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ABSTRACT

Background and Aims: Neutrophil extracellular traps (NETSs) are part of the body's innate immune response. In animal mod-
els, NETs aggravated liver injury and promoted disease progression/portal hypertension by the formation of (micro)thrombi
leading to parenchymal extinction.

This study aimed to investigate NETosis in patients with clinically stable advanced chronic liver disease (ACLD).

Methods: We evaluated stable ACLD patients undergoing hepatic venous pressure gradient (HVPG) measurement in whom an
extensive panel of laboratory tests related to coagulation and NET biomarkers was assessed in plasma. Hepatic decompensation/
liver-related death (LRD) as well as the development of ACLF/LRD were the outcomes of interest.

Results: 194 patients (70 compensated/124 decompensated; mean Child-Turcotte-Pugh score (CTP): 7 + 2 points; mean HVPG:
17 + 6 mmHg) were included.

Abbreviations: ACLD, advanced chronic liver disease; ACLF, acute-on-chronic liver disease; AD, acute decompensation; ArLD, alcohol-related liver disease; cf-DNA,
cell-free deoxyribonucleic acid; CTP, Child-Turcotte-Pugh score; CI, confidence interval; CLT, clot lysis time; DIC, disseminated intravascular coagulation; HVPG,
hepatic venous pressure gradient; IL-6, interleukin-6; IQR, interquartile range; LRD, liver-related death; MPO-DNA, myeloperoxidase deoxyribonucleic acid; NAP-2,
neutrophil-activating peptide-2; NET, neutrophil extracellular traps; PAP, plasmin antiplasmin complex; PF4, platelet-factor 4; PVT, portal vein thrombosis;
sP-selectin, soluble platelet-selectin; TAT, thrombin antithrombin complex; TM-TGA, thrombomodulin-modified thrombin generation assay; UNOS MELD, United
Network for Organ Sharing Model for End-stage Liver Disease; VWF-Ag, von Willebrand-factor antigen.
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Compared to healthy controls (n =29), levels of cell-free DNA (cf-DNA) were higher (0.88 [IQR 0.84-0.93] vs. 0.94 [IQR 0.88-1.03]
ug/mL; p=0.001) in ACLD, whereas myeloperoxidase-DNA (MPO-DNA) values were similar (0.32 [IQR 0.17-0.54] vs. 0.39 [IQR

0.18-0.76] AU; p=0.400).

Factor XIII activity levels, soluble P-selectin, and cf-DNA but not MPO-DNA levels were linked to HD/LRD and/or ACLF/LRD
in univariable analysis. However, none of these tests were associated with the aforementioned outcomes after adjusting for es-

tablished prognostic indicators.

Conclusion: Patients with stable ACLD showed increased cf-DNA levels (i.e., NETosis, but also apoptosis/necrosis). However,

MPO-DNA as a NETosis-specific marker was comparable to healthy controls. NETosis does not appear to drive disease progres-

sion in clinically stable ACLD as it was not linked to endpoints, thereby questioning whether findings obtained in animal models

are translatable to humans.

1 | Introduction

Advanced chronic liver disease (ACLD) represents a major
and growing cause of morbidity world-wide and is responsible
for the second-highest number of years of working life lost in
Europe [1]. The ‘congestive escalator’ hypothesis summarising
the evolution of vascular obstruction to sinusoidal destruction
and finally extinction of functional parenchym provides a po-
tential aetiology-independent explanation for liver disease pro-
gression [2].

Neutrophil extracellular traps (NETs) are generated from
activated neutrophils and link inflammation, a key disease-
driving mechanism in patients with ACLD [3], and thrombo-
sis development [4, 5]. Indeed, preclinical studies found that
NETs promote thrombus development via endothelial cell
activation [6], platelet activation [7], activation of coagulation
[8], and contribute to micro- and macrovascular thrombus
formation [8]. NETs have been hypothesised to be crucial for
the development of pathological thrombosis (i.e., ‘immuno-
thrombosis’) in the intrahepatic microvasculature [9], which
may, in the context of ACLD, lead to parenchymal extinction
and further progression of liver disease [2]. Moreover, patients
with ACLD may be particularly susceptible to intrahepatic
NET formation due to von Willebrand factor (VWF) mediated
NETs anchoring to the liver vasculature [10]. Indeed, a recent
study compared levels of NET markers (cell-free [cf-]DNA
and myeloperoxidase [MPO-]DNA), activation of coagulation
and inflammation between patients with acute decompensa-
tion (AD), acute-on-chronic liver failure (ACLF), and healthy
controls. All evaluated markers were higher in patients com-
pared to controls and highest in patients with ACLF (i.e.,
those with extrahepatic organ dysfunction and/or failure).
Furthermore, circulating cf-DNA and interleukin-6 (IL-6)
levels were associated with death in this study [11]. Finally,
the level of cf-DNA was also associated with disseminated
intravascular coagulation (DIC) [12] and mortality in liver-
healthy patients with sepsis [13, 14], who share several sim-
ilarities in regard to pathophysiological mechanisms with
ACLF patients.

Interestingly, a recent small study showed that markers for
NETs were significantly elevated in plasma derived from
patients undergoing liver transplantation. In addition, nu-
cleosome levels were correlated with markers of coagulation
activation [15].

Previous clinical evidence on NETs has been obtained in liver-
healthy patients with sepsis [13, 14], patients with AD/ACLF
[11], or patients with very advanced ACLD (i.e., patients under-
going liver transplantation) [15], but not in patients with clini-
cally stable ACLD complicated by portal hypertension, i.e., by
far the largest subgroup of ACLD patients. In these patients,
bacterial translocation from the gut and systemic inflamma-
tion have been postulated to aggravate extracellular matrix
remodelling and portal hypertension [16]. Notably, systemic in-
flammation in patients with stable ACLD is substantially less
pronounced than in AD/ACLF, questioning whether findings on
immunothrombosis and NET formation in the latter population
are generalisable.

The aim of this study was to evaluate the levels and significance
(i.e., association with laboratory tests related to coagulation) of
NET markers in patients with stable ACLD and their impact on
the development of hepatic decompensation/ACLF and macro-
vascular thrombosis in the splanchnic venous system. As a sin-
gle test reliably assessing haemostatic capacity does not exist, we
performed an extensive profiling of the haemostatic system by a
combination of functional tests, markers of in vivo activation of
haemostasis, and plasma levels of key haemostatic proteins as
we have described previously in various populations of patients
with liver disease [17-19].

2 | Methods
2.1 | Study Design and Patients

We performed a retrospective, single-centre cohort study in pa-
tients with ACLD undergoing hepatic venous pressure gradient
(HVPG) measurement at the Vienna Hepatic Hemodynamic
Lab between April 2017 and July 2020. Inclusion criteria were
(i) HVPG >6mmHg and (ii) availability of citrate plasma for
NET marker quantification and laboratory tests of coagula-
tion. Patients were excluded if any of the following criteria were
present: history of orthotopic liver transplantation, non-ACLD
aetiology (e.g., porto-sinusoidal vascular disorder), active ma-
lignancy, presence of portal vein thrombosis (PVT), evidence of
bacterial infection, ACLF at study inclusion, unreliable HVPG,
missing information on clinical follow-up, or unstable course of
liver disease (acute decompensation/non-elective liver-related
hospitalisation within 90days of HVPG measurement) at the
time of characterisation (Figure S1).

20f 16

Liver International, 2025



Summary

« Neutrophil extracellular traps (NETs) are part of the
body's innate immune response that were linked to
liver disease progression in animal models by aggra-
vating liver injury through the formation of (micro)
thrombi leading to parenchymal extinction.

In patients with stable advanced chronic liver disease
(ACLD), cell-free DNA levels were increased (i.e.,
NETosis/apoptosis/necrosis).

However, myeloperoxidase-DNA (a more specific
NETosis-marker) was comparable to healthy controls,
and therefore, NETosis does not appear to drive dis-
ease progression in clinically stable ACLD as it was
not linked to clinical endpoints.

2.2 | Healthy Controls

Healthy controls aged > 18 years without a history of thrombotic
or liver-related diseases, medical conditions known to be asso-
ciated with haemostatic alterations, or current use of anticoag-
ulants, platelet function inhibitors, or oral contraceptives were
enrolled.

2.3 | HVPG Measurement

HVPG measurement was performed in the absence of NSBB
therapy and in adherence to a standard operating procedure
[20]. Briefly, a catheter introducer sheath was inserted into the
right internal jugular vein under local anaesthesia and ultra-
sound guidance. Subsequently, a hepatic vein was cannulated
using a dedicated balloon catheter [21] and the free and wedged
hepatic venous pressures were obtained at least as triplicate
measurements, according to our standard operating procedure
[20] which is in line with the more recent Baveno VII [22] and
Billroth IV [20] consensus statements.

2.4 | Laboratory Assessments

Analyses were performed using blood samples obtained via a
central venous line (i.e., the side-port of the catheter introducer
sheath) at the time of HVPG measurement.

Routine laboratory tests (i.e., all parameters except for those ex-
plicitly mentioned below) were conducted by the ISO-certified
Department of Laboratory Medicine of our institution using
commercially available methods that are applied in clinical
routine.

2.4.1 | Endothelium/Platelet Markers

Soluble-P-selectin ~ (sP-selectin; DY137, R&D  Systems,
Minneapolis, USA), platelet-factor 4 (PF4; DY795, R&D
Systems), neutrophil-activating peptide-2 (NAP-2; DY393, R&D
Systems), and syndecan-1 (DY2780, R&D Systems) were mea-
sured using commercially available ELISAS.

2.4.2 | Coagulation Activation

Thrombin antithrombin complex levels (TAT; NC0480020;
Siemens, Den Haag, The Netherlands) were measured using
commercially available ELISAs. Factor XIII activity was mea-
sured as previously described [23].

2.4.3 | Thrombin Generation Potential

Thrombomodulin-modified thrombin-generation assays (TM-
TGAs) were performed using a fluorometric method as previ-
ously described [24-26].

2.4.4 | Fibrinolysis Activation

Plasmin antiplasmin complex levels (PAP; TC12060; Bio-
Techne, Minneapolis, USA) were measured using commercially
available ELISAs.

2.4.5 | Fibrinolytic Potential

Fibrinolytic capacity in plasma was assessed by monitoring
changes in turbidity during clot formation and lysis of a tissue
factor-induced clot by exogenous tissue plasminogen activa-
tor, as described previously [27]. Clot lysis time (CLT) was de-
fined as the time from the midpoint of the clear to maximum
turbid transition, representing clot formation, to the midpoint
of the maximum turbid to the clear transition, representing
clot lysis.

2.4.6 | NET Markers

The concentration of cf-DNA was measured using the Quant-iT
PicoGreen double strand DNA assay kit (Fisher Scientific,
Landsmeer, the Netherlands). In short, 10uL of plasma was
added to 90uL of Tris-EDTA (TE) buffer (10mM Tris-HCI,
1mM EDTA, pH?7.5) in a 96-well microtiter plate. Next, 100 uL
of PicoGreen solution (diluted 1:200 in TE buffer) was added to
the wells. After 10min of incubation in the dark at room tem-
perature, fluorescence was measured at 480nm excitation and
520nm emission using a Victor3 (PerkinElmer, Groningen, the
Netherlands) spectrophotometer. Complexes of MPO-DNA were
quantified by ELISA as previously described [28] using a com-
mercially available monoclonal antibody (clone 4A4) to MPO
(Sanbio, Uden, the Netherlands) and the detection antibody
derived from the cell death detection ELISA (Sigma-Aldrich,
Zwijndrecht, The Netherlands).

2.4.7 | Bacterial Translocation/Systemic Inflammation

Bacterial DNA was determined by broad-range PCR of the
16S rRNA gene and categorised according to a concentration
threshold of >5pg/mL [29]. C-reactive protein (CRP) and in-
terleukin-6 (IL-6) levels were measured using commercially
available methods that are applied in clinical routine (see
above).

30f 16



2.5 | Statistical Analyses

All statistical analyses were performed using R 4.3.1 (R
Core Team, R Foundation for Statistical Computing, Vienna,
Austria) or GraphPad Prism 8 (GraphPad Software, CA, USA).
Categorical variables were reported as absolute (n) and relative
frequencies (%), whereas continuous variables were reported
as mean+SD or median (IQR), as appropriate. Student's ¢-test
was used for group comparisons of normally distributed vari-
ables and Mann-Whitney U-test for non-normally distributed
variables.

Univariable linear regression analyses were performed to deci-
pher factors associated with NET markers. Correlation analy-
ses were performed between key factors related to coagulation
and/or inflammation parameters and plotted using the ‘corr-
plot’ package in R. Variables were non-normally distributed and
hence, Spearman's p was used.

Time-dependent event rates were obtained by the Kaplan-
Meier method. Events of interest were either (i) hepatic de-
compensation (according to clinical stage at baseline; i.e., for
cACLD patients first decompensation, for dACLD patients
further decompensation) or liver-related death and (ii) de-
velopment of acute-on-chronic liver failure (ACLF) or liver-
related death, or (iii) development of non-tumorous portal
vein thrombosis (PVT). Patients were censored at the time
of liver transplantation, non-liver-related death, or last fol-
low-up. Data was transformed into long formatting to account
for the removal/suppression of the primary aetiological factor
as a time-dependent covariable (initiation of antiviral therapy
for HCV or HBV without HDV coinfection/long-term alcohol
abstinence, as defined by Baveno VII).

Variable selection for the multivariable model was based on
parameters having prognostic implications as well as parame-
ters which we considered of particular importance for the end-
point of interest (i.e., age, indicators of hepatic dysfunction, and
HVPG). Variables were included as continuous variables and
log-transformed if variables were skewed. Due to the low num-
ber of PVT events, analyses on PVT incidence were only ad-
justed for CTP score. After performing a first model including
all factors considering expert opinion and collinearity aspects,
we used backward elimination with a p-value threshold of
p>0.157 for eliminating co-factors for our final/last model [30].

The level of significance was set at a 2-sided p-value <0.05.

2.6 | Ethics

The study was conducted in accordance with the principles of
the Declaration of Helsinki and was approved by the local ethics
committee of the Medical University of Vienna (EK1262/2017).
Patients were consented for inclusion in the Vienna Cirrhosis
Study (VICIS), i.e., a prospective registry with a biobank which
provided the samples for all laboratory analyses except for rou-
tine laboratory tests.

3 | Results
3.1 | Patient Characteristics
After applying in- and exclusion criteria, 194 patients were in-

cluded in this study (Figure 1 and Figure S1). Mean age was
56.6 +11.7years, with the majority being male (n =125, 64.4% vs.

c

n=194
stable
ACLD

central venous
sampling of

MPO-DNA
& cf-DNA

FIGURE1 | Study description.
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female: n=69, 35.6%), and having alcohol-related liver disease
(ArLD) (n=115, 59.3%, followed by viral hepatitis: n =37, 19.1%).
Regarding portal hypertension severity, almost two thirds of pa-
tients (n =123, 63.4%) presented with clinically significant por-
tal hypertension (i.e., HVPG >10mmHg), whereas subclinical
portal hypertension (i.e., HVPG 6-9 mmHg) was comparatively
uncommon (n=20, 10.3%). In line, 63.9% had varices at endos-
copy (n=124). Mean HVPG was 17.2+5.9mmHg, mean CTP
6.7+ 1.7 points and mean United Network for Organ Sharing
Model for End-stage Liver Disease (UNOS MELD) (2016) was
12.4 +4.3 points. Overall, 107 (55.2%) patients achieved aetiolog-
ical cure/removal or suppression of the primary aetiological fac-
tor before study inclusion (n =87 abstinent ALD, n =20 removal/
suppression of HCV/HBV). Median time from aetiological cure/
removal or suppression of the primary aetiological factor be-
fore study inclusion was 11.2 (IQR: 3.8-33.2, range: 0.8-395.4)
months.

While 70 patients (36.1%) had cACLD, 124 patients (63.9%) had
dACLD. Of these, the most common previous/current decom-
pensating events were ascites (mild/moderate: n=86, 44.3%
vs. severe: n =14, 7.2%), followed by a previous episode of overt
hepatic encephalopathy (n=37, 19.1%) or a history of variceal
bleeding (n=23, 11.9%). Detailed information of laboratory pa-
rameters of interest can be found in Table 1.

Additionally, we included 29 healthy controls meeting the inclu-
sion criteria for this study. While healthy controls were signifi-
cantly younger (32.9+9.1years; p<0.001) and presented with a
slightly lower body mass index (24.0 +2.9 vs. 26.5+ 5.1 kg/m? in
the study cohort; p <0.001), the distribution of sex was similar
(p=0.544; Table S1).

3.2 | NET Parameters Across Disease Severity
Strata and Compared to Healthy Controls

When stratifying patients according to disease stages, there
were no differences in MPO-DNA (cACLD: 0.38 [IQR 0.19-0.64]
vs.dACLD: 0.4 [IQR 0.18-0.82] AU; p=0.688) and cf-DNA levels
(cACLD: 0.94 [IQR 0.89-1.02] vs. dACLD: 0.94 [IQR 0.89-1.03]
ug/mL; p=0.673; Table 1).

Compared to healthy controls, cf-DNA was increased, whereas
MPO-DNA was comparable to the study cohort (cf-DNA: 0.88
[IQR 0.84-0.93] vs. 0.94 [IQR 0.88-1.03] ug/mL; p=0.001;
MPO-DNA: 0.32 [IQR 0.17-0.54] vs. 0.39 [IQR 0.18-0.76] AU;
p=0.400; Figure 2).

Notably, in patients with/without detection of bacterial DNA,
median levels of cf-DNA were comparable, indicating that cf-
DNA is not of bacterial origin (Figure 3).

Syndecan-1, PF4, and PAP levels were significantly higher,
while factor XIII activity was lower in dACLD compared
to cACLD patients (Table 2). However, when correcting for
platelet count, a determinant of PF4, the differences in PF4
disappeared. While a similar pattern was observed when
stratifying according to disease severity indices (i.e., CTP

score), there were no differences when stratifying according
to HVPG (Table 2).

3.3 | Associations of Haemostasis Parameters
With Markers of NET Formation

Given the role of NETs in modulating endothelial cells, plate-
let, coagulation, and fibrinolysis, we assessed various indi-
cators of these haemostatic processes in relation to markers
of NET formation. Univariable linear regression analyses of
MPO-DNA/cf-DNA according to disease stage are depicted in
the Data S1 (Table S2; Table S3; Figure S2). Importantly, none
of the investigated parameters yielded a statistically signifi-
cant association with both myeloperoxidase-DNA and cell-free
DNA in the stratified analysis. Figure 4 plots the correlation
matrices of parameters of interest. While MPO-DNA showed
a weak but significant positive correlation with Syndecan-1
(Spearman's p=0.208; p=0.004) and VWF-antigen (0.142;
p=0.048), cf-DNA levels positively correlated with D-Dimer
(0.309; p<0.001), PAP (0.176; p=0.014), sP-selectin (0.146;
p=0.043), NAP-2 (0.142; p=0.048), and showed a negative
correlation with ADAMTS13 (—0.201; p=0.005; Table S4).

3.4 | Outcome Analyses

Median estimated follow-up was 43.4 (95% CI 37.8-49.0)
months. While 16 patients (8.2%) received a liver transplanta-
tion, whereas 54 patients (27.8%) died (liver-related n =41, 21.1%;
Table S5). During follow-up, 21 patients achieved aetiological
cure (n=14 abstinent ALD, n="7 removal/suppression of HCV/
HBV). The median time from study inclusion to aetiological
cure was 4.3 (IQR: 2.2-16.6, range: 0.8-42.4) months.

In the Cox regression model including hepatic decompensation
and/or liver-related death as outcomes of interest, 94 events of
interest were recorded during follow-up. While MPO-DNA was
not associated, cf-DNA levels were associated with the outcome
of interest in univariable analyses (hazard ratio [HR] per AU:
4.19 [95% CI: 1.13-15.56]; p=0.032). Moreover, factor XIII ac-
tivity, sP-selectin, and NAP-2 levels were associated with the
outcome of interest. However, after adjusting for important
prognostic indicators (age, HVPG, CTP), the association of
cf-DNA as well as factor XIII activity, sP-selectin, and NAP-2
levels with the outcome of interest did not attain statistical sig-
nificance (Table 3).

Moreover, we analysed the second outcome of interest, i.e., the
development of ACLF/liver-related death (n=49 events, me-
dian time to events: 27.7 [95% CI 9.6-45.8] months). In line with
results on hepatic decompensation, cf-DNA (HR: 7.52 [95% CI
1.23-46.03]; p=0.029) and sP-selectin were associated with the
outcome of interest in univariate analyses. However, associa-
tions were lost when adjusting for disease severity indicators in
multivariable analysis (Table 4).

These findings were confirmed in a sensitivity analysis only in-
cluding patients with CSPH (Table S6 and Table S7).
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TABLE 1 | Baseline characteristics.

Compensated Decompensated
Overall (n=194) ACLD (n=70) ACLD (n=124) P

Patient characteristics

Age, years, mean (SD) 56.6 (11.7) 55.6 (12.5) 57.1(11.3) 0.408

Body mass index, mean (SD) 26.8(5.1) 27.2(5.2) 26.6 (5.1) 0.416

Sex, n (%)

Male 125 (64.4%) 43 (61.4%) 82 (66.1%) 0.511
Female 69 (35.6%) 27 (38.6%) 42 (33.9%)
Aetiology, n (%)
ArLD 115 (59.3%) 24 (34.3%) 91 (73.4%) <0.001
Viral 37 (19.1%) 26 (37.1%) 11 (8.9%)
MASLD 24 (12.4%) 12 (17.1%) 12 (9.7%)
Other/unknown 18 (9.3%) 8 (11.4%) 10 (8.1%)

Varices, n (%)

None 70 (36.1%) 31 (44.3%) 39 (31.5%) 0.026
Small 72 (37.1%) 28 (40.0%) 44 (35.5%)
Large 52 (26.8%) 11 (15.7%) 41 (33.1%)

History of variceal bleeding, n (%) 23 (11.9%) — 23 (18.5%) —

Ascites, n (%)

None 94 (48.5%) 70 (100%) 24 (19.4%) —
Mild/moderate 86 (44.3%) — 86 (69.4%)
Severe 14 (7.2%) — 14 (11.3%)

History of overt hepatic encephalopathy, n 37 (19.1%) — 37 (29.8%) —

(%)

HVPG, mmHg 17.2 (5.9) 14.3(5.7) 18.9 (5.3) <0.001
6-9mmHg 20 (10.3%) 15 (21.4%) 5 (4.0%) <0.001
10-15mmHg 51 (26.3%) 24 (34.3%) 27 (21.8%)
>16mmHg 123 (63.4%) 31 (44.3%) 92 (74.2%)

UNOS MELD (2016), points 12.4 (4.3) 10.2 (2.9) 13.6 (4.5) <0.001

CTP score, points 6.7 (1.7) 5.4 (0.8) 7.4 (1.6) <0.001
A 105 (54.1%) 64 (91.4%) 41 (33.1%) —

B 74 (38.1%) 6 (8.6%) 68 (54.8%)
c 15 (7.7%) — 15 (12.1%)

Aetiological treatment prior to baseline, n 107 (55.2%) 35(50%) 82 (66%) —

(%)

Laboratory parameters, mean (SD) or median (IQR)

Mean arterial pressure, mmHg 101 (15) 107 (15) 98 (14) <0.001

PLT, G/L 96 (70-131) 98 (78-126) 94 (61-133) 0.351

Sodium, mmol/L 138 (3.8) 140 (2.2) 137 @) <0.001

Albumin, g/L 36.4 (5.2) 39.1(4) 34.9 (5.2) <0.001

(Continues)
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TABLE1 | (Continued)

Compensated Decompensated
Overall (n=194) ACLD (n=70) ACLD (n=124) P

Bilirubin, mg/dL 1.1 (0.8-1.8) 1.0 (0.7-1.5) 1.3 (0.8-1.9) 0.019
INR, % 1.4 (0.3) 1.3(0.2) 1.5(0.3) <0.001
Creatinine, mg/dL 0.7 (0.6-0.9) 0.7 (0.6-0.8) 0.8 (0.6-1.0) 0.013
Aspartate aminotransferase, ITU/L 40 (30-54) 40 (28-56) 40 (30-53) 0.936
Alanine aminotransferase, IU/L 27 (19-40) 31 (21-50) 25 (18-36) 0.008
Endothelium/platelet markers
von Willebrand factor antigen, % 276 (93) 234 (82) 300 (90) <0.001
Soluble P-selectin, ng/mL 21.8 (8.16) 20.7 (7.09) 22.4(8.67) 0.157
Syndecan-1, ng/mL 1.36 (0.82-2.92) 1.06 (0.72-2.05) 1.64 (0.89-4.05) 0.017
Platelet factor 4, ng/mL 238 (150-421) 322 (188-454) 221 (143-410) 0.028
Platelet factor 4/PLT ratio 2.74 (1.75-4.02) 2.91 (1.83-4.19) 2.66 (1.71-3.84) 0.358
Neutrophil-activating peptide-2, ng/mL 150 (91-222) 172 (104-237) 137 (83-211) 0.074
NET markers
Myeloperoxidase-DNA, AU 0.39 (0.19-0.76) 0.38 (0.19-0.64) 0.4 (0.18-0.82) 0.688
Cell-free DNA, jg/mL 0.94 (0.89-1.03) 0.94 (0.89-1.02) 0.94 (0.89-1.03) 0.673

Median values of cf-DNA in patients with 0.95 (0.90-1.05) 0.96 (0.90-1.04) 0.95 (0.89-1.06) 0.994

detection of bacterial DNA (>5 pg/mL)*

Median values of cf-DNA in patients 0.93 (0.88-1.02) 0.94 (0.89-1.02) 0.93 (0.87-0.99) 0.892

without detection of bacterial DNA (<5

pg/mL)*
Detection of bacterial DNA >5 pg/mL, n 62 (41.3%) 24 (44.4%) 38(39.5%) 0.562
(%)*
Inflammation markers
C-reactive protein, mg/dL 0.3 (0.1-0.6) 0.2 (0.1-0.4) 0.3(0.1-0.8) <0.001
Interleukin-6, pg/mL 8 (5-13) 6 (3-10) 10 (6-15) <0.001
Coagulation activation
Thrombin antithrombin complex, ug/mL 16.6 (9.1-37.5) 17.4 (10.2-40.9) 14.7 (8.5-35.9) 0.262
F X111 activity, % 69.6 (36.0) 79.0 (38.4) 64.3 (33.6) 0.006
Thrombin generation potential
TM-TGA endogenous thrombin potential, 551 (410-675) 505 (336-651) 560 (439-692) 0.045
nM Ila * min
TM-TGA peak thrombin generation, nM Ila 145 (70.7) 139 (74.1) 149 (68.8) 0.372
TM-TGA lagtime, min 2.45(0.76) 2.41 (0.74) 2.48(0.77) 0.587
TM-TGA velocity index, nM Ila/min 70.3 (42.6-91.5) 63.4 (36.6-88.8) 72.5 (47.8-93.4) 0.187
Fibrinolysis activation
Plasmin antiplasmin complex, ng/mL 912 (492-1850) 613 (446-1470) 1060 (525-2110) 0.010
Fibrinolytic potential
TM-TGA CLT, min 48.8 (38.9-59.6) 50.8 (40.5-60.2) 48.4 (38.1-58.7) 0.555

Abbreviations: ArLD, alcohol-related liver disease; CLT, clot lysis time; CTP, Child-Turcotte-Pugh score; HVPG, hepatic venous pressure gradient; INR, international
normalised ratio; IQR, interquartile range; MASLD, metabolic-dysfunction associated steatotic liver disease; n, number; PLT, platelet count; SD, standard deviation;
TM-TGA, thrombmodulin-modified thrombin generation assay; UNOS MELD (2016), United Network for Organ Sharing model for end-stage liver disease (2016).
2Data available in 150 patients (77%). P-values < 0.05 denotes statistical significance.
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FIGURE2 | Comparison of cell-free (left) and myeloperoxidase-DNA (MPO-DNA; right) in the compensated and decompensated stable advanced

chronic liver disease (ACLD) patients versus healthy controls.

3.5 | Association With Non-Tumorous Portal Vein
Thrombosis During Follow-Up

During follow-up, 15 patients (7.7%) developed a non-tumorous
portal vein thrombosis (median time to events: 10.2 [95% CI:
1.0-20.2] months). While TAT was associated with the devel-
opment of non-tumorous portal vein thromboses in univari-
able analysis (log-transformed, HR: 1.72 [95% CI 1.03-2.86];
p=0.039), this association disappeared when adjusting for
hepatic dysfunction (i.e., CTP) in multivariable analysis
(Table S8 and Table S9).

4 | Discussion

This study is the first study to evaluate the association of NET
biomarkers with laboratory tests related to coagulation as well
as long-term clinical outcomes in clinically stable patients with
ACLD. While (non-NET-specific) cf-DNA levels were increased
compared to healthy controls, MPO-DNA (a more specific
marker of NETosis) was not statistically significantly different.
Moreover, NETosis was not associated with clinical outcomes,
and hence, it is questionable whether NETs play a disease-
modifying role in stable ACLD.

The functionality of neutrophils (i.e., the first wall of in vivo
defence) is impaired in patients with cirrhosis as a conse-
quence of dysfunctions in phagocytosis, chemotaxis, reactive
oxygen species production and degranulation, killing capaci-
ties, as well as increased apoptosis [31]. Formation of NETSs,
i.e., filamentous/web-like structures comprising extracellu-
lar DNA, histones, and granular proteins that are released by
neutrophils [32], is triggered by various pathways (e.g., bac-
terial products [33], immune complexes, and platelets [34]).
Nevertheless, due to the complex interplay of portal hyper-
tension and bacterial translocation/systemic inflammation,
patients with ACLD may be particularly susceptible to intra-
hepatic NET formation [35].

NET formation in response to phorbol-12-myristate-13-
acetate in samples of patients with decompensated ACLD has
been found to be decreased [36, 37|, whereas levels of H3Cit-
DNA [38] and MPO-DNA [11, 38] were increased as compared
to healthy controls. In line with Tritto et al. [39], levels of
NET markers were not different in patients with vs. without
bacterial DNA in our study, indicating that cf-DNA itself is
not of bacterial origin. MPO-DNA levels in our study cohort
were comparable to healthy controls, whereas cf-DNA levels
were increased. When stratifying according to disease stage,
there were no differences in median levels of both markers.
Blasi et al. observed that there were no correlations of cir-
culating DNA as well as markers of systemic inflammation
and oxidative stress with markers of activation of coagulation
in AD/ACLF [11]. Notably, cf-DNA but not MPO-DNA levels
were associated with organ failures and prognosis. They con-
cluded that systemic inflammation and—more downstream—
cf-DNA release rather than neutrophil activation with
NETosis per se or NETosis-associated activation of coagula-
tion/immunothrombosis, may act as a disease-driving mech-
anism in AD/ACLF. In line, in unadjusted Cox regression
analyses, cf-DNA was also associated with liver-related out-
comes in our study whereas MPO-DNA was not. However,
this association was lost after adjusting for important prog-
nostic co-factors.

Importantly, data indicating a role of NETosis linked to acti-
vation of coagulation in different stages of ACLD mainly orig-
inate from experimental studies in animal models [40, 41].
It has been proposed that an overactive coagulation system,
perhaps in part fuelled by NET formation, might drive disease
progression in patients with cirrhosis by inducing a so-called
congestive escalator (microthrombi promoting the activation
of hepatic stellate cells; also known as the ‘vascular hypoth-
esis’) [2]. This overactivation of the coagulation system leads
to an intrahepatic compartment syndrome causing additional
vascular lesions and parenchymal extinction. Following this
hypothesis, loss of hepatocytes is the most obvious feature,

FIGURE 3 | Comparison of cell-free DNA levels in the overall cohort (A), compensated (B) and decompensated ACLD patients (C) according to

the presence/detection of bacterial DNA versus without.
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FIGURE4 | Correlation matrix depicting factors of interest using the ‘corrplot’ package. cfDNA, cell-free DNA; CLT, clot lysis time; MPO-DNA,
myeloperoxidase-DNA; NAP-2, neutrophil-activating peptide-2; PAP, plasmin antiplasmin complex; PF4, platelet factor 4; sP-selectin, soluble P-
selectin; TAT, thrombin antithrombin complex; VWF, Von Willebrand factor antigen.

but loss of the local microvasculature would probably be more
significant for the progression of disease, particularly in the
context of portal hypertension. A recent study examining
liver tissue from patients with inflammatory liver disease
concluded that the clear link between intrahepatic activation
of coagulation and intrahepatic formation of NETs derived
from animal studies is not evident in humans [42]. Whereas
low numbers of intrahepatic NETs were detected in sub-
groups of patients, intrahepatic fibrin was only occasionally
observed. These data are in line with our results and empha-
sise the difficulty in extrapolating data from animal models
to humans.

In different clinical scenarios, NET formation has been asso-
ciated with (cancer-associated) thromboses [43]. Especially in
patients with hepatocellular carcinoma, increased markers of
NET formation were linked to activation of contact systems
(i.e., a prothrombotic mechanism), compared to healthy subjects
[44]. In our study, NET markers were not associated with non-
tumorous portal vein thromboses. In line, the association with
TAT—as a biomarker for thrombin formation—disappeared
when adjusting for hepatic dysfunction as a key risk factor for
PVT in multivariable analysis.

While experimental evidence suggests that NETs may contribute
to congestive hepatopathy and cholestatic liver disease-induced
portal hypertension [41, 45], we did not observe a difference
when cross-sectionally stratifying NET parameters across por-
tal hypertension severity strata. However, most of the included
patients had ArLD and only 10 patients (5.2%) had cholestatic
liver disease, while patients with congestive hepatopathy were
excluded. Due to the various potential disease-promoting/

modifying roles of NETs in the spectrum of ACLD, future stud-
ies should evaluate an aetiology-specific role of NETs in the
pathophysiology of ACLD.

Importantly, patients included in our analysis were derived
from the prospective VICIS study and thoroughly character-
ised in terms of clinical stability as well as portal hypertension,
systemic inflammation severity, and importantly, all of these
aspects have been considered in our analyses, thereby limiting
the possibility of unaccounted confounding. We strongly be-
lieve that studies investigating haemostasis/clotting in ACLD
should include a comprehensive set of biomarkers—in the con-
text of the present study, we included indicators of endothe-
lial/platelet activation, coagulation activation and thrombin
generation potential, fibrinolysis activation and fibrinolytic
potential, as well as bacterial translocation/systemic inflam-
mation due to the presumed direct link of the latter with
NETosis. While this approach could have led to false-positive
findings, the absence of strong/biologically meaningful asso-
ciations strengthens our conclusions. To account for aetiolog-
ical cure/removal or suppression of the primary aetiological
factor as a major disease-modifying factor, we have adjusted
the outcome analyses for aetiological cure. The high rate of
aetiological cure reflects the contemporariness of our cohort
of stable ACLD patients. Due to the opportunity to consult the
nation-wide death registry, we included liver-related death in
all composite endpoints to ensure the ascertainment of the
most severe disease courses. We cannot rule out selection
bias since we only included patients undergoing HVPG mea-
surement. However, haemodynamic evaluations are routinely
performed for risk stratification and treatment monitoring
purposes at our centre, and thus, we are confident that our
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TABLE 3 | Uni-and multivariable Cox regression analyses of factors associated with first or further hepatic decompensation (according to clinical

stage at baseline) and/or liver-related death (n =94 events).

Multivariable Multivariable

Univariable (first model) (last model)
Patient characteristics HR (95% CI) P aHR (95% CI) p aHR (95% CI) p
Age, year 1.00 (0.98-1.02) 0.863 1.00 (0.98-1.02) 0.819 — —
HVPG, mmHg 1.11 (1.06-1.15) <0.001 1.07 (1.02-1.12) 0.006 1.07(1.03-1.12) <0.001
CTP score, points 1.35(1.23-149)  <0.001  1.18(1.03-1.35)  0.017 1.22(1.10-1.36)  <0.001
Aetiological therapy 0.72 (0.36-1.46) 0.366 0.79 (0.39-1.63) 0.527 — —
Creatinine, mg/dL 1.00 (0.76-1.33) 0.979 — — — —
Sodium, mmol/L 0.91 (0.87-0.96) 0.001 1.02 (0.94-1.10) 0.633 — —
C-reactive protein, mg/dL 1.32(0.99-1.76) 0.061 1.06 (0.78-1.44) 0.705 — —
PLT, G/L, log 0.73 (0.50-1.08) 0.115 0.75 (0.42-1.34) 0.330 — —
Aspartate aminotransferase, IU/L,log ~ 2.33(1.53-3.52)  <0.001 1.60 (0.92-2.78) 0.097  1.67(1.01-2.75) 0.044
Alanine aminotransferase, IU/L, log 0.90 (0.60-1.36) 0.613 — — — —
Coagulation activation
FXIII activity, %, log 0.50 (0.30-0.82)  0.007 0.68 (0.41-1.12)  0.128  0.68 (0.43-1.07)  0.094
Thrombin antithrombin complex, log 0.78 (0.60-1.00) 0.052 0.92 (0.71-1.20) 0.550 — —
Endothelium/platelet markers
Von Willebrand factor antigen, log 4.49 (2.37-8.50)  <0.001 — — — —
Platelet factor 4, ng/mL, log 0.79 (0.60-1.04) 0.091 1.10 (0.65-1.86) 0.729 — —
Soluble platelet selectin, ng/mL, log 2.16 (1.20-3.88) 0.010 1.61 (0.68-3.80) 0.275 — —
Neutrophil-activating peptide-2, ng/ 0.73 (0.55-0.97) 0.031 0.90 (0.51-1.61) 0.731 — —
mL, log
Syndecan-1, ng/mL, log 0.97 (0.83-1.13) 0.688 — — — —
Fibrinolysis activation
Plasmin antiplasmin complex, log 1.11 (0.90-1.38) 0.340 — — — —
Fibrinolytic potential
TM-TGA CLT, min, log 1.20 (0.68-2.11) 0.522 — — — —
NET markers
Myeloperoxidase-DNA, AU 1.14 (0.70-1.88) 0.596 1.05 (0.62-1.76) 0.862 — —
Cell-free DNA, pg/mL 4.19 (1.13-15.56) 0.032 2.49(0.33-18.94)  0.378 — —

Abbreviations: aHR, adjusted hazard ratio; CTP, Child-Turcotte-Pugh score; HR,

statistical significance.

hazard ratio; HVPG, hepatic venous pressure gradient. P-value < 0.05 denotes

study population is quite representative. While healthy con-
trols were not comparable in regard to age and body mass
index, they were matched regarding sex.

Finally, we did not include histological data on intrahepatic NET
formation as liver tissue was not available. Consequently, we do
not know if peripherally measured NET parameters are reflecting
NET formation in the liver/portal venous system. In fact, there is
no generally accepted gold standard for NET quantification [46].
Therefore, we opted for an approach utilised in numerous other

studies assessing NET formation in liver disease to increase the
comparability between studies [11, 38, 47].

To conclude, patients with clinically stable ACLD showed in-
creased cf-DNA levels (i.e., NETosis, but also apoptosis/necrosis).
However, levels of the more specific marker of NETosis, MPO-DNA,
were comparable to healthy controls. NETosis does not appear to
drive disease progression in humans with clinically stable ACLD,
as it was not linked to clinical endpoints. Thus, findings obtained
in animal models may not be translatable to the human setting.
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TABLE 4 | Uni- and multivariable Cox regression analyses of factors associated with ACLF or liver-related death (n =49 events).

Multivariable Multivariable
Univariable (first model) (last model)

HR (95% CI) p aHR (95% CI) p aHR (95% CI) p
Patient characteristics
Age, year 1.00(0.98-1.03) 0.806 — — — —
HVPG, mmHg 1.08 (1.03-1.13) 0.003 1.04 (0.98-1.10) 0.239  1.05(0.99-1.11) 0.115
CTP score, points 1.39 (1.19-1.61) <0.001 1.28 (1.05-1.56) 0.015 1.33(1.13-1.57) <0.001
Aetiological therapy 0.73 (0.28-1.86) 0.507 — — — —
Creatinine, mg/dL 1.08 (0.80-1.48) 0.607 — — — —
Sodium, mmol/L 0.92 (0.87-0.96) <0.001 1.00 (0.93-1.08) 0.975 — —
C-reactive protein, mg/dL 1.33(0.97-1.82) 0.078 — — — —
Platelets, G/L, log 0.91 (0.52-1.58) 0.728 — — — —
Aspartate aminotransferase, IU/L,log  2.50 (1.23-5.12) 0.012 1.75 (0.71-4.32) 0.228 — —
Alanine aminotransferase, IU/L, log 0.77 (0.43-1.36) 0.361 — — — —
Coagulation activation
FXIIT activity, %, log 0.77 (0.40-1.47) 0.424 — — — —
Thrombin antithrombin complex, log 0.76 (0.52-1.10) 0.150 — — — —
Endothelium/platelet markers
Von Willebrand factor antigen, log 3.31(1.32-8.32) 0.011 — — — —
Platelet factor 4, ng/mL, log 0.72 (0.49-1.06) 0.093 — — — —
Soluble P-selectin, ng/mL, log 2.09 (1.10-3.97) 0.025 1.07 (0.54-2.12)  0.837 — —
Neutrophil-activating peptide-2, ng/ 0.73 (0.46-1.15) 0.175 — — — —
mL, log
Syndecan-1, ng/mL, log 0.99 (0.81-1.21) 0.948 — — — —
Fibrinolysis activation
Plasmin antiplasmin complex, log 0.91 (0.67-1.25) 0.573 — — — —
Fibrinolytic potential
TM-TGA CLT, min, log 1.79 (0.77-4.19) 0.178 — — — —
NET markers
Myeloperoxidase-DNA, AU 0.86 (0.40-1.88) 0.710 — — — —
Cell-free DNA, ug/mL 7.52 (1.23-46.03) 0.029 3.01(0.39-23.13)  0.289 — —

Abbreviations: ACLF, acute-on-chronic liver failure; aHR, adjusted hazard ratio; CTP, Child-Turcotte-Pugh score; HR, hazard ratio; HVPG, hepatic venous pressure

gradient. P-value < 0.05 denotes statistical significance.
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