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Plasma levels of soluble ST2, but not IL-33, correlate with the
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1 | INTRODUCTION

Alcoholic liver disease (ALD) is a complex process that covers a

broad spectrum of disorders, including simple steatosis, alcoholic

Zijian Sun and Binxia Chang contributed equally to this work.

Abstract

Alcoholic liver disease (ALD) is a complication that is a burden on global health and econ-
omy. Interleukin-33 (IL-33) is a newly identified member of the IL-1 cytokine family and is
released as an “alarmin” during inflammation. Soluble suppression of tumourigenicity 2
(sST2), an IL-33 decoy receptor, has been reported as a new biomarker for the severity of
systemic and highly inflammatory diseases. Here, we found the levels of plasma sST2,
increased with the disease severity from mild to severe ALD. Importantly, the plasma sST2
levels in ALD patients not only correlated with scores for prognostic models (Maddrey's
discriminant function, model for end-stage liver disease and Child-Pugh scores) and
indexes for liver function (total bilirubin, international normalized ratio, albumin, and choli-
nesterase) but also correlated with neutrophil-associated factors as well as some proin-
flammatory cytokines. In vitro, lipopolysaccharide-activated monocytes down-regulated
transmembrane ST2 receptor but up-regulated sST2 mRNA and protein expression and
produced higher levels of tumour necrosis factor-a (TNF-a). By contrast, monocytes pre-
treated with recombinant sST2 showed decreased TNF-a production. In addition, although
plasma IL-33 levels were comparable between healthy controls and ALD patients, we
found the IL-33 expression in liver tissues from ALD patients was down-regulated at both
RNA and protein levels. Immunohistochemical staining further showed that the decreased
of IL-33-positive cells were mainly located in liver lobule area. These results suggested that
sST2, but not IL-33, is closely related to the severity of ALD. Consequently, sST2 could be
used as a potential biomarker for predicting the prognosis of ALD.

KEYWORDS
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hepatitis (AH), alcoholic liver cirrhosis (ALC), and hepatocellular carci-
noma (HCC).! Abstinence from drinking is the most effective treat-
ment for patients with ALD, but it is difficult to achieve due to
alcohol relapse. Corticosteroids have been used in patients with ALC

superimposed severe AH (SAH), but this treatment is only partially
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effective.? Liver transplantation is a good choice for ALD patients
with severe liver dysfunction, as its outcome is better than in
patients with other liver diseases.® However, several limitations, such
as donors, waiting time, high cost, and multiple complications,
restrict the use of liver transplantation.

Alcohol and its metabolite (acetaldehyde)-induced immune
response play an important role in driving the disease progression
of ALD. For example, acetaldehyde binds to proteins and DNA to
form autoantigens, which could induce mitochondria damage,
impair glutathione function, and generate reactive oxygen species.
Alcohol abuse also results in colonic microbiota changes and
increased intestinal permeability, which leads to elevated serum
levels of lipopolysaccharide (LPS), increased LPS levels further trig-
ger innate and adaptive immune responses resulting in proinflam-
matory cytokine production and pathogenic cell (neutrophils,
monocytes) localization to the liver.*” More recently, strategies to
blockade proinflammatory cytokines have been tested in clinical
trials. For instance, an IL-1R antagonist and an IL-1 inhibitor are
being used in patients with severe AH, and IL-22 is being used in
AH patients.® Identifying the characteristics of novel cytokines in
ALD may provide new targets for the diagnosis and treatment of
ALD.

Interleukin-33 (IL-33) is classified in the IL-1 cytokine family and
is broadly expressed in epithelial cells, endothelial cells, smooth mus-
cle cells, and several organs, such as lung and central nervous sys-
tem.?*! Suppression of tumourigenicity 2 (ST2) is an orphan
receptor for IL-33. There are mainly three expression forms of ST2:
a full-length transmembrane form (ST2L), a soluble form (sST2), and

a novel variant.*?

The IL-33-ST2 axis is implicated in the pathogene-
sis of a variety of conditions, including asthma, rheumatoid arthritis,
and Alzheimer's disease.r>° In the field of hepatology, the charac-
teristics of the IL-33-ST2 axis have been extensively studied. In a
diet-induced nonalcoholic fatty liver disease (NAFLD) mouse model,
both the mRNA and protein expression levels of IL-33 and ST2 were
increased in the liver. Treatment with IL-33 attenuated hepatic
steatosis, systemic insulin resistance, and glucose intolerance and
reduced serum ALT activity while aggravating hepatic fibrosis. Fur-
thermore, IL-33 can promote the type 2 T helper cell (Th2) response
and M2 macrophage activation and beneficially modulate the expres-
sion profiles of fatty acid metabolism genes in the liver. IL-33 did
not affect hepatic steatosis and fibrosis in a ST2~/~ NAFLD mice
model. Moreover, in the liver of NAFLD patients, IL-33 and ST2
mMRNA expression levels were increased with the progression of the
disease. To sum up, treatment with IL-33 attenuated hepatic steato-
sis induced by diet but aggravated hepatic fibrosis through an ST2-
dependent manner.'® In patients with hepatitis B virus infection or
hepatitis C virus infection, plasma IL-33 levels were significantly
increased, and the concentration changes were consistent with
serum ALT levels.”*® The protective role of the IL-33-ST2 axis in
concanavalin A-induced severe hepatitis has received attention. After
ST2-/- mice were treated with concanavalin A, they exhibited a high
number of mononuclear cells in the liver and high levels of proin-

flammatory tumour necrosis factor (TNF)-a and interferon (IFN)-y.

However, the numbers of CD4" Foxp3* cells were significantly
higher in WT mice. Furthermore, WT mice treated with IL-33 had
attenuated liver damage and increased CD4" Foxp3™ cells in the
liver. IL-33 also suppressed caspase-3 activation and BAX expression
and enhanced Bcl-2 expression in the liver.'? When NKT-deficient
mice or TNF-related apoptosis-inducing ligand (TRAIL)-deficient mice
received concanavalin A treatment, IL-33 expression in hepatocytes
was also inhibited. These results suggested that NKT cells and TRAIL
are responsible for inducing IL-33 during acute hepatitis.2%?* Many
studies have shown that the IL-33-ST2 axis is associated with liver
fibrosis. IL-33 and ST2 were overexpressed at the mRNA level in
mouse and human fibrotic livers, and IL-33 expression was corre-
lated with collagen expression.?? Mechanism investigations revealed
that innate lymphoid cell type 2 (ILC2) was involved in the process.
IL-33 led to the activation and accumulation of ILC2 through ST2
signalling in the liver. IL-33-mediated ILC2 produced IL-13, and IL-13
then initiated the activation and differentiation of hepatic stellate
cells (HSCs) via the IL-4Ra-STAT6 transcription factor-dependent
pathway. In addition, in ST2-deficient liver fibrosis mice, HSC activa-
tion was decreased, and IL-33 could activate HSCs in vitro.2%24
Recently, Wang and coworkers found a dual role of the IL-33-ST2
axis during ALD development. In mice with mild ALD, ST2 dampened
the inflammatory activation of hepatic macrophages through
inhibiting the NF-xB pathway and played a protective role in an IL-
33-independent manner. In contrast, at the later and severe stages
of ALD, extracellular IL-33 was markedly increased, thus triggering
IL-33-ST2 signalling and resulting in significant cell death and liver
injury.2®

In the present study, we further assessed the characteristics of
the IL-33-ST2 axis in a cohort of patients with ALD and found that
serum sST2 levels were profoundly increased in patients with ALD

and were closely associated with disease progression.

2 | MATERIALS AND METHODS

2.1 | Patients

Forty-six patients with ALD were enrolled in the study who have an
excess alcohol consumption history (>30 g/d) together with the indi-
cation of liver injury such as clinical and/or biological abnormalities
and were diagnosed according to existing criteria,2® including eight
mild ALD patients without liver cirrhosis (MALD) all confirmed by
liver biopsy and 38 patients progressing to the stage of ALC
diagnosed using ultrasonography, magnetic resonance imaging or
computed tomography techniques. Individuals with concurrent HBV
infection, HCV infection, autoimmune liver diseases, and severe sys-
temic diseases were excluded. Of the ALC patients, a subset was
divided further into 15 patients with ALC superimposed SAH (ALC+-
SAH) based on Maddrey's discriminant function (MDF) scores of
more than 32. In conclusion, patients with ALD were divided into
three groups, that is, MALD group without liver cirrhosis, ALC group,
and ALC+SAH group. The MDF formula was 4.6 x [patient pro-
thrombin time (PT) (s) — matched control PT (s)] + [serum bilirubin
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(pmoI/L)/17.1)].27'28 The model for end-stage liver disease (MELD)
and Child-Pugh scores were also calculated.

The study was approved by the Beijing 302 Hospital Ethics Com-
mittee, and written informed consent was obtained from the partici-
pants or their relatives. The baseline clinical data of all patients and
healthy controls (HCs) are summarized in Table 1.

Liver biopsies from five MALD patients undergoing diagnosis,
liver tissues from four ALC patients undergoing liver transplanta-
tion, and nine healthy liver donors were obtained for subsequent

studies.

2.2 | Microarray assay

Total RNA was extracted from the liver biopsy tissues using a QIA-
GEN RNeasy® Mini Kit (Qiagen, Hilden, Germany) and then quanti-
fied with a NanoDrop ND-2000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA). The RNA integrity was further
assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies,
Santa Clara, CA, USA). Total RNA was transcribed into double-

TABLE 1 Clinical characteristics of study subjects
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stranded cDNA and then hybridized onto an Affymetrix PrimeView
Human Gene Expression Array and scanned with an Affymetrix
Scanner 3000 (Affymetrix, Thermo Scientific). Raw data were
obtained with an Affymetrix GeneChip Command Console (version
4.0, Affymetrix, Thermo Scientific) and subjected to a basic analysis

using Genespring software (version 13.1, Agilent Technologies).

2.3 | Quantitative real-time PCR (qPCR)

mRNA was extracted using TRIzol reagent (Thermo Scientific). First-
strand cDNA was synthesized using a RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific), and gPCR amplification was per-
formed using SYBR Green Master Mix (Applied Biosystems, CA, USA)
according to the manufacturer's instructions. Primers used for the tar-
get genes were as follows: IL-33 (forward primer, 5 - GGAAGAACA-
CAGCAAGCAAAGCCT - 3’; reverse primer, 5 - TAAGGCCAG
AGCGGAGCTTCATAA - 3'), ST2L (forward primer, 5 - AGGCTT
TTCTCTGTTTCCAGTAATCGG - 3’; reverse primer, 5 - GGCCTCA
ATCCAGAACATTTTTAGGATGATAAC - 3'), and sST2 (forward primer,

HC MALD ALC ALC+SAH
Groups (n = 20) (n=28) (n =23) (n = 15)
Age, years 9 (21-38) 47 (35-67) 52 (34-64) 4 (32-63)
Male, n (%) 0 (100) 8 (100) 23 (100) 5 (100)
WBC, 10%/L 5(4.8-8.1) 5.4 (4.5-10.4) 3.6 (1.1-19.9) 8(1.9-29.1)
NEU#, 10°/L 9 (2.1-4.9) 2.5(1.9-6.1) 2.0 (0.8-14.7) 7 (1.3-16.2)
LYM#, 10°/L 2 (1.6-2.9) 2.3 (1.5-3.6) 1.1 (0.1-3.2) 2 (0.5-4.1)
NLR 8 (1.0-2.5) 1.3 (0.7-3.3) 2.0 (0.5-11.6) 4(2.1-11.6)
HGB, g/L 155 (128-167) 148 (109-168) 109 (54-154) 6 (55-119)
PLT, 10°/L 235 (184-314) 213 (174-250) 76 (24-281) 9 (19-245)
PT, s — 10.8 (10.6-12.7) 14.3 (10.3-18.5) .3 (17.0-25.4)
INR — 0.9 (0.9-1.1) 1.3 (0.9-1.6) 8 (1.5-2.3)
ALT, U/L 6 (14-66) 163 (64-447) 27 (9-55) 0 (13-48)
AST, U/L 3 (17-63) 144 (23-637) 43 (20-154) 5(25-118)
AST/ALT 0 (0.7-1.4) 0.9 (0.4-1.5) 1.7 (0.9-3.4) 2 (1.7-3.0)
TBIL, pmol/L 13.1 (8.1-23.3) 11.1 (5.9-78.2) 28.8 (5.3-98.0) (92.1-331.6)
ALB, g/L 7 (44-50) 40 (31-45) 32 (21-42) 1(22-37)
CHE, U/L — 7067 (4230-10688) 3324 (1210-6250) 2 (755-3527)
ALP, U/L — 141 (57-220) 122 (66-262) 7 (77-280)
GGT, U/L — 179 (19-2253) 65 (11-666) 6 (16-321)
CR, pmol/L — 69 (52-97) 62 (36-343) 2 (53-149)
MDF score — —6.3 (=7.2 to 4.6) 11.3 (-8.2 to 31.4) 7 (34.1-74.3)
MELD score — —4.5 (-8.7 to 3.4) 2.9 (-6.9 to 22.3) .7 (10.9-19.9)
Child-Pugh score — 5 (5-8) 7 (5-11) 1 (8-13)

HC, healthy control; MALD, mild alcoholic liver disease; ALC, alcoholic liver cirrhosis; ALC+SAH, alcoholic liver cirrhosis superimposed severe alcoholic
hepatitis; WBC, white blood cell; NEU#, absolute value of neutrophils; LYM#, absolute value of lymphocytes; NLR, neutrophil-to-lymphocyte ratio; HGB,
haemoglobin; PLT, platelet; PT, prothrombin time; INR, international normalized ratio; ALT, alanine aminotransferase; AST, aspartate transaminase; TBIL,
total bilirubin; ALB, albumin; CHE, cholinesterase; ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase; CR, creatinine; MDF, Maddrey's discrim-

inant function; MELD, model for end-stage liver disease.
Data are shown as number (%) or median (range).
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5 - GAAGGCACACCGTAAGACTA - 3’; reverse primer, 5 -
GACAAACCAACGATAGGAGG - 3'). B-Actin was used as an endoge-
nous control (forward primer, 5" - CATGTACGTTGCTATCCAGGC - 3;
reverse primer, 5'- CTCCTTAATGTCACGCACGAT - 3'). These primers
were synthesized by Invitrogen (Beijing, China). The specificity of the
amplification was determined by melting curve analysis. The relative
fold change in each gene was calculated using the 2(—AAC(T))
method.?’

2.4 | Western blot analysis

Proteins were extracted from the liver tissues, and the concentra-
tions were determined using the Bradford method. A total of 30 pg
total soluble proteins was separated by 12% sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis and transferred onto a
polyvinyl difluoride membrane. The membrane was blocked and
incubated with a primary anti-IL-33 antibody (1:500, ab118503,
Abcam, Cambridge, UK) and anti-B-actin antibody (1:2000, 4967, Cell
Signaling Technology, Boston, MA, USA) for 3 h at room tempera-
ture. The membrane was then incubated with a secondary antibody
(goat anti-rabbit 1gG peroxidase conjugate, 1:3000, Abcam) and fur-
ther detected using an enhanced chemiluminescence detection kit
(Engreen Biosystem, Beijing, China). ImageJ) was used for greyscale
analysis, and p-actin was employed as the loading control.

2.5 | Immunohistochemical staining

Formalin-fixed, paraffin-embedded liver tissue sections were incu-
bated with an anti-IL-33 antibody overnight at 4°C after boiling in an
ethylenediaminetetraacetic acid antigen retrieval solution (pH 8.0) at
98°C for 10 min for antigen-epitope retrieval and blocking endoge-
nous peroxidase activity with 0.3% hydrogen peroxide. Then, the sec-
tions were incubated for 30 minutes with poly HRP-anti-Mo/Rb I1gG
secondary antibody (Zsbio, Beijing, China) at 37°C, and staining was
performed using 3-amino-9-ethylcarbazole (AEC, red colour) as a col-
orimetric substrate, followed by counterstaining with haematoxylin.
The IL-33 expression levels for the semiquantitative assay were mea-
sured with Image-Pro Plus 6.0 software (Media Cybernetics, CA, USA)

and expressed as the integrated optical density (IOD) parameter.

2.6 | Monocyte isolation and activation

CD14* monocytes were separated using a Pan Monocyte Isolation
Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer's instructions. The purity of the separated monocytes
was >90%. The purified monocytes were activated using LPS
(1000 ng/mL, Sigma, St. Louis, USA) or an equal volume of normal
saline for 6 h. After stimulation, the supernatant from the culture
was used for sST2 detection, and adherent monocytes were col-
lected for surface ST2 detection and message ST2 detection.

For investigating the effect of sST2 on monocytes, purified
monocytes were pretreated with or without recombinant sST2
(rsST2, 100 ng/mL, R&D Systems, Minneapolis, MN, USA) for 1 h

and were further stimulated with 1000 ng/mL LPS or an equal vol-
ume of normal saline for 6 h. Subsequently, the levels of TNF-a

production in monocytes were detected by flow cytometry.

2.7 | Flow cytometric analysis

For extracellular staining, isolated and cultured monocytes were first
blocked with FcR block (Human TruStain FcX, Biolegend, San Diego, CA,
USA) at 37°C for 30 min. Then, the cells were stained with antibodies
for anti-CD14 (325606, Biolegend), anti-ST2L, or anti-lgG1 isotype con-
trol (101002F and 1053002F, MD Biosciences, Oakdale, MN, USA) and
incubated for 20 min at 4°C in the dark. For intracellular TNF-« staining,
monocytes were permeabilized, fixed, and stained using the Fixation/
Permeabilization Kit according to manufacturer's instructions (BD Bio-
sciences, San Jose, CA, USA) then were stained with antibody specific to
TNF-a (502912, Biolegend) as described above. The stained monocytes
were analysed with a FACS Calibur flow cytometer (BD Biosciences) and
FlowJo software (TreeStar, Ashland, OR, USA).

2.8 | Enzyme-linked immunosorbent assay (ELISA)

Commercial ELISA kits were used to measure IL-33, IL-1p, IL-6 (Bio-
Legend), soluble cluster of differentiation 14 (sCD14), intestinal fatty
acid binding protein (I-FABP), and sST2 (R&D Systems) according to
the manufacturers’ protocols.

2.9 | Statistical analysis

Continuous variables are expressed as the median with the range or the
mean * standard deviation (SD). Comparisons between various individu-
als were performed with the Mann-Whitney U test, whereas multiple
comparisons between different groups were analysed using the Kruskal-
Wallis H nonparametric test. The Wilcoxon matched-pair t test was
applied to comparisons between the same individual after different
treatments. Correlations between variables were evaluated by Spear-
man's rank correlation test. All statistics were performed using SPS520.0,

and a two-sided P-value <0.05 indicated statistical significance.

3 | RESULTS

3.1 | Increased plasma levels of sST2, but not 1L-33,
were associated with ALD severity

We measured plasma IL-33 and sST2 levels in a cohort of patients
with ALD and HCs. We found that the plasma levels of IL-33 were
similar between the HCs and all of the patients with ALD, and no
differences were observed between each group (Figure 1A).

We then detected the plasma levels of sST2, which were signifi-
cantly higher in patients with ALD (median 54.0 ng/mL, range 13.1-
90.5 ng/mL) than in the HCs (median 21.6 ng/mL, range 6.6-51.3 ng/
mL, P < 0.001). However, the plasma sST2 concentrations were not
different between the MALD group (MALD: median 26.2 ng/mL,
range 17.6-45.4 ng/mL) and the HC group. Interestingly, the plasma
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FIGURE 1 Plasma levels of sST2 increased with the disease severity in ALD patients. (A-B) Plasma levels of IL-33 and sST2 in 20 HCs and
46 ALD patients, including 8 MALD and 38 ALC patients (including 15 patients with ALC+SAH). (C) Correlation analysis of plasma sST2 levels

and prognosis scores (MDF scores and MELD scores were calculated for all ALD patients, and Child-Pugh scores were calculated for ALC

patients)

concentrations of sST2 were significantly higher in patients with
ALC (median 51.4 ng/mL, range 13.1-78.5 ng/mL) than in HCs and
patients with MALD. Particularly in ALC+SAH patients, the plasma
sST2 concentrations (median 75.6 ng/mL, range 53.3-90.5 ng/mL)
were further increased compared to those in ALC patients without
severe liver damage (HC vs ALC:

P <0.001, HC vs ALC+SAH: P <0.001, MALD vs ALC:
P =0.004, MALD vs ALC+SAH: P <0.001, ALC vs ALC+SAH:
P < 0.001, Figure 1B).

We analysed the correlations between plasma sST2 concentra-
tions and the prognostic model scores in the ALD patients. Plasma
sST2 levels correlated positively with both MDF scores (r = 0.753,
P < 0.001) and with MELD scores (r = 0.607, P < 0.001). Increased
sST2 levels were also correlated positively with the Child-Pugh score
(r = 0.464, P =0.003, Figure 1C) within ALC patients (ALC and
ALC+SAH groups). These data suggested that the increased plasma

levels of sST2 were associated with the ALD severity.

3.2 | Assessment of the potential correlations
between sST2 levels and liver damage markers,
liver proteosynthetic and reserve function, and
neutrophil-associated indexes

Alanine aminotransferase (ALT) and aspartate transaminase (AST) are
important indicators of early liver damage. However, we did not
observe any correlation between plasma sST2 levels and ALT or AST
levels (Figure 2A). By contrast, sST2 levels were positively correlated

with serum total bilirubin levels (TBIL, r = 0.661, P < 0.001) and the
international normalized ratio (INR, r = 0.713, P < 0.001, Figure 2B),
both of which are markers for later liver damage.

Albumin (ALB) and cholinesterase (CHE) were used to reflect
the reserve function. We observed
inverse correlations between plasma sST2 and serum ALB (r
= -0.384, P = 0.008) and CHE (r = —0.635, P < 0.001, Figure 2C)

levels.

liver proteosynthetic and

Neutrophils are considered to be the primary cell type responsi-
ble for liver damage in ALD, and the neutrophil-to-lymphocyte ratio
(NLR) was recently identified to be associated with adverse progno-
sis in some diseases.>° We found positive correlations between sST2
levels and the absolute value of neutrophils (NEU#, r = 0.390,
P =0.007) and the NLR (r=0.497, P < 0.001, Figure 2D). These
results suggest a link between sST2 levels and the immune response

involving neutrophils.

3.3 | Assessment of the potential correlations
between sST2 levels and markers for inflammation
and gut damage

Inflammatory cytokines, including IL-18 and IL-6, are important
pathogenic factors that contribute to the development of ALD. In
agreement with the literature, serum levels of both IL-1p and IL-6
were significantly increased in ALD patients (IL-18 HC: median
0.4 pg/mL, range 0.0-9.9 pg/mL, ALD: median 3.9 pg/mL, range 0.0-
150.3 pg/mL, HC vs ALD: P =0.018; IL-6 HC: median 1.9 pg/mL,
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FIGURE 2 Correlation analysis of plasma sST2 levels and clinical indexes in ALD patients. (A-B) Correlation analysis of plasma sST2 levels
and liver damage parameters (ALT, AST, and TBIL levels and the INR) in 46 ALD patients. (C) Correlation analysis of plasma sST2 levels and
liver proteosynthetic and reserve function markers (ALB and CHE) in 46 ALD patients. (D) Correlation analysis of plasma sST2 levels and

neutrophil-associated indexes (NEU# and NLR) in 46 ALD patients

range 1.5-3.6 pg/mL, ALD: median 5.2 pg/mL, range 1.7-111.3 pg/mL,
HC vs ALD: P < 0.001, Figure 3A and B). We observed that sST2
levels were positively correlated with IL-1p and IL-6 levels (IL-1p,
r=0.347, P = 0.018; IL-6, r = 0.561, P < 0.001).

Intestinal fatty acid binding protein (I-FABP) is expressed in
epithelial cells and released when intestinal mucosal damage
occurs.® We found that serum I-FABP levels were significantly
increased in ALD patients (HC: median 1.9 ng/mL, range 0.6-3.2 ng/
mL, ALD: median 4.4 ng/mL, range 0.6-10.9 ng/mL, HC vs ALD:
P < 0.001, Figure 3C).

between plasma sST2 levels and I-FABP.

However, no correlation was observed

Serum sCD14 levels can be used as a marker for LPS bioac-
tivity in HIV infection.>? However, the plasma levels of sCD14
were not different between HCs and ALD patients, and no corre-
lation was observed between plasma sST2 and sCD14 levels (Fig-
ure 3D).
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3.4 | LPS-activated monocytes were one of the
major cell types involved in sST2 production

ST2L is expressed mainly on various haematopoietic cells, including
Th2 cells, mast cells, and eosinophils.333* However, the cell types
associated with sST2 are unclear. We further investigated whether
monocytes were associated with ST2. Transmembrane receptor
ST2L expression was significantly lower in the LPS-activated mono-
cyte group (MFI: 389 + 107.7) than in the control group without
LPS stimulation (MFI: 244 + 42.4, P = 0.028, Figure 4A). Interest-
ingly, there was no significant difference in the ST2L mRNA levels of
monocytes with or without LPS stimulation. By contrast, the mRNA
levels of sST2 were significantly increased after the monocytes were
treated with LPS (control group: 1.00 +£0.81; LPS group:
41.24 + 65.23, P = 0.018, Figure 4B). Furthermore, the sST2 concen-
trations in the supernatants from the LPS group (74.63 + 33.82 pg/
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FIGURE 3 Assessment of potential correlations between sST2 levels and inflammation markers. (A-D) Plasma levels of IL-1p, IL-6, I-FABP,
and sCD14 in 20 HCs and 46 ALD patients and correlation analyses of plasma sST2 and the above molecules in 46 ALD patients
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mL) were markedly higher than those in the paired control group
(34.37 £ 11.30 pg/mL, P = 0.018, Figure 4C).

3.5 | sST2 attenuated TNF-a production from
LPS-activated monocytes

TNF-a has been reported to be one of representative proinflamma-
tory cytokines produced through NF-xB pathway in monocytes.®® To
detect the effect of sST2 on monocyte responses, monocytes iso-
lated from patients with ALD were stimulated with LPS in the pres-
ence or absence of rsST2. As showed in Figure 5, monocytes
produced higher levels of TNF-a after stimulated by LPS, suggested
LPS effectively activates NF-kB pathway in vitro (TNF-a* CD14%%,
control group: 1.89 + 0.50; LPS group: 41.50 + 17.44, P = 0.001). Of
note, rsST2 itself has no effect on inducing TNF-a production from
monocytes. Importantly, we found that pre-rsST2-treated monocytes
significantly down-regulate TNF-a production in response to LPS,
suggested sST2 partially attenuated the response of LPS-activated
monocytes (LPS+rsST2 group: 33.14 + 18.54, P = 0.018).

3.6 | IL-33 expression was decreased in the livers
of ALD patients

We further examined whether there was a difference in IL-33
expression in the livers of ALD patients and HCs. The heatmap in
Figure 6A shows that IL-33 gene expression slightly decreased in
MALD group, whereas no difference was observed in the ST2 levels.
IL-33 and ST2 gene expression was further validated by gPCR. In
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FIGURE 4 Profile of ST2 expression in LPS-activated monocytes.
(A) Flow cytometric analysis of ST2L expression changes in
monocytes stimulated with 1000 ng/mL LPS for 6 hours in vitro

(n = 6 per group). IgG1 was used as an isotype control, and MFI
values for ST2L are shown. (B-C) gPCR analysis of the changes in
sST2 mRNA expression in monocytes and sST2 concentrations in
the supernatants after LPS treatment as in (A) (n = 7 per group)
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FIGURE 5 sST2 attenuated TNF-a production from LPS-activated
monocytes. (A) Flow cytometric analysis of TNF-a production from
monocytes stimulated with 1000 ng/mL LPS for 6 hours in vitro with
or without 1 hour rsST2 pretreatment (100 ng/ml, n = 7 per group).
(B) Pooled data showing the TNF-a expressing monocytes in
response to rsST2 pretreatment under stimulation with LPS

agreement with the microarray data, IL-33 mRNA levels were lower
in the livers of MALD patients than in those of the HCs (HCs:
1.00 + 0.20; MALD: 0.72 + 0.06, P =0.032, Figure 6B), whereas
ST2L and sST2 mRNA levels were similar between the two groups.

We then evaluated IL-33 protein levels by Western blot. As
shown by the densitometry results in Figure 6C, 27 kD IL-33 levels,
but not 43 kD IL-33 levels, were significantly down-regulated in ALC
patients (HCs: 1.00 + 0.38; ALC: 0.31 + 0.18, P = 0.029).

We also detected the distribution of IL-33-positive cells in the
livers of ALC patients and HCs. We found that IL-33 protein was
stained negatively in hepatocytes, while the detectable 1L-33" cells
were located in the inflammatory portal areas and in hepatic sinu-
soids in the lobule areas. As shown in Figure 6D, the relative levels
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FIGURE 6 Decreased IL-33 expression in the liver tissues of ALD patients. (A) Heatmap of IL-33 and ST2 gene expression in the livers of
HCs (n = 5) and MALD patients (n = 5). (B) gPCR analysis of I1L-33 and ST2 (including ST2L and sST2) mRNA expression in the same liver
samples as above. (C) Western blot analysis of IL-33 protein expression in the livers of HCs (n = 4) and ALC patients (n = 4). f-actin was used
as a loading control, and the densitometry results are shown. (D) Immunohistochemical staining for IL-33 in the total view (100 x
magnification), liver lobule (200 x magnification), and portal area (200 x magnification) of livers from HCs (n = 4) and ALC patients (n = 4).

10D values for IL-33 expression are shown

of IL-33 were lower in ALC patients than in HCs (IOD of HCs:
3880 + 341.0; IOD of ALC: 2086 + 280.8, P = 0.029). Interestingly,
the relative levels of IL-33 in the lobule area, but not in the portal

area, were decreased significantly in the livers of ALC patients.

4 | DISCUSSION

The IL-33-ST2 axis has been reported to be involved in a variety of
liver diseases; recently, an unanticipated role of this axis has been
demonstrated in a mouse model of ALD.2 In the present study, we
further investigated the characteristics of the IL-33-ST2 axis in a
cohort of patients with ALD. We found that serum sST2, but not IL-
33, levels were increased in patients with ALD. Thus, serum sST2
levels could be a promising biomarker in predicting the clinical out-

comes of ALD.

Previous studies have reported that sST2 can be used as a prog-
nostic biomarker for the development of systemic and highly inflam-
matory diseases, such as aortic dissection, sepsis, and heart failure as
well as mortality in patients with these diseases.®¢"3® This hypothesis
is reinforced by the finding that plasma sST2 concentrations could
predict poor prognosis in patients with acute-on-chronic hepatitis B
liver failure.®® The present study further revealed its prognostic
value in predicting clinical outcomes in patients with ALD. There are
three lines of evidence to support this finding. First, plasma sST2
concentrations were not increased in patients with MALD, whereas
they were increased significantly in patients with ALC. Second, ALC
patients with SAH, who often present with clinically exacerbated
episodes following certain precipitating events and provide a com-
patible control for ALC patients with mild hepatitis, exhibited greater
increases in plasma sST2 concentrations than ALC patients with mild

hepatitis. In addition, in line with the data of Lei et al showing
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increased serum concentrations of sST2 in patients with acute-on-
chronic hepatitis B liver failure,®” we also observed that sST2 posi-
tively correlated with TBIL levels and the INR, both of which are pri-
mary factors for evaluating liver failure.*® These data indicated that
sST2 correlated with the disease progression of ALD. Third, sST2
levels showed a strong positive correlation with MDF scores; scores
greater than 32 indicated that the ALD patient was in a severe, life-
threatening condition according to this scoring system.*! In addition,
sST2 positively correlated with MELD scores; the higher this score
was, the more urgent the need for liver transplantation was.*?> What
is more, sST2 also positively correlated with Child-Pugh scores; this
is the most commonly used scoring system for evaluating the prog-
nosis of liver cirrhosis.*® Taken together, these observations indicate
that plasma sST2 concentrations in ALD patients have prognostic
value in predicting clinical outcomes.

Importantly, our data also revealed a clear correlation between
plasma sST2 concentrations and proinflammatory markers. In this
regard, neutrophils are one of the key pathogenic cell types in
ALD.** We found that sST2 positively correlated with the neutrophil
number and NLR. This association was further supported by the data
that sST2 positively correlated with the proinflammatory cytokines
IL-1p and IL-6. This observation is clinically relevant as both IL-1p
and IL-6 plasma levels are involved in inducing liver injury in patients
with ALD.*®> Thus, the plasma sST2 level is a good indicator of
inflammatory levels in ALD patients.

Previous studies suggested that IL-33 exerts anti-inflammatory
properties in models of heart disease, obesity, and uveitis. The pro-
tective properties of IL-33 are associated with increased circulating
Th2 cytokine levels, decreased IFN-y production, increased eosino-
phil numbers, and type 2 innate lymphoid cells.*® More recently,
IL-33 has also been shown to mediate immunosuppression and tis-
sue repair by activating regulatory T cells (Treg) and promoting M2
macrophage polarization.*” In the present study, we investigated
the characteristics of IL-33 in a cohort of ALD patients and found
that the levels of IL-33 in liver tissues were decreased in patients
with MALD and ALC. This finding was in line with the available
observation that the liver IL-33 concentration was decreased in
HBV-ACLF patients with accompanying liver cirrhosis.®*> Thus, we
may speculate that by interfering with IL-33, the increased sST2
levels further block bioactivity with respect to the function of IL-
33. Liver cirrhosis is the consequence of progressive fibrosis; the
present study, in contrast to a recent report of IL-33-ST2 axis
characteristics in a mouse model of AH and fibrosis,?® further
extends the characteristics of the IL-33-ST2 axis in this type of
patients.

The detailed bioactivity of sST2 remains unknown in ALD
patients. Clinically, ALC is usually accompanied by portal hyperten-
sion and increased gut permeability, both of which contribute to the
accumulation of pathogen-associated molecules, such as LPS, in the
blood circulation.*® In the present study, we found that serum I-
FABP levels, a marker for gut permeability, were significantly
increased in ALD patients. Furthermore, LPS-activated monocytes
produced sST2 as well as some proinflammatory cytokines, such as
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TNF-a, which has been proved to be involved in the pathogenesis of
ALD.* It has been found that both serum and liver levels of TNF-«
increased in ALD patients.>® Our experiments have shown that sST2
administration could attenuate an LPS challenge and down-regulate
the inflammatory or activation processes, evident by the down-regu-
lation of LPS-induced TNF-a production in monocytes. Therefore,
we hypothesized that the sST2 production of LPS-activated mono-
cytes may be a protective feedback mechanism responding to
inflammatory stress. Notably, a previous study found that vein and
arterial endothelial cells, as well as microvascular endothelial cells,
express sST2 under stress and hypertension conditions.”? Future
studies should investigate whether portal hypertension is related to
the increased plasma sST2 levels in ALD patients.

Taken together, our data show that high plasma levels of sST2
are associated with prognostic scores for disease progression and
correlate well with biomarkers for inflammation. These results, for
the first time, demonstrate the characteristics of the IL-33-ST2 axis
in a cohort of patients with ALD, including liver cirrhosis with severe
hepatitis. Our findings suggest that levels of serum sST2, but not IL-
33, are closely related to the severity of ALD and could be used as a
potential biomarker for predicting the prognosis of ALD.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Founda-
tion of China (Project number: 81370530, 81570538, 81670527 and
81600467). We thank Professor Bin Gao for guidance to this study

and critical review of the manuscript.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ORCID

Zhengsheng Zou http://orcid.org/0000-0002-1778-269X

REFERENCES

1. Gao B, Bataller R. Alcoholic liver disease: pathogenesis and new
therapeutic targets. Gastroenterology. 2011;141:1572-1585.

2. Mathurin P, Bataller R. Trends in the management and burden of
alcoholic liver disease. J Hepatol. 2015;62:538-S46.

3. Burra P, Senzolo M, Adam R, et al. Liver transplantation for alcoholic
liver disease in Europe: a study from the ELTR (European Liver
Transplant Registry). Am J Transplant. 2010;10:138-148.

4. Niemela O, Juvonen T, Parkkila S. Immunohistochemical demonstra-
tion of acetaldehyde-modified epitopes in human liver after alcohol
consumption. J Clin Invest. 1991;87:1367-1374.

5. Theruvathu JA, Jaruga P, Nath RG, et al. Polyamines stimulate the
formation of mutagenic 1, N2-propanodeoxyguanosine adducts from
acetaldehyde. Nucleic Acids Res. 2005;33:3513-3520.

6. Seitz HK, Stickel F. Risk factors and mechanisms of hepatocarcino-
genesis with special emphasis on alcohol and oxidative stress. Biol
Chem. 2006;387:349-360.


http://orcid.org/0000-0002-1778-269X
http://orcid.org/0000-0002-1778-269X
http://orcid.org/0000-0002-1778-269X

2 | WILEY

7.

10.
11.

12.

13.
14.
15.
16.
17.
18.
19.
20.

21.

22.
23.
24,
25.
26.
27.

28.

SUN ET AL.

Dunn W, Shah VH. Pathogenesis of alcoholic liver disease. Clin Liver
Dis. 2016;20:445-456.

. Xu MJ, Zhou Z, Parker R, et al. Targeting inflammation for the treat-

ment of alcoholic liver disease. Pharmacol Ther. 2017;180:77-89.

. Moussion C, Ortega N, Girard JP. The IL-1-like cytokine IL-33 is con-

stitutively expressed in the nucleus of endothelial cells and epithelial
cells in vivo: a novel ‘alarmin’? PLoS ONE. 2008;3:e3331.

Prefontaine D, Lajoie-Kadoch S, Foley S, et al. Increased expression
of IL-33 in severe asthma: evidence of expression by airway smooth
muscle cells. J Immunol. 2009;183:5094-5103.

Hudson CA, Christophi GP, Gruber RC, et al. Induction of IL-33
expression and activity in central nervous system glia. J Leukoc Biol.
2008;84:631-643.

Tago K, Noda T, Hayakawa M, et al. Tissue distribution and sub-
cellular localization of a variant form of the human ST2 gene
product, ST2V. Biochem Biophys Res Commun. 2001;285:1377-
1383.

Prefontaine D, Nadigel J, Chouiali F, et al. Increased IL-33 expression
by epithelial cells in bronchial asthma. J Allergy Clin Immunol.
2010;125:752-754.

Matsuyama Y, Okazaki H, Tamemoto H, et al. Increased levels of
interleukin 33 in sera and synovial fluid from patients with active
rheumatoid arthritis. J Rheumatol. 2010;37:18-25.

Chapuis J, Hot D, Hansmannel F, et al. Transcriptomic and genetic
studies identify IL-33 as a candidate gene for Alzheimer's disease.
Mol Psychiatry. 2009;14:1004-1016.

Gao Y, Liu Y, Yang M, et al. IL-33 treatment attenuated diet-induced
hepatic steatosis but aggravated hepatic fibrosis. Oncotarget.
2016;7:33649-33661.

Huan SL, Zhao JG, Wang ZL, et al. Relevance of serum interleukin-
33 and ST2 levels and the natural course of chronic hepatitis B virus
infection. BMC Infect Dis. 2016;16:200.

Wang J, Zhao P, Guo H, et al. Serum IL-33 levels are associated with
liver damage in patients with chronic hepatitis C. Mediators Inflamm.
2012;2012:819636.

Volarevic V, Mitrovic M, Milovanovic M, et al. Protective role of
IL-33/ST2 axis in Con A-induced hepatitis. J Hepatol. 2012;56:
26-33.

Arshad MI, Rauch M, L'Helgoualc'h A, et al. NKT cells are required
to induce high IL-33 expression in hepatocytes during ConA-induced
acute hepatitis. Eur J Immunol 2011;41:2341-2348.

Arshad MI, Piquet-Pellorce C, L'Helgoualc’h A, et al. TRAIL but
not FasL and TNFalpha, regulates IL-33 expression in murine
hepatocytes during acute hepatitis. Hepatology 2012;56:2353-
2362.

Marvie P, Lisbonne M, L'Helgoualc'h A, et al. Interleukin-33 overex-
pression is associated with liver fibrosis in mice and humans. J Cell
Mol Med 2010;14:1726-1739.

McHedlidze T, Waldner M, Zopf S, et al. Interleukin-33-dependent
innate lymphoid cells mediate hepatic fibrosis. Immunity.
2013;39:357-371.

Tan Z, Liu Q, Jiang R, et al. Interleukin-33 drives hepatic fibrosis
through activation of hepatic stellate cells. Cell Mol Immunol.
2017;14:1-11.

Wang M, Shen G, Xu L, et al. IL-1 receptor like 1 protects against
alcoholic liver injury by limiting NF-kappaB activation in hepatic
macrophages. J Hepatol. 2018;68:109-117.

European Association for the Study of Liver. EASL clinical practical
guidelines: management of alcoholic liver disease. J Hepatol.
2012;57:399-420.

di Mambro AJ, Parker R, McCune A, et al. In vitro steroid resistance
correlates with outcome in severe alcoholic hepatitis. Hepatology.
2011;53:1316-1322.

Singal AK, Bataller R, Ahn J, et al. ACG Clinical Guideline: alcoholic
liver disease. Am J Gastroenterol. 2018;113:175-194.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T))
Method. Methods. 2001;25:402-408.

Liu H, Zhang H, Wan G, et al. Neutrophil-lymphocyte ratio: a novel
predictor for short-term prognosis in acute-on-chronic hepatitis B
liver failure. J Viral Hepat. 2014;21:499-507.

Bischoff SC, Barbara G, Buurman W, et al. Intestinal permeability-a
new target for disease prevention and therapy. BMC Gastroenterol.
2014;14:189.

De Voeght A, Martens H, Renard C, et al. Exploring the link between
innate immune activation and thymic function by measuring sCD14
and TRECs in HIV patients living in Belgium. PLoS ONE. 2017;12:
e0185761.

Schmitz J, Owyang A, Oldham E, et al. IL-33, an interleukin-1-like
cytokine that signals via the IL-1 receptor-related protein ST2 and
induces T helper type 2-associated cytokines. Immunity.
2005;23:479-490.

Cherry WB, Yoon J, Bartemes KR, et al. A novel IL-1 family cytokine,
IL-33, potently activates human eosinophils. J Allergy Clin Immunol.
2008;121:1484-1490.

Yao J, Mackman N, Edgington TS, et al. Lipopolysaccharide induction
of the tumor necrosis factor-alpha promoter in human monocytic
cells. Regulation by Egr-1, c-Jun, and NF-kappaB transcription fac-
tors. J Biol Chem 1997;272:17795-17801.

Wang Y, Tan X, Gao H, et al. Magnitude of soluble ST2 as a novel
biomarker for acute aortic dissection. Circulation. 2018;137:259-269.
Hoogerwerf JJ, Tanck MW, van Zoelen MA, et al. Soluble ST2
plasma concentrations predict mortality in severe sepsis. Intensive
Care Med. 2010;36:630-637.

Januzzi JL Jr, Peacock WF, Maisel AS, et al. Measurement of the
interleukin family member ST2 in patients with acute dyspnea:
results from the PRIDE (Pro-Brain Natriuretic Peptide Investigation
of Dyspnea in the Emergency Department) study. J Am Coll Cardiol.
2007;50:607-613.

Lei Z, Mo Z, Zhu J, et al. Soluble ST2 plasma concentrations predict
mortality in HBV-related acute-on-chronic liver failure. Mediators
Inflamm. 2015;2015:535938.

Sarin SK, Kedarisetty CK, Abbas Z, et al. Acute-on-chronic liver fail-
ure: consensus recommendations of the Asian Pacific Association
for the Study of the Liver (APASL) 2014. Hepatol Int. 2014;8:453-
471.

Carithers RL Jr., Herlong HF, Diehl AM, et al. Methylprednisolone
therapy in patients with severe alcoholic hepatitis. A randomized
multicenter trial. Ann Intern Med 1989;110:685-690.

Bittermann T, Makar G, Goldberg DS. Early post-transplant survival:
interaction of MELD score and hospitalization status. J Hepatol.
2015;63:601-608.

Peng Y, Qi X, Dai J, et al. Child-Pugh versus MELD score for predict-
ing the in-hospital mortality of acute upper gastrointestinal bleeding
in liver cirrhosis. Int J Clin Exp Med. 2015;8:751-757.

Ziol M, Tepper M, Lohez M, et al. Clinical and biological relevance of
hepatocyte apoptosis in alcoholic hepatitis. J Hepatol. 2001;34:254-
260.

Luna-Casado L, Diez-Ruiz A, Gutierrez-Gea F, et al. Increased periph-
eral mononuclear cells expression of adhesion molecules in alcoholic
cirrhosis: its relation to immune activation. J Hepatol. 1997;27:477-
483.

Dinarello CA. Overview of the IL-1 family in innate inflammation
and acquired immunity. Immunol Rev. 2018;281:8-27.

Braun H, Afonina IS, Mueller C, et al. Dichotomous function of IL-33
in health and disease: from biology to clinical implications. Biochem
Pharmacol. 2018;148:238-252.

Seo YS, Shah VH. The role of gut-liver axis in the pathogenesis of
liver cirrhosis and portal hypertension. Clin Mol Hepatol.
2012;18:337-346.



SUN ET AL

WILEY—7

49.

50.

51.

limuro Y, Gallucci RM, Luster M, et al. Antibodies to tumor necrosis
factor alfa attenuate hepatic necrosis and inflammation caused by
chronic exposure to ethanol in the rat. Hepatology. 1997;26:1530-
1537.

McClain CJ, Barve S, Barve S, et al. Tumor necrosis factor and alco-
holic liver disease. Alcohol Clin Exp Res. 1998;22:248S-252S.
Demyanets S, Kaun C, Pentz R, et al. Components of the inter-
leukin-33/ST2 system are differentially expressed and regulated in
human cardiac cells and in cells of the cardiac vasculature. J Mol Cell
Cardiol. 2013;60:16-26.

How to cite this article: Sun Z, Chang B, Huang A, et al.
Plasma levels of soluble ST2, but not IL-33, correlate with the
severity of alcoholic liver disease. J Cell Mol Med.
2019;23:887-897. https://doi.org/10.1111/jcmm.13990



https://doi.org/10.1111/jcmm.13990

