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Abstract
Background

The transition from compensated to decompensated liver cirrhosis is a hallmark of disease
progression, however, reliable predictors to assess the risk of decompensation in individual
patients from routine diagnostics are lacking. Here, we characterize serum levels of cell
death-associated markers and routine biochemistry from patients with chronic liver disease
with and without decompensation.

Methods

A post-hoc analysis was based on prospectively collected clinical data from 160 patients
with chronic liver disease, stably compensated or decompensated at baseline or during fol-
low-up, over a median period of 721 days. Serum levels of damage-associated molecular
patterns (DAMPs) and routine biochemistry are quantified at baseline (for all patients) and
during follow-up (for patients with acute decompensation). The panel of DAMPs assessed in
this study comprises high-mobility group-box protein 1 (HMGB1), cytochrome C (cyt C), sol-
uble Fas-ligand (sFasL), interleukin 6 (IL-6), soluble cytokeratin-18 (CK18-M65) and its cas-
pase-cleaved fragment CK18-M30.

Results

In this cohort study, 80 patients (50%) were diagnosed with alcoholic liver cirrhosis, 60
patients (37.5%) with hepatitis C virus- and 20 patients (13.5%) with hepatitis B virus-related
liver cirrhosis. At baseline, 17 patients (10.6%) showed decompensated liver disease and
another 28 patients (17.5%) developed acute decompensation during follow-up (within 24
months). One hundred fifteen patients showed stable liver disease (71.9%). We found
DAMPs significantly elevated in patients with decompensated liver disease versus compen-
sated liver disease. Patients with acute decompensation during follow-up showed higher
baseline levels of IL-6, sFasL, CK18-M65 and—M30 (P<0.01) compared to patients with sta-
bly compensated liver disease. In multivariate analyses, we found an independent
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association of baseline serum levels of sFasL (P = 0.02; OR =2.67) and gamma-glutamyl
transferase (GGT) (P<0.001; OR = 2.1) with acute decompensation. Accuracy of the marker
combination for predicting acute decompensation was high (AUC = 0.79). Elevated amino-
transferase levels did not correlate with decompensated liver disease and acute
decompensation.

Conclusions

DAMPs are elevated in patients with decompensated liver disease and patients developing
acute decompensation. The prognostic value of a marker combination with soluble Fas-
ligand and GGT in patients with liver cirrhosis should be further evaluated.

Introduction

Accelerated cell death in chronic liver disease can lead to liver cirrhosis and its complications
[1, 2] The most common causes underlying liver cirrhosis in Europe are alcohol abuse and
chronic viral infections, i.e. hepatitis b and c virus infections [3, 4]. Worldwide liver cirrhosis
is diagnosed in more than 600.000 patients each year totaling in about 300 million patients [5].
Liver cirrhosis is associated with high mortality and rank 14™ among the most frequent causes
of deaths around the world [6]. The natural history of liver cirrhosis is characterized by an
asymptomatic (compensated) phase followed by a (rapidly) progressive phase marked by the
development of complications [2]. The most frequent overt complications of liver cirrhosis are
ascites, upper gastrointestinal bleeding, encephalopathy, and jaundice [7]. Patients with
decompensated liver disease show median overall survival of only two years and an almost
4-fold increased risk of death during the following year [8, 9]. Early diagnosis and close moni-
toring for disease progression and decompensation are vital in the management of patients
with end-stage liver disease.

In clinical routine, alanine aminotransferase (ALT) levels are used to assess necro-inflam-
mation and estimate the risk of disease progression. However, ALT is not specific for liver cell
damage [10, 11] and there is evidence that elevated ALT levels not necessarily correlate with
the degree of histological liver injury [12, 13]. The capability of specific markers of inflamma-
tion to improve CLIF-C AD prediction of mortality in acute decompensation of the liver was
shown in the original CANONIC cohort [14]. However, blood-based parameters to assess dis-
ease progression and potentially identify patients at risk for hepatic decompensation are lack-
ing. Cell-death responses are important drivers of liver disease progression [15-17]. Damage-
associated molecular patterns (DAMPs) are released to the extracellular space and possess pro-
inflammatory potential [16, 18, 19]. Several DAMPs are previously characterized in chronic
liver disease. The high-mobility-group box protein 1 (HMGB1) is passively released by dying
hepatocytes, causing inflammation and activation of macrophages [20, 21]. Intracellular stress
can cause cytochrome C from the inner layer of the mitochondrial membrane in hepatocytes
to translocate to the cytosol and extracellular space, causing apoptosis in neighboring cells
[20-24]. The huge amount of Fas receptor expressed on the surfaces of hepatocytes suggest a
prominent role of Fas-induced apoptotic cell-death in liver disease. Levels of soluble Fas-ligand
(sFasL) are reported to correlate with liver damage [25]. Moreover, previous studies showed
increased serum levels of interleukin 6 (IL-6) related to liver disease progression and found
correlations of IL-6 levels with mortality [26-29]. Although IL-6 is a cytokine it is also consid-
ered a DAMP due to its ability to induce inflammation and cell death when released from
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necrotic cells [30]. During apoptotic cell death, cytokeratin-18 from hepatocytes is cleaved by
caspases and released from the dying cells, CK18-M65 and-M30 fragments [17, 31].

Given the close relation between cell-death markers and liver disease progression, we
hypothesized that levels of circulating DAMPs might be of prognostic value in advanced-stage
liver disease to identify patients at risk for the development of acute decompensation. We
assessed serum levels of DAMPs in a cohort of patients with chronic liver disease and exam-
ined differences in the serum levels of DAMPs between patients with compensated and
decompensated disease and acute decompensation.

Materials and methods
Patients

From 2017, patients presenting with liver cirrhosis at our outpatient department at Goethe-
University Hospital Frankfurt, Germany, were consecutively enrolled into a cohort study.
Inclusion criteria were age > 18 years, liver cirrhosis (different etiologies), and written
informed consent to participate in the study. Exclusion criteria were age < 18 years, pregnancy
or breastfeeding, hepatocellular carcinoma (HCC), infection with human immunodeficiency
virus (HIV) or therapy with immunosuppressive agents. The patients were followed every
three months (routine surveillance of patients with liver cirrhosis in our outpatient clinic). At
each follow-up time point, clinical characteristics and routine laboratory data were recorded
and serum samples were stored for further analyses. Liver cirrhosis was assessed by shear-wave
elastography (Siemens Acuson S2000TM system; pSWE (ARFI) Virtual Touch Quantification
(VTQ); F4 > 1.8 m/s) and corresponding laboratory and/or radiological findings (e.g. ultra-
sound showing splenomegaly). Acute decompensation of liver cirrhosis was diagnosed accord-
ing to the acute-on-chronic liver failure (ACLF)-criteria proposed by the CLIF-EASL
consortium (i.e. clinical findings of ascites, hepatic encephalopathy or gastro-intestinal bleed-
ing) [32].

Ethics approval

The study is approved by the local ethics committee of the Goethe-University Hospital Frank-
furt. For the retrospective analysis, all data were anonymized and deidentified. No informed
consent was required for the retrospective analysis (HIC approval no. 314/13).

Blood sampling

Blood was taken from each individual at the day of inclusion into the study (baseline) and dur-
ing follow-up visits at 3-month intervals (see S5 Fig). Serum levels of DAMPs, that is high-
mobility group-box protein 1 (HMGB1), cytochrome C (cyt C), soluble Fas-ligand (sFasL),
interleukin 6 (IL-6), soluble cytokeratin-18 (CK18-M65) and its caspase-cleaved fragment
CK18-M30, and routine biochemistry and hematology were assessed at baseline and at the
time of AD. Serum tubes were centrifuged at 3000 rpm for 10 min and the supernatants were
collected. Serum supernatants and EDTA samples were aliquoted and stored within 4 hours of
collection at -80°C until further use. MELD-Na was calculated as part of the routine blood
sampling: MELD + 1.32 x (137-Na)-[0.033 x MELD x (137-Na)] [33].

Quantification of DAMPs

Caspase-cleaved CK18 was measured in serum samples using the M30 Apoptosense and M65
ELISA two-side enzyme-linked immunosorbent assays (PEVIVA AB, Bromma, Sweden). IL-6,
HMGBI, sFasL and cyt C levels were measured with commercial enzyme-linked
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immunosorbent assay kits (Lifespan Biosciences, Washington, USA) according to the manu-
facturer’s instructions. Undiluted serum samples showed sFasL and IL-6 levels out of the
upper range of the ELISA. Therefore, serum samples were diluted with RN Ase-free water by
2-fold and 5-fold respectively for sFasL and IL-6 quantification. Absorbance was measured at
450 nm on an EnVision 2104 Multilabel plate reader (Perkin Elmer).

Statistical analysis

Statistical analyses were conducted using BiAS (Version 11.09, Epsilon-Verlag, Darmstadst,
Germany) and GraphPad Prism (Version 8, GraphPad Software Inc, California). Group differ-
ences were assessed by Wilcoxon-Mann-Whitney-U test and Kruskal-Wallis test. P-

values < 0.05 were considered statistically significant. The use of Wilcoxon-Mann-Whitney-U
test was preferred to survival analysis in this study, because of the homogenous follow-up
period for all included patients (see patient characteristics). Associations of outcomes with
dichotomic variables were assessed in logistic regression models. After univariate analyses,
multivariate analyses were performed for significant associations using a P value > 0.05 for
removal from the model. At least ten events per variable were considered reasonable in our
analyses to avoid overfitting. Therefore, we only tested multiple combinations of two markers
(with 28 events of acute decompensation recorded in this study). Receiver operating character-
istic (ROC) analyses were performed to assess the capacity to predict AD from DAMP serum
levels and “routine” biochemistry and hematology at baseline.

Results
Patient characteristics

In total, 160 patients with advanced-stage liver disease (cirrhosis) were included according to
the above described inclusion criteria. Demographic and baseline characteristics of these
patients are depicted in Table 1. Eighty patients (50%) were diagnosed with alcoholic liver cir-
rhosis (defined by a reported daily drinking average above 20g/dl in their patient history [34]),
60 patients (37.5%) with hepatitis C- and 20 patients (13.5%) with hepatitis B virus-associated
liver cirrhosis. Sixty-nine patients with alcoholic liver cirrhosis (86.2%) reported no alcohol
consumption for at least four consecutive years (as assessed by thorough anamnesis). One
hundred fifteen patients showed stable compensated liver disease (cCLD) throughout this
study (71.9%). The median follow-up time was 721 days. Seventeen patients were diagnosed
with decompensated liver disease (dCLD) at baseline (10.6%) (see S5 Fig) from which 11
patients (57.9%) were diagnosed with alcoholic liver disease. Only two patients reported ongo-
ing alcohol abuse (18.2%). From 28 patients with AD during follow-up, 19 (57.9%) were diag-
nosed with alcoholic liver disease with ongoing alcohol abuse in 5 out of 19 (26.3%). During
follow-up, 28 patients (17.5%) developed acute decompensation (AD). Development of ascites
was the most common cause of AD with 29 over 42 registered decompensations (64.4%).
Hepatic encephalopathy and gastrointestinal hemorrhage were diagnosed in 8 patients
(17.8%) und 5 patients (11.1%), respectively. Five patients (11.1%) developed acute-on-chronic
liver failure (ACLF) according to the EF-CLIF consortium [35], with a mortality of 80% in this
study. Overall, thirteen patients (8%) died during follow-up (Table 2) and five patients were
lost to follow up before completing the two year follow up time frame.

DAMPs are elevated in decompensated liver disease

In the present study, serum levels of DAMPs were assessed in patients with chronic liver dis-
ease (compensated/cCLD versus decompensated liver disease/dCLD) at baseline (case-control
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Table 1. Baseline characteristics of included patients.

Characteristics

Male gender, n (%)

Age (years), median (IQR)
BMI (kg/m*), median (IQR)
ARFI (m/sec), median (IQR)
Alcoholic cirrhosis, n (%)
HCYV cirrhosis®, n (%)

HBV cirrhosis*, n (%)
Bilirubin (mg/dL), median (IQR)
ALT (U/1), median (IQR)

AST (U/1), median (IQR)

GGT (U/1), median (IQR)
Sodium (mmol/1), median (IQR)
Albumin (g/dL), median (IQR)
INR, median (IQR)

Platelets (/nl), median (IQR)
Child-Pugh A/ B/ C,n (%)
cCLD, n (%)

dCLD (at baseline), n (%)

AD, n (%)

Death, n (%)

Follow-up (days), median (min—max)

Cohort (N = 160)
94 (58.8)

62 (57-68)

26,12 (23.34-29.32)
272 (2.24-3.4)
80 (50.0)

60 (37.5)

20 (12.5)
1(0.6-1.9)

26.5 (19.25-36)
37.5 (29-51)

57 (33-134)

140 (138-141)
4.1 (3.5-4.5)

1.16 (1.07-1.33)
125 (87.5-177.75)
120 (75.0) / 37 (23.1) / 3 (1.9)
115 (71.9)

17 (10.6)

28 (17.5)

13 (8.1)

720.5 (242-898)

AD, acute decompensation; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ARFI, acoustic
radiation force imaging (m/sec); cCLD, compensated liver disease; dCLD, decompensated liver disease; GGT,
gamma-glutamyl transferase; HBV, hepatitis B virus; HCV, hepatitis C virus, INR, international normalized ratio;
IQR, interquartile range.

Most patients with viral hepatitis-related liver cirrhosis showed low or undetectable viral load

“HBV with 75% of patients on antiviral treatment and 20% showing detectable viral load, < 50 IU/ml)

"HCV with documented sustained virological response in 86% (data not shown).

https://doi.org/10.1371/journal.pone.0263989.t001

study). First, we compared characteristics/etiology and routine biochemistry in cCLD patients
with dCLD patients (Table 2). Alcoholic cirrhosis was more common than viral hepatitis-
related liver cirrhosis in dCLD (64.4% and 35.6%, respectively). DAMP serum levels (i.e. IL-6,
cyt C, sFasL, HMGB1 and CK18-M30 and -M65) were then analyzed between those two
patient groups. Patients with dCLD at baseline showed significantly higher serum levels of IL-
6 (P<0.001), cyt C (P <0.01), CK18-M65 (P<0.001) and-M30 (P <0.001) than patients with
cCLD (Table 3). HMGBI and sFasL were not statistically different between cCLD and dCLD
(Table 3).

No differences in serum marker concentration were found in viral hepatitis-associated liver
cirrhosis between HBV and HCV (see S1 and S2 Figs). Noteworthy, several “routine” bio-
chemistry data showed significant differences, i.e. gamma-glutamyl transferase (GGT;
P<0.04), whereas alanine aminotransferase (ALT) levels were not significantly different
between cCLD and dCLD (Table 2).

DAMPs are predictors of acute decompensation in chronic liver disease

The above described analyses suggest an association between elevated serum levels of DAMPs
and dCLD. To further explore this relationship and to assess the potential predictive value of
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Table 2. Characteristics of patient subgroups according to compensated or decompensated liver disease.

Characteristics cCLD (N =115) dCLD (baseline) (N = 17)
Male gender, n (%) 68 (59.1) 11 (64.7)

Age (years), median (IQR) 61 (54-66) 62 (58-67)

BMI (kg/m?), median (IQR) 26.56 (24.07-29.39) 23.45 (21.67-29.19)
Alcoholic cirrhosis, n (%) 51 (63.8) 10 (12.5)

HCYV cirrhosis, n (%) 49 (81.7) 6 (10)

HBYV cirrhosis, n (%) 15 (75) 1(5)

Bilirubin (mg/dl), median (IQR) 0.8 (0.5-1.6) 1.6 (0.7-2.5)

ALT (U/1), median (IQR) 27 (20-36) 23 (15.5-31)

AST (U/1), median (IQR) 34 (27-45) 48 (39-54.5)

GGT (U/1), median (IQR) 50 (30.75-91) 84 (43.5-137.5)
Sodium (mmol/l), median (IQR) 140 (138-141) 136 (132.5-138.5)
Albumin (g/dl), median (IQR) 4.3 (3.8-4.5) 3.3(3-3.75)

INR, median (IQR) 1.11 (1.05-1.24 1.28 (1.1-1.44)
Platelets (/nl), median (IQR) 129 (97-180) 154 (104.05-230)
Death, n (%) 1(7.7) 4(30.8)

n.s.

n.s.

0.02
n.s.
<0.01
0.04

<0.001
<0.001

<0.01

n.s.

AD (N =28) P
15 (53.6)

61 (56-67) n.s.
24.25 (21.37-28.96) 0.049
19 (23.8)

5(8.3)

4(20)

1.7 (0.7-3.18) <0.001
26.5 (17.75-36.75) n.s.
47.5 (33-73) <0.01
181.5 (46-342.5) <0.01
138 (135-142) n.s.
3.7 (3.2-3.98) <0.001
1.3 (1.13-1.44) <0.01
90 (76-140) 0.01
8 (61.5)

AD, acute decompensation; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ARFI, acoustic radiation force imaging (m/sec); cCLD, compensated liver

disease; dCLD, decompensated liver disease; GGT, gamma-glutamyl transferase; HBV, hepatitis B virus; HCV, hepatitis C virus, INR, international normalized ratio;

IQR, interquartile range; n.s., not significant. p-values describe significance between cCLD vs. dCLD and ¢CDL vs. AD.

https://doi.org/10.1371/journal.pone.0263989.t002

DAMPs for acute decompensation (AD), uni- and multivariate regression analyses were per-
formed. We explored baseline DAMP levels and “routine” biochemistry data in 115 patients
with stable compensated CLD (71.9%) and 28 patients with CLD and AD during follow-up
(17.5%). Patients with dCLD at baseline were excluded from this analysis (n = 17; 10.6%). We
find significantly elevated serum levels for most DAMPs in patients developing AD during fol-
low up compared to patients with stable cCLD. In particular, serum levels of IL-6, sFasL and
the soluble cytokeratin CK18-M65 and its caspase-cleaved fragment CK18-M30 were signifi-
cantly elevated in AD (P<0.01) (Fig 1, Table 3). Univariate analysis (P, beta [SD beta]) showed
the cytokeratin-18 fragments M30 (P<0.01, 0.84 [0.32]) and M65 (P<0.01, 1.02 [0.37]), IL-6
(P<0.01, 0.4 [0.16]) as well as bilirubin (P<0.001, 0.94 [0.28]) and gamma-glutamyl transferase
(GGT) (P<0.001, 0.74 [0.21]) from “routine” biochemistry as strongest predictors of AD in
patients with CLD. Interestingly, the serum level of HMGBI1 was not different between patients
with ¢cCLD and dCLD at baseline but was significantly elevated in patients with compensated
CLD developing AD during follow versus patients with stably compensated CLD (P = 0.03). A

Table 3. Serum levels of DAMPs in compensated and decompensated liver disease.

DAMPs cCLD dCLD (baseline) P AD (during FU) P
IL-6* 16.88 (9.8-42.7) 95.35 (54.2-225.5) <0.001 40.27 (22.7-72.1) <0.01
sFasL* 65.1 (45.3-88.9) 68.4 (42.3-110.6) n.s. 88 (57.8-108.7) <0.01
cyt C* 493 (200.4-1109.8) 1289.8 (534.7-1673.8) <0.01 728.6 (362.9-1373.5) 0.047
HMGBI1* 20390.3 (11177.6-34077.4) 18746.8 (8650.7-26421.8) n.s. 31177.1 (18266-42707.3) 0.03
CK18-M30* 165.9 (112-288.1) 220.1 (189.3-326.6) 0.01 292.3 (196.3-379.5) <0.01
CK18-M65" 381.9 (267.8-598.9) 595.8 (422.3-1240.7) <0.01 623.5 (473.6-823) <0.001
* (pg/ml), median (IQR)

* (UN), median (IQR); p-values describe significance between cCLD vs. dCLD and cCDL vs. AD.

https://doi.org/10.1371/journal.pone.0263989.t003
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Fig 1. Comparison of baseline serum levels. (A) interleukin 6, (B) cytochrom C, (C) sFasL, (D) HMGBI, (E) CK18-M30 and-M65
and (F) ALT levels in CLD patients and patients with AD during follow-up. Box plots display the median and 25%- and 75%-quartiles.
(* =p<0.05; ** = p<0.01; *** = p<0.001).

https://doi.org/10.1371/journal.pone.0263989.9001
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Table 4. Logistic regression analyses of patient characteristics, routine biochemistry and DAMPs to predict acute decompensation.

Univariate analysis Multivariate analysis
P beta (SD beta) OR (95% CI) P beta (SD beta) OR (95% CI)

Patient characteristics

Male gender n.s. -0.33 (0.43) 0.72 (0.31-1.65)

Age (years, cont.) n.s. 0.01 (0.02) 1.01 (0.97-1.05)

BMI (kg/mz, cont.) n.s. -1.97 (1.3) 0.14 (0.01-0.8)
Routine biochemistry

Albumin (g/dl, cont.) <0.001 -1.83 (0.44) 0.16 (0.07-0.38)

Bilirubin (mg/dl, cont.) <0.001 0.94 (0.28) 2.55 (1.48-4.4)

AST (U/], cont.) <0.01 1.29 (0.43) 3.64 (1.56-8.51)

ALT (U/], cont.) n.s. 0.15 (0.43) 1.16 (0.5-2.72)

GGT (U/], cont.) <0.001 0.74 (0.21) 2.1 (1.38-3.18) <0.001 0.74 (0.21) 2.1 (1.38-3.18)
Sodium (mmol/l, cont.) 0.03 -0.2 (0.1) 0.8 (0.67-0.98)

INR (cont.) n.s 0.27 (0.43) 1.31 (0.56-3.05)
Creatinine (mg/dl, cont.) n.s. 1.06 (0.7) 2.88 (0.72-11.52)

Platelets (/nl, cont.) n.s. -0.48 (0.32) 0.62 (0.33-1.15)
DAMPs

IL-6 (pg/ml, cont.) 0.01 0.4 (0.16) 1.5 (1.09-2.06)

cyt C (pg/ml, cont.) 0.04 0.47 (0.23) 1.6 (1.02-2.5)

sFasL (pg/ml, cont.) 0.02 0.95 (0.41) 2.59 (1.16-5.78) 0.02 0.99 (0.41) 2.67 (1.19-6.05)

HMGBI (pg/ml, cont.) n.s. 0.47 (0.3) 1.6 (0.88-2.9)

CK18-M30 (U/], cont.) <0.01 0.84 (0.32) 2.33(1.24-4.35)

CK18-M65 (U/], cont.) <0.01 1.02 (0.37) 2.77 (1.35-5.67)

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK18-M30, cytokeratin 18 fragment M30; CK18-M30, cytokeratin 18 fragment M30; cyt C,
cytochrome C; GGT, gamma-glutamyl transferase; HMGBI1, high-mobility group-box protein 1; IL-6, interleukin 6; INR, international normalized ratio; sFasL, soluble

Fas-ligand; cont., continuous. Logarithmic values were used for this analysis.

https://doi.org/10.1371/journal.pone.0263989.t004

similar correlation could also be observed for sFasL (P<0.01) (Fig 1, Table 3) and cyt C

(P =0.04,0.47 [0.23]) (Table 4). In multivariate analysis (P, beta [SD beta]), sFasL (P = 0.02,
0.99 [0.41]) and GGT (P<0.001, 0.74 [0.21]) were both significant predictors of AD during the
follow-up of patients with CLD. Logistic regression analysis of baseline DAMPs and “routine”
biochemistry achieved comparable results for the prediction of AD (see Table 4). A logistic
regression model with stepwise backward elimination identified baseline levels of sFasL and
GGT to independently predict AD in the follow-up of patients with CLD (P<0.001). Interest-
ingly, ALT level at baseline was not an independent predictor of AD and could be deleted
from the logistic regression model without a statistically significant loss of fit.

Predictive capacity for acute decompensation

Receiver operating characteristic (ROC) analyses were performed to assess the capacity of
baseline levels of DAMPs and “routine” biochemistry to predict AD in the surveillance of
patients with CLD. In AUROC analyses (Area Under the Receiver Operating Characteristics),
DAMPs showed at least AUC > 0.62 (see S3 Fig). Based on the logistic regression model (see
above), the combination of sFasL and GGT achieved an AUC of 0.79 with a specificity of 0.9 at
optimal cut-off (see S4 Fig). ALT had no class separation capacity (AUC = 0.51) (Fig 2). For
benchmarking, we calculated the AUC in predicting AD for the Model of End-Stage Liver Dis-
ease score MELD-Na, a scoring system associated with mortality in patients with advanced-
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Fig 2. Area under the receiver operating characteristics (AUROC). (A) the marker combination sFasL plus GGT predicting the risk for AD during
follow-up and (B) ROC curve for baseline ALT levels without predictive capacity for AD.

https://doi.org/10.1371/journal.pone.0263989.9002

stage liver disease and cirrhosis [33]. The AUC for MELD-Na to predict AD was 0.68, which
was inferior to the marker combination sFasL and GGT, although the difference was not statis-
tically significant in direct comparison of the respective AUCs.

Discussion

Blood markers suitable for surveillance in patients with advanced-stage liver disease and pre-
dicting patients at risk for hepatic decompensation are urgently needed. To date, serum ami-
notransferase levels are widely used as surrogate markers for liver inflammation, however,
ALT is difficult to interpret and frequently fails to identify patients with ongoing hepatic injury
[11]. Serum ALT activity is previously reported as independently related to body mass index,
hepatic steatosis and non-alcoholic steatohepatitis (NASH). Given the high prevalence of
NASH in the western world, ALT elevation is often observed, however, its clinical importance
is contentious [36, 37]. Moreover, there is an ongoing discussion about the normal range of
aminotransferase levels in chronic liver disease. Prati and coworkers suggested a revision of
the upper normal limits for ALT in patients with chronic HCV infection or non-alcoholic fatty
liver disease (NAFLD) [38]. Recently we reported ongoing liver inflammation in about one
third of patients with chronic HCV and sustained virological response upon antiviral treat-
ment [39]. Twenty-five percent of those patients had normal ALT levels but showed amino-
transferase activity above the so-called healthy range. Overall, the correlation of ALT elevation
with ongoing inflammation is only weak, and cannot be considered a reliable predictor for dis-
ease progression.

However, systemic inflammation increases across distinct stages of chronic liver disease
and is reported to correlate with decompensation and mortality [40, 41]. Hepatic cell death is
accompanied by sterile inflammation that can cause ongoing liver damage and worsening of
liver cirrhosis [42] and likely perpetuate a self-sustaining vicious cycle. Damage-associated
molecular patterns released from dying cells, DAMPs, are considered a molecular link between
cell death and inflammation [16, 43]. DAMPs interact with receptors of the innate immune
system, similar to those targeted by bacterial compounds (pathogen-associated molecular
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patterns, PAMPs) and initiate complex intertwined mechanisms that lead to inflammatory
reactions. In the present study, we characterized the level of DAMPs in sera from patients with
stably compensated liver disease and patients with decompensated chronic liver disease to
identify markers that correlate with decompensation. The marker panel tested in our study
reflects apoptotic and necrotic cell death, both previously reported to play a role liver disease
progression [16]. Noteworthy, although DAMPs have been associated with various liver dis-
eases in previous studies, quantification of serum levels alone does not allow conclusions to be
drawn about their site of origin (markers are not specific to hepatocytes but may also indicate
an injury of other tissues) [44, 45].

The major finding from our study is that markers of cell death are elevated in decompen-
sated versus compensated liver disease and potentially predict patients at risk for acute decom-
pensation in the surveillance of chronic liver disease. Thereby, serum levels of DAMPs were
significantly elevated irrespective of the underlying disease etiology. This suggests that
although the pathophysiology and mechanism of liver diseases are different, necrotic and apo-
ptotic cell death is upregulated in patients developing decompensated liver disease. Here, we
characterized specific markers of cell death as predictors of disease progression and show their
superiority over the currently used routine marker for necroinflammation, ALT.

We observed significantly elevated serum levels of DAMPs already in compensated liver
disease as early as 2.5 years prior to hepatic decompensation. Thereby, several cell death mark-
ers were independently associated with acute decompensation, that is interleukin 6, cyto-
chrome C and soluble Fas-ligand. In line with previous observations in patients with acute-on-
chronic liver failure [31], we find an association of cytokeratin-18 and its caspase-cleaved frag-
ments with the development of acute decompensation in patients with chronic liver disease.
As part of the cytoskeleton and characterized by its pervasive occurrence in cells, cytokeratin-
18, in our study, was among the two strongest predictors for hepatic decompensation together
with interleukin 6, a major pro-inflammatory cytokine released from macrophages. Patho-
physiology, release kinetics and turnover of DAMPs might explain differences in serum levels
and need further investigation to better interpret their role in liver disease progression. Note-
worthy, we found no correlation between acute decompensation and levels of ALT in patients
with liver cirrhosis. By using a logistic regression model, we identified that serum levels of sol-
uble Fas-ligand and GGT independently predict the risk of decompensation during follow-up
of patients with compensated chronic liver disease. Interestingly, levels of sFasL differed signif-
icantly between the cCLD and AD groups but not between the cCLD and dCLD groups. One
possible explanation for these seemingly paradoxical results could be that sFasL is upregulated
in chronic liver disease patients who are still compensated. Noteworthy, sFasL competitive
binding to Fas receptor produces anti-apoptotic and anti-cell death effects in nuclei of target
cells via activation of pro-survival signaling cascades. In the decompensated liver cirrhosis
group, this cellular stress response might be attenuated or abolished due to the progressive loss
of function of the cells [46-48]. Regarding our observations on the GGT, previous studies
already found GGT levels paralleled with elevated serum ferritin levels [49] to correlate with
liver inflammation in patients with cirrhosis [50]. Because ferritin was not part of the routine
biochemistry in our patient cohort, we could not reassess this observation in our patients.
Although the underlying mechanism is not known, GGT seems a better predictor of hepatic
decompensation than ALT, which is also shown in HCV-infected patients upon antiviral treat-
ment and sustained virological response [51].

Accuracy of serum Fas-ligand and GGT levels for predicting acute decompensation in the
follow-up of patients with compensated liver disease was high (AUC = 0.79, p < 0.001). To
compare the predictive capability of our marker combination with a clinical score that is rou-
tinely used in patients with end-stage liver disease, we calculated MELD-Na [33]. The score is
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based on serum bilirubin, creatinine, sodium and international normalized ratio for pro-
thrombin time and considered a reliable measure of mortality risk in patients with end-stage
liver disease. Importantly, we find that the accuracy of Fas-ligand and GGT serum levels in
predicting acute decompensation outperformed the prediction accuracy of the MELD-Na
score in our patients. Noteworthy, MELD-Na comprises parameters aiming at liver and kidney
function rather than necroinflammation and cell death. However, our data suggest that cell
death markers have the capability to improve currently used prognostic scores in the surveil-
lance of patients with chronic liver disease.

Strengths of our study are the number of patients with advanced-stage liver disease
included and the long observation period of 2.5 years. A limitation of the study is the small
cohort size of patients developing acute decompensation during the observation period and
the retrospective study design. Because of that, our data are “hypothesis-generating” warrant-
ing further prospective validation. The dynamics of cell death markers should be characterized
in the clinical course of disease (comprising resolution of inflammation and recompensation)
while monitoring various precipitants of acute decompensation (e.g. infections, alcohol
abuse). Possibly, cell death markers could be useful tools to monitor the clinical course of dis-
ease and the response to therapy. Moreover, a “healthy” control group should be characterized
in prospective studies to assess baseline levels of cell death markers. The etiology of the
included patients in our study did not include NAFLD-induced cirrhosis. NAFLD is among
the most important liver diseases with increasing prevalence in the Western world [52].
Because mechanisms of cell death and release of DAMPs in fatty liver disease appear to be sim-
ilar to those in alcoholic liver disease [16], extrapolation of the results from patients with alco-
holic liver disease from our study to NAFLD patients may be possible. However, this needs to
be validated in follow-up studies.

In conclusion, this is the first study with a comprehensive panel of cell death markers inves-
tigating their capacity to predict patients at risk for the development of acute decompensation.
Our data demonstrate a correlation between elevated serum levels of DAMPs and hepatic
decompensation with potential implications for the management and surveillance of patients
with chronic liver disease.

Supporting information

S1 Fig. Comparison of Interleukin-6 serum levels in HBV and HCV cirrhosis.
(PDF)

S2 Fig. Comparison of cytochrome c serum levels in HBV and HCYV cirrhosis.
(PDF)

$3 Fig. Comparison of different DAMP AUCs.
(PDF)

$4 Fig. ROC analysis for mathematically combined marker.
(PDF)

S5 Fig. Flowchart of the study design.
(PDF)

S6 Fig. Comparison of DAMP serum levels in viral and alcoholic liver cirrhosis.
(PDF)

S7 Fig. Correlation between different cell death markers.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0263989  February 17, 2022 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263989.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263989.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263989.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263989.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263989.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263989.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263989.s007
https://doi.org/10.1371/journal.pone.0263989

PLOS ONE

Diagnostic and prognostic significance of cell death markers in patients with cirrhosis

S8 Fig. AUCs of routine chemistry.
(PDF)

Acknowledgments

We thank Claudia Stross and Yolanda Martinez for expert technical assistance.

Author Contributions

Conceptualization: Philipp Stoffers, Sabrina Guckenbiehl, Martin Walter Welker, Christian
Markus Lange, Jonel Trebicka, Christoph Welsch.

Formal analysis: Philipp Stoffers, Eva Herrmann.

Funding acquisition: Stefan Zeuzem, Christian Markus Lange, Christoph Welsch.
Investigation: Philipp Stoffers.

Project administration: Stefan Zeuzem, Christian Markus Lange.

Software: Eva Herrmann.

Supervision: Eva Herrmann.

Visualization: Philipp Stoffers, Christoph Welsch.

Writing - original draft: Philipp Stoffers.

Writing - review & editing: Christoph Welsch.

References

1. Muir AJ. Understanding the Complexities of Cirrhosis. Clinical Therapeutics. 2015; 37(8):1822-1836.
https://doi.org/10.1016/j.clinthera.2015.05.507 PMID: 26188836

2. D’Amico G, Garcia-Tsao G, Pagliaro L. Natural history and prognostic indicators of survival in cirrhosis:
a systematic review of 118 studies. J Hepatol. 2006; 44(1):217-231. https://doi.org/10.1016/j.jhep.
2005.10.013 PMID: 16298014

3. Pimpin L, Cortez-Pinto H, Negro F, et al. Burden of liver disease in Europe: Epidemiology and analysis
of risk factors to identify prevention policies. J Hepatol. 2018; 69(3):718—735. https://doi.org/10.1016/j.
jhep.2018.05.011 PMID: 29777749

4. Franco S. Tackling Harmful Alcohol Use Economics and Public Health Policy: Economics and Public
Health Policy. OECD Publishing; 2015.

5. Berzigotti A. Advances and challenges in cirrhosis and portal hypertension. BMC Med. 2017; 15(1):200.
https://doi.org/10.1186/s12916-017-0966-6 PMID: 29121925

6. Lewis DR, Chen H-S, Cockburn MG, et al. Early estimates of SEER cancer incidence, 2014. Cancer.
2017; 123(13):2524-2534. https://doi.org/10.1002/cncr.30630 PMID: 28195651

7. Angeli P, Bernardi M, Villanueva C, et al. EASL Clinical Practice Guidelines for the management of
patients with decompensated cirrhosis. J Hepatol. 2018; 69(2):406—460. https://doi.org/10.1016/j.jhep.
2018.03.024 PMID: 29653741

8. Gines P, Quintero E, Arroyo V, et al. Compensated cirrhosis: natural history and prognostic factors.
Hepatology. 1987; 7(1):122—-128. https://doi.org/10.1002/hep.1840070124 PMID: 3804191

9. Zipprich A, Garcia-Tsao G, Rogowski S, Fleig WE, Seufferlein T, Dollinger MM. Prognostic indicators of
survival in patients with compensated and decompensated cirrhosis. Liver Int. 2012; 32(9):1407-1414.
https://doi.org/10.1111/j.1478-3231.2012.02830.x PMID: 22679906

10. Contreras-Zentella ML, Hernandez-Munoz R. Is Liver Enzyme Release Really Associated with Cell
Necrosis Induced by Oxidant Stress? Oxidative Medicine and Cellular Longevity. 2016; 2016(12):1-12.
https://doi.org/10.1155/2016/3529149 PMID: 26798419

11. Dufour DR, Lott JA, Nolte FS, Gretch DR, Koff RS, Seeff LB. Diagnosis and monitoring of hepatic injury.
|. Performance characteristics of laboratory tests. Clinical Chemistry. 2000; 46(12):2027-2049. PMID:
11106349

PLOS ONE | https://doi.org/10.1371/journal.pone.0263989  February 17, 2022 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263989.s008
https://doi.org/10.1016/j.clinthera.2015.05.507
http://www.ncbi.nlm.nih.gov/pubmed/26188836
https://doi.org/10.1016/j.jhep.2005.10.013
https://doi.org/10.1016/j.jhep.2005.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16298014
https://doi.org/10.1016/j.jhep.2018.05.011
https://doi.org/10.1016/j.jhep.2018.05.011
http://www.ncbi.nlm.nih.gov/pubmed/29777749
https://doi.org/10.1186/s12916-017-0966-6
http://www.ncbi.nlm.nih.gov/pubmed/29121925
https://doi.org/10.1002/cncr.30630
http://www.ncbi.nlm.nih.gov/pubmed/28195651
https://doi.org/10.1016/j.jhep.2018.03.024
https://doi.org/10.1016/j.jhep.2018.03.024
http://www.ncbi.nlm.nih.gov/pubmed/29653741
https://doi.org/10.1002/hep.1840070124
http://www.ncbi.nlm.nih.gov/pubmed/3804191
https://doi.org/10.1111/j.1478-3231.2012.02830.x
http://www.ncbi.nlm.nih.gov/pubmed/22679906
https://doi.org/10.1155/2016/3529149
http://www.ncbi.nlm.nih.gov/pubmed/26798419
http://www.ncbi.nlm.nih.gov/pubmed/11106349
https://doi.org/10.1371/journal.pone.0263989

PLOS ONE

Diagnostic and prognostic significance of cell death markers in patients with cirrhosis

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Kallei L, Hahn A, Réder V, Zupanic V. Correlation Between Histological Findings and Serum Transami-
nase Values in Chronic Diseases of the Liver. Acta Medica Scandinavica. 1964; 175(1):49-56. https://
doi.org/10.1111/j.0954-6820.1964.tb00549.x PMID: 14110637

Haber MM, West AB, Haber AD, Reuben A. Relationship of aminotransferases to liver histological sta-
tus in chronic hepatitis C. Am J Gastroenterol. 1995; 90(8):1250—1257. https://pubmed.ncbi.nim.nih.
gov/7639225/ PMID: 7639225

Gronbaek H, Mgller HJ, Saliba F, et al. Improved prediction of mortality by combinations of inflammatory
markers and standard clinical scores in patients with acute-on-chronic liver failure and acute decompen-
sation. Journal of Gastroenterology and Hepatology. 2020; 27:28. https://doi.org/10.1111/jgh.15125
PMID: 32478437

Guicciardi ME, Malhi H, Mott JL, Gores GJ. Apoptosis and necrosis in the liver. Compr Physiol. 2013; 3
(2):977-1010. https://doi.org/10.1002/cphy.c120020 PMID: 23720337

Luedde T, Kaplowitz N, Schwabe RF. Cell death and cell death responses in liver disease: mechanisms
and clinical relevance. Gastroenterology. 2014; 147(4):765-783.e4. https://doi.org/10.1053/j.gastro.
2014.07.018 PMID: 25046161

Eguchi A, Wree A, Feldstein AE. Biomarkers of liver cell death. J Hepatol. 2014; 60(5):1063—-1074.
https://doi.org/10.1016/j.jhep.2013.12.026 PMID: 24412608

Kaczmarek A, Vandenabeele P, Krysko DV. Necroptosis: the release of damage-associated molecular
patterns and its physiological relevance. Immunity. 2013; 38(2):209-223. https://doi.org/10.1016/j.
immuni.2013.02.003 PMID: 23438821

Vénéreau E, Ceriotti C, Bianchi ME. DAMPs from Cell Death to New Life. Front Immunol. 2015; 6:422.
https://doi.org/10.3389/fimmu.2015.00422 PMID: 26347745

Jiang W, Pisetsky DS. Mechanisms of Disease: the role of high-mobility group protein 1 in the patho-
genesis of inflammatory arthritis. Nat Clin Pract Rheumatol. 2007; 3(1):52-58. https://doi.org/10.1038/
ncprheum0379 PMID: 17203009

Chen R, Hou W, Zhang Q, Kang R, Fan X-G, Tang D. Emerging role of high-mobility group box 1
(HMGB?1) in liver diseases. Mol Med. 2013; 19:357-366. https://doi.org/10.2119/molmed.2013.00099
PMID: 24306421

Eleftheriadis T, Pissas G, Liakopoulos V, Stefanidis |. Cytochrome c as a Potentially Clinical Useful
Marker of Mitochondrial and Cellular Damage. Front Immunol. 2016; 7(1):11-15. https://doi.org/10.
3389/fimmu.2016.00279 PMID: 27489552

Jemmerson R, LaPlante B, Treeful A. Release of intact, monomeric cytochrome ¢ from apoptotic and
necrotic cells. Cell Death and Differentiation. 2002; 9(5):538-548. https://doi.org/10.1038/sj.cdd.
4400981 PMID: 11973612

Codina R, Vanasse A, Kelekar A, Vezys V, Jemmerson R. Cytochrome c-induced lymphocyte death
from the outside in: inhibition by serum leucine-rich alpha-2-glycoprotein-1. Apoptosis. 2010; 15
(2):139-152. https://doi.org/10.1007/s10495-009-0412-0 PMID: 19851871

Sato K, Kimura F, Nakamura Y, et al. An aggressive nasal lymphoma accompanied by high levels of
soluble Fas ligand. BrJ Haematol. 1996; 94(2):379-382. https://doi.org/10.1046/j.1365-2141.1996.
d01-1799.x PMID: 8759901

Garg AD, Nowis D, Golab J, Vandenabeele P, Krysko DV, Agostinis P. Immunogenic cell death,
DAMPs and anticancer therapeutics: an emerging amalgamation. Biochim Biophys Acta. 2010; 1805
(1):53-71. https://doi.org/10.1016/j.bbcan.2009.08.003 PMID: 19720113

Schmidt-Arras D, Rose-John S. IL-6 pathway in the liver: From physiopathology to therapy. 1403-1415.
2016:1-13. https://doi.org/10.1016/j.jhep.2016.02.004 PMID: 26867490

Remmler J, Schneider C, Treuner-Kaueroff T, et al. Increased Level of Interleukin 6 Associates With
Increased 90-Day and 1-Year Mortality in Patients With End-Stage Liver-Disease. Clin Gastroenterol
Hepatol. 2018; 16(5):730-737. https://doi.org/10.1016/j.cgh.2017.09.017 PMID: 28919544

Cressman DE, Greenbaum LE, DeAngelis RA, et al. Liver Failure and Defective Hepatocyte Regenera-
tion in Interleukin-6-Deficient Mice. Science. 1996; 274(5291):1379-1383. https://doi.org/10.1126/
science.274.5291.1379 PMID: 8910279

Vanden Berghe T, Kalai M, Denecker G, Meeus A, Saelens X, Vandenabeele P. Necrosis is associated
with IL-6 production but apoptosis is not. Cell Signal. 2006; 18(3):328—335. https://doi.org/10.1016/j.
cellsig.2005.05.003 PMID: 16023831

Macdonald S, Andreola F, Bachtiger P, et al. Cell death markers in patients with cirrhosis and acute
decompensation. Hepatology. 2018; 67(3):989-1002. https://doi.org/10.1002/hep.29581 PMID:
29023872

PLOS ONE | https://doi.org/10.1371/journal.pone.0263989  February 17, 2022 13/14


https://doi.org/10.1111/j.0954-6820.1964.tb00549.x
https://doi.org/10.1111/j.0954-6820.1964.tb00549.x
http://www.ncbi.nlm.nih.gov/pubmed/14110637
https://pubmed.ncbi.nlm.nih.gov/7639225/
https://pubmed.ncbi.nlm.nih.gov/7639225/
http://www.ncbi.nlm.nih.gov/pubmed/7639225
https://doi.org/10.1111/jgh.15125
http://www.ncbi.nlm.nih.gov/pubmed/32478437
https://doi.org/10.1002/cphy.c120020
http://www.ncbi.nlm.nih.gov/pubmed/23720337
https://doi.org/10.1053/j.gastro.2014.07.018
https://doi.org/10.1053/j.gastro.2014.07.018
http://www.ncbi.nlm.nih.gov/pubmed/25046161
https://doi.org/10.1016/j.jhep.2013.12.026
http://www.ncbi.nlm.nih.gov/pubmed/24412608
https://doi.org/10.1016/j.immuni.2013.02.003
https://doi.org/10.1016/j.immuni.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23438821
https://doi.org/10.3389/fimmu.2015.00422
http://www.ncbi.nlm.nih.gov/pubmed/26347745
https://doi.org/10.1038/ncprheum0379
https://doi.org/10.1038/ncprheum0379
http://www.ncbi.nlm.nih.gov/pubmed/17203009
https://doi.org/10.2119/molmed.2013.00099
http://www.ncbi.nlm.nih.gov/pubmed/24306421
https://doi.org/10.3389/fimmu.2016.00279
https://doi.org/10.3389/fimmu.2016.00279
http://www.ncbi.nlm.nih.gov/pubmed/27489552
https://doi.org/10.1038/sj.cdd.4400981
https://doi.org/10.1038/sj.cdd.4400981
http://www.ncbi.nlm.nih.gov/pubmed/11973612
https://doi.org/10.1007/s10495-009-0412-0
http://www.ncbi.nlm.nih.gov/pubmed/19851871
https://doi.org/10.1046/j.1365-2141.1996.d01-1799.x
https://doi.org/10.1046/j.1365-2141.1996.d01-1799.x
http://www.ncbi.nlm.nih.gov/pubmed/8759901
https://doi.org/10.1016/j.bbcan.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19720113
https://doi.org/10.1016/j.jhep.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26867490
https://doi.org/10.1016/j.cgh.2017.09.017
http://www.ncbi.nlm.nih.gov/pubmed/28919544
https://doi.org/10.1126/science.274.5291.1379
https://doi.org/10.1126/science.274.5291.1379
http://www.ncbi.nlm.nih.gov/pubmed/8910279
https://doi.org/10.1016/j.cellsig.2005.05.003
https://doi.org/10.1016/j.cellsig.2005.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16023831
https://doi.org/10.1002/hep.29581
http://www.ncbi.nlm.nih.gov/pubmed/29023872
https://doi.org/10.1371/journal.pone.0263989

PLOS ONE

Diagnostic and prognostic significance of cell death markers in patients with cirrhosis

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Moreau R, Jalan R, Gines P, et al. Acute-on-chronic liver failure is a distinct syndrome that develops in
patients with acute decompensation of cirrhosis. Gastroenterology. 2013; 144(7):1426-37— 1437.e1-9.
https://doi.org/10.1053/j.gastr0.2013.02.042 PMID: 23474284

Biggins SW, Kim WR, Terrault NA, et al. Evidence-based incorporation of serum sodium concentration
into MELD. Gastroenterology. 2006; 130(6):1652—1660. https://doi.org/10.1053/j.gastro.2006.02.010
PMID: 16697729

Kubesch A, Quenstedt L, Saleh M, et al. Vitamin D deficiency is associated with hepatic decompensa-
tion and inflammation in patients with liver cirrhosis: A prospective cohort study. PLoS ONE. 2018; 13
(11):e0207162—11. https://doi.org/10.1371/journal.pone.0207162 PMID: 30408125

Hernaez R, Sold E, Moreau R, Ginés P. Acute-on-chronic liver failure: an update. 2017; 66(3):541-553.

Loomba R, Sanyal AJ. The global NAFLD epidemic. Nature Reviews Gastroenterology & Hepatology.
2013; 10(11):686—690. https://doi.org/10.1038/nrgastro.2013.171 PMID: 24042449

Williams CD, Stengel J, Asike MI, et al. Prevalence of nonalcoholic fatty liver disease and nonalcoholic
steatohepatitis among a largely middle-aged population utilizing ultrasound and liver biopsy: a prospec-
tive study. Gastroenterology. 2011; 140(1):124—131. https://doi.org/10.1053/j.gastro.2010.09.038
PMID: 20858492

Prati D, Taioli E, Zanella A, et al. Updated definitions of healthy ranges for serum alanine aminotransfer-
ase levels. Ann Intern Med. 2002; 137(1):1-10. https://doi.org/10.7326/0003-4819-137-1-200207020-
00006 PMID: 12093239

Welsch C, Efinger M, Wagner M von, et al. Ongoing liver inflammation in patients with chronic hepatitis
C and sustained virological response. PLoS ONE. 2017; 12(2):e0171755-11. https://doi.org/10.1371/
journal.pone.0171755 PMID: 28196130

Costa D, Simbrunner B, Jachs M, et al. Systemic inflammation increases across distinct stages of
advanced chronic liver disease and correlates with decompensation and mortality. J Hepatol. 2020.
https://doi.org/10.1016/j.jhep.2020.10.004 PMID: 33075344

Trebicka J, Fernandez J, Papp M, et al. The PREDICT study uncovers three clinical courses of acutely
decompensated cirrhosis that have distinct pathophysiology. J Hepatol. 2020; 73(4):842—-854. hitps://
doi.org/10.1016/j.jhep.2020.06.013 PMID: 32673741

Koyama Y, Brenner DA. Liver inflammation and fibrosis. J Clin Invest. 2017; 127(1):55-64. https://doi.
org/10.1172/JC188881 PMID: 28045404

Chen GY, Nunez G. Sterile inflammation: sensing and reacting to damage. Nat Rev Immunol. 2010; 10
(12):826-837. https://doi.org/10.1038/nri2873 PMID: 21088683

Roh JS, Sohn DH. Damage-Associated Molecular Patterns in Inflammatory Diseases. Immune Netw.
2018 Aug 13; 18(4):e27. https://doi.org/10.4110/in.2018.18.e27 PMID: 30181915; PMCID:
PMC6117512.

Relja B., Land W.G. Damage-associated molecular patterns in trauma. Eur J Trauma Emerg Surg 46,
751-775 (2020). https://doi.org/10.1007/s00068-019-01235-w PMID: 31612270

Wallach-Dayan SB, Petukhov D, Ahdut-HaCohen R, Richter-Dayan M, Breuer R. sFasL-The Key to a
Riddle: Immune Responses in Aging Lung and Disease. Int J Mol Sci. 2021 Feb 22; 22(4):2177. https://
doi.org/10.3390/ijms22042177 PMID: 33671651; PMCID: PMC7926921.

Matsumoto H., Murakami Y., Kataoka K. et al. Membrane-bound and soluble Fas ligands have opposite
functions in photoreceptor cell death following separation from the retinal pigment epithelium. Cell
Death Dis 6, €1986 (2015). https://doi.org/10.1038/cddis.2015.334 PMID: 26583327

Irvine Katharine Margaret, Ratnasekera Isankaet al. Causes and Consequences of Innate Immune
Dysfunction in Cirrhosis. Frontiers in Immunology 10 (2019). https://www.frontiersin.org/article/ https://
doi.org/10.3389/fimmu.2019.00293 PMID: 30873165

Ripoll C, Keitel F, Hollenbach M, Greinert R, Zipprich A. Serum Ferritin in Patients With Cirrhosis is
Associated With Markers of Liver Insufficiency and Circulatory Dysfunction, but Not of Portal Hyperten-
sion. Journal of Clinical Gastroenterology. 2015; 49(9):784-789. https://doi.org/10.1097/MCG.
0000000000000283 PMID: 25599219

Koenig G, Seneff S. Gamma-Glutamyltransferase: A Predictive Biomarker of Cellular Antioxidant Inad-
equacy and Disease Risk. Disease Markers. 2015; 2015(4):818570-18. https://doi.org/10.1155/2015/
818570 PMID: 26543300

Tacke F, Boeker KHW, Klinker H, et al. Baseline risk factors determine lack of biochemical response
after SVR in chronic hepatitis C patients treated with DAAs. Liver Int. 2020; 40(3):539-548. https://doi.
org/10.1111/liv.14186 PMID: 31241820

Diehl AM, Day C. Cause, Pathogenesis, and Treatment of Nonalcoholic Steatohepatitis. N Engl J Med.
2017 Nov 23; 377(21):2063—2072. https://doi.org/10.1056/NEJMra1503519 PMID: 29166236.

PLOS ONE | https://doi.org/10.1371/journal.pone.0263989  February 17, 2022 14/14


https://doi.org/10.1053/j.gastro.2013.02.042
http://www.ncbi.nlm.nih.gov/pubmed/23474284
https://doi.org/10.1053/j.gastro.2006.02.010
http://www.ncbi.nlm.nih.gov/pubmed/16697729
https://doi.org/10.1371/journal.pone.0207162
http://www.ncbi.nlm.nih.gov/pubmed/30408125
https://doi.org/10.1038/nrgastro.2013.171
http://www.ncbi.nlm.nih.gov/pubmed/24042449
https://doi.org/10.1053/j.gastro.2010.09.038
http://www.ncbi.nlm.nih.gov/pubmed/20858492
https://doi.org/10.7326/0003-4819-137-1-200207020-00006
https://doi.org/10.7326/0003-4819-137-1-200207020-00006
http://www.ncbi.nlm.nih.gov/pubmed/12093239
https://doi.org/10.1371/journal.pone.0171755
https://doi.org/10.1371/journal.pone.0171755
http://www.ncbi.nlm.nih.gov/pubmed/28196130
https://doi.org/10.1016/j.jhep.2020.10.004
http://www.ncbi.nlm.nih.gov/pubmed/33075344
https://doi.org/10.1016/j.jhep.2020.06.013
https://doi.org/10.1016/j.jhep.2020.06.013
http://www.ncbi.nlm.nih.gov/pubmed/32673741
https://doi.org/10.1172/JCI88881
https://doi.org/10.1172/JCI88881
http://www.ncbi.nlm.nih.gov/pubmed/28045404
https://doi.org/10.1038/nri2873
http://www.ncbi.nlm.nih.gov/pubmed/21088683
https://doi.org/10.4110/in.2018.18.e27
http://www.ncbi.nlm.nih.gov/pubmed/30181915
https://doi.org/10.1007/s00068-019-01235-w
http://www.ncbi.nlm.nih.gov/pubmed/31612270
https://doi.org/10.3390/ijms22042177
https://doi.org/10.3390/ijms22042177
http://www.ncbi.nlm.nih.gov/pubmed/33671651
https://doi.org/10.1038/cddis.2015.334
http://www.ncbi.nlm.nih.gov/pubmed/26583327
https://www.frontiersin.org/article/
https://doi.org/10.3389/fimmu.2019.00293
https://doi.org/10.3389/fimmu.2019.00293
http://www.ncbi.nlm.nih.gov/pubmed/30873165
https://doi.org/10.1097/MCG.0000000000000283
https://doi.org/10.1097/MCG.0000000000000283
http://www.ncbi.nlm.nih.gov/pubmed/25599219
https://doi.org/10.1155/2015/818570
https://doi.org/10.1155/2015/818570
http://www.ncbi.nlm.nih.gov/pubmed/26543300
https://doi.org/10.1111/liv.14186
https://doi.org/10.1111/liv.14186
http://www.ncbi.nlm.nih.gov/pubmed/31241820
https://doi.org/10.1056/NEJMra1503519
http://www.ncbi.nlm.nih.gov/pubmed/29166236
https://doi.org/10.1371/journal.pone.0263989

