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A B S T R A C T

Inflammasomes are protein complexes that produce IL-1β in response to damage or pathogens. As such, in-
flammasomes are involved in several types of hepatic fibrosis. However, the mechanisms by which these
complexes drive the liver's fibrogenic status remain unclear. We co-cultured differentiated macrophages (the
THP-1 cell line or human monocyte-derived macrophages (MDMs)) with human hepatic fibroblasts (either the
LX-2 cell line or primary human hepatic stellate cells (HSCs)). The inflammasome pathway was activated with
lipopolysaccharide (LPS) and monosodium urate (MSU) crystals, and the HSCs' responses were analyzed. Our
results show that co-culture of HSCs with THP-1 cells upregulated transcription of the genes coding for me-
talloproteinase (MMP)-3 and MMP-9. After inflammasome pathway activation, the HSCs' phenotype was the
same in the presence of THP-1 cells or MDMs (i.e. upregulation of MMP-3, MMP-9, and the pro-inflammatory
cytokine IL-1β). We found that two cytokines were involved in these changes: IL-1β regulated MMP-3 and IL-1β
mRNA expression, whereas TNF-α regulated MMP-9 mRNA expression. Experiments with primary cells revealed
that a general inflammatory environment is responsible for the downregulation of pro-fibrotic markers. Our
present results suggest that inflammasome pathway activation in macrophages leads to a pro-inflammatory
environment for HSCs leading to MMP/TIMP imbalance and enhanced fibrolytic properties.

1. Introduction

Fibrogenesis is a common, widespread, pathophysiological response
that occurs in many tissues after chronic or repetitive insult caused by
infections, autoimmune reactions, or mechanical trauma [1–3]. The
initial damage can be amplified by an inflammatory response and then
fibrosis (characterized by extracellular matrix deposition, scar forma-
tion, and even organ failure [3]).

Inflammasomes are protein complexes that recognize a diverse set
of inflammation-inducing stimuli, including pathogen-associated mo-
lecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) [4,5]. It controls the activation of the proteolytic enzyme
caspase-1, leading to the maturation of the pro-inflammatory cytokines
interleukin (IL)-1β and IL-18 [6,7]. Among, the inflammasome con-
taining the NOD-like receptor (NLR) protein (NLRP)3 is thought to have
a major role in many inflammatory disease.

The inflammasome has been implicated in fibrotic disease in various
tissues. It reportedly contributes to lung fibrosis [8], and has a role in

several animal models of liver fibrosis. For example, levels of trans-
forming growth factor (TGF)-β1 and collagen type I α1 are abnormally
low following carbon tetrachloride- or thioacetamide-induced liver fi-
brosis in NLRP3- or adaptor ASC-deficient mice [9].

The liver contains both parenchymal cells (hepatocytes, which ac-
count for the majority of the cells) and immune cells (macrophages,
neutrophil leukocytes, dendritic cells (DCs), T cells, natural killer (NK)/
NKT cells, and B lymphocytes). Innate immune cells (including mono-
cytes, macrophages, neutrophils, and DCs) express inflammasomes but
there is also evidence to suggest that inflammasomes are functionally
active in non-immune cells - including hepatocytes [10–14], hepatic
stellate cells (HSCs) [13,15], endothelial cells [13,16] and myofibro-
blasts [17]. HSCs express components of the inflammasome, and acti-
vation of primary mouse stellate cells or LX-2 HSCs with monosodium
urate (MSU) crystals was associated with elevated TGF-β and collagen
type I expression, actin reorganization, and the inhibition of HSC che-
motaxis in an NLRP3-dependant manner [15].

However, liver-resident macrophages (Kupffer cells, KCs) produce
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significant amounts of IL-1β [18] and express most of the NLRs. KCs
have been identified as the main source of lipopolysaccharide (LPS)-
induced IL-1β and IL-18 release [19,20]. Accordingly, caspase-1-defi-
cient KCs were not able to secrete mature IL-1β or IL-18 upon LPS
stimulation [21].

The interaction of HSCs with pro-inflammatory cells (such as KCs) is
a crucial event in HSC activation and the fibrosis process [22–24];
macrophage migration is an important component of the hepatic
wound-healing process that promotes HSC activation and extracellular
matrix (ECM) deposition. Indeed, it has been reported that KCs and
myofibroblasts are co-localized in portal areas and fibrotic septa -
suggesting that these cells work together [24].

IL-1β exerts its effects through paracrine signalling, which is con-
sidered to be the primary mode of interaction between immune cells
and parenchymal cells in the liver [25,26]. In animal models, liver fi-
brosis is associated with elevated IL-1 levels are elevated; furthermore,

IL-1R-deficient mice display significantly less liver fibrosis [9]. In this
context, the expression of matrix metalloproteinases (MMPs) and tissue
inhibitors of metalloproteinases (TIMPs) is modulated by IL-1, which
modifies fibrosis and tissue remodelling [9].

The structurally related extracellular zinc endopeptidase MMPs are
able to cleave one or several constituents of the ECM [27]. This activity
enables the MMPs to modulate a range of biological processes - espe-
cially those related to immunity, tissue repair and/or tissue remodel-
ling. Several studies have demonstrated the involvement of MMPs in
pulmonary and/or hepatic fibrosis [28]. Along with the TIMPs, MMPs
are also considered to the main factors in ECM turnover during hepatic
fibrosis [29,30]. However, the exact pathophysiological mechanisms of
pulmonary and hepatic fibrosis remain unclear.

Furthermore, the exact mechanisms by which IL-1R signalling pro-
motes fibrosis and the cell type or types that might produce IL-1β have
yet to be fully defined. Another important question is whether the pro-

Table 1
Primers used in this study for real-time PCR assay.

Human gene name Forward sequences 5′- > 3′ Reverse sequences 5′- > 3′

GAPDH ATGACATCAAGAAGGTGGTG CATACCAGGAAATGAGCTTG
NLRP1 GGACTGACGATGACTTCTGG ATCACAAAGCAGAGACCCG
NLRP3 GTGTTTCGAATCCCACTGTG TCTGCTTCTCACGTACTTTCTG
NLRC4 CAGTCCCCTCACCATAGAAG TCAAGTTACCCAAGCTGTCAG
NLRP6 TCTTCATCCACTCTTTCAGGC CTCAGAAAGGTCTCGGCAG
AIM2 TGAAACCCCGAAGATCAACAC CCCAGTACTTCCATTTTCCCAG
MMP3 GACAAAGGATACAACAGGGAC TGAGTGAGTGATAGAGTGGG
MMP9 CGAACTTTGACAGCGACAAG CACTGAGGAATGATCTAAGCCC
COL1A1 CCGGCTCCTGCTCCTCTTAGCG CGTTCTGTACGCAGGTGATTGGTGG
ACTA2 CATCCTCATCCTCCCTTGAG ATGAAGGATGGCTGGAACAG

Fig. 1. mRNA expression in the inflammasome pathway in THP1 and LX2 cells, and analysis of the THP-1 cells' responses. mRNA expression in the inflammasome
pathway was evaluated in THP-1 and LX2 cells (A). PMA-differentiated THP-1 cells were treated for 18 h with 100 ng/mL LPS and then for 6 h with MSU crystals
(100, 300 and 1000 μg/mL). IL-1β levels were quantified using an ELISA (B). One hour before stimulation with MSU crystals, cells were pretreated with increasing
concentrations of Z-YVAD-FMK (0.1, 1 and 10 μM). Supernatants were collected, and IL-1β levels were quantified using an ELISA (C). The results are expressed as the
mean ± SEM of three independent experiments. **p < 0.01, ***p < 0.001, relative to a control. ##p < 0.01, relative to the LPS+MSU 300 μg/mL condition.
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fibrogenic effects of inflammasome activation and IL-1β signalling are
due to (i) the direct activation of matrix-producing cells (such as
myofibroblasts) by DAMPs, or (ii) DAMP-induced activation of immune
cells (such as macrophages) and thus indirect activation of myofibro-
blasts though an IL-1β-mediated pathway. To investigate this question,
we co-cultured human hepatic fibroblasts (either the LX-2 cell line or
primary human HSCs) with differentiated macrophages (the THP-1 cell
line or human monocyte-derived macrophages) in which the in-
flammasome pathway had been activated by treatment with a combi-
nation of LPS and MSU crystals.

2. Materials and methods

2.1. Reagents

Recombinant human granulocyte macrophage colony-stimulating
factor (rhGM-CSF) was purchased from R&D Systems (Abingdon, UK).
LPS from E. coli 055:B5, phorbol 12-myristate 13-acetate (PMA), 3-(4,5-
dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide (MTT), gelatin
solution and Nycodenz were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Z-YVAD-FMK was purchased from Calbiochem (Darmstadt,

Germany). Infliximab was obtained from MSD (Courbevoie, France),
and anakinra was obtained from Swedish Orphan Biovitrum (Levallois-
Perret, France). Dulbecco's Modified Eagle's Medium (DMEM), Roswell
Park Memorial Institute (RPMI) medium 1640, antibiotics, L-glutamine,
sodium pyruvate, trypsin-EDTA, and HEPES were purchased from
Invitrogen (Eugene, OR, USA). Foetal calf serum (FCS) was obtained
from Lonza (Levallois, France). Bovine serum albumin (BSA) was pur-
chased from Eurobio (Les Ulis, France).

2.2. Crystal preparation

MSU crystals were prepared by recrystallization from uric acid, as
previously described [31]. Briefly, 1.68mg of MSU was dissolved in
0.01M NaOH preheated to 70 °C (pH 7.1–7.2). The solution was slowly
and continuously agitated at room temperature until crystals formed.
The crystals were washed twice with 100% ethanol, dried, autoclaved,
and weighed under sterile conditions. Immediately prior to experi-
ments, the crystals were resuspended in phosphate-buffered saline
(PBS), sonicated and examined under a phase microscope.

Fig. 2. The roles of TNF-α, IL-1β and inflammasome activation in the response of LX-2 cells to CM from THP-1 cells. mRNA expression levels of MMP-1 (A), MMP-3
(B), MMP-9 (C), and TIMP-1 (D) were measured in LX-2 cells. The LX-2 cells were stimulated (or not) for 24 h with CM obtained from THP-1 cells that had been
activated (or not) with LPS and MSU crystals. In some experiments, the anti-TNF-α monoclonal antibody infliximab (100 μg/mL), the IL-1 receptor antagonist
anakinra (1 μg/ml), or the caspase-1 inhibitor Z-YVAD-FMK (10 μM) were added 1 h prior to stimulation of the LX-2 cells with CM. The results are expressed as the
mean ± SEM of three independent experiments. αααp < 0.001, relative to the control experiment (blank). ***p < 0.001, relative to the control experiment (black)
in the absence of LPS+MSU. #p < 0.05, ##p < 0.01, ###p < 0.001, relative to the LPS+MSU condition.
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2.3. Cell culture

THP-1 cells were purchased from the American Type Culture
Collection (Manasass, VA, USA) and maintained in RPMI 1640 medium
supplemented with 10% FCS, 50 IU/mL penicillin, 50 μg/mL strepto-
mycin, 2 mM L-glutamine and 1mM sodium pyruvate at 37 °C in a
humidified 5% CO2 incubator. The cells were differentiated by treat-
ment with 10 ng/mL PMA for 3 days, followed by 24 h in the absence of
PMA in RPMI 1640 medium supplemented with 2% FCS prior to the
experimental treatments.

LX-2 cells were provided by S.L. Friedman (Mount Sinai School of
Medicine, New York, NY, USA) [32] and were maintained in DMEM
medium supplemented with 10% FCS, 50 IU/mL penicillin, 50 μg/mL
streptomycin, 2mM L-glutamine, and 1mM sodium pyruvate at 37 °C in
a humidified 5% CO2 incubator. The cells used in experiments were
obtained from passage 16 to passage 26.

Primary human MDMs were obtained by differentiating the per-
ipheral blood mononuclear cells (PBMCs) in buffy-coat donations
(French Blood Agency, Etablissement Français du Sang, Rennes, France),
as previously described [31]. The experiments complied with ethical
requirements of the French legislation on blood transfusion safety
(government act 93-5 dated January 4th 1993) and were approved by
the French Blood Agency (Rennes, France). Monocytes from healthy

donors were enriched using a human CD14 microbead separation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany). Human macrophages
were differentiated from monocytes by a 7-day incubation with 50 ng/
mL rhGM-CSF in RPMI medium supplemented with 10% FCS, 50 IU/mL
penicillin, 50 μg/mL streptomycin, 2 mM L-glutamine, and 0.1 mM
HEPES.

Primary human HSCs were isolated from histologically normal
biopsy specimens after partial hepatectomy in adult patients under-
going liver resection for metastases, as previously described [33]. These
samples were obtained from the Rennes Biological Resource Centre
(Centre de Ressources Biologiques Santé, Rennes, France). The research
complied with French and European legislation and regulatory guide-
lines, and was approved by the biological resource centre's ethics
committee (reference: BB-0033-00056). The liver tissue was dissociated
by perfusion with a pronase-collagenase solution (Biopredic Interna-
tional, Rennes, France). HSCs were purified from the first supernatant
of the liver perfusion (enriched in non-parenchymal cells) after hepa-
tocyte isolation. This method relies on the fact that HSCs are naturally
rich in vitamin A, which enables their single-step purification on a
Nycodenz density gradient. To this end, the supernatant was cen-
trifuged and the pellet was re-suspended to a final volume of 7mL in
cold Grey's balanced salt solution (GBSS). Five millilitres of calcium-
free GBSS+Nycodenz 29% was then added. After mixing, 1 mL of

Fig. 3. Role of IL-1β in the response of LX-2 cells co-cultured with THP-1 cells. mRNA expression levels of MMP-1 (A), MMP-3 (B), MMP-9 (C), and TIMP-1 (D) were
measured in LX-2 cells. LX-2 cells were co-cultured (or not) with differentiated THP-1 cells that had been activated (or not) with LPS and MSU crystals. In some
experiments, LX-2 cells were pretreated with the IL-1 receptor antagonist anakinra (1 μg/ml) 1 h before the start of the co-culture. The results are expressed as the
mean ± SEM of three independent experiments. αp < 0.05, ααp < 0.01, relative to the control experiment (blank). ***p < 0.001, relative to the control ex-
periment (black) in the absence of LPS+MSU. #p < 0.05, ###p < 0.001, relative to the LPS+MSU condition.
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calcium-free GBSS+BSA 0.3% was placed gently on the cell suspen-
sion surface. The tube was then centrifuged for 15min at 1400g, to
allow the HSCs to collect at the interface between the Nycodenz and the
BSA; other resident cell types fell to the bottom of the tube. Lastly, HSCs
were washed once in GBSS and seeded on tissue culture dishes exposed
to vacuum gas plasma (Falcon™, BD Biosciences) in the same medium
as LX-2 cells. Primary HSC cultures were maintained at 37 °C in a hu-
midified 5% CO2 incubator, with a passage every 20 to 25 days. Pur-
ification and culture on plastic dishes is known to spontaneously acti-
vate HSCs [35].

2.4. Treatments

Non-adherent THP-1 cells or PBMCs were seeded at a density of
1× 105 per cm2 prior to differentiation. LX-2 cells were seeded at
3× 104 per cm2, and grown in DMEM supplemented with 10% FCS
until confluence was reached. The medium was then replaced with
fresh medium supplemented with 2% FCS for 24 h. Thereafter, cells
were incubated for 18 h in the presence or absence of LPS (100 ng/mL).
MSU crystals were added for 6 h with or without an hour of pretreat-
ment with Z-YVAD-FMK (a caspase-1-specific inhibitor).

2.5. Co-cultures and conditioned medium studies

Two types of co-cultures were grown in a mixture of 20% DMEM
and 80% RPMI 1640 medium supplemented with 2% FCS (determined
after an MTT cytotoxicity assay). The first method used conditioned
media (CM) from differentiated THP-1 cells or differentiated PBMCs

treated with LPS (or not) for 18 h and then with MSU crystals for 6 h
(with or without an hour of pretreatment with Z-YVAD-FMK). The su-
pernatant was removed, centrifuged for 10min at 10000 rpm (to re-
move MSU crystals and debris), and added to cultures of LX-2 cells or
HSCs that had been pretreated (or not) with anakinra (an IL-1R an-
tagonist) or infliximab (a monoclonal antibody against TNF-α) for 1 h.
After 24 h of contact with the CM, the LX-2 cells or HSCs were har-
vested. In the second method, THP-1/LX-2 cells were co-cultured using
six-well plates and 1 μm pore-size Transwell inserts (BD Biosciences),
which allow diffusion of media components but prevent cell migration.
The LX-2 cells were plated on the bottom, and the THP-1 cells were
plated and differentiated on the insert. After differentiation, inserts
containing THP-1 were placed on LX-2 cells, which were pretreated (or
not) for 1 h with anakinra, and filled with the same medium (with or
without LPS) to create a gravity gradient of the released mediators. A
3:1 macrophage/fibroblast ratio was chosen because this corresponds
to the physiological ratio in the liver. After 18 h of incubation with LPS,
MSU crystals were added (with or without an hour of pretreatment of
THP-1 cells with Z-YVAD-FMK). LX-2 cells were harvested 24 h after
MSU stimulation of the THP-1 cells.

2.6. Extraction of total RNA, and real-time PCR

Total RNA was isolated from cells using the SV Total RNA Isolation
System (Promega, Madison, WI, USA). RNA quantity and purity were
assessed with a Nanodrop ND-1000 spectrophotometer (Nyxor Biotech,
Paris, France). Total RNA (1 μg) was reverse-transcribed into cDNA
using the High-Capacity cDNA kit (Applied Biosystems, Foster City, CA,

Fig. 4. Role of IL-1β or TNF-α in the response of LX-2 cells to CM from human monocyte-derived macrophages. mRNA expression levels of MMP-1 (A), MMP-3 (B),
MMP-9 (C), and TIMP-1 (D) in LX-2 cells. LX-2 cells were stimulated for 24 h (or not) with CM obtained from human MDMs activated (or not) for 18 h with 100 ng/
mL LPS and then for 6 h with 300 μg/mL MSU crystals. In some experiments, MDMs were pretreated with the IL-1 receptor antagonist anakinra (1 μg/ml or 100 μg/
mL) or the anti-TNF-α monoclonal antibody infliximab (100 μg/mL) for 1 h prior to the stimulation of LX-2 cells with CM. The results are expressed as the
mean ± SEM of three independent experiments. ααp < 0.01, αααp < 0.001, relative to the control experiment (blank). **p < 0.01, ***p < 0.001, relative to the
control experiment (black) in the absence of LPS+MSU. #p < 0.05, ###p < 0.001, relative to the LPS+MSU condition.
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USA). Real-time quantitative RT-PCR was performed with the SYBR
Green fluorescent dye method using the SYBR Green PCR Master Mix
(Applied Biosystems) and the 7900HT Fast Real-Time PCR system
(Applied Biosystems). Primer pairs for each transcript (Table 1) were
chosen with IDT software (http://eu.idtdna.com/scitools/Applications/
RealTimePCR/) and “blasted” with NCBI (http://www.ncbi.nlm.nih.
gov/BLAST/). Amplification curves were read with SDS 2.3 software
(Applied Biosystems), using the comparative cycle threshold method.
The steady-state level of mRNA for each gene of interest was normal-
ized against the value for GAPDH mRNA.

2.7. ELISA of IL-1β

Media were collected and stored at−20 °C until use. The level of IL-
1β in the supernatant was measured using a Duoset® ELISA kit (R&D
Systems), according to the manufacturer's procedure. Briefly, media
were added to plates coated with the capture antibody and incubated at
room temperature for 2 h, followed by incubation with biotinylated
antibody. Streptavidin-conjugated horseradish-peroxidase was added to
the plates. After the addition of substrate, enzyme activity was detected
with an ELISA microplate reader (POLARstar Omega, BMG Labtech).
The ELISA's sensitivity for human IL-1β was 3.91–250 pg/mL.

2.8. Alpha smooth muscle actin (α-SMA) immunostaining

HSCs were seeded onto Lab-Tek® II chamber slides™ (Dominique
Dutscher, Issy-les-Moulineaux, France) and cultured for 2 days. The
cells were washed in PBS, fixed in formaldehyde 4% at 4 °C for 30min,
washed again three times with PBS, and then permeabilized with

saponin 0.05% in PBS for 30min. Immunocytochemistry staining was
performed on the Discovery XT automated system using a Ventana
DABMap detection kit (Roche Diagnostics, Basel, Switzerland). The
preset detection procedure had been optimized for the Discovery
system. The Ventana High Temperature Liquid Coverslip (Roche
Diagnostics) was applied throughout the automated protocol when
appropriate. Between steps, the slides were rinsed with Ventana Tris
Based Reaction buffer (Roche Diagnostics). Endogenous peroxidase was
blocked by incubation with inhibitor-D 3% H2O2 for 4min at 37 °C.
After rinsing, slides were incubated at 37 °C for 32min with a 1/500-
diluted mouse antibody against α-SMA (Dako Cytomation, Glostrup,
Denmark). Signal enhancement was carried out using the Ventana
DABMap kit (Roche Diagnostics) with biotinylated horse anti-mouse
immunoglobulin G (H+ L, Vector Laboratories, Burlingame, CA, USA).
Slides were counterstained for 4min with hematoxylin and then rinsed.
After removal from the instrument, slides were manually dehydrated
and cover-slipped. Images were captured using a scanner and processed
with NIS-Elements AR software (version 4.00.03, Nikon, Paris, France).

2.9. Statistical analysis

The results were expressed as the mean ± standard error of the
mean (SEM) of three independent experiments. Intergroup differences
in treatment effects were probed with a one-way analysis of variance
with Tukey's post-hoc test for multiple comparisons. The significance of
intergroup differences for other parameters was determined using a
two-way analysis of variance and Bonferroni's post-hoc test. All ana-
lyses were carried out using Prism software (version 5.0, GraphPad
Software, La Jolla, CA, USA). The threshold for statistical significance

Fig. 5. Role of IL-1β in the response of primary human HSCs to CM from THP-1 cells. (A) α-SMA immunostaining of 7-day cultures of primary human HSCs purified
from patients, and mRNA expression levels of MMP-3 (B), MMP-9 (C), COL1A1/collagen I α1 (D), and ACTA2/α-SMA (E), in primary human HSCs. HSCs were
stimulated for 24 h (or not) with CM obtained from PMA-differentiated THP-1 cells activated (or not) for 18 h with 100 ng/mL LPS and then for 6 h with 300 μg/mL
MSU crystals. In some experiments, 1 μg/mL of anakinra was added one hour before stimulation of the HSCs with CM. The results are expressed as the mean ± SEM
of three independent experiments. **p < 0.01, ***p < 0.001, relative to the control experiment (black) in the absence of LPS+MSU. ###p < 0.001, relative to
the LPS+MSU condition.
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was set to p < 0.05, and all tests were two-sided.

3. Results

3.1. THP-1 cells (but not LX-2 cells) express the NLRP3 inflammasome and
release IL-1β

When considering the various NLRPs, THP-1 cells particularly ex-
pressed the NLRP3 inflammasome and AIM2 mRNA, whereas LX-2 cells
expressed NLRP1 and (weakly) NLRP3 mRNA (Fig. 1A). Exposure to
MSU crystals induce the significant production of IL-1β after THP-1
cells had been primed with LPS for 18 h (Fig. 1B); the production of IL-
1β was significantly lower after 1 h of treatment with the caspase-1
inhibitor Z-YVAD-FMK, in a dose-dependent manner (Fig. 1C).

3.2. Exposure to CM and co-culture with THP-1 cells induce changes in gene
expression in LX-2 cells, and these changes depend on IL-1β/TNF-α release

Conditioned media from THP-1 cells stimulated with LPS and MSU
crystals were found to induce the upregulation of MMP-1, MMP-3 and
MMP-9 mRNA expression by LX-2 cells, relative to treatment with CM
obtained from non-stimulated THP-1 cells (Fig. 2A–C). In contrast,
there was no difference in the mRNA expression of TIMP-1 was noted
(Fig. 2D).

Pretreatment of LX-2 cells with infliximab significantly reduced the
effects of CM on the mRNA expression of MMP-3 (Fig. 2B) and MMP-9
(Fig. 2C). Pretreatment of LX-2 cells with anakinra significantly reduced
the effects of CM on the mRNA expression of MMP-1 (Fig. 2A), MMP-3
(Fig. 2B), MMP-9 (Fig. 2C) and TIMP-1 (Fig. 2D). Moreover, MMP-1 and
MMP-3 expression were also significantly reduced by pretreatment with
Z-YVAD-FMK (Fig. 2A and B) - suggesting that gene expression in LX-2
cells is modulated by caspase-1-dependent inflammasome activation.

Co-culture of LX-2 cells with LPS- and MSU-stimulated THP-1 cells
also upregulated MMP-1, MMP-3 and MMP-9 expression, relative to LX-
2 cells co-cultured with non-stimulated THP-1 cells (Fig. 3A–C).

The effects of co-culturing LX-2 cells with LPS- and MSU-stimulated
THP-1 cells on MMP-1 and MMP-3 expression were partially reduced by
pretreatment of the LX-2 cells with anakinra (Fig. 3A and B).

3.3. Conditioned media from MDMs induces changes in gene expression in
LX-2 cells, and these changes depend on IL-1β/TNF-α release

Conditioned media obtained from LPS- and MSU-stimulated MDMs
were found to induce the upregulation of MMP-1, MMP-3 and MMP-9
expression but not TIMP-1 expression, relative to LX-2 cells treated with
CM from non-stimulated, differentiated-MDM cells (Fig. 4). The effects
on MMP-1 and MMP-3 were reduced by pretreatment with anakinra
and infliximab (Fig. 4A and B), whereas the effect on MMP-9 expression
was only reduced by pretreatment with infliximab (Fig. 4C).

3.4. Conditioned media from THP-1 cells induces changes in gene
expression in primary human HSCs, and these changes are dependent on IL-
1β release

Following the purification of quiescent primary human HSCs, we
checked that they had fully differentiated into myofibroblasts by mea-
suring the expression of α-SMA (Fig. 5A). Media conditioned by LPS-
and MSU-stimulated THP-1 cells were found to induce the upregulation
of MMP-3 (Fig. 5B) and MMP-9 (Fig. 5C) expression, and the down-
regulation of COL1A1 (Fig. 5D) and ACTA2 (Fig. 5E) expression, re-
lative to primary human HSCs treated with CM obtained from non-
stimulated THP-1 cells. The upregulation of MMP-3 expression was
reduced by pretreatment with anakinra (Fig. 5B).

4. Discussion

The inflammasome pathway's involvement in liver fibrosis has been
reported in many different animal models [35]. However, the precise
mechanism by which the inflammasome drives the MMP/TIMP im-
balance and fibrogenesis has yet to be characterized. The present study
investigated (i) the influence of factors secreted into the medium, and
(ii) a model in which macrophages (the THP-1 cell line or blood MDMs)
and human hepatic myofibroblasts (the LX-2 cell line or primary HSCs)
were co-cultured. In previous work, we found that LX-2 cells were
probably involved in the fibrogenic and inflammatory responses in-
duced by several cytokines [36]. We observed that even though LX-2
cells express markers of myofibroblast activation at baseline, they are
still able to respond to TGF-β1 stimulation and thus develop pro-fibrotic
and anti-inflammatory phenotypes. However, the direct incubation of
LX-2 cells with pro-inflammatory mediators IL-1β or TNF-α elicits the
opposite effect (i.e. a pro-inflammatory phenotype, with down-
regulation of the myofibroblast differentiation marker α-SMA), and also
stimulates a pro-fibrolytic response with the upregulation of MMP-1,
MMP-3 and MMP-9. These data suggested that activated HSCs (i) are
important factors in hepatic inflammation, and (ii) contribute to the
regression or perpetuation of fibrosis by regulating MMP expression.

Inflammasome proteins are expressed in a wide variety of liver cells.
Importantly, the liver expresses higher levels of caspase-1 than many
other tissues [12]. It has also been reported that myofibroblasts express
inflammasome pathway components [17]. A challenge with LPS dras-
tically enhances the expression of NLRs in cultured HSCs - suggesting
that inflammasome activation is one of the features that enables these
cells to contribute to immune responses in the liver [37]. Here, we
found that LX-2 cells expressed NLRP1 mRNA more strongly than other
NLRs or AIM2, and also that co-stimulation of LX-2 cells with LPS and
MSU crystals induced the release of IL-1β. However, LX-2 cells gen-
erally release low levels of IL-1β. Indeed, KCs are reportedly the liver
cells that express the highest levels of inflammasome pathway com-
ponents and IL-1β [14–18]. Our present results are in line with these
literature data; we found that differentiated THP-1 cells mostly express
NLRP3 (along with other NLRs, and AIM2) on the mRNA level. More-
over, co-stimulation with LPS and MSU crystals elicited the significant
release of IL-1β. This effect was dependent on activation of the in-
flammasome pathway, since pretreatment with the caspase-1 inhibitor
Z-YVAD-FMK significantly decreased the release of IL-1β but did not
modify gene expression following LPS stimulation.

Due to the HSCs' anatomic position in the space of Disse (between
the fenestrated endothelium of the sinusoids and the hepatocytes),
these cells are optimally positioned for interaction with many types of
liver cell. In the fibrotic liver, macrophages consistently migrate to-
wards activated myofibroblasts in areas of scar tissue [22,25,38]. The
interactions between KCs and HSCs, however, are known to be very
complex as a result of heterogeneity in the individual cell populations.
Although co-culture activation alone only partially reproduced the
characteristic changes that affect HSCs during liver cirrhosis, co-culture
of HSCs with KCs more closely resembled the in vivo situation [39]; this
finding also indicates the relevance of macrophage-HSC interactions in
vivo. Crosstalk between macrophages and liver fibroblasts leads to
changes in function and in the patterns of cytokines secreted by each
cell type [40,41]. Accordingly, our experiments revealed that under
basal conditions, CM from the THP-1 cell line or MDMs was unable to
induce a pro-inflammatory state in LX-2 cell line - probably because the
latter were exposed for a relatively short time (24 h). In contrast, the co-
culture of THP-1 cells on inserts with LX-2 cells under basal conditions
induced the mRNA upregulation of IL-1β - probably because the cells
shared the same medium for longer (42 h). Following activation of the
inflammasome pathway in macrophages (using both CM and inserts for
co-culture), IL-1β and TNF-α were found to be responsible for the pro-
inflammatory state observed in LX-2 cells and HSCs.

Chronic inflammation in the liver is responsible for an abnormally
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high accumulation of ECM components; the latter include collagens and
proteoglycans, which are major factors in the formation of transformed
tissue. MMPs and TIMPs are the main regulators of ECM turnover in
hepatic fibrosis [30]. HSCs express ECM components, MMPs and TIMPs
over different timeframes, and are thought to have a key role in the
development of hepatic fibrosis [42]. Liver macrophages can express
several MMPs that are involved in matrix degradation and thereby fa-
vour the resolution of liver injury and fibrosis [38,43]. We found that
following activation of the inflammasome pathway, MMP-1, MMP-3
and MMP-9 mRNA levels were upregulated in LX-2 cells and in HSCs.
TIMPs are specific endogenous inhibitors that bind to the active site of
the MMPs in a stoichiometric 1:1M ratio, thereby blocking access to
ECM substrates. Four TIMPs (TIMP-1, -2, -3 and -4) have been identified
in vertebrates, and their expression is regulated during development,
tissue remodelling, and also inflammation [44].

Given that MMPs degrade various components of the ECM, tight
regulation of the MMPs' activity is essential for preventing excessive
matrix degradation. We did not observe no differences in TIMP-1 mRNA
levels, which suggests that these inhibitors did not regulate MMP ac-
tivity in our experiments. We found that in vitro inflammasome acti-
vation in macrophages was associated with a change in the MMPs/
TIMP ratio. This led to an antifibrotic phenotype to HSCs, with down-
regulation of their mRNA expression levels of α-SMA and collagen type
I α1. This finding is in line with a previous study in which the NLRP3
inflammasome in mouse macrophages was involved in ECM deposition
via the activation of HSCs [45]. However, it was not clear whether these
effects were dependent on IL-1β and/or TNF-α, given that pretreatment
with anakinra, Z-YVAD-FMK or infliximab failed to significantly
dampen the effects in LX-2 cells (although anakinra pretreatment of
primary human HSCs was effective).

In conclusion, we characterized the complex interactions between
pro-inflammatory macrophages and HSCs in the liver. Although direct
paracrine signals seem to be active during the early phases of the injury,
indirect mechanisms also link inflammation and MMP/TIMP im-
balance. The hypothesis whereby activation of the inflammasome
pathway and the release of IL-1β have an indirectly pro-fibrotic role
was supported by our observation that the macrophage-induced acti-
vation of NF-κB in HSCs in vitro and in vivo was mediated by IL-1β and
TNF-α. IL-1β and TNF-α did not promote HSC activation but did en-
hance the survival of activated HSCs in vitro and in vivo, and may in-
fluence liver tissue remodelling.
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