
Introduction

Liver fibrosis is the main cause of organ failure in chronic liver dis-

ease. It can result from reiterated tissue damage due to infection

(mostly hepatitis B virus [HBV] and hepatitis C virus [HCV]),

toxic/drug exposure or metabolic or autoimmune disorders [1].

After two or three decades, patients become cirrhotic and are at

high risk of developing hepatocellular carcinoma (HCC).

Liver fibrosis is due to the progressive accumulation of extracel-

lular matrix (ECM) proteins in the liver sinusoids. During progres-

sion of hepatic fibrosis, sustained inflammation activates hepatic

stellate cells (HSC), leading to their conversion into a fibrogenic and

proliferative cell type. Activated HSC produce large amounts of col-

lagen and thereby serve as the principal mediators of fibrogenesis

[2]. Chronic hepatitis that leads to fibrosis is characterized by a per-

sistent inflammatory infiltrate and a Th2 polarized immune

response. In contrast, Th1 cytokines generate a rapid and intense

inflammatory response but cause little fibrosis. Thus, Th2 cytokines

such as interleukin (IL)-6, IL-4 and IL-13 promote HSC proliferation,

transforming growth factor (TGF)-� synthesis and fibrogenesis [3].

IL-33, a pro-Th2 cytokine, is among the most recent cytokines

to be identified. IL-33 belongs to the IL-1 family. It is also known

as nuclear factor of high endothelial venules (NF-HEV) [4] and DVS

27 [5]. IL-33 is preferentially localized in the high endothelial

venules of human tonsils, Peyer’s patches and lymph nodes [4].

Recently, IL-33 has been observed by immunochemistry as consti-

tutively expressed in the nucleus of endothelial cells from both

small and large blood vessels of various tissues including human

normal liver (NL) [6]. It is a dual-function protein that may act both

as an intracellular nuclear factor and a cytokine. Indeed, IL-33 is an

abundant chromatin-associated factor in the nucleus of endothelial

cells exhibiting transcriptional repressor properties [7].

Interestingly, IL-33 has also been identified as the natural ligand for
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ST2, an orphan membrane receptor [8]. In the presence of IL-33,

ST2 binds IL-1RAcP and allows signalling through mitogen-

activated protein kinases and NF-�B [8, 9]. Soluble IL-33 increases

the secretion of Th2 cytokines (IL-4, IL-5 and IL-13) both in vitro
and in vivo [8]. A recent study showed that IL-33 also reduces the

development of atherosclerosis, a chronic inflammatory disease,

through induction of IL-5 [10]. Heart failure and cardiac fibrosis are

associated with the production of IL-33 from the cardiac fibrob-

lasts [11]. The involvement of ST2 receptor was also investigated

in human fibrotic diseases. Tajima et al. [12] showed that both ST2

and TGF-� levels are increased in bleomycin-induced lung fibrosis.

In a mouse model of hepatic fibrosis induced by CCl4, injection of

the fusion protein ST2-Fc was shown to increase Th2 cytokine

secretion and to enhance hepatic fibrosis [13].

Thus, given both the pro-Th2 activity of IL-33 and the crucial

role of Th2 cytokines in the progression of liver chronic fibrosis,

we investigated the presence of both IL-33 and its receptors in

normal and CCl4-induced fibrotic mouse livers. We then analysed

the production of IL-33 and its receptors in human healthy and

fibrotic livers. Furthermore, we identified the cellular origin of IL-33

in liver and investigated the effect of pro-inflammatory cytokines

on IL-33 expression by HSC.

Materials and methods

Mice

Seven-week-old female C57Bl/6 mice were treated with oral administration

of CCl4 (Sigma-Aldrich, St. Louis, MO, USA) diluted in olive oil. A first dose

of 2.4 g/kg of mouse weight was administered to mice three days before

starting weekly treatment with a 1.6 g/kg dose. After 12 weeks, mice were

killed at 0, 4, 24, 48 and 72 hrs or 7 days after the last CCl4 dose. Control

mice were treated with the vehicle only. Fragments of mouse livers were

fixed in 4% paraformaldehyde and embedded in paraffin or frozen in liquid

nitrogen in the presence of the cryoprotectant isopentane. Serum aspartate

aminotransferase (AST) and alanine aminotransferase (ALT) were meas-

ured according to the IFCC primary reference procedures and using the

Olympus AU2700 Autoanalyser
®

(Olympus Optical Co. Ltd., Tokyo, Japan).

All animals received humane care and all study protocols comply with the

institution’s guidelines.

Human liver biopsies

Liver tissue samples were obtained from 34 patients with HCC undergoing

surgical resection of the tumour as previously described [14]. Six histolog-

ically normal samples from metastatic colorectal cancer livers were used

as controls. Access to this material was in line with French law and satis-

fied the requirements of the local Ethics Committee. Patients with HCC

were 28 males and 6 females (59.3 � 9.9 years). The aetiology of fibrosis

(n � 8) and cirrhosis (n � 20) included hepatitis C (n � 7), hepatitis B 

(n � 7) and alcohol abuse (n � 17). Histological evaluation before their

inclusion in the study ruled out the presence of tumour tissue in these

samples. The histological stage of fibrosis was graded according to the

METAVIR score: F0 � no fibrosis, F1 � portal fibrosis without septa, F2 �

portal fibrosis with few septa, F3 � numerous septa without cirrhosis, and

F4 � cirrhosis. For each groups, number of patients were as follow: F0–F3:

n � 8 (F0: n � 3, F1: n � 3, F2: n � 1, F3: n � 1) and F4: n � 20.

RNA isolation and reverse transcription

Total RNA was extracted from human liver biopsies using guanidinium

thiocyanate/cesium chloride and from mouse samples using TRIzol

(Invitrogen, Carlsbad, CA). First-strand cDNA was produced using the

SuperScript
TM

II Reverse Transcriptase (Invitrogen). The SV Total RNA iso-

lation Kit (Promega, Charbonnieres-les-bains, France) and High-Capacity

cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA) were used for

primary cells and cell lines.

Real-time quantitative PCR (qPCR)

Real-time qPCR was performed using the fluorescent dye SYBR Green

with the double-strand specific dye SYBR
®

Green system (Applied

Biosystems) and the 7000 sequence detection system ABI Prism sequence

detector (Applied Biosystems). Total cDNA (30 ng) was used as a template

for amplification with the specific primer pair (Table 1) used at a 300 nM

final concentration. Each measurement was performed in duplicate. 18S

mRNA level was used as control and gene expression level was expressed

relative to 18S mRNA.

Cell culture

Human hepatic cells were isolated from histologically normal specimens

from partial hepatectomy in patients undergoing hepatic resection for liver

metastases. Hepatocytes, non-parenchymal cells (NPC) and activated HSC

were isolated and cultured as previously described [15].

Hepatic cell lines, Hep3B and HepG2, were grown as recommended by

American Type Culture Collection (Manassas, VA, USA). HepaRG cell line

was grown as previously described [16]. Subcellular fractions were

obtained using the TransFactor Extraction Kit (Clontech Laboratories,

Mountain View, CA, USA). We analysed IL-33 protein after HSC stimulation

with a pro-inflammatory cocktail containing 1 ng/ml IL-1�, 10 ng/ml IL-6,

20 ng/ml tumour necrosis factor (TNF)-� (R&D Systems, Minneapolis,

MN, USA) and 100 ng/ml interferon (IFN)-� (BioSource Europe, Nivelles,

Belgium) for 6 or 24 hrs, as indicated.

Antibodies

See Table 2.

Immunolocalization

Paraformaldehyde-fixed cryosections were permeabilized by 0.1% Triton

X-100. HSC primary cultures were placed into flexiPERM chambers

(Greiner Bio-One Kremsmünster, Austria), fixed with paraformaldehyde and

permeabilized with 0.1% Triton X-100. 10
5

NPC were spotted on slides by

Cytospin
®

(Shandon, Pittsburgh, PA, USA) and fixed using methanol/acetone.
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Endogenous peroxidase activity was inhibited with 3% H2O2 and non-

specific sites were blocked for 1 hr with 2% bovine serum albumin. Sections

were incubated with the relevant primary antibody (as indicated in the 

figure legend) for 2 hrs at temperature and with goat antimouse

immunoglobulins/horseradish peroxidase (HRP) secondary antibody for 

1 hr at RT. The peroxidase reaction was developed using the Liquid DAB�

Substrate Chromogen System (DakoCytomation, Glostrup, Denmark) or 

�-amino-9-ethyl-carbazole (AEC; Vector Laboratories, Burlingame, CA) as

substrate. Sections were finally counterstained with Mayer’s haematoxylin.

For immunofluorescence detection, fluorochrome-conjugated secondary

antibodies were used for 1 hr at room temperature. Nuclei were counter-

stained with diaminobenzidine. Double stainings were performed by 

mixing the primary antibodies and mixing fluorochrome-conjugated

reagents, respectively.

Table 1 Primers used

Table 2 Antibodies used

Gene Forward Reverse

Mouse IL-33 5	-ATGGGAAGAAGCTGATGGTG-3	 5	-CCGAGGACTTTTTGTGAAGG-3	

Mouse ST2 5	-ATTCAGGGGACCATCAAGTG-3	 5	-CGTCTTGGAGGCTCTTTCTG-3	

Mouse IL-1RAcP 5	-TTGCCACCCCAGATCTATTC-3	 5	-TGCAGGGAATAACCAGTTCC-3	

Mouse Collagen1A2 5	-AGGCTGACACGAACTGAGGTA-3	 5	-ATGCACATCAATGTGGAGGA-3	

Mouse 18S 5	-CGCCGCTAGAGGTGAAATTC-3	 5	-TTGGCAAATGCTTTCGCTC-3	

Human IL-33 5	-AATCAGGTGACGGTGTTG-3	 5	-ACACTCCAGGATCAGTCTTG-3	

Human ST2 5	-CAACTGGACAGCACCTCTTG-3	 5	-AATCACCTGCGTCCTCAGTC-3	

Human IL-1RAcP 5	-AAG AC AG CTGTTTC AATTCC-3	 5	-TTGAAATTAAGGCAATGAGG-3	

Human 18S 5	-GTAACCCGTTGAACCCCATT-3	 5	-CCATCCAATCGGTAGTAGCG-3	

PCR conditions: initial DNA denaturation (95°C, 10 min.), followed by 40 cycles of denaturation (95°C, 15 sec.), annealing and extension (60°C, 1 min.).

Antibodies
Running 

concentrations
Manufacturers

Mouse monoclonal IgG1 anti-human IL-33 (clone Nessy-1) 1 
g/ml

Polyclonal rabbit anti-human IL-33 (AT110) 10 
q/ml Alexis Biochemicals (Lausen, Switzerland)

Polyclonal goat anti-mouse IL-33 5 
g/ml R&D Systems (Minneapolis, MN)

Mouse monoclonal IgG2a anti-human �-SMA (Clone1A4) 0.35 
g/ml

Mouse monoclonal IgG1 anti-human CD31 (clone JC70A) 1/10
e

Mouse monoclonal IgG1 anti-human CD68 (clone KP1) 1/1
e DakoCytomation (Glostrup, Denmark)

HRP-conjugated goat anti-mouse IgG 1 /200
e

HRP-conjugated rabbit anti-goat IgG 1 /200
e

Mouse monoclonal anti-human CD45 (IOL1c) 1/1
e Immunotech (Marseille, France)

Cy5-conjugated bovine anti-goat IgG 1 /200
e

Cy3-conjugated goat anti-rabbit IgG 1 /100
e Jackson ImmunoResearch Europe (Suffolk, UK)

FITC-conjugated donkey anti-rabbit IgG 1 /200
e

Mouse monoclonal IgG1 anti-human �-tubulin (clone B-5–1-2) 0.67 
g/ml

Cy3-conjugated mouse monoclonal IgG2a anti-�-SMA (Clone1A4) 1 /100
e Sigma-Aldrich (St. Louis, MO)

TRITC-conjugated goat anti-mouse IgG 1 /200
e

Mouse monoclonal IgG2a anti-human Hsc70 (clone B6) polyclonal

rabbit anti-human USF-1 (C-20)

0.1 
g/ml 0.25 |iq/ml Santa Cruz Biotechnology 

(Santa Cruz, CA)

FITC-conjugated mouse monoclonal IgG1 anti-human ST2L (clone B4E6) 10 
q/ml MD Biosciences (Zürich, Switzerland)

Monoclonal rabbit anti-human CD3 (clone SP7) 1 /300
e Thermo Fisher Scientific (Fremont, CA)
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IL-33 detection by Western blotting or ELISA

Cells were lysed in RIPA buffer (50 mM Tris-HCl pH 7.4; 1% Triton X-100;

25 mM HEPES; 150 mM NaCl; 0.2% deoxycholate; 5 mM MgCl2; 1 mM

Na3VO4; 1 mM NaF). Proteins (30 
g) from each sample were separated

in a 16% polyacrylamide gel and transferred onto a nitrocellulose mem-

brane (Protran BA 83 Nitrocellulose; Whatman, Kent, UK). Membranes

were incubated with monoclonal anti-human IL-33, anti-human �-tubulin,

anti-human Hsc70 or anti-human USF-1, and then with secondary goat

antimouse immunoglobulins/HRP. Proteins were detected by enhanced

chemiluminescence and LAS-3000 imager analysis (Fujifilm Europe,

Düsseldorf, Deutschland).

For ELISA quantification, culture supernatants were collected after 

24 hrs incubation with or without the cytokine cocktail. IL-33 was measured

in these supernatants using the soluble human IL-33 detection set from

Apotech (Lausen, Switzerland), according to the provider’s instructions.

Statistical analysis

The one-way ANOVA was performed then Student–Newman–Keuls multiple

comparison test was used to test the significance of biological parameters

measured in human samples. Alternatively, Student’s t-test was used to

analyse data obtained from fewer samples. The correlation between 

continuous variables was examined using Spearman’s rank-order coeffi-

cients. For all statistical analyses, * denotes P � 0.05, **P � 0.01 

and ***P � 0.001.

Results

IL-33 is overexpressed in mouse liver fibrosis

Carbon tetrachloride-induced liver fibrosis model is a well-estab-

lished model for studying liver inflammation and fibrosis [17, 18].

We measured levels of ALT and AST in blood samples from

C57Bl/6 mice with CCl4-induced liver fibrosis after 12 weeks of

treatment. Mouse hepatocytes were damaged by the treatment, as

expected (Fig. 1A). We then measured the levels of mouse IL-33,

ST2 and IL-1RAcP transcripts, using real-time qPCR, in the livers

of treated mice before the 12th injection (0 hr) or at 4 hrs to seven

days after the last CCl4 ingestion. IL-33 mRNA levels were

increased in fibrotic liver and were further enhanced 24 to 48 hrs

after CCl4 treatment. ST2 mRNA levels were also increased with 

a similar kinetic and IL-33 mRNA levels statistically correlated

with ST2 mRNA levels (Spearman correlation: r � 0.632; P �

0.001) (Fig. 1B). In contrast, no significant change in IL-1RAcP

expression was detected (Fig. 1B). We also noticed that the basal

expression of collagen 1A2 mRNA is significantly increased after

12 weeks (0 hr) and 13 weeks (7 days) in CCl4-treated mice (Fig. 1C).

Furthermore, collagen 1A2 mRNA levels were strongly induced 

48 hrs after CCl4 ingestion and collagen 1A2 mRNA levels statisti-

cally correlated with IL-33 mRNA levels (Spearman correlation: 

r � 0.811; P � 0.001).

As expected, CCl4 treatment induced collagen deposition in

mouse liver as shown by Sirius red staining of collagen on paraf-

fin-embedded mouse liver sections (Fig. 2A). We studied IL-33

protein levels by immunohistochemistry in fibrotic livers (Fig. 2B).

IL-33 protein was detected in vascular endothelial cells 

(Fig. 2Bb, g), in sinusoidal cells (Fig. 2Ba, b), in cells distributed

along fibrous septa bridging portal tracts (Fig. 2Bc, f, h) and in

immune infiltrates (Fig. 2Bb). No specific immunofluorescence

was detected in appropriate controls (irrelevant primary antibody

or when antimouse IL-33 was pre-absorbed with recombinant

mouse IL-33) (Fig. 2Bd, e). To better characterize the cell type

expressing IL-33 in fibrotic tissue, double staining with aniline

blue revealed that some IL-33
�

cells were closely associated with

type I collagen deposition (Fig. 3Aa, c). Furthermore, to validate

the fact that activated HSC could be a source of IL-33 in fibrotic

liver, we carried out immunofluorescence staining for �-smooth

muscle actin (�-SMA), a specific marker of smooth muscle cells

and activated HSC. Indeed when activated, HSC take up a myofi-

broblastic-like phenotype that is contractile because of the

cytoskeleton reorganization and the formation of stress fibers

containing �-SMA in their cytoplasm [19]. We observed a co-

localization of �-SMA and IL-33 staining (Fig. 3B), indicating that

activated HSC expressed IL-33 in vivo.

IL-33 and ST2 mRNA levels are higher in human
fibrotic and cirrhotic livers, but not in hepatocel-
lular carcinoma, than in normal livers

To further investigate the relationship between IL-33 and fibrosis,

we quantified the mRNA levels of IL-33 and its receptors, ST2 and

IL-1RAcP, in human liver biopsies from NL, non-tumoral liver (NT)

– corresponding to the fibrotic tissue surrounding the tumour –

and HCC using real-time qPCR. IL-33 mRNA levels were signifi-

cantly higher in the non-tumoral fibrotic livers than in either HCC

or control liver. A similar pattern was observed for the mRNA lev-

els of both IL-33 receptors, ST2 and IL-1RAcP (Fig. 4A).

Non-tumoral fibrotic livers were separated as a function of the

severity of fibrosis, and identified as fibrosis (F0-F3) or cirrhosis

(F4). IL-33 and ST2 are clearly associated with both fibrosis and

cirrhosis (Fig. 4B). In contrast, IL-1RAcP mRNA levels did not

significantly differ between the fibrotic liver groups. In conclu-

sion, production of IL-33 and its receptor ST2 are linked to the

fibrosis process.

IL-33 and ST2 expression in human liver

To identify the cellular source of human IL-33, we determined its

localization by immunohistochemistry in normal and fibrotic 

livers. Before, human tonsils sections were used as positive con-

trols and IL-33 was found in the high endothelial cell venules of

the T territory and had a nuclear localization (Fig. 5A), as previ-

ously described [4]. In fibrotic liver (Fig. 5B, C), IL-33 staining was
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concentrated in endothelial cells from portal vessels (Fig. 5Ca) and

in sinusoids (Fig. 5Cb), with a nuclear localization. No staining

was detectable in hepatocytes or biliary ducts. Additional cells

showed positive staining, in areas of inflammation and fibrous

scars (Fig. 5Cc, d). As expected, �-SMA staining was much more

intense in fibrotic liver than in NL (Fig. 6A) and was associated

with fibrous scars, where activated HSC produce collagen in

excess. Serial sections immunolabelled with anti-IL-33 (Fig. 6Ba, c)

and anti-�-SMA (Fig. 6Bb, d) revealed staining in the same areas

for both proteins. The immunofluorescence staining confirms, as

observed in mouse livers, the presence of double positive cells, 

�-SMA and IL-33, in fibrotic areas (Fig. 6C).

Fig. 1 IL-33 mRNA is overexpressed in mouse liver fibrosis. (A) Blood levels of ALT and AST in C57Bl/6 mice treated for 12 weeks with CCl4. Real-time

PCR analysis of mRNA levels of IL-33, ST2 and IL-1RAcP (B) and collagen 1A2 (C) in oil control (Oil) and livers from C57Bl/6 mice treated for 12 weeks

with CCl4 and killed 0, 4, 24, 48 and 72 hrs or 7 days after the last administration of CCl4. Expression levels for genes of interest are expressed as ratios

relative to 18S levels. P-values for differences between populations were determined with Student’s t-test (*P � 0.05; **P � 0.01; ***P � 0.001).

Graphic representation of the Spearman’s rank correlation coefficient between IL-33 and ST2 (B) and between IL-33 and collagen 1A2 (C).

Fig. 2 IL-33 distribution in mouse liver sec-

tions. (A) Photomicrographs of liver sec-

tions stained with Sirius red from mice

treated for 12 weeks with CCl4 (right) or oil

(left). (B) Immunohistochemistry on frozen

liver sections from oil- or CCl4-treated mice,

killed 24 hrs after the last administration of

CCl4 as indicated, was performed with the

non-specific IgG control, the antimouse IL-

33 pre-absorbed with the recombinant

mouse IL-33, the antimouse IL-33 antibody

and fluoresceine iso thio cyanate conjugated

secondary antibodies were used. Nuclei

were counterstained with diaminobenzidine.

Cells staining positive for IL-33 are indicated

with full white arrows. BV: blood vessel;

LSEC: liver sinusoidal endothelial cell. Scale

bars represent 100 
m.
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Fig. 3 IL-33 co-localization with �-SMA in

mouse liver sections. (A) Immuno -

histochemistry on frozen liver sections from

CCl4-treated mice, killed 24 hrs after the last

administration of CCl4, was performed with

the antimouse IL-33 antibody and counter-

stained according to the Masson’s trichrome

protocol (A) or co-localized with the Cy3-

��SMA antibody (B). Cells staining positive

for IL-33 are indicated with full arrows

(endothelial cells), arrowheads (sinusoidal

cells) and diamonds (fibrous scar cells).

Scale bars represent: 40 
m for Bc, 100 
m

for others.

Fig. 4 IL-33 and ST2 are overexpressed 

in human fibrotic and cirrhotic liver. (A)

Real-time qPCR analysis of IL-33, ST2 and

IL-1RAcP mRNA levels in NL (n � 6), NT 

(n � 28) and HCC (n � 22). (B) Real-time

qPCR analysis of IL-33, ST2 and IL-1RAcP

mRNA levels in NL (n � 6) and in NT classi-

fied as fibrosis (F0-F3; n � 8) or cirrhosis

(F4; n � 20). Results are expressed as ratios

relative to 18S. P-values for differences

between populations were determined with

the Student–Newman–Keuls multiple com-

parison test (*P � 0.05; **P � 0.01; ***P

� 0.001).
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Furthermore to identify the cellular target of human IL-33 

in human fibrotic liver, we determined the localization of the specific

IL-33 receptor, ST2 by immunohistochemistry in fibrotic liver sec-

tions. ST2 staining was associated with immune infiltrate (Fig. 7A),

as well as was the pan-T lymphocyte marker, CD3 (Fig. 7B). Co-stain-

ing experiments revealed that ST2
�

cells are T lymphocytes (Fig. 7C).

Nuclear IL-33 is produced by sinusoidal
 endothelial cells in normal liver

To elucidate IL-33 localization more precisely in NL, we studied IL-33

in various primary human hepatic cultures and cell lines. We

found that NPC had higher levels of IL-33 transcripts than total

liver, whereas no IL-33 mRNA was detected in hepatocytes (Fig. 8A).

The presence of the IL-33 pro-form of 33 kD was confirmed by

Western blot analysis in isolated NPC; IL-33 remained unde-

tectable in primary hepatocytes and HCC cell lines (Fig. 8B). Using

immunocytolocalization on freshly isolated NPC from NL, we

determined which sinusoidal cell subpopulations were able to pro-

duce IL-33. Co-localization studies were performed using specific

markers for endothelial cells (CD31), leucocytes (CD45) and

macrophages and Kupffer cells (CD68) (Fig. 8Cc–f). 25% of the

NPC were IL-33
�

and 87% of the IL-33
�

cells were also positive

for CD31 (Fig. 8Cg). We did not detect IL-33 in leucocytes,

macrophages or Kupffer cells (Fig. 8Ce, f).

Human culture-activated HSC expressed IL-33

During fibrosis, quiescent HSC become activated and proliferate in

the perisinusoidal space. The increase of IL-33 in fibrotic livers

Fig. 5 IL-33 distribution in human liver

 sections. Immunohistochemistry was

 performed with isotype controls or anti-IL-

33 (Nessy-1) on frozen sections of human

healthy tonsils (A) or of human livers (B and

C). Cells staining positive for IL-33 are indi-

cated with full arrows (endothelial cells),

arrowheads (sinusoidal cells) and diamonds

(fibrous scar cells). Scale bars represent 

100 
m.
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could be explained by its production by activated HSC, as sug-

gested by our immunolocalization studies in both mouse and

human fibrotic livers. Thus, HSC were isolated from human livers

and cultured. We measured IL-33 mRNA by real-time qPCR in cul-

ture-activated HSC and compared this to its level in total liver and

in NPC (Fig. 9A). The detection of IL-33 in situ showed that IL-33

is nuclear. To confirm this subcellular localization of IL-33, cytoso-

lic and nuclear fractions were prepared from culture-activated

HSC. Western blot analysis showed that the IL-33 pro-form 

was mainly found in the nuclear fractions (Fig. 9B).

Immunocytolocalization of IL-33 in culture-activated HSC (Fig.

9Cb, d) confirmed the presence of IL-33 in these cells and showed

a nuclear subcellular localization. �-SMA cytolocalization in acti-

vated (myo)fibroblastic HSC served as a positive control (Fig. 9Cc,

d). These findings thus demonstrated that activated HSC produce

the IL-33 pro-form.

IL-33 is induced under pro-inflammatory
 conditions in culture-activated HSC

The modulation of IL-33 expression in growing HSC was studied in

the presence of pro-inflammatory cytokines added alone or in com-

bination. The greatest increase in IL-33 was observed after stimu-

lation with a ‘pro-inflammatory cytokine cocktail’ containing TNF-�,

IL-1�, IL-6 and IFN-�. As shown in Fig. 10, IL-33 mRNA was

induced in activated HSC after 6 hrs exposure to the cytokine cock-

tail (Fig. 10A) and IL-33 protein was induced after 24 hrs exposure

to this cocktail (Fig. 10B). We then examined the possibility for 

IL-33 to be released in the HSC conditioned media using ELISA.

Indeed, IL-33 was detected after 24 hrs in control culture condi-

tions at low levels, and when HSC were stimulated by the cytokine

cocktail, soluble IL-33 levels were 15-fold increased (Fig. 10C).

Fig. 6 IL-33 co-localization with �-SMA in

human liver sections. (A) Immuno -

histochemistry was performed with anti-�-

SMA (clone 1A2) which stained the smooth

muscle cells and activated HSC in human NL

(left) and in fibrotic liver (right). (B) Serial

sections of fibrotic livers were stained with

anti-human IL-33 (Nessy-1) or anti-�-SMA.

(C) Immunohistochemistry on frozen human

fibrotic liver sections was performed with

non-specific IgG, with anti-human IL-33

(Nessy-1) pre-absorbed with recombinant

human IL-33 (Nessy-1), or with anti-human

IL-33 antibody plus Cy3-�SMA antibody.

Nuclei were counterstained with diaminoben-

zidine. Scale bars represent 100 
m.
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Discussion

The progression of chronic liver fibrosis towards advanced stage

disease requires sustained inflammation. Th2 cytokines such as

IL-4 and IL-13 are reported to be involved in the fibrotic process

[3, 20, 21] and collagen synthesis [22, 23]. Recently a new pro-

Th2 interleukin, named IL-33, was discovered. Recombinant IL-33

induces IL-5 and IL-13 production by CD4
�

T lymphocytes 

in vitro [8]. IL-33 is also involved in the induction of the Th2

response to intestinal helminth infection in vivo [8]. Moreover,

injection of recombinant IL-33 into mice leads to enhanced levels

of IL-13 in serum and increased expression of IL-4, IL-5 and 

IL-13 in liver [8]. Here, we demonstrate that expression of IL-33,

and its receptors, ST2 and IL-1RAcP, are associated with both

mouse and human liver fibrosis, but not with HCC. We observed

an increase in IL-33 and ST2 levels, while IL-1RAcP levels were

not affected by the severity of fibrosis. Furthermore, we provided

evidence that IL-33 levels are closely correlated to collagen syn-

thesis in mouse and human livers during chronic injury. Our

results are consistent with recent studies demonstrating that IL-33

production is associated with chronic inflammation in patients

with rheumatoid arthritis and Crohn’s disease [7] and in mice with

cardiac fibrosis [11].

To identify the cellular source of IL-33 in normal and diseased

livers, we carried out several immunohistochemical studies and

immunolocalization in isolated hepatic cells. We demonstrated that

IL-33 was present in vascular endothelial cells and sinusoidal cells

in human liver. Moreover, analysis of a NPC-enriched population,

including Kupffer cells, liver sinusoidal endothelial cells and quies-

cent stellate cells, showed that most IL-33
�

cells expressed CD31,

Fig. 7 ST2 receptor co-localization with CD3 in human fibrotic liver sections. Immunohistochemistry on frozen human fibrotic liver sections was per-

formed with fluoresceine iso thio cyanate labelled murine anti-human ST2 antibody (A, green) and with anti-CD3 antibody revealed with cyanin-3 labelled

goat anti-rabbit IgG antibody (B, red). Scale bars represent 100 
m. (C) Merged images illustrate co-localization of ST2 and CD3. Scale bars represent

40 
m. For all pictures, nuclei were counterstained with diaminobenzidine.
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an endothelial cell marker. This strongly suggested that in NL, IL-33

is mainly produced by the liver sinusoidal endothelial cells.

Similarly to NL, IL-33 was present in endothelial and sinusoidal

cells of fibrotic liver. These observations are consistent with previ-

ous findings of IL-33 in endothelial cells of high endothelial venules

from human tonsils [4], and in endothelial cells from chronically

inflamed tissues in rheumatoid arthritis and Crohn’s disease [7].

Our findings also suggest that activated HSC produce IL-33 and

that, in inflamed and fibrotic livers, IL-33-producing cells are

located in fibrotic areas where such activated HSC produce collagen

Fig. 8 IL-33 pro-form is present in liver sinusoidal endothelial cells. (A) Real-time qPCR analysis of IL-33 mRNA levels in total NL, human primary cul-

tured hepatocytes and in NPC. Results are expressed as ratios relative to 18S and are the average of three independent experiments. (B) Detection by

Western blot of IL-33 in primary human hepatocytes, HepaRG, HepG2, Hep3B and NPC. (C) Immunocytochemistry was performed in liver NPC with

anti-IL-33 (b, d, e, f; AT110; green) and anti-CD31 (c, d), anti-CD45 (e) or anti-CD68 (f) antibodies (red). Control experiment with IgG is shown (a). The

table ‘g’ summarizes the percentage of cells that were positive for the different markers labelling the NPC spotted on slides by Cytospin
®

. More than

300 cells were counted per slides (n � 3).
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in excess. Previous studies have shown IL-33 to be constitutively

produced in smooth muscle cells, activated dermal fibroblasts and

cardiac fibroblasts [11]. It should be noted that these cell types, as

with activated HSC, display common morphological and biochem-

ical features of (myo)fibroblasts. Overall, our data suggest that

endothelial cells and stellate cells constitute major sources of IL-33

in liver fibrosis and that the increase in IL-33 mRNA levels

observed in liver fibrosis could be due to activation and prolifera-

tion of HSC or/and increased numbers of endothelial cells.

Similarly to IL-1, IL-33 localizes to the nucleus [4, 6, 7, 24]. Our

findings from both in situ immunolocalization and subcellular frac-

tion analysis confirmed that IL-33 was present in the nuclei of liver

endothelial cells and activated HSC. The inflammatory response is

critical for fibrogenesis and cytokine secretion by leucocyte infil-

trates or by hepatic cells themselves, and regulate the progression

of fibrosis. Little is yet known about the regulation of IL-33; how-

ever, IL-1�, IL-1�, IFN-� and TNF-� have been reported to increase

IL-33 expression [5, 8]. Here, we showed that a pro-inflammatory

cytokine cocktail, containing IL-6, TNF-�, IFN-� and IL-1�,

increased both mRNA and protein levels of IL-33 in HSC.

Finally, as we observed an increase of mRNA levels of IL-33

receptor, ST2, associated with the severity of fibrosis, we carried out

immunohistochemical studies to identify the cellular target of IL-33

in liver. We showed that ST2
�

cells were well present in human

fibrotic livers and were T lymphocytes [25]. Th2 lymphocytes con-

stitute target cells for soluble IL-33 and crucial immune regulatory

cells for fibrosis development [3, 8, 20, 21]. Therefore, IL-33 that

can be produced as a soluble cytokine by activated HSC in fibrotic

liver may stimulate pro-fibrogenic Th2 cytokines by T lymphocytes.

In conclusion, we provide evidence suggesting the strong

association between the expression of IL-33 and its specific

receptor ST2, and the development of liver fibrosis.

Fig. 9 IL-33 is expressed by activated HSC. (A) Real-time qPCR analysis of IL-33 mRNA levels in total NL, NPC and culture-activated HSC. Results are

expressed as ratios relative to 18S and are the average of three independent experiments. (B) Western blot of IL-33, �-tubulin and USF-1 in nuclear

(Nucl) and cytosolic (Cyto) subcellular fractions prepared from activated HSC. (C) Immunolocalization of IL-33 (b, d; AT110; green) and �-SMA (c, d;

red) in cultured HSC.
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Fig. 10 IL-33 in HSC is increased by pro-

inflammatory cytokine stimulation. (A) Real-

time qPCR analysis of IL-33 mRNA levels in

activated human HSC stimulated for 6 hrs

with a cytokine cocktail (IL-1�, IL-6, TNF-�

and IFN-�). Results are expressed as ratios

relative to 18S and are the average of three

experiments. Detection of intracellular IL-33

pro-form by Western blot (B) or of soluble

IL-33 in the conditioned media by ELISA (C)

was performed in activated HSC stimulated

for 24 hrs with the cytokine cocktail. Results

are the average of three independent experi-

ments (**P � 0.01).
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