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Abstract

Background and Aims: Immunothrombosis, the interplay
between immune activation and coagulation, contributes to
disease progression in inflammatory disorders. Its role in
hepatitis B virus-related acute-on-chronic liver failure (HBV-
ACLF) and the involvement of neutrophil extracellular traps
(NETs) remain unclear. This study aimed to elucidate NETs-
mediated immunothrombosis in HBV-ACLF. Methods: Liver
single-cell RNA sequencing data from HBV-ACLF patients and
healthy controls were analyzed to define immune and en-
dothelial transcriptional profiles. A cohort of 46 HBV-ACLF
patients, 20 chronic hepatitis B patients, and 20 healthy
controls was assessed for circulating NETs, endothelial injury
markers, and coagulation parameters. Histopathology and
in vitro assays examined NETs distribution and endothelial
interactions. Results: NETs were markedly elevated in HBV-
ACLF and correlated with endothelial injury markers (synde-
can-1, von Willebrand factor, soluble thrombomodulin), co-
agulopathy, and prognostic scores. Histology revealed NETs
colocalization with endothelial cells and platelets within he-
patic microthrombi. NETs from patient neutrophils impaired
endothelial integrity and enhanced procoagulant activity in
vitro. Mechanistically, toll-like receptor 2 (TLR2) and com-
plement component 5a receptor 1 (C5aR1) signaling were
involved in NETs formation, and their pharmacological inhibi-
tion reduced NETs generation. Conclusions: NETs are as-
sociated with endothelial injury and immunothrombosis in
HBV-ACLF. Mechanistic analyses suggest a role for TLR2 and
C5aR1 pathways in NETs formation, indicating potential tar-
gets for future therapeutic investigation.
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Introduction

Hepatitis B virus-related acute-on-chronic liver failure (HBV-
ACLF) is a life-threatening clinical syndrome characterized by
rapid deterioration of liver function and multi-organ failure.
Its short-term mortality rate is as high as 74.6%, which is
significantly higher than that observed in liver failure of other
etiologies.!:2 Currently, the main treatments for HBV-ACLF
include antiviral therapy and supportive care, but the thera-
peutic effect remains limited, and no effective immunomodu-
latory targets have been established.? There is thus an ur-
gent need to clarify the underlying pathogenic mechanisms
of HBV-ACLF and identify novel therapeutic targets.

A hallmark of HBV-ACLF is the concurrent presence of im-
mune dysregulation and coagulation abnormalities. Previ-
ously viewed as independent pathophysiological processes,
accumulating evidence now indicates that innate immune acti-
vation can directly initiate and propagate coagulation through
a process termed “immunothrombosis”.> Characterized by dy-
namic crosstalk among immune cells and components of the
coagulation cascade, immunothrombosis emerges early in
disease progression and contributes to microvascular throm-
bosis, tissue ischemia, and ultimately multiorgan dysfunc-
tion.6-9 In systemic inflammatory conditions such as sepsis
and COVID-19, immunothrombosis has been established as
a central mediator of organ injury. Therapeutic interventions
targeting key molecular effectors of this pathway have yield-
ed organ-protective benefits without significantly increasing
the risk of systemic hemorrhage.1%1! Similarly, HBV-ACLF
is characterized by intense systemic inflammation—includ-
ing cytokine storm and hyperactivation of neutrophils and
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macrophages!2—as well as marked coagulation disturbances,
such as prolonged international normalized ratio (INR), el-
evated D-dimer levels, and intrahepatic fibrin deposition.6:13
Nevertheless, despite this striking co-occurrence of immune
activation and coagulopathy, the extent to which immune
cells directly contribute to intrahepatic microthrombus forma-
tion in HBV-ACLF remains incompletely elucidated.

Neutrophil extracellular traps (NETs) have emerged as a
central mediator of immunothrombosis.1415 NETs are web-
like structures composed of decondensed chromatin decorat-
ed with granular antimicrobial proteins, which are released
by activated neutrophils.1® Beyond their antimicrobial func-
tions, NETs exert cytotoxic effects on vascular endothelial
cells and serve as a prothrombotic scaffold that facilitates
platelet adhesion and aggregation, as well as thrombin gen-
eration.1#417 Liver sinusoidal endothelial cells (LSEC) are
especially susceptible to NETs-mediated injury. Under phys-
iological conditions, LSEC maintain a non-adhesive and an-
ticoagulant phenotype; disruption of this homeostatic state
can profoundly impair intrahepatic microcirculation and co-
agulation balance.® Although endothelial dysfunction is in-
creasingly recognized as a hallmark feature of HBV-ACLF, a
comprehensive and functionally integrated characterization
of endothelial injury in this disease remains lacking.

Existing evidence on endothelial injury in HBV-ACLF re-
mains fragmented. Although prior studies have reported el-
evated circulating thrombomodulin levels!® and alterations
in specific endothelial subsets,2° these findings do not fully
capture the multidimensional nature of endothelial dysfunc-
tion. Endothelial damage encompasses glycocalyx degrada-
tion (syndecan-1), endothelial activation with hemostatic
imbalance (von Willebrand factor [VWF] and soluble throm-
bomodulin [sTM]), and elevated inflammatory adhesion mol-
ecule expression (intercellular adhesion molecule-1 [ICAM-
11)18; however, these dimensions have rarely been examined
systematically in relation to NETs formation and clinical out-
comes in HBV-ACLF. This knowledge gap limits mechanistic
insight into how innate immune activation may drive intrahe-
patic immunothrombosis.

We therefore hypothesize that excessive NETs may con-
tribute to the multifaceted endothelial injury and immuno-
thrombosis in HBV-ACLF, a mechanism unexplored in this
context. To test this, we conducted an integrated study
quantifying circulating NETs and a panel of endothelial in-
jury biomarkers in patients and correlating them with clini-
cal outcomes, visualizing their spatial co-localization in liver
tissue, and performing functional in vitro assays to explore
upstream signaling pathways. This study aimed to define the
relationship between NETs formation and endothelial injury
in HBV-ACLF and explore potential underlying mechanisms.

Methods

Study subjects and inclusion/exclusion criteria

A total of 46 HBV-ACLF patients and 20 chronic hepatitis B
(CHB) patients were consecutively enrolled in this study. All
participants were admitted to Tongji Hospital, Tongji Medi-
cal College, Huazhong University of Science and Technology
between August 2021 and May 2022. In addition, 20 healthy
controls (HC) were recruited during the same period. The
inclusion criteria were as follows: (1) Chronic HBV infection—
defined as persistent positivity for hepatitis B surface antigen
and/or detectable HBV DNA for =6 months2!; (2) Diagnosis
of HBV-ACLF—meeting the Asian Pacific Association for the
Study of the Liver (APASL) diagnostic criteria at admission:
total bilirubin (TBil) = 5 mg/dL and coagulopathy (INR > 1.5
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or prothrombin activity [PTA] < 40%).22

The exclusion criteria were as follows: age <18 or >80
years; pregnancy; chronic liver disease attributable to non-
HBV etiologies (e.g., alcoholic liver disease) or concurrent
infection with non-HBV hepatotropic viruses (e.g., hepatitis
A virus or hepatitis C virus); presence of hepatic or extrahe-
patic malignancy; severe extrahepatic organic disease; use
of immunosuppressive agents for the management of extra-
hepatic organic disease; death within 48 h of hospital admis-
sion, voluntary discharge against medical advice, or receipt
of liver transplantation; missing key clinical data; or loss to
follow-up.

Bacterial infection was diagnosed in accordance with the
APASL guidelines23 and established clinical criteria, integrat-
ing clinical symptoms, laboratory parameters, radiological
findings, and/or microbiological evidence documented either
at admission or during hospitalization. Common bacterial in-
fections included spontaneous bacterial peritonitis, urinary
tract infection, pneumonia, spontaneous bacteremia, and
skin and soft tissue infection, consistent with those reported
in prior studies of ACLF.

Liver tissue samples were obtained from five patients with
HBV-ACLF who underwent liver transplantation. Human liver
specimens from patients with benign hepatic hemangioma
served as HC. All liver samples were immediately fixed in 4%
paraformaldehyde upon collection for subsequent analyses.
Written informed consent was obtained from all participants
prior to enrollment. This study was reviewed and approved
by the Ethics Committee of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology (ap-
proval no. 20215125).

Clinical data collection

Baseline clinical data were collected from all enrolled pa-
tients, including: (1) demographic characteristics (e.g., age
and sex); (2) medical history (including past medical con-
ditions and current illness); (3) clinical manifestations; (4)
laboratory parameters—namely, complete blood count, rou-
tine biochemical tests, hepatitis B e antigen status, HBV DNA
viral load, imaging findings, and microbiological test results;
and (5) survival outcomes—specifically, 28-day and 90-day
survival rates. Patients diagnosed with HBV-ACLF were cat-
egorized as survivors or non-survivors based on their vital
status at day 90 post-enrollment.

Prognostic scoring systems were calculated using baseline
variables: the Chinese Group on the Study of Severe Hepati-
tis B-ACLF II (COSSH-ACLF II) score was computed accord-
ing to the validated formula: COSSH-ACLF II = 1.649 X In
(INR) + 0.457 x hepatic encephalopathy score + 0.425 x In
[neutrophil count (x10%/L)] + 0.396 x In [TBil (umol/L)] +
0.576 x In [blood urea nitrogen (mmol/L)] + 0.033 x age.
Risk stratification was defined as follows: low risk (<7.4),
intermediate risk (7.4-8.4), and high risk (>8.4).24 Model
for End-Stage Liver Disease (MELD) score and MELD-sodium
(MELD-Na) score were calculated using the standard formu-
las established in the literature.2>:26

Acquisition and processing of Single-cell RNA se-
quencing (scRNA-seq) data

The scRNA-seq data analyzed in this study were retrieved
from the public dataset PRINA913603 (NCBI Sequence Read
Archive, SRA), generated by the Third Xiangya Hospital.2® A
total of nine scRNA-seq samples were included: five from pa-
tients with HBV-ACLF (samples ACLF1-ACLF5) and four from
HC (HC1-HC4). Raw sequencing reads were aligned to the
human reference genome (GRCh38) and quantified at the
gene level using Cell Ranger (v6.1.2).27 Downstream analy-
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ses were performed in Seurat (v4.3.0).28 For quality control
at the single-cell level, cells expressing fewer than 500 unique
genes or exhibiting mitochondrial gene content exceeding
20% were excluded. Additionally, genes detected in fewer
than 10 cells across the entire dataset were filtered out.

Following quality filtering, the number of retained cells
per sample ranged from 3,425 to 11,824. Median UMI
counts, numbers of detected genes, and mitochondrial gene
percentages exhibited comparable distributions across all
samples. Specifically, median mitochondrial gene percent-
ages ranged from 4.8% to 6.7%, with consistent interquar-
tile ranges—indicating high reproducibility and overall uni-
form data quality between HBV-ACLF and HC samples. Gene
expression counts were normalized using SCTransform, and
highly variable genes were identified for downstream inte-
gration. Data integration across samples was performed us-
ing Seurat’s anchor-based integration workflow, leveraging
shared highly variable genes to correct for batch effects.
Integrated data were subsequently scaled using ScaleDa-
ta prior to dimensionality reduction.2® Principal component
analysis was applied to the integrated dataset,39 followed
by graph-based clustering using the Louvain algorithm and
nonlinear visualization via t-distributed stochastic neighbor
embedding. Cell types were annotated based on established
canonical marker genes.

Isolation of peripheral blood neutrophils

Peripheral blood neutrophils were isolated using a com-
mercial neutrophil isolation kit (Solarbio, Cat. No. 9040).3!
Briefly, peripheral blood was carefully layered over Reagent
A and Reagent C, respectively, following the manufacturer’s
instructions. Following centrifugation, neutrophils located at
the lower interface were collected, washed twice with phos-
phate-buffered saline (PBS), and resuspended in appropriate
medium for subsequent experiments.

NETs detection

Circulating NETs were quantified by measuring plasma lev-
els of myeloperoxidase (MPO), neutrophil elastase (NE), and
MPO-DNA complexes. Plasma MPO and NE concentrations
were determined using commercially available enzyme-linked
immunosorbent assay (ELISA) kits. Specifically, the Human
Myeloperoxidase ELISA Kit (RayBiotech, Cat. No. ELH-MPOQ)
and the Human Neutrophil Elastase ELISA Kit (RayBiotech,
Cat. No. ELH-NEUTRO-1) were used according to the manu-
facturers’ protocols. MPO-DNA complexes were detected us-
ing a previously established ELISA-based capture method.32
Briefly, 96-well microtiter plates pre-coated with anti-MPO
antibody (supplied in the RayBiotech MPO ELISA kit) were
incubated for 2 h at room temperature with diluted plasma
samples mixed with horseradish peroxidase-conjugated anti-
DNA monoclonal antibody (Component 2 of the Cell Death
Detection ELISA Kit; Roche, Basel, Switzerland; Cat. No.
1774425001). Following three washes with PBS, plates were
incubated with horseradish peroxidase substrate for 30 min
at 37 °C. Absorbance was measured at 450 nm. All samples
were analyzed in duplicate, and samples from different study
groups were randomly assigned across assay plates to mini-
mize potential batch effects.

Visualization of NETs

Isolated neutrophils (4x10° cells/well) were seeded onto
polylysine-precoated coverslips and stimulated with plasma
from HC, CHB, or HBV-ACLF patients in 12-well plates for 3
h. Neutrophils were also seeded in black 96-well plates with
clear, tissue-culture-treated bottoms and incubated with in-

dicated stimuli. SYTOX Green (1 pM) was added to detect
extracellular DNA. Fluorescence intensity was quantified us-
ing a fluorescence microplate reader (excitation: 480 nm;
emission: 520 nm).33

In selected experiments, neutrophils were preincubated
with the complement component 5a receptor 1 (C5aR1) an-
tagonist (HY-163379; MedChemExpress) or the toll-like re-
ceptor 2 (TLR2) antagonist (HY-116213; MedChemExpress)
for 30 min prior to plasma stimulation. Following stimulation,
SYTOX Green (5 pM) was added to label extracellular DNA,
and NETs formation was assessed immediately by immuno-
fluorescence microscopy.32

Immunofluorescence staining

Liver tissue samples were fixed in 4% paraformaldehyde for
24 h at 4 °C, embedded in paraffin, and sectioned at 5 pm
thickness.32 Primary antibodies used were: anti-histone H3
(citrullinated at R2, R8, and R17; Abcam, ab5103), anti-CD31
(Abcam, ab182981), and anti-CD41 (Abcam, ab134131).

ELISA

Plasma concentrations of the following biomarkers were
measured using commercially available ELISA kits accord-
ing to the manufacturers’ instructions: NE (RayBiotech, ELH-
NEUTRO-1); MPO (NeoBioscience, EHC087.96); syndecan-1
(RayBiotech, ELH-Syndecan1-1); ICAM-1 (RayBiotech, ELH-
ICAM1-1); vWF (RayBiotech, ELH-vWF-1); sTM (R&D Sys-
tems, DTHBDO); and thrombin-antithrombin complex (TAT;
Novus Biologicals, NBP2-68128).

RNA extraction and quantitative real-time PCR

Total RNA was isolated from peripheral blood neutrophils ob-
tained from HC, CHB patients, and HBV-ACLF patients using
TRIzol® reagent (Invitrogen, USA), following the manufac-
turer’s instructions. Complementary DNA was synthesized
from 1 pg of total RNA using the ReverTra Ace® gPCR RT
Master Mix (TOYOBO, Japan), according to the supplier’s
protocol. Quantitative real-time PCR was performed with
SYBR® Green Realtime PCR Master Mix (TOYOBO, Japan)
on a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, USA). Primer sequences were as follows: TLR2 forward:
5’-TGCTTTCCTGCTGGAGATTT-3’, reverse: 5'-TGTAACGCAAC
AGCTTCAGG-3’; C5aR1 forward: 5’-CAGGACATGGACCCCAT
AGAT-3’, reverse: 5’-ACCAGGAACACCACCGAGTAG-3’; GAP-
DH forward: 5’-GGAGCGAGATCCCTCCAAAAT-3’, reverse:
5’-GGCTGTTGTCATACTTCTCATGG-3". All reactions were run
in duplicate. Melting curve analysis was conducted after am-
plification to confirm primer specificity and absence of non-
specific products. Relative mRNA expression levels of TLR2
and C5aR1 were normalized to GAPDH and quantified using
the 2-4ACt method.

NETs isolation

Neutrophils (4 x 106 cells/mL) were stimulated with 100 nM
phorbol 12-myristate 13-acetate (PMA) for 4 h at 37 °C to
induce NETs formation. NETs were isolated using a modified
protocol adapted from previously published methods.3* Brief-
ly, culture medium was removed, and adherent NETs were
gently washed twice with 2 mL of ice-cold PBS. The washes
were pooled and centrifuged at 1,000 x g for 10 min at 4 °C.
The resulting cell-free supernatant containing NETs was col-
lected. The DNA concentration of NETs was measured using
a Nanodrop instrument.

Plasma clotting time
Human aortic endothelial cells and HepG2.2.15 cells (an

Journal of Clinical and Translational Hepatology 2026 3



HBV-infected hepatocyte cell line) were treated with 0.5
ng/mL NETs, DNase 1-digested NETs, or PBS for 6 h.35 For
DNase 1 digestion, NETs were preincubated with 100 U/mL
DNase 1 at 37 °C for 30 min. Following treatment, cells were
harvested and lysed by three cycles of freezing-thawing fol-
lowed by sonication. Cell lysates were then assessed for pro-
coagulant activity using a one-stage clotting assay. Specifi-
cally, the capacity of each lysate to shorten the spontaneous
clotting time of normal citrated human plasma was measured
on a coagulation analyzer, and the time to visible fibrin gel
formation was recorded.

Statistical analyses

Statistical analyses were conducted using SPSS version 25.0
(IBM Corp., Armonk, NY, USA) and GraphPad Prism (Graph-
Pad Software, San Diego, CA, USA). Categorical variables
were summarized as frequencies (percentages) and com-
pared using the chi-square (x2) test or Fisher’s exact test,
as appropriate. Continuous variables were evaluated for
normality with the Shapiro-Wilk test. Given that most con-
tinuous variables deviated significantly from normality, they
were reported as median (IQR).

For comparisons between two independent groups, nor-
mally distributed continuous variables were analyzed us-
ing the unpaired Student’s t-test; non-normally distributed
variables were analyzed using the Mann-Whitney U test.
For comparisons across three or more independent groups,
one-way analysis of variance with Tukey’s post hoc test was
applied to normally distributed data, whereas the Kruskal-
Wallis test followed by Dunn’s post hoc test, with Bonferroni
correction for multiple comparisons, was used for non-nor-
mally distributed data.

Associations between continuous variables were assessed
using Spearman’s rank correlation coefficient. In linear re-
gression models, influence diagnostics, including Cook’s dis-
tance and standardized residuals, were performed to identify
potentially influential observations. Survival analyses were
performed using the Kaplan—-Meier method, with between-
group differences assessed using the log-rank test. Hazard
ratios (HRs) and 95% confidence intervals (CIs) were esti-
mated using Cox proportional hazards regression models. A
two-tailed P-value < 0.05 was considered statistically sig-
nificant.

Results

Single-cell transcriptomic profiling reveals neutro-
phil and LSEC involvement in immunothrombosis in
HBV-ACLF liver tissue

In this study, scRNA-seq was performed on non-parenchy-
mal hepatic cells isolated from liver tissues of five patients
with HBV-ACLF and four HCs (Fig. 1A). After quality control
and batch effect correction (Supplementary Fig. 1A-C), we
performed subsequent cell clustering (Fig. 1B) and cell type
identification (Fig. 1C and D) using the Seurat software. We
then scored multiple coagulation-related pathways, including
the complement and coagulation cascades (Kyoto Encyclo-
pedia of Genes and Genomes [KEGG]: hsa04610) and blood
coagulation (Gene Ontology: 0007596). These results show
that, in addition to the previously reported Kupffer cells,®
neutrophils and LSEC may also contribute to immunothrom-
bosis in HBV-ACLF (Fig. 1E).

Next, we compared the gene expression profiles of neu-
trophils and endothelial cells between HBV-ACLF patients
and HC, followed by KEGG enrichment analysis. The results
demonstrated significant upregulation of pathways related
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to NETs formation, as well as complement and coagulation
activation in neutrophils from HBV-ACLF patients (Fig. 1F).
Meanwhile, LSEC from HBV-ACLF patients showed signifi-
cant upregulation of complement and coagulation activation
pathways compared with those from HC (Fig. 1G). These
findings indicate that neutrophils and LSEC may be involved
in the process of “immunothrombosis” during HBV-ACLF
progression.

Circulating NETs are elevated in HBV-ACLF and cor-
relate with coagulopathy and disease severity

To further clarify the role of NETs in immunothrombosis, we
enrolled three well-defined patient cohorts: HC, CHB, and
HBV-ACLF. A comprehensive comparison of baseline clinical
characteristics was conducted across these groups (Table
1). No significant differences in age or gender distribution
were observed among the three groups; however, HBV-ACLF
patients exhibited significantly higher HBV-DNA levels and
more severe liver injury, which was consistent with the ex-
pected disease characteristics.

Next, we quantified circulating NETs markers, including
MPO-DNA complexes, free MPO, and NE, across the three
study groups. Compared with both the CHB and HC groups,
patients with HBV-ACLF exhibited significantly elevated
levels of all NETs markers (Fig. 2A). Correlation analyses
revealed that NETs marker levels were significantly asso-
ciated with key coagulation parameters, including the INR
and thrombin-antithrombin complex (TAT) (Fig. 2B), as well
as prothrombin time, PTA, and activated partial thrombo-
plastin time (APTT) (Supplementary Fig. 2A). Furthermore,
NETs levels correlated positively with serum lactate dehy-
drogenase (LDH) (Fig. 2C), a well-established biomarker of
cellular injury,3¢ as well as with serum cholinesterase and
the neutrophil-to-lymphocyte ratio (Supplementary Fig. 2B
and C). Significant positive correlations were also observed
between NETs levels and established prognostic scoring
systems, specifically the MELD-Na and the Chinese Group
on the Study of Severe Hepatitis B-ACLF II (COSSH-ACLF
II) scores (Fig. 2D).

Notably, circulating NETs levels were significantly higher in
non-survivors than in survivors (Fig. 2E). Kaplan—-Meier sur-
vival analysis further demonstrated that elevated NETs levels
were associated with significantly increased 90-day mortality
(log-rank test, P < 0.01; HR = 3.92; 95% CI: 1.94-7.94)
(Fig. 2F). Clinical characteristics distinguishing survivors and
non-survivors were summarized in Supplementary Table 1.
Collectively, these findings indicate that NETs formation is
closely linked to coagulopathy, hepatocellular injury, and ad-
verse clinical outcomes in HBV-ACLF.

Endothelial injury is markedly aggravated in HBV-
ACLF and closely associated with disease severity

To assess endothelial dysfunction and concomitant coagula-
tion activation,37-3° we quantified circulating levels of four
established biomarkers: syndecan-1, vWF, sTM, and ICAM-
1. All four markers were significantly elevated in HBV-ACLF
patients relative to both CHB patients and HC (Fig. 3A-C).
Stratified analyses further revealed that non-survivors ex-
hibited significantly higher circulating levels of syndecan-1,
VvWF, and ICAM-1 compared with survivors (Fig. 3D-F). Nota-
bly, syndecan-1 levels demonstrated strong positive correla-
tions with the TAT, INR, and MELD-Na score (Fig. 3G and H),
as well as with LDH and serum creatinine (Supplementary
Fig. 3A and B). Consistently, correlation heatmap analysis
demonstrated significant associations between endothelial-
related markers and indices of disease severity and progno-
sis (Fig. 3I). Together, these findings indicate that endothelial
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Fig. 1. Coagulation-related pathway scores in neutrophils and LSEC from liver samples of patients with HBV-ACLF. (A) Workflow of scRNA-seq analysis.
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dysfunction is closely linked to coagulation activation, organ
injury, and adverse clinical outcomes in HBV-ACLF.

NETs are associated with endothelial injury and co-
agulation dysfunction in HBV-ACLF

Given the established role of NETs in endothelial activation,
we investigated their association with established biomarkers
of endothelial injury. NETs levels exhibited significant posi-
tive correlations with syndecan-1, ICAM-1, sTM, and vWF,
as shown in Figure 4A-C. Immunofluorescence staining of
liver tissues revealed abundant NETs formation in patients
with HBV-ACLF; notably, these NETs colocalized with CD31-
positive endothelial cells and CD41-positive platelets within
microthrombi (Fig. 4D). In vitro experiments demonstrated
that NETs isolated from neutrophils of HBV-infected individu-
als significantly elevated syndecan-1 levels and shortened
plasma clotting time, a procoagulant effect that was mark-
edly attenuated by DNase I treatment (Fig. 4E). Similarly,
NETs enhanced the procoagulant activity of HBV-infected

hepatocytes (HepG2.2.15 cells), and this effect was reversed
by DNase I treatment (Fig. 4F). Collectively, these findings
indicate that NETs are associated with endothelial injury and
a prothrombotic milieu in HBV-ACLF.

TLR2 and C5aR1 signaling are involved in NETs forma-
tion within the HBV-ACLF plasma microenvironment

NETs formation can be induced by both microbial and en-
dogenous stimuli, including damage-associated molecular
patterns (DAMPs) and complement activation products.?
To delineate the upstream signaling pathways driving NETs
formation in HBV-ACLF, we performed integrated omics
analyses comparing neutrophils from HBV-ACLF patients and
HC. These analyses identified C5aR1 and TLR2 as potential
mediators of this process (Fig. 5A). Consistently, peripheral
blood neutrophils isolated from HBV-ACLF patients exhibited
significantly higher expression levels of both TLR2 and C5aR1
compared with those from HC (Fig. 5B). Functional assays
further demonstrated that plasma from HBV-ACLF patients
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Characteristic ey, "ontels  cHB (n = 20) ACLF (n = 46) P e
Age (years) 46 (33-56) 40 (32-50) 46 (33-56) 0.08
Male, n (%) 90% (18) 85% (17) 91.3% (42) 0.78
Cirrhosis, n (%) - 40% (8) 56.5% (26) 0.29
HBV DNA level (Copy/mL) - 258.9 (20-4,387.5) 67,550 (1,167.5-3,710,000) <0.01
Infection - - 23.91% (11) -
Artificial liver support - — 26.09% (12) —
Anticoagulation/antiplatelet - - 0% (0) -
Laboratory data
Alanine aminotransferase (U/L) 19.5 (12.5-23) 22.5(10.3-34) 213 (78.8-473.3) <0.01
Aspartate aminotransferase (U/L) 19 (17.3-23.8) 23 (14.5-27) 109 (77-386.8) <0.01
Alkaline phosphatase (U/L) 68.5 (53-77) 69.5 (62.3-77.3) 134.5 (114.5-155.5) <0.01
Albumin (g/L) 46.4 (45.9-48.1)  46.7 (45.1-48.4) 32.5 (29.6-36.4) <0.01
Total bilirubin (umol/L) 14.0 (10.4-16.9)  10.5 (7.7-15.7) 339.6 (251.2-460.5) <0.01

Creatinine (pmol/L) -
White blood cell count (10°/L) -
Hemoglobin (g/L) -
Platelet count (10°/L) -
INR =
Severity score
COSSH-ACLF II =
MELD -
MELD-Na -

66 (56-82) -
4.19 (3.5325-6.61) -
120.5 (105.25-133.25) -
102 (57.75-131.5) -
2.16 (1.69-2.88) -

6.9 (6.0 -7.8) -
24.1 (20.1-29.7) -
26.7 (22.5-33.4) =

Continuous variables are presented as median (interquartile range), and categorical variables as percentages (with absolute counts). ACLF, acute-on-chronic liver fail-
ure; CHB, chronic hepatitis B; INR, international normalized ratio; MELD, Model for End-Stage Liver Disease; MELD-Na, MELD-sodium; COSSH-ACLF II, Chinese Onset

Study of Severe Hepatitis with Acute-on-Chronic Liver Failure II.

induced markedly greater NETs release in neutrophils iso-
lated from healthy donors than plasma from HC (Fig. 5C and
D). Importantly, pharmacological inhibition of either TLR2 or
C5aR1 significantly attenuated NETs formation induced by
HBV-ACLF plasma, indicating that the pro-NETosis plasma
microenvironment in HBV-ACLF acted through TLR2- and
C5aR1-dependent signaling pathways (Fig. 5E).

Discussion

The pathogenic role of NETs in ACLF has garnered increasing
attention; however, findings from mixed-etiology cohorts re-
main inconsistent, largely attributable to substantial mecha-
nistic heterogeneity across underlying etiologies.41~44 In con-
trast, studies focusing on HBV-ACLF have more consistently
reported elevated circulating NETs components and their as-
sociation with disease severity and clinical outcomes.32:45:46
In line with these observations, our findings are consistent
with the clinical relevance of NETs in HBV-ACLF. Importantly,
by integrating endothelial injury markers and coagulation
parameters, this work extends prior studies and suggests a
potential association between NETs, endothelial dysfunction,
and coagulopathy in this setting.

Previous studies have suggested that neutrophils may
adopt a primed phenotype under inflammatory conditions,4°
and endothelial cells may exhibit procoagulant features in

the setting of severe liver injury.18 In line with these con-
cepts, single-cell transcriptomic data are consistent with
coordinated transcriptional features in neutrophils and
LSEC aligned with NETs-related and coagulation-associated
pathways. Together with prior observations of spatial asso-
ciations between NETs components, endothelial cells, and
platelets,394748 these findings extend existing knowledge by
suggesting that such interactions in HBV-ACLF may exhibit
a liver-restricted distribution, potentially reflecting organ-
specific organization of immunothrombosis.

Although prior studies have indicated that NETs contrib-
ute to endothelial dysfunction and promote coagulation ac-
tivation in inflammatory disease,37:4° whether NETs function
as active drivers versus bystanders in disease progression
remains unclear in HBV-ACLF. In this context, the present
findings extend these observations by providing evidence
that NETs may be linked to endothelial perturbation and pro-
coagulant activity in a disease-specific setting. In addition,
TLR2 and C5aR1 signaling pathways, previously implicated
in NETs induction,5%:51 may also participate in this process
in HBV-ACLF, suggesting a context-dependent involvement
of these pathways within a liver-centered immunothrombotic
framework.

Although NETs-mediated immunothrombosis has been
extensively characterized in sepsis, disease-specific differ-
ences in triggering mechanisms and spatial distribution are
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Fig. 2. Plasma NETs markers and clinical parameters in patients with HBV-ACLF. (A) Plasma concentrations of NETs markers, including MPO-DNA complexes,
MPO, and NE, in HBV-ACLF, CHB, and HC groups. (B-C) Correlations between plasma MPO-DNA levels and INR and TAT (B), and LDH (C). (D) Correlations between
plasma MPO-DNA levels and established prognostic scoring systems, including the COSSH-ACLF II and MELD-Na scores. (E) Comparison of NETs marker levels (MPO-
DNA and MPO) between survivors and non-survivors within the HBV-ACLF cohort. (F) Kaplan-Meier survival curves of HBV-ACLF patients stratified by plasma MPO-DNA
levels (<2-fold vs >2-fold). ***P < 0.001, and ****P < 0.0001. NETs, neutrophil extracellular traps; HBV-ACLF, hepatitis B virus-related acute-on-chronic liver failure;
MPO, myeloperoxidase; NE, neutrophil elastase; CHB, chronic hepatitis B; HC, healthy controls; INR, international normalized ratio; TAT, thrombin-antithrombin com-
plex; LDH, lactate dehydrogenase; COSSH-ACLF II, Chinese Onset Study of Severe Hepatitis with Acute-on-Chronic Liver Failure II; MELD-Na, Model for End-Stage

Liver Disease-Sodium.

increasingly recognized. In sepsis, NETs formation is typically
driven by pathogen-associated stimuli and is associated with
systemic microvascular thrombosis and remote organ inju-
ry.1447 In contrast, HBV-ACLF is characterized by extensive
hepatocellular necrosis and the release of DAMPs, which are
thought to be major drivers of inflammatory activation.22:46
In this setting, NETs deposition appears to be more restrict-
ed to hepatic sinusoids and associated with local endothelial
injury and microcirculatory dysfunction. These distinctions
suggest that, in contrast to the predominantly systemic na-

ture of immunothrombosis in sepsis, HBV-ACLF may exhibit
a more liver-centered and spatially restricted pattern. This
context-specific organization may provide a potential mecha-
nistic framework linking parenchymal injury with intrahepatic
coagulation dysregulation.

Based on these multi-level observations, a conceptual
framework can be proposed in which hepatocellular injury
may initiate NETs formation through DAMP release,*® while
excessive NETs may contribute to endothelial dysfunction
and coagulation activation.1437 This integrative model may
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Fig. 3. Plasma endothelial injury biomarkers in patients with HBV-ACLF. (A-C) Plasma concentrations of syndecan-1 (A), vVWF and sTM (B), and ICAM-1 (C)
in HBV-ACLF, CHB, and HC. (D-F) Comparison of plasma syndecan-1 (D), vVWF and sTM (E), and ICAM-1 (F) levels between survivors and non-survivors within the
HBV-ACLF cohort. (G-H) Correlation analyses of plasma syndecan-1 levels with TAT and INR (G), and with the MELD-Na score (H). (I) Heatmap of pairwise correlations
between a composite endothelial injury biomarker panel and clinical parameters. **P < 0.01, ***P < 0.001, and ****P < 0.0001. HBV-ACLF, hepatitis B virus-related
acute-on-chronic liver failure; vVWF, von Willebrand factor; sTM, soluble thrombomodulin; ICAM-1, intercellular adhesion molecule-1; CHB, chronic hepatitis B; HC,
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extend existing paradigms by linking immune activation,
vascular injury, and coagulation into a unified, liver-centered
process in HBV-ACLF.

These findings may also have therapeutic implications.
Previous studies have explored NETs-targeted interven-
tions in liver disease.10.32 In this context, strategies aimed at
modulating the NETs—-endothelial-coagulation axis, including
enhancing NETs degradation or targeting upstream signal-
ing pathways, may represent potential approaches, although
their efficacy and safety require further evaluation in physi-
ologically relevant models.

Several limitations should be acknowledged. Firstly, the
sample size may limit statistical power for subgroup analyses
and adjustment for potential confounders. Secondly, the ob-
servational design of the clinical component inherently lim-

10

its causal inference. Thirdly, while in vitro experiments offer
valuable mechanistic insights, they cannot fully recapitulate
the intricate hepatic microenvironment characteristic of HBV-
ACLF. Future studies should include longitudinal analyses to
assess whether NETs dynamics are associated with disease
progression and clinical outcomes, as well as interventional
studies in relevant animal models. Independent validation in
larger, multicenter cohorts will also be important to strength-
en generalizability.

Conclusions

Our study provides multi-level evidence linking NETs for-
mation with endothelial injury and immunothrombosis in
HBV-ACLF. By integrating clinical, spatial, transcriptomic,
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and functional data, we outline a liver-centered framework
in which NETs may be associated with intrahepatic coagula-
tion disturbances. Although causality remains to be estab-
lished, NETs and their upstream pathways, including TLR2
and C5aR1, may represent potential targets for future thera-
peutic investigation in HBV-ACLF.
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