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Background & Aims: MicroRNAs (miRNAs) circulate in several body fluids and can be useful biomarkers. The aim of this study
was to identify blood-circulating miRNAs associated with cirrhosis progression and acute-on-chronic liver failure (ACLF).
Methods: Using high-throughput screening of 754 miRNAs, serum samples from 45 patients with compensated cirrhosis,
decompensated cirrhosis, or ACLF were compared with those from healthy individuals (n = 15). miRNA levels were correlated
with clinical parameters, organ failure, and disease progression and outcome. Dysregulated miRNAs were evaluated in portal
and hepatic vein samples (n = 33), liver tissues (n = 17), and peripheral blood mononuclear cells (PBMCs) (n = 16).
Results: miRNA screening analysis revealed that circulating miRNAs are dysregulated in cirrhosis progression, with 51
miRNAs being differentially expressed among all groups of patients. Unsupervised clustering and principal component
analysis indicated that the main differences in miRNA expression occurred at decompensation, showing similar levels in
patients with decompensated cirrhosis and those with ACLF. Of 43 selected miRNAs examined for differences among groups,
10 were differentially expressed according to disease progression. Moreover, 20 circulating miRNAs were correlated with
model for end-stage liver disease and Child-Pugh scores. Notably, 11 dysregulated miRNAs were associated with kidney or
liver failure, encephalopathy, bacterial infection, and poor outcomes. The most severely dysregulated miRNAs (i.e. miR-146a-
5p, miR-26a-5p, and miR-191-5p) were further evaluated in portal and hepatic vein blood and liver tissue, but showed no
differences. However, PBMCs from patients with cirrhosis showed significant downregulation of miR-26 and miR-146a,
suggesting a extrahepatic origin of some circulating miRNAs.

Conclusions: This study is a repository of circulating miRNA data following cirrhosis progression and ACLF. Circulating
miRNAs were profoundly dysregulated during the progression of chronic liver disease, were associated with failure of several
organs and could have prognostic utility.

Lay summary: Circulating miRNAs are small molecules in the blood that can be used to identify or predict a clinical condition.
Our study aimed to identify miRNAs for use as biomarkers in patients with cirrhosis or acute-on-chronic liver failure. Several
miRNAs were found to be dysregulated during the progression of disease, and some were also related to organ failure and
disease-related outcomes.

© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Acute-on-chronic liver failure (ACLF) is a clinical syndrome
characterised by acute decompensation of cirrhosis, develop-
ment of hepatic and/or extrahepatic organ dysfunction, and
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impaired systemic inflammation.'™ It is associated with high
short-term mortality (28 days), which increases with the num-
ber of failed organs, with a rate ranging from 20% to 25% with 1
organ failure (ACLF-1) to 70-80% with 3 or more organ failures
(ACLF-3).°

Great effort has been made to identify biomarkers with
prognostic value for acute decompensation of cirrhosis and ACLF.
So far, several biomarkers correlating with poor patient outcome
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have been identified in ACLF, including neutrophil gelatinase-
associated lipocalin,® systemic circulatory dysfunction,” and C-
X-C motif chemokine ligand 10 (CXCL10),® among others.**!°
However, recent data show that no single marker alone can
define ACLF or predict its development; instead, the profile of
several inflammatory markers could be the key to evaluating this
heterogenous disease.!!

MicroRNAs (miRNAs) are small RNA molecules that regulate
gene expression at the post-transcriptional level by promoting
mRNA degradation or inhibiting mRNA translation.'? miRNAs are
dysregulated in the liver and are described as having an impor-
tant role in the pathophysiology of liver diseases."*'® Moreover,
they can also be used as biomarkers.!”~!°

Circulating miRNAs have been proposed as biomarkers in
cholangiocarcinoma,?®  hepatocellular ~ carcinoma,®  non-
alcoholic steatohepatitis (NASH),?>?® and cirrhosis,>*2° among
others. Based on previous studies, we hypothesised that circu-
lating miRNAs could be useful biomarkers to both stratify pa-
tients with advanced chronic liver disease and predict patient
outcomes.

The aim of this study was to determine circulating miRNAs
dysregulated during the progression of chronic liver disease that
might be useful as biomarkers. Specifically, the study aimed to
profile circulating miRNAs specifically dysregulated in patients
with decompensated cirrhosis or ACLF compared with patients
with compensated cirrhosis. To achieve these aims, high-
throughput analysis of circulating miRNAs and a subsequent
more directed analysis of 43 miRNAs were performed in patients
with different stages of chronic liver disease. The results showed
that there was a dysregulation of circulating miRNAs with the
progression of cirrhosis, mainly associated with decompensation
of cirrhosis. Moreover, the data showed no important differences
between patients with decompensated cirrhosis or ACLF.

This study provides a comprehensive report of circulating
miRNAs associated with the progression of cirrhosis, including
patients with compensated or decompensated cirrhotic, or ACLF,
as well as valuable information for future studies in the field of
circulating miRNAs in liver cirrhosis and ACLF.
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Materials and methods
Patients
For the analysis of circulating miRNAs, serum samples were
collected from 30 patients from the CANONIC study of the Eu-
ropean Foundation for the Study of Chronic Liver Failure (EF CLIF)
consortium: 15 patients with decompensated cirrhosis and 15
patients with ACLE. All patients with ACLF were grade ACLF-2 or
ACLF-3, with 12 patients having 2 organ failures (80% ACLF-2)
and 3 patients presenting with 3 or more organ failures (20%
ACLF-3). A group of 15 patients with compensated cirrhosis
admitted to the Liver Unit of the Hospital Clinic of Barcelona and
a group of 15 healthy individuals were included. The clinical
characteristics of the patients are described in Table 1.
Informed consent was obtained from all patients and the
study was approved by the Ethics Committee of the Hospital
Clinic of Barcelona. The study protocol was performed according
to the ethical guidelines of the 1975 Declaration of Helsinki.
The clinical characteristics of other patient cohorts analyzed
in this study are described in supplementary material and
Tables S1 and S2.

Determination of circulating miRNA expression
Isolated miRNAs from serum samples underwent retro-
transcription and pre-amplification reactions using the Human
miRNA Megaplex (Life Technologies) following the manufac-
turer’s instructions. Amplification of 754 miRNAs was performed
by OpenArray Technology, which is a high-throughput quanti-
tative (q)PCR system. OpenArray was performed by the Molec-
ular Genomics Veterinary Service of the Universitat Autonoma of
Barcelona. Data were normalised by global means. After nor-
malising miRNA expression, several samples were excluded
because of poor amplification, and further analyses were per-
formed with samples from 14 healthy individuals, 11 patients
with compensated cirrhosis, 14 patients with decompensated
cirrhosis, and 12 patients with ACLF, with a total of 51 samples.
Further description of the material and methods used can be
found in the supplementary material.

Table 1. Demographic, clinical, and laboratory characteristics of patients included in the circulating miRNA analysis.

Patient characteristics Patients with compensated Patients with decompensated  Patients with acute-on-chronic liver P
cirrhosis (n = 15) cirrhosis (n = 15) failure (n = 15) value
Age (year) 67 (58-73) 56 (51-65) 55 (47-57) 039
Male sex, n (%) 11 (73) 9 (60) 11 (73) 0.71
Alcoholic cirrhosis, n (%) 7 (47) 7 (47) 8(53) 041
Presence of ascites, n (%) 0 11 (73) 14 (93) 0.6
Presence of encephalopathy, n (%) 0 3(20) 10 (67) 0.13
Presence of  gastrointestinal 0 2 (13) 2(13) 07
bleeding, n (%)
Serum bilirubin (mg/dl) 1.3 (0.9-2.8) 3.0 (2.0-5.0) 16.0 (5.0-44.0) 0.000
Serum albumin (g/L) 37 (34-45) 30 (26-34) 24 (20-30) 0.000
INR 1.1 (1.0-1.2) 1.5 (1.4-1.7) 1.9 (1.6-2.9) 0.000
Platelet count (x10°/ml) 145 (99-175) 94 (63-139) 57 (42-89) 0.001
Serum creatinine (mg/dl) 0.7 (0.7-0.9) 0.9 (0.7-1.1) 1.9 (0.9-3.1) 0.002
Serum sodium (mEq/L) 141 (140-144) 137 (131-139) 129 (127-139) 0.002
Leukocyte count (x10°/ml) 5.6 (3.8-8.2) 6.0 (4.0-9.7) 7.5 (41-12.5) 0.547
C-reactive protein (mg/dl) 0.7 (0.2-1.5) 1.8 (0.5-4.9) 1.8 (1.1-6.5) 0.083
MELD score 8 (7-10) 16 (12-19) 32 (28-37) 0.000

INR, international normalised ratio; MELD, model for end-stage liver disease.
Comparison between groups were made by ANOVA test.
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Fig. 1. Profile of circulating miRNAs in patients with cirrhosis and ACLF. (A)

Heatmap of circulating miRNAs detected in serum samples of healthy individuals

(H; n = 14), patients with compensated cirrhosis (CC; n = 11), patients with decompensated cirrhosis (DC; n = 14), and patients with ACLF (n = 12). Red pixels
represent an increase in miRNA level in the indicated sample, whereas green pixels represent a decrease in miRNA abundance. (B) Unsupervised clustering
heatmap. Samples are clustered according to similarities in those circulating miRNAs with a reliable level of expression. Red pixels represent an increase in miRNA
level in the indicated sample, whereas blue pixels represent a decrease in miRNA abundance. (C) Principal component analysis where the 51 samples are
represented according to expression of the 2 variables that best represent the variability of miRNA levels. (D) Graphs showing distinct significant expression
profiles clustered by the STEM algorithm. H are in purple, CC in green, DC in light blue and ACLF in red. ACLF, acute-on-chronic liver failure.

Results
High-throughput analysis of serum circulating miRNAs
To analyse the presence of dysregulated miRNAs in the serum of
patients with chronic liver disease and ACLF, high-throughput
quantitative PCR technology was used to analyse serum from
15 healthy individuals, 15 patients with compensated cirrhosis,
15 patients with decompensated cirrhosis, and 15 patients with
ACLF. After normalisation of miRNA expression, some samples
were excluded from the analysis and only samples with reliable
amplification were included. Thus, samples from 14 healthy in-
dividuals, 11 patients with compensated cirrhosis, 14 patients
with decompensated cirrhosis, and 12 patients with ACLF were
analysed.

Of 754 miRNAs analysed, 481 were not detected in any of the
samples, whereas 277 miRNAs (36%) were detected in 1 or more
samples. To select miRNAs with a reliable level of expression

among all groups of samples, miRNAs were selected that were
amplified in at least 6 samples from each group of patients,
yielding a set of 118 miRNAs that were selected for further
analysis (Fig. 1A and Table S3). To assess whether the set of 118
miRNAs was useful to stratify patients according to disease stage,
an unsupervised clustering analysis was performed. The results
showed that healthy individuals, and patients with compensated
cirrhosis, decompensated cirrhotic or ACLF did not cluster
independently (Fig. 1B). Instead, two main clusters were
observed, one formed of healthy individuals and patients with
compensated cirrhosis, and the second by patients with
decompensated cirrhosis and ACLF. These data suggest that the
decompensation event determines major changes in circulating
miRNAs levels.

Principal component analysis (PCA) was performed to further
evaluate whether dysregulation of circulating miRNAs could
differentiate the different groups of samples. The miRNAs
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Fig. 2. Expression of 10 circulating miRNAs significantly differentiated during the progression of liver disease. Boxplots graphs representing the fold change
(expressed as 2724¢t) between healthy individuals (H; n = 14) and patients with compensated cirrhosis (CC; n = 15), patients with decompensated cirrhosis (DC;
n = 14), and patients with ACLF (n = 13). All miRNAs were significant (p <0.05) for the ANOVA test. Subsequent comparisons between groups were made with the
Bonferroni test: (a) p <0.05 vs. healthy individuals; (b) p <0.05 vs. CC; (c) p <0.05 vs. DC. ACLF, acute-on-chronic liver failure.

identified were not able to stratify patients according to disease
progression (Fig. 1C). However, whereas patients with decom-
pensated cirrhosis displayed a complete overlap with patients
with ACLF, healthy individuals and patients with compensated
cirrhosis clustered separately. This suggests that circulating

miRNAs are altered by decompensation of liver disease, but do
not appear to be further affected by the development of ACLF.
Next, the STEM algorithm,>” which looks for expression pro-
files in short data series, was used to evaluate the presence of
groups of miRNAs with the same expression pattern during the
progression of chronic liver disease. The algorithm revealed 4
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Fig. 3. Circulating miRNA with significant changes in expression between patients with or without a decompensation event. Evaluation of circulating
miRNAs in patients with decompensated cirrhosis (n = 30) divided according to the presence or absence of: renal failure, liver failure, encephalopathy, and
bacterial infection. Comparison between groups were made with ¢ test, *p >0.05.

different miRNAs clusters (Fig. 1D). Two clusters were identified
with miRNAs increasing from healthy samples to patients with
ACLF. The first cluster contained 8 miRNAs with a scaled increase
in patients with decompensated cirrhosis or ACLF compared
with healthy controls and patients with compensated cirrhosis.
Functional analysis of this cluster indicated that the miRNAs
identified were involved in the transforming growth factor
(TGF)-B, forkhead box O (FoxO), or mitogen-activated protein
kinase (MAPK) signalling pathways and were associated with

JHEP Reports 2021 vol. 3 | 100233

liver disease (Table S4). The second cluster contained 6 miRNAs
showing a constant increase in miRNA serum content with dis-
ease progression (‘progressive increase cluster’), and showed an
association with the phosphatidylinositol-3-kinase (PI3K)-Akt,
Whnt, and Hippo pathways (Fig. 1D and Table S4).

By contrast, 2 clusters of miRNAs were identified with a
serum content decreasing with disease progression. The ‘scaled
decreased cluster’ comprised 4 miRNAs that decreased with
disease progression but showed no changes between patients
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Fig. 4. Circulating miRNAs with significant changes in expression in patients with poor outcomes. Circulating miRNAs expression was evaluated in patients
(n = 45) with different outcomes 90 days after hospital admission. Comparison between groups were made with ¢ test, *p >0.05.

with decompensated cirrhosis and ACLF. The functional analysis
of this cluster showed an association with liver damage and liver
inflammation (Fig. 1D and Table S4). Finally, the ‘progressive
decrease cluster’ contained 7 miRNAs potentially involved with
renal dysfunction, endocytosis, and the ErbB signalling pathway
(Fig. 1D and Table S4).

Circulating miRNAs differentially expressed with disease
progression

Next, we sought to identify miRNAs differentially expressed with
cirrhosis progression. Of the 118 miRNAs, 51 miRNAs were
significantly differentially expressed among the 4 groups
(ANOVA p <0.05) (Fig. S1A), representing the miRNAs most
dysregulated during disease progression.

To depict the distribution of the 118 miRNAs along cirrhosis
progression, we represented them in a XY plot according to their
fold change vs. healthy individuals (Fig. S1B). The XY plot pre-
sents the fold change of every miRNA (Y axis) in each group of
patients compared with healthy values (X axis). As shown in the
XY plot, miRNA expression in patients with ACLF diverged most
from the middle axis, showing the highest fold change from

levels in healthy individuals. ACLF values were closer to patients
with decompensated cirrhosis (blue dots) and more distant from
patients with compensated cirrhosis (yellow dots).

Furthermore, we investigated whether the number of dys-
regulated miRNAs increased with disease progression. In total,
21 dysregulated miRNAs were found in patients with
compensated cirrhosis vs. healthy individuals, whereas there
were 37 dysregulated miRNAs in patients with decompensated
cirrhosis vs. healthy individuals; finally, 47 dysregulated miR-
NAs were found in patients with ACLF compared with healthy
individuals (Fig. S2). These data confirmed that dysregulation
of circulating miRNAs increased with the progression of
chronic liver disease.

By contrast, comparison of the different stages of liver
cirrhosis revealed 20 differentially expressed miRNAs in patients
with compensated cirrhosis compared with decompensated
cirrhosis, and 30 dysregulated miRNAs compared with patients
with ACLF. Interestingly, only 5 miRNAs were differentially
expressed in patients with ACLF vs. decompensated cirrhosis
(let-7¢, miR-324-3p, miR-99, miR-26a, and miR-192). Altogether,
these data suggest that, whereas miRNAs in patients with
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Serum miR-146a

Serum miR-26a

JHEP|Reports

Serum miR-191

ma 2.0 § 2.0 'g 2.0 7
@ b o ° & o
& 3 45 L4 &
14 1.5 L $ fg ] IL 157 ° *
E * * E E ° m] *
8104 8 104 &g $ 8104 o A
- N * o
L o5 @ T Aa £ o5y ® opH £057 o oo Aﬁﬁ_
= o A 3 F% g a
g il U A7 ) °
N 0.0 T T T N 0.0 T T T 0.0 T T T
Control cC DC Control CcC DC Control CcC DC
B Liver miR-146a Liver miR-26a Liver miR-191
4 54 2.5
O
o o
s 4 O 2.0 1
T A
) o 3 151 4 A
g 2 @A_A_
3 A P o EED A
A ° —ae 21 104 —0— A
. ApL ® HD Aty ' O
1 @ oo —As 1] 00— Ug AAA 05-
" DD AN .‘ O
0 T T T 0 T T T 0.0 T T T
Control cC DC Control cC DC Control cC DC
c 50 miR-146a 50 - miR-26a 60 - miR-191
50 - -@- Portalvein
Hepatic vei
254 40 - O Hepatic vein
30
20 —
07 20T
o
>
g
S 257 10
e}
[}
[N
-50 -
-60
-80 210 1
-100 -100
-120 - -120 - -20 -
D PBMC miR-146a PBMC miR-26a PBMC miR-191
2.0 1.5 2.5
154 ° .. 2.0 A
10{ —0&
[ ] i
S o] —w * $ ° * A ' * = BB
& o0 * L] m]m] A Lo
s 0.5 e 07 %o =5 San
0.5 O O A
0.0 T T T 0.0 T T T 0.0 T T T
Healthy cC DC Healthy cC DC Healthy cC DC

Fig. 5. Validation of miR-146a, miR-26a, and miR-191. (A) miRNAs were validated in serum samples of control individuals (n = 6), patients with compensated
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decompensated cirrhosis or ACLF do not show major changes,
decompensation determines an important change in circulating
miRNA patterns with cirrhosis progression.

JHEP Reports 2021 vol. 3 | 100233

Targeted analysis of 43 dysregulated miRNAs

To validate the results obtained with the OpenArray technology,
a smaller analysis was performed evaluating 43 miRNAs in the
same set of samples. This included the initial 60 samples with



correct amplification in 14 healthy individuals, 15 patients with
compensated cirrhosis, 14 patients with decompensated
cirrhosis, and 13 patients with ACLF. These 43 miRNAs were
selected out of the 51 miRNAs differentially expressed among the
4 groups. In agreement with the results of the high-throughput
analysis, 10 miRNAs (miR-146a-5p, miR-26a-5p, miR-191-5p,
miR-29a-3p, miR-133a-3p, miR-376-3p, miR-181b-5p, miR-210-
3p, miR-324-3p, and miR-485-3p) had a significant ANOVA p
value (Fig. 2). Out of the 10 significantly dysregulated miRNAs, 7
were downregulated with disease progression. Importantly, no
changes in miRNA expression were detected among patients
with ACLF and decompensated cirrhosis or between patients
with compensated cirrhosis and healthy controls, thus support-
ing the previous results that major circulating miRNAs changes
occur during decompensation of liver disease. miR-146a-5p,
miR-26a-5p, and miR-191 were consistently dysregulated
among patients with ACLF, compensated cirrhosis, or healthy
individuals (fold change of ALCF vs. compensated cirrhosis: -2.8 £
3.3,-2.8 £ 3.2, and -2.08 * 2.13, respectively; fold change of ACLF
vs. healthy patients: -2.5 * 3.2, -3.5 + 2.7, and -3.7 £ 2.6,
respectively), but did not show any differences from patients
with decompensated cirrhosis.

We further evaluated whether a group of miRNAs was able to
determine the probability of a patient having ACLF. Using the
data from the OpenArray analysis as well as the Exiqon algorithm
described in the Materials & methods, joint expression of miR-21,
miR-26a, and miR-376a identified a patient with ACLF with high
sensitivity and specificity. In both data sets, this group of 3
miRNAs was mainly dysregulated in patients with ACLF with an
AUC of 0.938 in the OpenArray data set and of 0.848 in the
Exiqon data set (Fig. S3).

Correlation of miRNA levels with clinical data and disease
severity scores

Given that the main changes in circulating miRNAs were asso-
ciated with cirrhosis decompensation and disease severity, we
evaluated changes in miRNAs in patients with renal failure, liver
failure, bacterial infection, or encephalopathy. The miRNAs
differentially expressed in each of the conditions are shown in
Fig. 3. To determine whether the downregulation was caused by
bacterial infection or chronic liver damage, the miR-223-3p, miR-
1464, and miR-191 levels were analysed in serum samples from
patients with sepsis. miR-146a and miR-223-3p were down-
regulated in patients with bacterial infection compared to
healthy individuals (Fig. S4), suggesting that bacterial infection is
the main event driving the dysregulation of these miRNAs. By
contrast, miR-191 levels were unchanged in patients with sepsis
(Fig. S4), suggesting that the main driver of miR-191 down-
regulation is the underlying chronic liver injury, which is further
affected by bacterial infection (Fig. 4).

We also observed that 7 miRNAs, including miR-146a and
miR-191, were significantly changed in patients who died within
90 days after admission (Fig. 4). Overall, these results highlight
the association of circulating miRNAs with liver disease severity,
clinical decompensation, and patient outcomes.

Next, we assessed whether the expression of the 39 miRNAs
correlated with scores of disease progression, such as model for
end-stage liver disease (MELD) and Child-Pugh scores, or with
clinical parameters. In total, 20 miRNAs were found that corre-
lated with one or more clinical parameters (Fig. S5). Moreover, a
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group of 6 miRNAs (miR-146a-5p, miR-26a-5p, miR-191-5p, miR-
29a-3p, miR-133a-3p, and miR-324-3p) correlated negatively
with MELD and Child-Pugh scores and also with bilirubin and the
International Normalised Ratio (INR). By contrast, there was a
positive correlation with serum albumin, suggesting that a
decrease in miRNA levels is associated with a decrease in serum
albumin, which also reflects impaired liver function. Altogether
these data support the idea that a decrease in these 6 miRNAs is
associated with a deterioration in liver function and an increase
in the severity of liver disease. Interestingly, no miRNAs corre-
lated with aspartate aminotransferase (AST), alanine amino-
transferase (ALT), and lactate dehydrogenase (LDH), indicating
that the levels of circulating miRNAs are not associated with
parenchymal damage.

Assessment of the source of circulating miRNAs

miRNAs are expressed in all cell types of the body and can be
released into circulation in response to a variety of stimuli and
situations. Therefore, we assessed the possible origin of 3 miR-
NAs that were significantly downregulated with the progression
of the disease and associated with clinical scores: miR-146a,
miR-26a, and miR-191. These 3 miRNAs were evaluated in the
liver, hepatoportal circulation, and peripheral inflammatory cells.
First, it was determined that the circulating levels of these
miRNAs in the validation cohort were the same as in the study
population. miR-146a, miR-26a, and miR-191 were confirmed to
be downregulated with the progression of the disease, with a
decreased level in the serum of patients with compensated
cirrhosis and being lower in the serum of patients with
decompensated cirrhosis (Fig. 5A).

Next, we assessed the liver expression of miR-146a, miR-26a
and miR-191(Fig. 5B). The expression of these 3 miRNAs in liver
tissue did not differ between patients with compensated
cirrhosis or decompensated cirrhosis compared with control
liver tissue.

Next, we evaluated the level of these miRNAs in plasma
samples obtained from the hepatic and the portal veins of 32
patients before undergoing transjugular intrahepatic portosys-
temic shunt (TIPS). All the patients included had decompensated
cirrhosis (Table S1). Evaluation of miR-146a, miR-26a, and miR-
191 in paired blood samples from hepatic and portal veins
showed changes in the levels of miRNA expression, with some
patients presenting an increase in miRNA levels and others a
decrease (Fig. 5C). Considering all patients together, there was no
conclusive trend in the changes of plasma levels observed in the
hepatic and portal veins. We then stratified patients into 2 cat-
egories: patients with either a decrease or an increase in miRNA
levels between hepatic and portal veins. No differences were
detected regarding the MELD score (miR-146a, p = 0.36; miR-26a,
p = 0.72; miR-191, p = 0.71) the Child-Pugh score (miR-146a, p =
0.60; miR-26a, p = 0.51; miR-191, p = 0.90) or serum trans-
aminases, between the two groups of patient.

These data suggest that the dysregulation of these miRNAs in
patients with cirrhosis is the result of changes in expression in
other tissues or organs. Given the importance of inflammation in
patients with hepatic cirrhosis, especially those with decom-
pensated cirrhosis, we next evaluated the expression of miR-
146a, miR-26a, and miR-191 in peripheral blood mononuclear
cells (PBMCs) from patients with compensated cirrhosis or
decompensated cirrhosis, and healthy individuals. The
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expression of miR-146a and miR-26a was significantly lower in
PBMCs from patients with compensated and decompensated
cirrhosis compared with healthy individuals (Fig. 5D). Interest-
ingly, miR-146a was significantly downregulated in patients with
decompensated cirrhosis compared with those with compen-
sated cirrhosis.

Altogether, these results suggest that the source of dysregu-
lated circulating miRNAs is not the diseased liver, but rather
extrahepatic tissues and organs, the dysfunction and failure of
which defines ACLF. Moreover, changes in the expression of
miRNAs in circulating inflammatory cells might be partially
responsible for the differences observed in circulating miRNAs,
such as miR-146a.

Discussion

This study is a comprehensive stepwise analysis of circulating
miRNAs in the serum of liver from patients with cirrhosis and
ACLF. Using high-throughput qPCR technology, 754 circulating
miRNAs were evaluated and several miRNAs were identified as
being associated with disease progression and being related to
relevant functions in hepatic disease. Moreover, miRNAs were
identified that correlated with survival and organ dysfunction.
Finally, the source of some miRNAs was determined, indicating
that dysregulation of miR-26a and miR-146a might derive from
altered PBMC expression. In addition, the results of this study are
an important resource of miRNA data that will be useful for
future research in the field of miRNAs in patients with liver
cirrhosis and ACLFE.

Previous studies have evaluated the presence and relevance
of circulating miRNAs in liver disease, such as cirrhosis**?>?% and
hepatocellular carcinoma.?**-! Recently, Cisilotto et al.>> eval-
uated circulating miRNAs in ACLF and identified miR-25-3p and
miR-223-3p as being significantly dysregulated; however, these
results were not confirmed in our study. Of note, we focussed our
study on the serum profile of miRNA with the progression of
cirrhosis and patients with ACLF, whereas Cisilotto et al. inves-
tigated patients with decompensated cirrhosis with or without
ACLF. Thus, we consider these studies to be complementary.

Furthermore, we identified a set of 3 miRNAs (miR-21, miR-
26a, and miR-376a) with the power to predict whether a pa-
tient has ACLF. Further studies should evaluate this set of miRNAs
in patients with decompensated cirrhosis to evaluate their po-
tential to predict ACLF even before its appearance.

The high-throughput approach allowed the identification of
an important number of miRNAs potentially dysregulated during
cirrhosis progression. Among those identified in the OpenArray
and Exiqon studies, only some were validated by focused alter-
native methods, and future studies could use these data as a
resource for identifying new biomarkers. Importantly, the profile
of dysregulated miRNAs in patients with decompensated
cirrhosis or ACLF patients was similar, and only 5 miRNAs were
differentially expressed. By contrast, both patients with decom-
pensated cirrhosis or ACLF showed important differences
compared with healthy individuals or those with compensated
cirrhosis. These results suggest that cirrhosis decompensation
has an important impact regarding the circulating miRNA serum
profile, which is not further altered in ACLF.

We reassessed 43 selected miRNAs by qPCR, including 26
miRNAs that were significant in the first screening and 17 extra
miRNAs selected based on tendency and/or previous studies.”*>°
This targeted analysis allowed evaluation of their correlation
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with clinical variables and disease progression. Some of these
circulating miRNAs showed a correlation with clinical parame-
ters, liver function scores, cirrhosis decompensation events, and
poor outcomes. Some of the miRNAs identified as being corre-
lated with organ failure have been previously described. For
instance, miR-210 and miR-145 were described to be related to
renal damage>*>° whereas miR-122 and miR-223-3p were
observed as being dysregulated in studies of brain damage.*%>”
In addition, miR-223-3p and miR-146a were downregulated in
patients with cirrhosis and bacterial infection, and also in a
cohort of patients with sepsis but without liver disease, which
suggests that bacterial infection drives the downregulation of
these miRNAs. These results are in agreement with previous data
describing the downregulation of these miRNAs in patients with
sepsis.>®>9 Larger cohorts of patients are needed to evaluate
these miRNAs as biomarkers, and mechanistic studies should be
performed.

Variations in circulating miRNAs might reflect changes in
miRNA expression in tissues or organs related to the disease. In a
previous study, miR-571 and miR-652 were found to be dysre-
gulated in the serum of patients with cirrhosis, and were also
altered in liver and cell compartments involved in the patho-
genesis of liver cirrhosis.?* For this reason, we assessed whether
dysregulated miRNAs in peripheral blood reflected changes in
miRNA expression in liver tissue. First, miR-146a, miR-26a, and
miR-191 were evaluated in paired samples of portal and hepatic
veins to assess whether the liver was the origin of the dysre-
gulated miRNAs. Although there were changes between the
portal and hepatic veins, these alterations were not significant
and did not have a correlation with any clinical parameter. Some
limitations regarding portal flow circulation should be consid-
ered, for instance, patients with cirrhosis could have a reverse
portal flow, which could have impacted our results, although 80%
of patients with TIPS have correct hepatoportal flow.*° Further
studies with larger cohorts of patients could determine whether
these changes have clinical significance.

In addition, we analyzed the expression of miR-146a, miR-
26a, and miR-191 in liver tissue; however, the level of expression
did not change and, therefore, could not explain the changes
observed in the circulation. Inflammatory cells can also be a
source of changes in circulating miRNAs and, thus, we also
evaluated miRNA expression in PBMCs of patients with
compensated and decompensated cirrhosis. Interestingly, there
was a significant reduction in the expression of miR-26a and
miR-146a in PBMCs from patients with cirrhosis compared with
healthy individuals. Remarkably, miR-146a was further
decreased in patients with decompensated cirrhosis compared
with those with compensated cirrhosis.

MiR-146a has been widely studied in inflammation and has
been demonstrated to have a role in haematopoiesis.****> Previ-
ous studies also reported the downregulation of miR-146a in
hepatocellular carcinoma®>** and ischaemia/reperfusion dam-
age.” Interestingly, a recent study described the downregulation
of miR-146a in the serum, liver tissue, and PBMCs of patients
with liver cirrhosis,*® supporting our results. Our results are also
in agreement with a previous study in which miR-155 levels in
inflammatory cells were shown to be altered in response to liver
injury and to regulate inflammatory cell recruitment and liver
injury.*’ Taken together, these results suggest that dysregulation
of miRNAs in circulating inflammatory cells is responsible for the
changes observed in circulatory miRNAs in chronic liver disease
and ACLE.
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Overall, the current study shows that advanced chronic liver
diseases are associated with important changes in circulating
miRNAs, particularly after cirrhosis decompensation. However,
these findings should be confirmed in a larger cohort of patients,
especially patients with ACLF, given that ACLF is a very heter-
ogenous clinical condition.

In this study, we showed that there is important dysregula-
tion of circulating miRNAs with the progression of chronic liver
disease. Moreover, we focused on miR-146a, miR-26a, and miR-
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191, which are significantly downregulated during the progres-
sion of liver cirrhosis and show a correlation with clinical pa-
rameters. Furthermore, miR-146a dysregulation correlates with
patient outcomes. Further analysis elucidated that these miRNAs
are not specifically dysregulated in liver tissues. Conversely, miR-
146a and miR-26a are significantly downregulated in the in-
flammatory cell compartment, suggesting an important role for
inflammatory cells in the dysregulation of circulating miRNAs in
ACLE.
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