nodes represents the degree of perturbation. In the fourth column, line charts represent 
the mean expression of each module across disease stages. The number of mRNA sequencing (n=20/10/10/10/15, ACLF/ACHD/LC/CHB/NC groups, 
respectively). ACHD, acute-on-chronic hepatic dysfunction; ACLF, acute-on-chronic liver failure; BTM, blood transcriptional module; CHB, chronic 
hepatitis B; DEGs, differentially expressed genes; GSEA, gene set enrichment analysis; HBV, hepatitis B virus; LC, liver cirrhosis; NC, normal controls; 
NK, natural killer.
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to ACLF pathophysiology. The frequencies of appearance of the 
top 50 DEGs in the four comparisons were counted (figure 5A). 
The top two DEGs (thrombospondin 1, THBS1; MER tyro-
sine kinase, MERTK) were identified, indicating that they were 
significantly differentially expressed in most comparisons among 
groups. Furthermore, semaphorin 6B (SEMA6B) displayed the 
maximum log2-fold change in expression, and PPAR gamma 
(PPARG) produced the minimum adjusted p value in the compar-
ison of the ACLF and NC groups (figure 5B). The interaction 
network-based functional enrichment analysis showed that 
these four genes were involved in the innate immune response, 
adaptive immune response, complement activation, fatty acid 
oxidation and reactive oxygen species metabolism, suggesting 
that these molecules reflect dysregulated pathways that underlie 
the virus-based immune-metabolism disorder during the overall 
development of ACLF (figure 5C,D).

The four key molecules related to immune-metabolism disor-
ders associated with ACLF progression were validated in the 
external validation group. The clinical characteristics of the 
patients in the external validation group were similar to the 
patients in the sequencing group (online supplemental table 
17). The qRT-PCR results showed increased expression of the 
four development-related genes during the progression from 
CHB/LC to ACHD and ACLF, consistent with the gene expres-
sion detected in the sequencing samples (figure  5E,F). IHC 
validation in liver tissues from NC and patients with LC and 
ACLF showed that the expression of the four proteins encoded 
by these disease development-related genes increased during 
disease progression from NC and LC to ACLF (figure  5G). 
These data confirmed the results of our transcriptomic analysis 

and suggested that the afore-mentioned genes should be further 
explored as potential diagnostic and prognostic biomarkers for 
ACLF.

Validation of four potential biomarkers in rat ACLF models
The four potential biomarkers were also validated in liver tissues 
from rats with ACLF using qRT-PCR and IHC to further confirm 
their specificity in patients with ACLF and potential research 
value. The rat ACLF model was induced by injecting D-galac-
tosamine and lipopolysaccharides into porcine serum-treated 
rats (figure 6A, top panel). The analysis of liver function showed 
significantly increased levels of alanine aminotransferase, aspar-
tate aminotransferase, total bile acid, TB and γ-glutamyl tran-
speptidase in ACLF rats (figure  6A, bottom left panel). H&E 
and Masson’s trichrome staining revealed the typical histology 
of cirrhosis-based liver failure, including extensive hepatocyte 
necrosis, an abnormal hepatic lobule structure, collagen accu-
mulation, fibre hyperplasia and nodule formation (figure  6A, 
bottom right panel).

Four potential biomarkers related to immune-metabolism 
disorders associated with ACLF development were validated 
by qRT-PCR in liver tissues from ACLF rats, and the results 
showed gradually increasing expression of MERTK, SEMA6B 
and THBS1 from NC and LC to ACLF rats, with the excep-
tion of PPARG (figure  6B). IHC staining showed gradually 
increasing expression of the MERTK, SEMA6B, THBS1 and 
PPARG proteins from NC and LC to ACLF rats (figure  6C). 
These results further confirmed the specificity of these markers 
in patients with HBV-ACLF.

Figure 4  Regulation of metabolism across ACLF development. (A) Metabolic pathways that were significantly altered across disease stages 
based on enriched KEGG pathways with only p value <0.05 are depicted here. *p<0.05, **p<0.01, ***p<0.001. Lipid handing-related and usage-
related pathways are highlighted in red. Pathways in which gene expression was increased or decreased are shown in red and blue in the heatmap, 
respectively. The colour intensity is proportional to the NES calculated using the GSEA. (B) Heatmap of genes from selected KEGG-derived metabolic 
pathways. For each pathway, the top 30 DEGs are shown (adjusted p value <0.05). (All DEGs are shown if the number of detected genes is <30.) 
Genes with higher (red) or lower (blue) expression are proportionally displayed. Significantly differentially expressed genes (|log2-fold change|>1.5) 
are shown in bold. The number of mRNA sequencing (n=20/10/10/10/15, ACLF/ACHD/LC/CHB/NC groups, respectively). ACHD, acute-on-chronic 
hepatic dysfunction; ACLF, acute-on-chronic liver failure; AMPK, AMP-activated protein kinase; CHB, chronic hepatitis B; DEGs, differentially expressed 
genes; GSEA, gene set enrichment analysis; HBV, hepatitis B virus; LC, liver cirrhosis; NC, normal controls; NES, Normalised Enrichment Score; KEGG, 
Kyoto Encyclopediaof Genes and Genomes; PPAR, peroxisome proliferator-activated receptor.
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Figure 5  Immune-metabolism signatures associated with ACLF development. (A) The frequencies of the top 10 genes appearing in the top 50 
DEGs of the four comparisons (ranked by adjusted p value). (B) The top 10 genes are shown in the volcano plot of the ACLF versus NC groups. 
Significantly differentially expressed genes (|log2-fold change|>1.5; adjusted p value <0.05) are shown in red or blue. The node size represents the 
frequency of key genes. (C) String network showing genes interacting with the top four genes (MER tyrosine kinase, MERTK; semaphorin 6B, SEMA6B; 
thrombospondin 1, THBS1 and PPAR gamma, PPARG). The colour represents the log2-fold change in the ACLF group compared with the NC group. 
(D) Significantly enriched pathways for the genes interacting with the top four genes (MERTK, SEMA6B, THBS1, PPARG, p<0.05). (E) Expression of 
four key genes in the sequencing group. Box plot, medians with (p25, p75). The false discovery rate was calculated using the Benjamini-Hochberg 
procedure. #No Significance, *adjusted p value <0.05, **adjusted p value <0.01, ***adjusted p value <0.001. The number of mRNA sequencing 
(n=20/10/10/10/15, ACLF/ACHD/LC/CHB/NC groups, respectively). (F) The qRT-PCR validation of four key genes (n=110/60/60/60/45, ACLF/ACHD/
LC/CHB/NC groups, respectively). Plot, medians with (p25, p75). Mann-Whitney U test, #No Significance, *p<0.05, **p<0.01 and ***p<0.001. (G) 
Immunohistochemistry staining for four key proteins involved in ACLF development in patients from the HBV-ACLF, LC and NC groups. ACHD, acute-
on-chronic hepatic dysfunction; ACLF, acute-on-chronic liver failure; CHB, chronic hepatitis B; DEGs, differentially expressed genes; HBV, hepatitis B 
virus; LC, liver cirrhosis; NC, normal controls.
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Figure 6  Validation of potential immune-metabolism biomarkers of ACLF development in a rat ACLF model. (A) ACLF was induced in porcine 
serum-treated rats through the injection of D-galactosamine and lipopolysaccharides. Top panel, schematic showing the design of the ACLF rat model. 
Bottom left panel, changes in six typical biochemical markers of liver function observed among the groups. Bottom right panel, pathological staining 
(H&E and Masson’s trichrome) of liver tissues (bar=250 µm). (B) The quantitative reverse transcription-PCR measurement of the expression of four key 
molecules in liver tissues (n=8/8/16, NC/LC/ACLF, respectively). (C) Images of IHC staining for four key molecules in rat liver tissues (bar=50 µm). Plot, 
means with SD. Kruskal-Wallis test, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.001. ACHD, acute-on-chronic hepatic dysfunction; ACLF, acute-
on-chronic liver failure; CHB, chronic hepatitis B; COSSH, Chinese Group on the Study of Severe Hepatitis B; DEGs, differentially expressed genes; HBV, 
hepatitis B virus; LC, liver cirrhosis; NC, normal controls.
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DISCUSSION
In pathophysiology, the interactions between virus exacerbation, 
immune processes and inflammatory processes create a complex 
network, many aspects of which remain unclear. Several retro-
spective studies and small cohort studies have reported evidence 
that collectively suggests that HBV exacerbation may induce 
excessive immune responses in patients with chronic hepatitis and/
or LC.14 In the present study, the significantly increased expres-
sion of interferon-related, monocyte-related, neutrophil-related, 
inflammation-related and dendritic cell-related modules, and the 
significantly decreased expression of T cell-related, B cell-related 
and NK cell-related modules were observed in patients with 
ACHD, implying that the innate immune system was activated 
and that the adaptive immune system was exhausted during the 
evolving disease course starting from CHB or LC and developing 
into ACLF. Many viral processes participated in progression at 
all disease stages, indicating that excessive immune responses 
may be triggered by acute HBV exacerbation in patients with 
ACHD. Immune process dysregulation in patients with HBV-
ACLF was more evident than inflammatory process dysregula-
tion, in contrast to the main pathogenic pathway involving the 
systemic inflammatory response in patients with alcoholic liver 
disease-related ACLF.5

In this study, we also observed prominent metabolic alter-
ations (including lipid metabolism, fatty acid metabolism, auto-
phagy and oxygen homoeostasis) across all stages of ACLF 
development. A recent study further confirmed that metabolic 
dysregulation is associated with increased mortality and disease 
severity in patients and is related to extrahepatic organ failure,15 

indicating that viral, immune and metabolic processes drive the 
development and progression of HBV-ACLF (figure 7).

This study highlights the importance of immune-metabolism 
disorder in the pathogenesis of HBV-ACLF. A few studies have 
suggested that approaches designed to ameliorate immune 
dysfunction might be a viable strategy for the treatment of 
HBV-ACLF.16 Stem cell transplantation significantly increases 
the survival of patients with HBV-ACLF by exerting paracrine 
effects on the regulation of immune responses.17 As shown in 
our previous study, the paracrine effects of stem cells improve 
metabolism and promote regeneration through immune regu-
lation in pigs.9 Taken together, treatments targeting immune 
regulation and metabolic balance represent a potential strategy 
for HBV-ACLF management, consistent with the pivotal role of 
immune-metabolism disorder observed in this study. However, 
an understanding of the precise roles of the immune-metabolism 
axis in ACLF development and progression requires additional 
proteomic and metabolomic evidence.

Furthermore, the identification of immune-metabolism 
biomarkers for ACLF may not only improve clinical practice but 
also provide molecular insights into the pathophysiological basis 
of this disease. Although we and other researchers have reported 
that serum levels of macrophage inflammatory protein 3α, K18 
and cK18 can predict the severity of ACLF,18 19 the discovery of 
these biomarkers was based on common laboratory indicators or 
low-throughput techniques, which do not reflect the complicated 
molecular pathogenesis of the development, progression and 
outcomes of HBV-ACLF.6 In contrast, our study was based on the 
large prospective COSSH-ACLF cohort covering four evolving 

Figure 7  Proposed mechanism of HBV-ACLF development and progression. HBV-ACLF may be aggravated by an excessive immune response 
triggered by HBV exacerbation during the initial stage. Subsequent inflammatory responses and metabolic disorders result in multiorgan failure. The 
immune-metabolism disorder triggered by HBV exacerbation may be an important mechanism that aggravates HBV-ACLF. ACLF, acute-on-chronic liver 
failure; HBV, hepatitis B virus; IL, interleukin.
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disease stages starting from CHB and progressing to LC, ACHD 
and ACLF. Our clinical manifestation-directed analysis of the 
functional synergy also enabled the discovery of four potential 
biomarkers (MERTK, PPARG, SEMA6B and THBS1) reflecting 
the virus-based immune-metabolism disorder in patients with 
ACLF. MERTK has been shown to suppress the innate immune 
response to microbes in patients with ACLF.20 PPARG has been 
reported to be significantly associated with steatosis and fibrosis, 
indicating that PPARG may be the target of cirrhosis and lipid 
metabolism.21 THBS1 has been documented to be a regulator of 
transforming growth factor beta (TGF-β) mediated suppression 
of liver regeneration.22 The validation with qRT-PCR and IHC 
in PBMCs and liver tissues from patients with HBV-ACLF and in 
liver tissues from ACLF rats further confirmed their important 
roles and indicated their potential to serve as biomarkers of 
HBV-ACLF pathogenesis. Our strategy of stratified random 
sampling and greater sequencing depth also reduced selection 
bias and ensured high-quality data. The detailed mechanisms 
should be clarified in future studies, particularly in a non-HBV 
ACLF population and ACLF animal models.23

In summary, HBV-ACLF has characteristic transcriptomic 
features in which an excessive immune response triggered by 
HBV exacerbation drives CHB and/or LC to progress into ACLF. 
Subsequent immune dysregulation, including innate immune 
activation and adaptive immune suppression, induces metabolic 
disruption. These findings highlight the importance of immune-
metabolism disorder as a core axis of disease development and 
progression in HBV-ACLF, which may direct the development of 
new treatment strategies targeting HBV and immune-metabolism 
disorder to reduce the high-mortality rate of HBV-ACLF.
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