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Background & Aims: Acute-on-chronic liver failure (ACLF) is characterised by organ failure(s), high short-term mortality, and,
pathophysiologically, deranged inflammatory responses. The extracellular matrix (ECM) is critically involved in regulating the
inflammatory response. This study aimed to determine alterations in biomarkers of ECM turnover in ACLF and their asso-
ciation with inflammation, organ failures, and mortality.
Methods: We studied 283 patients with cirrhosis admitted for acute decompensation (AD) with or without ACLF, 64 patients
with stable cirrhosis, and 30 healthy controls. A validation cohort (25 ACLF, 9 healthy controls) was included. Plasma PRO-C3,
PRO-C4, PRO-C5, PRO-C6, and PRO-C8 (i.e. collagen type III–VI and VIII formation) and C4M and C6M (i.e. collagen type IV and
VI degradation) were measured. Immunohistochemistry of PRO-C6 was performed on liver biopsies (AD [n = 7], ACLF [n = 5]).
A competing-risk regression analysis was performed to explore the prognostic value of biomarkers of ECM turnover with 28-
and 90-day mortality.
Results: PRO-C3 and PRO-C6 were increased in ACLF compared to AD (p = 0.089 and p <0.001, respectively), whereas collagen
degradation markers C4M and C6M were similar. Both PRO-C3 and PRO-C6 were strongly associated with liver function and
inflammatory markers. Only PRO-C6 was associated with extrahepatic organ failures and 28- and 90-day mortality (hazard
ratio [HR; on log-scale] 6.168, 95% CI 2.366–16.080, p <0.001, and 3.495, 95% CI 1.509–8.093, p = 0.003, respectively). These
findings were consistent in the validation cohort. High PRO-C6 expression was observed in liver biopsies of patients with
ACLF.
Conclusions: This study shows, for the first time, evidence of severe net interstitial collagen deposition in ACLF and makes the
novel observation of the association between PRO-C6 and (extrahepatic) organ failures and mortality. Further studies are
needed to define the pathogenic significance of these observations.
Lay summary: This study describes a disrupted turnover of collagen type III and VI in Acute-on-chronic liver failure (ACLF).
Plasma biomarkers of these collagens (PRO-C3 and PRO-C6) are associated with the severity of liver dysfunction and
inflammation. PRO-C6, also known as the hormone endotrophin, has also been found to be associated with multi-organ
failure and prognosis in acute decompensation and ACLF.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Keywords: Liver cirrhosis; Multi-organ failure; Collagen; Prognosis.
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Introduction
Liver fibrosis is a consequence of chronic hepatocyte injury and is
characterised by excessive deposition of extracellular matrix
(ECM) consisting of different collagen types that are produced by
hepatic myofibroblasts derived from activated hepatic stellate
cells (HSCs).1–3 Fibrosis progression is a dynamic process that
involves both formation and degradation of the ECM and that
becomes unbalanced during liver disease. During this
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remodelling process, endopeptidases such as metalloproteinases
(MMPs), can degrade collagen by cleavage, leading to the release
of telopeptides in the circulation. The sites of degradation by
specific MMPs are distinct, and the fragments, also known as
neo-epitopes, serve as markers of tissue degradation quantified
by collagen degradation.4 Similarly, the pro-peptides that are
released during the maturation of the collagen molecule can
serve as markers of fibrogenesis; ECM formation exemplified by
collagen formation. These markers of collagen turnover (espe-
cially collagen types III, IV, and VI) have been studied in different
contexts of chronic liver disease and have been found to be
particularly useful as biomarkers of fibrotic processes and the
degree of fibrosis in different aetiologies.5

Liver cirrhosis is the end stage of chronic liver disease and the
development of cirrhosis-related complications (i.e. ascites, he-
patic encephalopathy, gastrointestinal bleeding, and bacterial
infections) marks the stage of decompensated liver disease.6 One
study showed that collagen type III deposition is boosted in
patients with acute decompensation (AD) of cirrhosis.7 Acute-
on-chronic liver failure (ACLF) is a devastating syndrome that
occurs in patients with AD, usually triggered by a precipitating
event, which leads to the development of (multi-)organ failures.
This is associated with a high risk of mortality within 28 days
that ranges between 20 and 70%, depending on the number of
organ failures.8 A central phenomenon in the pathophysiology of
ACLF is the systemic inflammatory response, the severity of
which negatively impacts outcome,8–10 but the underlying
mechanisms are unclear. The important role of damage- and
pathogen-associated molecular patterns (DAMPs and PAMPs) in
the pathogenesis of systemic inflammation in ACLF is under
intense investigation, but the role of ECM turnover is unknown.

A wide range of collagen fragments have been identified as
bioactive molecules with signalling properties, also referred to as
‘matrikines’. Like other DAMPs, they can signal through the toll-
like receptors4,11 and regulate numerous (patho)physiological
pathways such as modulating immune response and hepatic
regeneration.11 Therefore, we aimed to determine the association
of biomarkers of ECM turnover with the presence of ACLF. In
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addition, we aimed to study whether these markers are associ-
ated with the severity of systemic inflammation, cell death, or-
gan failures, and mortality.
Patients and methods
Study cohorts
Plasma ECM turnover markers were studied in 7 cohorts of pa-
tients or healthy participants (summarised in Fig. 1).

Cohort of patients with AD with or without ACLF
A part of the present study is an ancillary study of the CANONIC
study, a European multicentre observational study of patients
admitted to hospital with AD.8 Written informed consent was
obtained from each patient included in this study, and the study
protocol conformed to the ethical guidelines of the 1975 Decla-
ration of Helsinki, as evaluated by the local Medical Ethics
Committees of the participating centres. In 2011, 1,349 patients
hospitalised for AD in 29 European liver units were included in
this study. Patients were followed up until 28 days after study
enrolment, and demographics, clinical characteristics, and labo-
ratory measurements were collected. Survival data were
collected at 28 days and 3, 6, and 12 months. The HCB-IDIBAPS
Biobank in Barcelona (Spain) manages the database and stor-
age of biomaterials obtained during this study. We used available
plasma samples from a subpopulation of the CANONIC cohort
(n = 283) obtained at time of hospital admission (Days 0–2).
Because of limited sample volume, 2 distinct cohorts were used
for the measurements of the selected ECM turnover biomarkers
(i.e. study cohorts A and B, Fig. 1). For both cohorts, patients were
randomly selected from the CANONIC database. Study cohort A
(n = 139) was used for measurement of PRO-C3, PRO-C6, PRO-C8,
C4M, C6M, and the neoepitope of aggrecan (ARGS). In addition,
we wanted to assess plasma PRO-C4 and PRO-C5 levels. These 2
biomarkers were assessed in study cohort B (n = 144), as a result
of insufficient sample amount left in study cohort A (Fig. 1). The
results for this cohort are described in the Supplementary
information.
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The presence of organ failures and ACLF was determined
using the European Foundation for the study of Chronic Liver
Failure (EF-CLIF) Consortium Organ Failure score (CLIF-C OF
score).12 In addition to the routine laboratory measurements, we
had the availability of several biomarkers of systemic inflam-
mation (cytokines IL-6, IL-8, IL-10, and IL1-RA and macrophage
activation marker sCD163), of cell death (nonapoptototic cell
death: M65 fragment of keratin-18 [K18] and apoptotic cell
death: caspase-cleaved M30 component of K18 [cK18]), and of
kidney and liver injury (urinary neutrophil gelatinase-associated
lipocalin [NGAL]).

Control cohorts
The study involved archived plasma samples from 2 control co-
horts: (i) 30 healthy volunteers and (ii) 64 patients with stable
cirrhosis (SC; samples from n = 25 patients were used as controls
for cohort A, and samples from n = 39 were used as controls for
cohort B). The SC cohort consisted of patients under follow-up in
the outpatient clinic with a clinical, histological, or radiological
diagnosis of liver cirrhosis (Child-Pugh score <−10).

13 The study
was approved by the joint University College London (UCL)/UCL
Hospitals (UCLH) Committees (http://www.isrctn.com/
ISRCTN62619436), and written informed consent was obtained
from each patient included in the study (Fig. 1).

Validation cohort
To validate the findings obtained in study cohort A, we used a
cohort consisting of 25 patients admitted with ACLF at the Royal
Free Hospital, London, UK, and 9 healthy volunteers. These pa-
tients were included in an ancillary study of the ongoing DASI-
MAR trial (ClinicalTrials.gov Identifier: NCT01071746; the Non-
interventional Study [NIS]). Written informed consent was ob-
tained from each included patient, and the study was approved
by the Joint UCL/UCLH Committees on the Ethics of Human
Research (Committee A), with Research Ethics Committee
reference number 08/H0714/8. Clinical characteristics and
plasma samples were collected at Days 1, 4, and 7 from hospital
admission. Survival data were collected at Days 28 and 90 from
hospital admission. The diagnosis of organ failures and ACLF in
this cohort was also determined using the CLIF-C OF score.

Cohort for hepatic immunohistochemistry of PRO-C6 and alpha-
smooth muscle actin
To investigate whether ACLF is associated with increased expres-
sion of PRO-C6 in the liver, we performed immunohistochemistry
(IHC) of PRO-C6 on paraffin-embedded liver biopsies from alco-
holic patients with cirrhosis hospitalised with AD (n = 7) or ACLF
(n = 5) and received a diagnostic liver biopsy for routine diagnostic
purposes. Inaddition,weperformedanalpha-smoothmuscleactin
(a-SMA) IHC for these patients to understand whether PRO-C6
expression is co-localised with activated HSCs. The methods of
PRO-C6 and a-SMA IHC are described in the Supplementary
information. This study was approved by the London–
Hampstead Research Ethics Committee (07/Q0501/50) and was
in compliance with the Declaration of Helsinki.

Measurements of ECM turnover markers
In study cohort A, we measured the following 6 ECM turnover
markers in EDTA plasma using an ELISA-based technology:
markers of collagen type III, VI, and VIII formation (PRO-C3,14

PRO-C6,15 and PRO-C816), markers of collagen type IV and VI
degradation (C6M17 and C4M18), and degraded aggrecan
JHEP Reports 2021
(ARGS19) according to the manufacturer (Nordic Bioscience A/S,
Herlev, Denmark). Additionally, we measured markers of type IV
(PRO-C4) and V (PRO-C520) collagen formation in study cohort B
also using assays manufactured by Nordic Bioscience
(Supplementary CTAT Table).

Statistical analysis
The data are presented as mean ± SD when normally distributed
or as median (IQR) when following a skewed distribution.
Discrete variables are shown as counts (percentage, %). A p value
of <0.05 was considered statistically significant. Data analysis
was performed using R Statistical Software, version 4.0.4. (R
Foundation for Statistical Computing, Vienna, Austria).21

For the association analysis, we first assessed homogeneity of
variances across groups using Bartlett’s test (3 groups) or the F
test (2 groups). This was followed by a 1-way ANOVA or Welch’s
test (3 groups) or the t test with equal or unequal variances (2
groups). In case of categorical variables, Fisher’s exact test was
applied.

Spearman’s rank order correlation analysis was applied to
identify correlations between ECM turnover markers and liver
and kidney function parameters, markers of cell death and
inflammation, and prognostic scoring systems.

For the survival analysis in the study cohort, competing-risk
regression models according to the method of Fine and Gray22

were designed to assess the prognostic value of ECM turnover
markers in predicting short-term mortality (at 28 and 90 days).
In these models, we adjusted for interdependence by considering
liver transplantation as a competing-risk factor for mortality. In
the validation cohort, no patients received a liver transplantation
within 90 days of hospital admission. Therefore, survival analysis
in this cohort (28- and 90-day mortality) was performed using
Cox proportional hazards regression analysis. Variables with a p
value of <0.05 in univariate analysis were included in the
multivariate analysis, limited to 1 variable per 10 events (mor-
tality) according to the ‘1 in 10 rule’ to avoid overfitting. As we
were especially interested in whether the ECM turnover markers
would be of prognostic significance, independently of the
established prognostic scoring systems in patients with AD and
ACLF (i.e. CLIF-C AD and CLIF-C ACLF), these scores were priori-
tised for use in multivariate models. Owing to log-normal dis-
tribution of ECM turnover markers, these variables were log-
transformed before survival analysis.

To assess the predictive ability of plasma ECM turnover
markers with 28- and 90-day mortality, the Gonen and Heller
concordance probability estimates (CPEs) were calculated using
Cox proportional hazards models. With the coordinates of the
receiver operating characteristic (ROC) curves, we calculated the
optimum cut-off points of ECM turnover markers in predicting
28- and 90-day mortality using the Youden index. Subsequently,
Kaplan–Meier curves were plotted, and transplant-free survival
between patients with plasma levels below and above these cut-
off points was compared using the log-rank test.
Results
Patient characteristics
Baseline demographics and clinical characteristics of the patients
with AD and ACLF in the CANONIC study cohort A are shown in
Table 1. Of the 139 patients, 35 (25.2%) had ACLF at the time of
hospital admission; 19 (54.3%) with ACLF grade I, 12 (34.3%) with
ACLF grade II, and 4 (11.4%) with ACLF grade III. Patients with
3vol. 3 j 100355
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Table 1. Baseline characteristics of study cohort A.

Variables All patients (n = 139) AD (n = 104) ACLF (n = 35) p value*

Age 57.0 ± 12.2 57.8 ± 12.7 54.9 ± 10.8 0.244
Male sex, n (%) 90 (64.7) 67 (64.4) 23 (65.7) 1
Aetiology of cirrhosis†, n (%) 0.328

Alcohol 48 (41.7) 33 (38.4) 15 (51.7)
Viral 41 (35.7) 34 (39.5) 7 (24.1)
Alcohol + viral 11 (9.6) 7 (8.1) 4 (13.8)
Other 15 (13.0) 12 (14.0) 3 (10.3)

Clinical features, n (%)
Ascites 80.0 (86) 49.0 (83.1) 31.0 (91.2) 0.361
Bacterial infection 32.0 (24.8) 21.0 (22.1) 11.0 (32.4) 0.253
ACLF grade I 19 (13.7) n.a. 19 (54.3) n.a.
ACLF grade II 12 (8.6) n.a. 12 (34.3) n.a.
ACLF grade III 4 (2.9) n.a. 4 (11.4) n.a.

Organ failures, n (%)
Liver 26 (18.7) 7 (6.7) 19 (54.3) <0.001
Renal 18 (12.9) 0 (0) 18 (51.4) <0.001
Cerebral 4 (2.9) 0 (0) 4 (11.4) 0.004
Circulatory 6 (4.3) 0 (0) 6 (4.3) <0.001
Respiratory 1 (0.7) 0 (0) 1 (2.9) 0.252
Coagulation 15 (10.8) 6 (5.8) 9 (25.7) 0.003

Routine biochemistry
WCC (×109/L) 6.0 (4.1–8.7) 5.7 (4.1–8.3) 6.6 (4.6–10.2) 0.109
Bilirubin (lmol/L) 82.1 (41.0–153.0) 61.6 (37.0–119.6) 207.8 (46.6–365.1) <0.001
Albumin (g/dl) 2.8 ± 0.5 2.8 ± 0.5 2.8 ± 0.5 0.950
INR 1.6 (1.3–2.1) 1.5 (1.3-1.8) 2.1 (1.5–2.5) <0.001
Creatinine (lmol/L) 84.0 (61.9–123.8) 74.3 (60.1–103.9) 185.2 (100.8–257.9) <0.001

Prognostic and organ failure scores
MELD 19.5 (15.0–25.0) 17.0 (14.0-21.0) 29.5 (25.0–32.5) <0.001
CLIF-C OF 7.0 (6.0–9.0) 7.0 (6.0–8.0) 10.0 (9.0–11.0) <0.001
CLIF-C AD 51.9 ± 9.5 51.9 ± 9.5 n.a. n.a.
CLIF-C ACLF 46.5 (42–50) n.a. 46.5 (42–50) n.a.

Biomarkers of inflammation, cell death
IL-6 (pg/ml) 22.6 (9.7–43.4) 22.6 (9.2–37.1) 22.5 (11.8–62.7) 0.166
IL-8 (pg/ml) 45.6 (23.7–110.0) 38.2 (21.2–69.2) 105.7 (28.4–220.0) 0.002
IL-10 (pg/ml) 3.0 (1.5–10.9) 2.5 (1.2–8.8) 7.2 (2.0–13.0) 0.017
IL-1RA (pg/ml) 8.5 (5.4–17.1) 8.3 (5.3–15.4) 10.3 (6.4–30.7) 0.062
sCD163 (mg/ml) 8.9 (5.5–13.9) 7.6 (4.6–11.2) 14.0 (10.3–19.4) <0.001
NGAL (ng/ml) 28.6 (12.1–99.2) 19.4 (10.3–48.4) 110.9 (35.1–257.2) <0.001
cK18 (U/L) 1019.2 (725.1–1,362.7) 845.1 (704.1–1,248.5) 1,477.1 (1,131.1–5,310.6) 0.020
K18 (U/L) 687.4 (288.4–2,349.5) 576.7 (230.3–1,222.9) 2,349.5 (846.3–3,755.4) 0.012

ACLF, acute-on-chronic liver failure; AD, acute decompensation; cK18, caspase-cleaved keratin 18; CLIF-C ACLF, CLIF Consortium Acute-on-Chronic Liver; CLIF-C AD, CLIF
Consortium Acute Decompensation; CLIF-C OF, CLIF Consortium Organ Failure; INR, international normalised ratio; K18, keratin 18; MELD, model for end-stage liver disease;
NGAL, neutrophil gelatinase-associated lipocalin; WCC, white cell count.
* p values represent comparison of AD vs. ACLF calculated using the t test or Fisher’s exact test when appropriate; values in bold denote statistical significance (p <0.05).
† Information on aetiology was missing for 24 patients.
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ACLF had significantly more severe liver and kidney injury
(bilirubin, international normalised ratio [INR], creatinine, and
NGAL), systemic inflammation (IL-8, IL-10, and sCD163), and
higher circulating levels of cell death markers K18 and cK18,
compared with those without ACLF. Prognostic scores, such as
the model for end-stage liver disease (MELD) and the CLIF-C OF
score, were also significantly higher in patients with ACLF than in
patients with AD without ACLF. A comparison between the
baseline characteristics of the cohort of patients with SC, AD, and
ACLF is shown in Table S1. As expected, patients with AD with or
without ACLF had significantly more severe liver disease
compared with those with SC, whereas there were no significant
differences in age, sex, and aetiology. The baseline characteristics
for study cohort B are presented in Table S2.

Study cohort A
ECM turnover markers
In Table 2, plasma concentrations of the panel of ECM turnover
markers in study cohort A and control cohorts are presented. For
each of themarkers, significantly higher plasma levels were found
JHEP Reports 2021
in the cohort of patientswithAD/ACLF than inhealthycontrols. For
PRO-C3 and PRO-C6, a stepwise increase was observed between
patients with SC, AD, and ACLF (Fig. 2A and Table 2). In contrast,
markers of collagen degradation (C4M and C6M) were similar be-
tween patients with AD and ACLF. As we found an association of
circulating PRO-C3 and PRO-C6with the presence of ACLF, further
analyses were focused on these 2 markers.

Firstly, the association of PRO-C3 and PRO-C6 with hepatic (i.e.
liver and coagulation) failure vs. non-hepatic (i.e. kidney, brain,
circulatory, and respiratory) failure, as defined by the CLIF-C OF
score, was investigated. Both PRO-C3 and PRO-C6 were higher in
patientswithhepatic failurethaninthosewithout (p<0.001andp=
0.091, respectively, Fig. 2B). For PRO-C6, but not for PRO-C3, pa-
tients with non-hepatic failure had significantly higher plasma
levels compared with those without (p = 0.024, Fig. 2B).

Correlation of PRO-C3 and PRO-C6 with organ injury, inflammation,
and cell death
In Table 3, the results of the Spearman rank order correlation
analysis are presented. PRO-C3 correlated well with markers of
4vol. 3 j 100355



Table 2. Plasma levels of ECM turnover markers in the study cohort A and control cohorts.

Cohort PRO-C3 (ng/ml) PRO-C6 (ng/ml) PRO-C8 (ng/ml) ARGS (pM) C6M (ng/ml) C4M (ng/ml)

Healthy controls (n = 30) 6.7 (5.2–8.4) 5.1 (4.1-5.9) 1.5 (1.2–1.7) 278.3 (234.2–311.9) 6.1 (6.0–8.6) 18.9 (16.2–20.9)
Stable cirrhosis (n = 25) 20.0 (11.7–36.8) 10.4 (6.9-12.8) n.a. n.a. n.a. n.a.
AD + ACLF (n = 139) 26.2 (17.7–49.4) 17.8 (13.7–24.6) 2.9 (2.1–4.4) 458.2 (302–683.1) 17.0 (13.2–23.4) 25.1 (18.8–31.0)
p value <0.001*/<0.001† <0.001/ <0.001† <0.001† 0.002† <0.001† <0.001†

AD (n = 104) 24.1 (16.0–45.8) 16.4 (11.8–21.4) 3.0 (2.1–4.6) 458.0 (292.0–656.3) 17.0 (13.2–23.7) 25.6 (19.4–31.7)
ACLF (n = 35) 37.3 (22.8–73.6) 26.3 (21.3–30.7) 2.8 (2.1–3.6) 487.7 (349.2–751.0) 17.0 (12.4–23.0) 24.0 (17.3–29.8)
p value 0.089 <0.001 0.082 0.619 0.507 0.461
ACLF grade I (n = 19) 29.4 (22.1–53.0) 24.2 (20.1–28.9) 2.8 (2.6–3.6) 437.0 (337.6–669.3) 17.5 (13.4–23.5) 22.7 (18.3–32.0)
ACLF grade II (n = 12) 53.1 (26.3–76.9) 26.6 (23.3–29.7) 2.7 (2.2–4.2) 550.0 (407.2–758.4) 17.1 (12.2–22.9) 26.4 (17.1–28.5)
ACLF grade III (n = 4) 78.7 (58.0–82.1) 53.5 (40.7–59.1) 2.0 (1.8–2.9) 914.2 (384.5–1888.4) 14.2 (11.8–19.2) 20.4 (12.4–33.0)
p value‡ 0.615 0.335 0.993 0.158 0.800 0.721

Values in bold denote statistical significance (p <0.05).
ACLF, acute-on-chronic liver failure; AD, acute decompensation; ECM, extracellular matrix.
* One-way ANOVA or Welch’s test over the 3 groups.
† Two-sample t test between healthy controls and AD + ACLF.
‡ Two-sample t test between ACLF grade I and grades II + III.
liver function (bilirubin and INR), inflammation (IL-8, IL1-RA,
and sCD163), and cell death (K18 and cK18) and with the MELD
and CLIF-C OF score. Similarly, PRO-C6 correlated significantly
with markers of liver function (bilirubin and INR) and inflam-
mation (IL-8, IL-10, sCD163) and MELD and CLIF-C OF scores.
However, unlike PRO-C3, PRO-C6 also correlated with markers of
kidney injury (creatinine and NGAL) and the CLIF-C AD score. In
contrast to PRO-C3, PRO-C6 did not correlate with plasma levels
of the cell death markers K18 and cK18. Correlations of the other
assessed ECM turnover markers with liver function, inflamma-
tion, cell death, and prognostic scores are described in Table S3.

Prognostic value of circulating PRO-C3 and PRO-C6
After 28 days of study inclusion, 15 (10.8%) patients had died and
4 (2.9%) underwent transplantation. At 90 days, 29 (20.9%) pa-
tients had died and 11 (7.9%) had received a liver transplant.
Results of the univariate competing-risk survival analysis at 28
and 90 days are shown in Table 4. At both time points, PRO-C6
was significantly associated with mortality, whereas PRO-C3
was not. However, in multivariate analysis, PRO-C6 was found
not to be an independent prognostic factor in models together
with the different prognostic scores (CLIF-C OF and CLIF-C ACLF)
at both time points (Table S4).

In correspondence with the findings in the univariate anal-
ysis, CPE for PRO-C3 (around 0.55 at both 28 and 90 days)
pointed towards a poor predictive ability of this biomarker in the
study cohorts of patients with AD and ACLF (Table S5). CPEs for
PRO-C6 were 0.704 (95% CI 0.625–0.783) and 0.653 (95% CI
0.578–0.728) at 28 and 90 days, respectively. The CPEs of the
CLIF-C OF score were slightly improved with 0.028 and 0.022
points by incorporating log(PRO-C6) in this score (28 days:
0.698–0.726; 90 days: 0.680–0.702, Table S5). The optimal cut-
off point of 26.3 ng/ml for plasma PRO-C6 in predicting 28-
and 90-day mortality was calculated using the Youden index.
Using this cut-off point, we plotted Kaplan–Meier curves and
compared them using the log-rank test. Patients with a baseline
PRO-C6 level below this cut-off point had a significantly better
transplant-free survival at both time points (Fig. 2C).

IHC of PRO-C6 and a-SMA in AD with and without ACLF
We observed high expression of PRO-C6 in liver biopsies of pa-
tients with AD and alcoholic cirrhosis who were admitted with
or without ACLF. The patients with ACLF seemed to have more
intense PRO-C6 expression as compared with those with AD,
JHEP Reports 2021
although not statistically significant. In consecutive sections, the
a-SMA expression seemed to be co-localised with PRO-C6,
although a-SMA was more abundantly present (Fig. 3 and
Fig. S1). These data suggest that PRO-C6 is primarily present
around activated HSCs and therefore in areas with an ongoing
wound healing response. However, other factors seem to play a
role, as areas with high PRO-C6 but low a-SMA expression were
also observed. Methods of PRO-C6 and a-SMA IHC are described
in the Supplementary information.

Validation cohort
The baseline characteristics of the patients included in the vali-
dation cohort are shown in Table S6. All patients included in the
validation cohort had ACLF at time of hospital admission. Nine
(36%) had ACLF grade I, 8 (32%) grade II, and 8 (32%) grade III.
When comparing the subpopulation with ACLF of study cohort A
with the validation cohort, we found that the latter had a higher
proportion of patients with ACLF grade III (32% vs. 11.4%), which
was also reflected by significantly higher CLIF-C OF scores (11
[10–13] vs. 10 [9–11], p <0.001), creatinine (p = 0.033), and white
cell count (WCC) (p = 0.002). Nevertheless, liver function and
presence of individual organ failures were largely similar be-
tween the cohorts.

Based on the findings in the study cohort, we only measured
PRO-C3 and PRO-C6 in the validation cohort. These measure-
ments validated the findings in the study cohort A that patients
with ACLF had significantly higher levels of PRO-C3 and PRO-C6
as compared with patients with SC and healthy volunteers
(Fig. 4A). After 28 days of hospital admission, 12/25 (48%) of
patients in the validation cohort had died. This increased to 16
(64%) after 90 days. None of the patients received a liver trans-
plant within 90 days. The mortality rates at 28 and 90 days were
not significantly different between the study and validation co-
horts (p = 0.175 and p = 0.115, respectively, Table S6).

Similar to the findings in the survival analysis of the study
cohort, PRO-C6 was associated with 28-day and 90-day mortality
in the univariate Cox-regression analysis, whereas PRO-C3 was
not (Table 5). PRO-C6 levels measured at Days 4 and 7 were more
strongly associated with mortality at both 28 and 90 days than
when measured at baseline. In multivariate analysis, plasma
PRO-C6 measured at Day 4 was a predictor of 90-day mortality,
independently of the CLIF-C OF score (Table S7).

The poor predictive ability of PRO-C3 for both 28- and 90-day
mortality observed in the study cohort was confirmed in the
5vol. 3 j 100355
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Fig. 2. Relationship between plasma concentrations of PRO-C3/PRO-C6 and clinical outcomes. (A) Plasma concentrations of PRO-C3 and PRO-C6 in the study
cohort A and control cohorts, (B) comparison of plasma PRO-C3 and PRO-C6 levels in patients with and without hepatic failure and with and without non-hepatic
failure, and (C) Kaplan–Meier curves of 28- and 90-day transplant-free survival stratified according to high vs. low plasma PRO-C6 levels. T test was used to test
for differences between groups, log-rank test was used to compare survival distributions. ACLF, acute-on-chronic liver failure; AD, acute decompensation; HC,
healthy control; SC, stable cirrhosis.
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Table 3. Spearman rank-order correlation analysis for PRO-C3 and PRO-C6
with markers of organ injury, inflammation, cell death, and prognosis in
the study cohort A.

Variables

PRO-C3 PRO-C6

Spearman r p value Spearman r p value

Liver and kidney injury
Bilirubin 0.395 <0.001 0.266 0.003
Albumin −0.104 0.284 −0.035 0.717
INR 0.302 0.001 0.270 0.002
Creatinine −0.057 0.536 0.529 <0.001
NGAL 0.137 0.153 0.423 <0.001

Inflammation
WCC 0.141 0.126 0.067 0.462
IL-6 0.057 0.599 0.119 0.264
IL-8 0.429 <0.001 0.311 0.003
IL-10 0.083 0.445 0.207 0.05
IL-1RA 0.210 0.05 0.185 0.079
sCD163 0.420 <0.001 0.477 <0.001

Cell death
cK18 0.326 0.037 0.167 0.279
K18 0.349 0.027 0.113 0.475

Prognostic scores
MELD 0.367 <0.001 0.514 <0.001
CLIF-C AD* 0.138 0.197 0.241 0.022
CLIF-C ACLF† 0.336 0.087 0.176 0.360
CLIF-C OF 0.289 0.002 0.409 <0.001

Values in bold denote statistical significance (p <0.05).
ACLF, acute-on-chronic liver failure; AD, acute decompensation; cK18, caspase-
cleaved keratin 18; CLIF-C ACLF, CLIF Consortium Acute-on-Chronic Liver; CLIF-C
AD, CLIF Consortium Acute Decompensation; CLIF-C OF, CLIF Consortium Organ
Failure; INR, international normalised ratio; K18, keratin 18; MELD, model for end-
stage liver disease; NGAL, neutrophil gelatinase-associated lipocalin; WCC, white
cell count.
* This analysis could be performed in patients with AD only (n = 104).
† This analysis could be performed in patients with ACLF only (n = 35).
validation cohort (28 days: CPE 0.515, 95% CI 0.354–0.677; 90
days: CPE 0.552, 95% CI 0.413–0.690). CPE for PRO-C6 for mor-
tality in the validation cohort was 0.667 (95% CI 0.538–0.796) at
28 days and 0.660 (95% CI 0.542–0.777) at 90 days (Table S8).
PRO-C6 measured at Day 4 or 7 had an improved predictive
ability at both time points, as compared with that at baseline
(Day 4: CPE 0.773 and 0.781, respectively; Day 7: CPE 0.751 and
0.770, respectively; Table S8). This agrees with a previous study
that found disease course and outcome in patients admitted with
ACLF to be most accurately assessed by the disease stage at Days
3–7, as compared with the clinical condition at baseline.23 In
addition, the change in PRO-C6 between Days 1 and 4 and be-
tween Days 1 and 7 had a better predictive ability than had a
single baseline PRO-C6 measurement (Table S8). In Kaplan–
Meier analysis, high PRO-C6 at Day 4 of hospital admission and
high delta PRO-C6 between Days 1 and 4 of hospital admission
showed significant worse transplant-free survival (p <0.001 and
p = 0.002, Fig. S2).
Discussion
This study describes for the first time that ACLF is associated
with marked increases in plasma levels of biomarkers of inter-
stitial ECM formation (PRO-C3 and PRO-C6) but unchanged
levels of markers of ECM breakdown (C4M and C6M). This is
likely to be clinically relevant, as exacerbated hepatic collagen
deposition may result in further deterioration of reserve liver
function. Indeed, both plasma PRO-C3 and PRO-C6 were
increased in patients with hepatic failure and correlated well
JHEP Reports 2021
with markers of liver function. This is not surprising as both PRO-
C3 and PRO-C6 are biomarkers of collagen formation derived
from fibroblasts and thus correlate directly to fibroblast activ-
ity.24 Both markers are well known to be associated with
increased severity of fibrosis and portal hypertension.5,7,17

Interestingly, the plasma levels of the collagen type IV forma-
tion marker PRO-C4 were similar between patients with AD and
ACLF. Collagen type IV is the main collagen component of the
basement membrane, whereas collagen types III and VI are
found in the interstitial space. Therefore, it seems that interstitial
fibroblast activity is highly related to ACLF, which is a potentially
important observation.

Despite the fact that PRO-C3 and PRO-C6 both reflect fibro-
blast activity, our results suggest distinct roles for PRO-C3 and
PRO-C6 in the setting of AD of cirrhosis. Firstly, in contrast to
PRO-C3, plasma PRO-C6 was also associated with the presence of
extrahepatic organ failures and correlated with markers of kid-
ney function and injury (creatinine and NGAL). Secondly, PRO-C6
was found to be associated with mortality at 28 and 90 days in
the univariate competing-risk analysis. High PRO-C6 levels
(greater than the optimum cut-off point) were associated with
worse transplant-free survival at 28 and 90 days. In contrast, the
prognostic and predictive ability of PRO-C3 in this population
was much poorer. These discrepancies may be explained by
important differences in properties of these 2 collagen formation
markers.

PRO-C3 is a biomarker of collagen type III, which is encoded
by the COL3A1 gene and belongs to the fibrillar collagen super-
family.4,25 PRO-C3 is an epitope of the N-terminal pro-peptide
generated by N-protease ADAMTS-2 and is released during
type III collagen maturation.14 A wide range of studies have
shown that circulating PRO-C3 levels correlate with the severity
of fibrosis26–31 but not with survival, which was also not found in
the present study. The non-fibrillar collagen, type VI collagen, is
found near the basement membrane of the ECM and consists of 6
different chains (a1–a6) encoded by 6 different genes
(COL6A1–6).32 Type VI collagen binds to a wide range of cell
types such as fibroblasts, haematopoietic cells, ECM proteins, and
collagen fibrils, thereby playing an important role in regulating
matrix assembly and organisation.33 Cleavage at a still unknown
site of the C-terminal pro-peptide of the a3 chain releases the
type VI collagen formation marker PRO-C6.

The most important difference between PRO-C3 and PRO-C6
is that PRO-C6 is known to be a bioactive molecule. Some
ECM-derived fragments have bioactive signalling properties and
regulate numerous biological processes including angiogenesis,
migration, proliferation, apoptosis, metastasis, and tumour
growth. These signalling fragments are also referred to as
‘matrikines’.4 PRO-C6 is such a matrikine and is in that context
also called ‘endotrophin’. Early studies of this relatively newly
discovered fragment revealed that adipocyte-derived PRO-C6
induces upregulation of pro-fibrotic and pro-inflammatory
genes, thereby promoting tissue inflammation, fibrogenesis, in-
sulin resistance, and angiogenesis.34–36 In addition to adipose
tissue, PRO-C6 has been found to be present in fibrotic kidneys
and lungs, and it has been proposed as a promising prognostic
marker of outcome of chronic kidney disease37–39 and chronic
obstructive airway disease.40,41 In the present study, we found
high expression of PRO-C6 in liver biopsies of patients with ACLF.
The cellular origin of PRO-C6 and whether it is also expressed in
the extrahepatic organs in ACLF remains to be investigated. In
previous preclinical studies, PRO-C6 has been shown to promote
7vol. 3 j 100355



Table 4. Univariate competing-risk regression analysis for 28- and 90-day mortality in the study cohort A.

28-day mortality (15 died, 4 underwent transplantation) 90-day mortality (29 died, 11 underwent transplantation)

Variable HR (95% CI) p value HR (95% CI) p value

Age 1.005 (0.965–1.047) 0.806 1.021 (0.997–1.046) 0.091
Collagen formation markers

Log(PRO-C3) 1.349 (0.633–2.874) 0.438 1.280 (0.653–2.509) 0.472
Log(PRO-C6) 6.168 (2.366–16.080) <0.001 3.495 (1.509–8.093) 0.003

Liver and kidney injury
Log(Bilirubin) 4.100 (2.145–7.835) <0.001 3.201 (1.912–5.359) <0.001
Albumin 0.337 (0.102–1.107) 0.073 0.308 (0.124–0.767) 0.011
Log(INR) 11.692 (2.666–51.272) 0.001 12.092 (4.261–34.311) <0.001
Log(Creatinine) 3.596 (1.662–7.78) 0.001 2.718 (1.476–5.005) 0.001
Log(NGAL) 2.298 (1.628–3.243) <0.001 1.896 (1.403–2.563) <0.001

Inflammation
Log(WCC) 4.134 (1.385–12.337) 0.011 3.699 (1.517–9.019) 0.004
Log(IL-6) 1.517 (1.165–1.975) 0.002 1.283 (0.964–1.706) 0.087
Log(IL-8) 2.355 (1.527–3.63) <0.001 1.686 (1.205–2.359) 0.002
Log(IL-10) 1.310 (0.985–1.744) 0.064 1.308 (1.038–1.648) 0.023
Log(IL-1RA) 1.743 (1.267–2.397) 0.001 1.480 (1.089–2.013) 0.012
Log(sCD163) 7.512 (2.715–20.787) <0.001 6.528 (2.893–14.731) <0.001

Cell death
Log(cK18) 2.500 (1.431–4.366) 0.001 2.240 (1.521–3.299) <0.001
Log(K18) 1.936 (1.169–3.207) 0.01 1.826 (1.25–2.669) 0.002

Prognostic scores
MELD 1.180 (1.1–1.266) <0.001 1.175 (1.118–1.235) <0.001
CLIF-C AD* 1.259 (1.109–1.429) <0.001 1.157 (1.095–1.221) <0.001
CLIF-C ACLF† 1.136 (1.04–1.24) 0.005 1.168 (1.085–1.257) <0.001
CLIF-C OF 1.69 (1.385–2.061) <0.001 1.579 (1.325–1.882) <0.001

Values in bold denote statistical significance (p <0.05).
ACLF, acute-on-chronic liver failure; AD, acute decompensation; cK18, caspase-cleaved keratin 18; CLIF-C ACLF, CLIF Consortium Acute-on-Chronic Liver; CLIF-C AD, CLIF
Consortium Acute Decompensation; CLIF-C OF, CLIF Consortium Organ Failure; HR, hazard ratio; INR, international normalised ratio; K18, keratin 18; MELD, model for end-
stage liver disease; NGAL, neutrophil gelatinase-associated lipocalin; WCC, white cell count.
* This analysis could be performed in patients with AD only (n = 104), of which 5 died and 2 underwent transplantation at 28 days and 15 died and 5 underwent trans-
plantation at 90 days.
† This analysis could be performed in patients with ACLF only (n = 35), of which 10 died and 2 underwent transplantation at 28 days and 14 died and 6 underwent trans-
plantation at 90 days.

Table 5. Cox proportional hazards regression analysis in the validation cohort.

28-day mortality (12 died, 0 underwent transplantation) 90-day mortality (16 died, 0 underwent transplantation)

Variable HR (95% CI) p value HR (95% CI) p value

Age 1.045 (0.98–1.113) 0.178 1.056 (0.997–1.119) 0.065
ECM turnover markers

Log(PRO-C3_day1) 0.894 (0.277–2.888) 0.852 0.683 (0.244–1.915) 0.469
Log(PRO-C3 day4) 2.103 (0.311–14.215) 0.446 2.893 (0.645–12.982) 0.165
Log(PRO-C3_day7) 1.976 (0.355–10.997) 0.437 2.167 (0.495–9.496) 0.305
Log(PRO-C6 day1) 4.396 (1.147–16.851) 0.031 4.069 (1.262–13.122) 0.019
Log(PRO-C6_day4) 26.613 (2.737–258.751) 0.005 31.327 (4.408–222.645) 0.001
Log(PRO-C6 day7) 7.216 (1.721–30.249) 0.007 9.216 (2.549–33.324) 0.001

Liver and kidney function
Bilirubin 1.000 (0.997–1.003) 0.829 0.999 (0.997–1.002) 0.465
Albumin 1.049 (0.935–1.176) 0.417 1.125 (1.023–1.236) 0.015
INR 2.332 (0.655–8.299) 0.191 2.279 (0.754–6.886) 0.144
Log(Creatinine) 2.732 (0.941–7.93) 0.065 3.035 (1.192–7.73) 0.020

Inflammation
Log(WBC) 1.065 (0.379–2.994) 0.906 1.134 (0.473–2.718) 0.778

Prognostic scores
CLIF-C OF Day 1 1.449 (1.128–1.861) 0.004 1.504 (1.208–1.872) <0.001
CLIF-C OF Day 4 1.418 (1.121–1.793) 0.004 1.336 (1.100–1.623) 0.004
CLIF-C OF Day 7 1.710 (1.275–2.295) <0.001 1.795 (1.333-2.417) <0.001
CLIF-C ACLF Day 1 1.105 (1.030–1.185) 0.005 1.126 (1.056–1.201) <0.001
CLIF-C ACLF Day 4 1.090 (1.027–1.157) 0.005 1.081 (1.029–1.137) 0.003
CLIF-C ACLF Day 7 1.114 (1.046–1.186) 0.001 1.117 (1.051–1.188) <0.001

Values in bold denote statistical significance (p <0.05).
CLIF-C ACLF, CLIF Consortium Acute-on-Chronic Liver; CLIF-C OF, CLIF Consortium Organ Failure; ECM, extracellular matrix; HR, hazard ratio; INR, international normalised
ratio; WBC, white blood cell.
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Fig. 4. Plasma concentrations of PRO-C3 and PRO-C6 in the validation cohort of patients with ACLF and validation control cohorts. T test was used to
compare each pair of groups. ACLF, acute-on-chronic liver failure; HC, healthy control; SC, stable cirrhosis.
fibrogenesis and to induce JNK-dependent hepatocyte apoptosis
and hepatic inflammation on the background of chronic liver
injury.42,43 The known differences in tissue distribution and
biologic characteristics of PRO-C3 and PRO-C6 may explain the
correlation of PRO-C6 levels with extrahepatic organ failure and
mortality in patients with ACLF.

In vivo studies showed that laminin, elastin, hyaluronan, and
collagen-derived fragments can promote processes such as
monocyte/macrophage recruitment, neutrophil migration, and
JHEP Reports 2021
cytokine release through toll-like receptor (TLR)2 and TLR4 sig-
nalling pathways.44 Our study was not designed to address
whether circulating PRO-C6 is causally related to the systemic
inflammatory response seen in ACLF, and this therefore needs
further investigation. Nevertheless, we observed clear correla-
tions between PRO-C3/PRO-C6 and IL-8, IL10, and IL-1RA and the
macrophage activation marker sCD163. This may suggest a link
between liver inflammation, macrophage activation, and bio-
markers of interstitial ECM formation. In line with this,
9vol. 3 j 100355
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stimulation of fibroblasts with cytokines such as IL-6, likely
produced by activated macrophages, has been shown to lead to
the production of PRO-C6.24 This allows one to hypothesise that
this cell type, along with macrophages, may be important in
ACLF.45,46

The present study has some important strengths and
limitations. This study comprises a very well-defined study
cohort of patients with AD and ACLF, derived from the pro-
spectively performed multicentre observational CANONIC trial.
In addition, we had the availability of a validation cohort of
patients with ACLF, which showed consistent results. An
important limitation is the retrospective design of this ancillary
study and the absence of serial measurements of PRO-C3 and
PRO-C6 in the study cohort. Secondly, the number of patients
with ACLF in the study cohort is low, which impairs the sta-
tistical assessment of this subgroup, especially the association
of PRO-C3 and PRO-C6 with the severity of ACLF. Finally,
whether PRO-C6 is a biomarker or has pathophysiological
JHEP Reports 2021
significance in the development of ACLF has not been
addressed in the present study and needs to be investigated in
future studies.

Collectively, our findings in both the study and validation
cohorts consistently show that the collagen formation markers
plasma PRO-C3 and PRO-C6 increase with the different stages of
liver disease, with a marked upregulation in ACLF as compared
with that in AD. The observed increase of ECM formation in ACLF
and known properties of PRO-C6 may contribute to its patho-
genesis. Furthermore, the association of PRO-C6 with extrahe-
patic organ failures, inflammation, and mortality in ACLF points
toward a role for this relatively newly discovered bioactive
molecule in the pathogenesis of ACLF. As both PRO-C3 and PRO-
C6 are formation peptides of collagens that are associated with
fibroblast activity, this cell type may be important in ACLF.
Further research is needed to understand the molecular mech-
anisms and its suitability as a prognostic marker and/or a ther-
apeutic target.
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