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Abstract

Background&Aims: NLR family pyrin domain-containing 3 (NLRP3) inflammasome
activation has been shown to result in liver fibrosis. Mechanisms and downstream signaling remain
incompletely understood. Here, we studied the role of interleukin 18 (IL-18) in hepatic stellate
cells (HSCs) and its impact on liver fibrosis.

Approach&Results: We observed significantly increased serum levels of 1L-18 (128.4pg/ml
vs. 74.9pg/ml) and IL-18 binding protein (BP; 46.50ng/ml vs. 15.35ng/ml) in patients with
liver cirrhosis compared to healthy controls. Single cell RNA sequencing data showed that an
immunoregulatory subset of murine HSCs expresses IL-18 and the I1L-18 receptor. Treatment
of cultured primary murine HSC with rmIL-18 accelerated their transdifferentiation into
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myofibroblasts. In vivo, IL-18 receptor deficient mice had reduced liver fibrosis in a model of
fibrosis induced by HSC-specific NLRP3 overactivation. Whole liver RNA sequencing analysis
from a murine model of severe NASH-induced fibrosis by feeding choline-deficient, L-amino
acid-defined high-fat diet showed that genes related to 1118 and its downstream signaling were
significantly upregulated and //Z87~ mice receiving this diet for 10 weeks showed protection from
fibrotic changes with decreased number of aSMA-positive cells and collagen deposition. HSC
activation triggered by NLRP3 inflammasome activation was abrogated when IL-18 signaling was
blocked by its naturally occurring antagonist IL-18BP. Accordingly, we observed that the severe
inflammatory phenotype associated with myeloid cell-specific Nlrp3 gain-of-function was rescued
by IL-18BP.

Conclusions: Our study highlights the role of IL-18 in the development of liver fibrosis by its
direct effect on HSC activation identifying IL-18 as a novel target to treat liver fibrosis.
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The cytokine interleukin 18 (IL-18) was initially described as interferon gamma (IFN+y)-
inducing proinflammatory factor in a septic shock model, which stimulated T cell
proliferation. (M) Like IL-1, IL-18 belongs to the IL-1 superfamily and is synthesized as
biologically inactive 24-kDa precursor protein (pro-1L-18) lacking a signal peptide required
for secretion. An intracellular cysteine protease called caspase-1 that is also known as
IL-1B—converting enzyme, cleaves pro-1L-18 into its mature and active form. (&) Activation
of caspase-1 itself is mediated by multiprotein complexes called inflammasomes. The most
studied member of the nucleotide-binding oligomerization domain-like receptor (NLR)
family is the NLR family pyrin domain containing 3 (NLRP3) inflammasome, which
detects a broad range of endogenous or exogenous danger signals including pathogens and
sterile triggers. () 1L-18 precursors were shown to be constitutively expressed in peripheral
blood mononuclear cells, macrophages, monocytes, keratinocytes, intestinal epithelial cells,
Kupffer cells as well as in spleen cells. The transcription of IL-18 was not induced by
inflammatory stimuli in these cells demonstrating that IL-18 plays a role in homeostasis
and is not regulated by inflammation like IL-1f. (4-9) 1_-18 signaling through its receptor
is mediated by a unique extracellular receptor complex that consists of the ligand-binding
chain IL-18Ra and the nonbinding signaling-transducing chain IL-18Rp. (10.11)
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Besides transcription and caspase-1 processing, IL-18 is also regulated by I1L-18 binding
protein (IL-18BP), which acts as an endogenous antagonist with extremely high affinity.
(12) The 40 kDa glycoprotein lacks a transmembrane domain and impedes the binding of
IL-18 to its receptor, blocking the initiation of signal transduction. In healthy humans about
2-3 ng/ml of IL-18BP are found in blood circulation showing a 20-fold molar excess in
comparison to 1L-18. (13)

Hepatic fibrosis is a progressive form of chronic liver injury characterized by an excessive
deposition of extracellular matrix (ECM) like type I collagen, which has been shown to
contribute to the development of cirrhosis and hepatocellular carcinoma. (14 Activation

of hepatic stellate cells (HSCs) by other liver cells, predominantly liver macrophages, has
been identified to have a pivotal role in fibrogenesis. Under physiological conditions, HSCs
maintain in a quiescent state located in the space of Disse and participate in the homeostasis
of ECM, regeneration, repair as well as control of retinoid storage and metabolism.

Upon liver damage, quiescent HSCs transdifferentiate into an activated and proliferating
state characterized by a myofibroblast-like appearance, the loss of retinoid droplets, the
expression of alpha smooth muscle actin (aSMA), and the secretion of extracellular matrix
(ECM) and cytokines. (15 However, HSCs can also contribute to the regression of liver
fibrosis by undergoing apoptosis or reverting to an inactive HSC state with the capacity of
rapid reactivation in the case of pro-fibrotic stimuli. (16: 17)

Recently, our research group demonstrated that NLRP3 activation and pyroptosis are
important contributors to liver inflammation and fibrosis. (18-20) Specifically, we discovered
that hyperactivation of NLRP3 in murine HSCs provoked transdifferentiation into an
activated myofibroblast phenotype. Moreover, using a genetic gain-of-function mouse model
we found that persistent NIrp3 activation in HSCs resulted in increased expression of
pro-fibrotic genes and proteins and liver fibrosis by 24 weeks of age. These results imply a
direct role of NLRP3 inflammasome activation in HSCs and hepatic fibrogenesis. (21)

Several inflammatory diseases are associated with significantly increased IL-18 expression
in serum such as type 2 diabetes mellitus (2), rheumatoid arthritis (23), Crohris disease (24)
and multiple sclerosis (2. Growing evidence suggests an important role of IL-18 in liver
diseases. Elevated amounts of IL-18 in serum have been observed for patients with primary
biliary cholangitis (26), biliary atresia ?7) and chronic liver disease (CLD) of different
etiologies (12) and are correlated with disease severity. Further studies demonstrated that
IL-18 inhibition by exogenous IL-18BP, neutralizing antibodies or caspase-1 deficiency
protected mice from endotoxin-induced liver injury or non-alcoholic fatty liver disease,
whereas 1L-1p blockade does not rescue the phenotype. (1 28-30) Therefore, we initiated this
study to elucidate the role of the proinflammatory cytokine IL-18 on HSC activation and the
development of liver fibrosis.

Material and Methods

Patient cohort

Patients were recruited from the Department of Hepatology and Gastroenterology, Charité
University Medicine Berlin. The study protocol was approved by the ethics committee of
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Charité, University Medicine Berlin, Germany (ethical approval number EA2/091/19) and
was in accordance with the Declaration of Helsinki. Diagnosis of liver fibrosis/cirrhosis

was based on liver imaging consistent with liver cirrhosis (e.g. nodular hepatic contour,
changes in volume distribution indicating portal hypertension in the absence of portal vein
thrombosis, secondary phenomena of portal hypertension such as splenomegaly, enlarged
caudate lobe and left lobe lateral segment, regenerative nodules) together with clinical

and laboratory signs of portal hypertension/cirrhosis (e.g. low platelets, albumin and
prothrombin time, esophageal varices). For all patients with cirrhosis individual MELD
score was calculated. Healthy individuals without evidence of liver disease were recruited as
control group. Written informed consent was obtained from all patients.

Single cell RNA sequencing

Gene expression analysis of 1118 and 1118 receptor (1118r) in HSCs was performed

by analyzing recently published data with permission of the authors. 31) Raw data

are available at https://www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132662. In this
previously published dataset, activated HSCs were isolated from wild type mice (WT;
C57BL6/J) receiving carbon tetrachloride (CCly) for 3 weeks. Quiescent HSCs were isolated
from untreated animals and processed as described in the previous manuscript. Feature

plots were generated by using the R package “Seurat” (v2.3.2) package for R (v3.5) (https://
www.r-project.org/). (31.32)

Mouse strains

Different mutant NlIrp3 gain-of-function mouse models of increasing severity were used
including: NIrp3D30INneoR mice (B6N.129-NIrp3t™3HNf/J) carrying the aspartic acid 301 to
asparagine D301N), NIrp3A350VneoR mjce (B6N.129-NIrp3tmIHhf/j) carrying the alanine
350 to valine (A350V) substitution, and NIrp3L351PneoR mice (B6N.129-NIrp3tm2Hht;g)
carrying the leucine 351 to proline (L351P) substitution. (33) NIrp3A350VneoR mice were
crossed to mice expressing Cre recombinase under control of an endogenous Lyz2 promoter
(CreL; B6.129P2-Lyz2tml(cre)lfo/3) so that mutant NIrp3 expression is only restricted to
myeloid lineage cells (M/rp325%0V CreL). Furthermore, N/rp343%0V Crel mice were bred to
11187~ (B6.129P2-1118™M1AK/3) or /177~ (B6.129S7- //1r1!™1/mX13) and //18r~~ (B6.129P2-
1118r1tm1AkKi/3) mice. NIrp3-351PneoR mice were crossed with transgenic mice expressing
lecithin retinol acyltransferase-driven Cre (Lrat) kindly provided by the laboratory of R.F.
Schwabe (Columbia University, New York, US), in which expression of mutant Nlrp3L351P
is restricted to HSCs (MIrp3-351F/* CreL raf). Nirp3-352F/* Crel rat mice were additionally
bred to //18r7~ mice to inhibit the IL-18 signaling cascade. The group size (n = 3-5) was
based on a former publication and the 3R principle and governmental regulations. 1) The
all-male mice were maintained on a standard rodent chow for 24 weeks. At this time point,
mice were sacrificed and liver tissue and serum were harvested. Cre-negative littermates
were used as control mice in all Cre-inducible models, WT mice with C57BL/6 background
for all other experiments. Genetically modified mice were purchased from The Jackson
Laboratory and have been bred to mice with C57BL/6 background over several generations.
All experiments were approved by German local governmental authorities (Landesamt

fur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, LANUV NRW) and the
Institutional Animal Care and Use Committee at the University of California, San Diego.
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Mice were housed in filter top cages on a 12-hours light/dark cycle with wood shaving
bedding, ad libitum access to rodent chow and water unless otherwise noted.

Dietary-related fibrosis induction

8 weeks old WT (n = 7-8) or /187~ (n = 5-6) male mice were either fed with choline-
deficient, L-amino acid-defined high-fat diet (CDAA-HFD; 60%; #A06071302; Research
Diets, New Brunswick, NJ, USA) or with choline-supplemented, L-amino acid-defined
control diet (CD) over a period of 10 weeks. Mice were randomly assigned to CDAA-HFD
or CD groups so that all groups include mice from several litters.

IL-18BP treatment in mice

Recombinant human IL-18BP (rhIL-18BP; Tadekinig alfa) was provided by AB2 Bio
LTD (Lausanne, Switzerland) due to the ability of human IL-18BPa to also neutralize
murine 1L-18. ®4) In this study, NIrp3D30INneoR+/~ (BN 129-NIrp3tm3Hhf/j) bred to
Lyz2tmi(cre)lifo+/- mice (NMIrp3P30IN Crel) to generate myeloid specific NIrp3 gain-of-
function mutants (male and female) were injected beginning at the age of 2 days
subcutaneously with 6 ug/g body weight rhIL-18BP (n = 6) or PBS (n = 5) six times per
week. After 14 days of treatment mice were euthanized and livers and sera were collected.
Mice were randomly assigned to control and treatment groups from several litters.

HSC isolation and in vitro stimulation

For isolation of HSCs, 16-24 week old wild type (C57BL/6J) female or male mice were
used. Briefly, mice were anesthetized by ketamine/xylazine injection and perfused in situ
through the inferior vena cava with sequential Pronase E (0.4 mg/ml) and Collagenase D
(0.8 mg/ml) solutions. Liver was removed and digested in vitro with Collagenase D (0.5 mg/
ml), Pronase E (0.5 mg/ml) and DNase I (0.02 mg/ml). After 20 minutes, tissue was filtered
through a 70 pm mesh. Cells were separated using a Nycodenz gradient centrifugation. The
isolated HSCs were cultured in DMEM supplemented with 10% sera plus (PAN Biotech)
and 100 U/ml penicillin/streptomycin. After cells attached overnight, HSCs were washed
with PBS and stimulated with recombinant mouse (rm)IL-18 (100 ng/ml and 400 ng/ml;
R&D, 9139-1L, Minneapolis, MN, US) in sera-free medium for 24 h. In an independent
experiment, inflammasome activation in HSCs was induced by LPS (1 ug/ml) for 3 h and
adenosine triphosphate (ATP; 5 mM) for 1 h. In addition, HSCs were co-incubated with
400 ng/ml rmIL-18BPd (R&D, 122-BP) to inhibit binding of I1L-18 to its receptor. As all
substances were either dissolved in PBS or water, culture medium without serum was used
as vehicle. In all experiments, cells were incubated at 37°C and 5% CO».

Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.0 (GraphPad Software Inc., CA,
US). Unpaired two-tailed Student’s t test was used for two-group comparison, whereas
ANOVA followed by Tukeys multiple comparison was used in order to analyze three or
more groups. The significance level was set at a. = 5% for all comparisons. Unless otherwise
stated, data are presented as means + standard deviation.

Other materials and methods are described in the Supplemental Materials and Methods.
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IL-18 signaling is a key regulator of liver fibrosis/cirrhosis in humans and mice

To investigate the potential role of IL-18 and IL-18BP as serum-based biomarkers in patients
with NASH-induced liver cirrhosis we measured the serum levels of IL-18 and IL-18BP in
38 patients and 50 healthy volunteers. Patient and control characteristics are summarized in
Supp. table 1. Interestingly, the level of circulating IL-18 was elevated in patients with liver
cirrhosis (128.4 pg/ml; 76.48 — 209.8 pg/ml) in comparison to healthy controls (74.9 pg/ml;
47.73 — 103.1 pg/ml) (Fig. 1A). A significant increase was also observed for IL-18BP in
serum of cirrhotic patients (46.50 ng/ml; 34.89 — 64.07 ng/ml) when compared to healthy
individuals (15.36 ng/ml; 13.50 — 17.84 ng/ml) (Fig. 1B).

To delineate the expression pattern of IL-18 in quiescent and active HSCs during liver
fibrosis, we leveraged single cell RNA sequencing data from a recent publication by Krenkel
et al. ) In this study, activated HSCs were isolated from mice treated with CCl, to

induce liver fibrosis. Based on the 50 most significant principal components they could be
divided into four sub-populations (myofibroblasts; MFB | to MFB 1V). T-SNE analysis show
that the expression of //18and //18r1 were found to be highly expressed in a subset of
activated HSCs (named MFB I1) but not in quiescent HSC (Fig. 1C and D). Interestingly,
this specific cluster of activated HSC was characterized as an immunoregulatory subset that
expressed various collagens as well as inflammatory mediators suggesting a potential role in
modulating the inflammatory environment in their surroundings. G1)

Stimulation with IL-18 activated HSCs whereas IL-18BP mitigated LPS-induced HSC

activation

To characterize the direct effect of 1L-18 on HSCs, we stimulated primary mouse HSC from
WT livers with two different concentrations of recombinant mouse (rm)IL-18 (100 ng/ml
and 400 ng/ml) for 24 h. Immunofluorescence staining demonstrated an increase in aSMA
expression but not for collagen I in primary HSCs treated with rmIL-18. These findings
were observed especially for the higher dosage (Fig. 2A, B), where some cells already
show a SMA-positive stress fibers, which was not observed for the lower concentration.
Correspondingly, I1L-18 treatment induced the expression of pro-fibrotic genes including
Ctgf, Collal and Acta? (Fig. 2C).

Next, we investigated the impact of inhibiting IL-18 signaling using its naturally occurring
antagonist 1L-18BP on primary HSCs from mouse livers. We found that HSC activation
induced by LPS/ATP treatment was attenuated by IL-18BP, as evidenced by decreased
expression of aSMA protein (Fig. 2D) and significant down-regulated levels of Ctgf, Collal
and ActaZ close to basal conditions (Fig. 2E). Taken together, these /n vitro results suggest
that IL-18 signaling plays a role in HSC activation and that IL-18BP inhibits self-amplifying
activation, which might have an impact on fibrogenesis.
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IL-18 signaling deficiency prevented liver fibrosis induced by persistent NLRP3 expression

in HSCs

As described previously by our group, the enzyme LRAT is uniquely expressed in liver

by HSCs and breeding of Lrat Cre expressing mice to NIrp3L-351P/* (Nfrp3L551F/* Crel raf)
generates a model of NLRP3 hyperactivation in HSCs that is associated with “spontaneous”
liver fibrosis. (21) We used this model to examine IL-18 signaling deficiency in mice with
early fibrosis by crossing these mice to 1L-18 receptor knockout animals (1118r~/"). In
1128r~'~ mice, mRNA levels of aSmaand Collal were significantly reduced compared

to NIrp3-551P* Crel rat 1118r** littermates (Fig. 3A). Sirius Red liver staining displayed
increased collagen deposition in A/rp3-351F/*Crel rat 1/18r*/* compared to WT control,
which was reduced to baseline conditions in NM/p3-552F/*Crel rat 11187~ (Fig. 3B, D).
Interestingly, mice with 1L-18 signaling deficiency revealed a trend towards reduced
macrophage infiltration represented by quantification of F4/80 positive cells in liver sections
(Fig. 3B, E). Importantly, serum levels of ALT/AST and H&E staining of liver tissue
indicated that liver injury was similar between the genotypes (Fig. 3B, C).

IL-18 signaling and downstream regulatory network is activated in CDAA-HFD-induced
fibrotic NASH

To assess the relevance of 1L-18 signaling in a model of diet-induced fibrosis, we chose to
use CDAA-HFD as this diet recapitulates many features of human NASH with fibrosis. (3%)
Mice were put on CDAA-HFD or control diet (CD) for 10 weeks and the gene expression
profile of whole liver tissue was analyzed by RNAseq (Fig. 4A). IL-18 signaling was
activated in mice fed a CDAA-HFD compared to mice fed a CD (Fig. 4B). Genes including
1118r1, 1118 receptor accessory protein (1118rap) and 1/118bp were upregulated in mice fed a
CDAA-HFD, associated with increased expression of genes downstream of IL-18 signaling
such as Cxc/10, /l16 and Fth1 (ferritin). In addition, inflammasome components that act
upstream of IL-18 activation were also upregulated including NM/rp3and Caspl. Fibrosis
development is a major characteristic of NASH. Mice fed a CDAA-HFD showed a strong
activation of fibrosis related genes including Col/lal, Col3al, Vimentin, Timpl, ActaZ,
and 7gfb (Fig. 4C). These data highlights that many molecular players involved in IL-18
pathway are transcriptionally induced in fibrotic NASH.

IL-18 knockout mice are protected from CDAA-HFD-induced fibrosis

Based on the RNAseq data we next determined the role of ablation of IL-18 in NASH
associated liver fibrosis. CDAA-HFD-fed animals showed prominent macro-vesicular
steatosis with incipient nonalcoholic steatohepatitis in both WT and /287~ mice (Suppl.
fig. 1A). In addition, CDAA-HFD mice had increased liver weight and lower body weight
(Suppl. fig. 1B) compared to those mice fed with CD. Liver sections from CDAA-HFD-fed
1118~ mice displayed less intrahepatic collagen accumulation and bridging fibrosis (Fig.
5A, B) compared to WT mice on CDAA-HFD, which was supported by a trend toward
reduced amount of hydroxyproline in the //287" liver tissue (Fig. 5C). In line with the
fibrosis data, the positive area of the HSC activation marker aSMA (Fig. 5D, E) was
significantly reduced in /187~ liver tissue. The gene expression levels of Ctgf. Col3a,
Timp1 and Vimentinincreased in response to CDAA-HFD in both groups compared to CD,
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but to a reduced extent in /287~ mice (Fig. 5F). To analyze the impact of ductular reaction,
which is a common feature in CDAA-HFD fed mice (38), the amount of CK19-positive

cells (apart from mature bile ducts, reactive cholangiocytes and hepatic progenitor cells)
were determined. Both, WT and //78~~ mice show ductular reaction, but without significant
difference (Suppl. fig. 1D, E).

IL-18BP treatment alleviated liver inflammation and fibrosis in myeloid cell-specific NIrp3

mutant mice

In a previous study we demonstrated that disruption of IL-1p signaling partially rescued
the hepatic and systemic inflammatory phenotype concomitant with growth impairment
and shortened lifespan of myeloid cell-specific NIrp3 mutant mice (Suppl. fig. 2). (18)
Interestingly, 1L-18 ablation combined with IL-1R deficiency by generating a double
knockout (NMIrp32350V Crel 111r7~11187") displayed significantly mitigated liver fibrosis

(Suppl. fig. 2).

Based on the critical role of endogenous 1L-18 for HSC activation and fibrosis, we
hypothesized that IL-18 antagonism, e.g. by its natural inhibitor IL-18BP, could be a strategy
to attenuate liver fibrosis. To investigate therapeutic effects of rhIL-18BP, we injected
Nirp3P30IN Crel mice with 1L-18BP or PBS (vehicle) subcutaneously for 14 days. The
characteristic growth retardation and the urticarial-like rash of AVlrp3P30IN Crel mice were
ameliorated by rhIL-18BP treatment (Fig. 6A). In the Mrp3P39IN Crel mice treated with
vehicle, liver histology demonstrated severe inflammation with numerous inflammatory foci
and infiltrating cells. However, the mice treated with rhIL-18BP had a substantial attenuation
of the liver inflammatory response (Fig. 6B). In particular, infiltrating neutrophils were
prevalent in liver of non-treated mice visualized by MPO staining, but not in rhIL-18BP-
treated ones (Suppl. fig. 3A, B). Consistently, liver mRNA levels of immune cell markers
and chemoattractants (7nfa, Cxcl1, Ly6C, Ly6G, Mpo) as well as matrix metalloproteinase
8 (Mmp8, neutrophil collagenase) were significantly down-regulated for Mrp3P30IN Crel
mice injected with IL-18BP, which are abundantly expressed by macrophages, granulocytes
and/or neutrophils (Suppl. fig. 3C). Furthermore, we observed a reduction of collagen
deposition in treated mice compared to vehicle visualized by Sirius Red staining (Fig. 6C)
as well as significantly decreased gene expression level of the extracellular matrix regulating
enzyme 7impl (Fig. 6D). In contrast, Mmp10and Mmpl3were increased in treated mice
compared to vehicle group (Fig. 6D). Interestingly, immunofluorescence staining for aSMA
and PDGFR show that IL-18BP-treated mice show less activated, a SMA-expressing HSCs,
suggesting that IL-18 is a mediator of HSC activation (Fig.6E, F).

Discussion

In the present study, we found a significant elevation of circulating 1L-18 and IL-18BP in
patients with liver cirrhosis in comparison to healthy controls. Subsequently, we provided
strong evidence that IL-18 signaling and the corresponding downstream signaling cascade
play a pivotal role in experimental NASH-induced liver fibrogenesis, which was confirmed
by 11187/~ mice that showed protection from the fibrotic changes in a NASH model. Finally,
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we identified IL18BP as a novel therapeutic approach that has potential for the treatment of
liver fibrosis.

IL-18 is a pleiotropic cytokine with proinflammatory properties, whose biological activity
is controlled by IL-18BP. It has been reported that IL-18 is involved in the activation and
differentiation of T helper cells in concert with 1L-12 or IL-15 as well as in activation

of natural killer cells 38). In line with our results, Ludwiczek and colleagues indicated a
parallel elevation of IL-18 and IL-18BP in patients’ serum with different stages of liver
cirrhosis induced by different etiologies. Interestingly, patients with end stage liver disease
(Child-Pugh stage C) presented a decreased level of IL-18BP and therefore significantly
elevated amounts of unbound IL-18, suggesting a causative role of 1L-18 in the development
and progression of liver diseases (12). Of importance, in cirrhotic patients who undergo liver
transplantation the serum level of IL-18 normalized indicating a key role of the liver in
IL-18 production 39). Furthermore, IL-18 has been associated previously with progression
of cardiac (49, pulmonary 1) and renal fibrosis (42 43). Activation of HSCs is well studied
and essential event in fibrogenesis by their transdifferentiation into a proliferative and
migratory myofibroblast-like cell type. Current data indicate that stimulation with IL-18

in vitro directly induced HSC activation by upregulation of Ctgf, Collal and ActaZas

well as protein expression of a SMA in a concentration-dependent manner (Fig. 2). These
observations were supported /n vivo by using an HSC-specific NLRP3 overactivation
fibrosis model, which is independent of inflammation and liver injury 37). We demonstrated
that collagen deposition (Sirius Red) and key fibrosis-associated genes (aSma, Collal) are
decreased in the absence of 1L-18 signaling in N/rp3-352P/*Crel ratmice (Fig. 3).

In line with our results that 1L-18 induces transition of quiescent HSCs to a SMA-expressing
myofibroblasts, inhibition of IL-18 signaling showed a protective effect on renal as well

as pulmonary fibrosis due to inhibition of cell transdifferentiation into myofibroblasts
(41,43) This leads to the assumption that IL-18 might drive cell differentiation. It has been
reported that hepatic IL-18 expression and its release mainly originated from Kupffer cells
and macrophages (44, Inflammasome activation has previously been implicated in the
development of fibrosis (18: 20.45)_ To this end, fibrogenesis in different experimental mouse
models was suppressed by inflammasome-related (NIrp3, caspase-1, 1118) knockout mice

in which the production and gene expression of collagen | and aSMA was diminished
(20,46, 47) Correspondingly, persistent global expression of NLRP3 resulted in severe

liver inflammation and advanced stages of liver fibrosis by increased HSC activation and
remarkable collagen deposition. Blocking IL-1f signaling by an IL-1 receptor antagonist
(anakinra) decreased liver inflammation, but did not change HSC activation level or the
degree of liver fibrosis (18). Further studies have observed bivalent results regarding the role
of IL-1B in liver fibrosis depending on the mouse model. In ATP-binding cassette transporter
b4 knockout animals, fibrosis was associated with increased gene expression of IL-1B. /n
vitro experiments with primary HSCs revealed decreased proliferation when treated with
anakinra, but anakinra failed to improve liver injury or fibrosis /7 vivo “8). In another study,
IL-1 receptor antagonist knockout mice exhibited more fibrosis in the bile duct ligation
model, but less fibrosis in the CCl4 model. In contrast, when WT mice were treated with

anakinra, fibrosis was improved after bile duct ligation, but aggravated after CCl, injections
(49).
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However, the role of IL-18 was not investigated in these prior studies. Our findings indicate
the pro-fibrotic capability of IL-18 in liver disease. Sequencing data demonstrated that

the gene regulatory network both up- and downstream of 1L-18 including compartments

of inflammasomes and IL-18-related ligands are significantly increased in our murine
fibrotic-NASH model. Further experiments elucidated that 1L-18 deficiency was protective
against the fibrotic changes when fed with CDAA-HFD. Especially the area of collagen-
and aSMA-positive area as well as pro-fibrotic genes were significantly reduced in the
1118/~ mice compared to WT, which highlights again the impact of 1L-18 signaling on HSC
activation and fibrogenesis. Hohenester et al. showed that liver injury in non-alcoholic fatty
liver disease, which increases the risk for fibrosis, was dependent on I1L-18, but not IL-1f
signaling (39). //18r7~ mice were protected from hepatocellular injury assessed by reduced
ALT levels in an American lifestyle-induced obesity syndrome-diet mouse model but it was
not further supported by histological stainings or other methods (9. In contrast, in our study
serum ALT levels showed no difference when comparing WT and 1118/~ on CDAA-HFD
which might be caused by the strong inflammatory phenotype related to this diet.

Using mice that have persistent hyperactivation of NLRP3 in myeloid cells (N/rp33350V
Crel), a double knockout of 1I-1r and 1118 prevented liver fibrosis whereas the I111r

single knockout had no protection. Brydges et al. demonstrated that 9-day old NV/p343°0V
mice on an 1118r~~ background feature almost no neutrophilic inflammation compared to
Nirp32350V mice on an 111r~~ background, which might drive the development of fibrosis
in these mice when aging. ®® These findings suggest that IL-18 signaling may have a
more prominent role in fibrogenesis than IL-1f. In our experiments, administration of
IL-18BP not only alleviated inflammation and liver fibrosis in the highly inflammatory
Nirp3P30IN Crel mouse model, (Fig. 6B, C) but also significantly reduced neutrophil
infiltration assessed by MPO staining (Suppl. fig. 3). Interestingly, treatment with 1L-18BP
also resulted in remarkably lower number of a SMA-positive HSCs in the liver (Fig. 6E),
which points out the correlation of IL-18BP on HSC activation. Accordingly, /n vitro
experiments with I1L-18BP-treated primary HSCs inhibited their activation suggesting that
IL-18BP binds IL-18 released in response to NLRP3 inflammasome activation by LPS/ATP
treatment in order to interrupt their self-amplifying activation (Fig. 2). Consistent with our
results, other studies have shown that 1L-18 neutralization resulted in reduced neutrophil
accumulation in experimental hepatic ischemia/reperfusion injury and lethal endotoxemia
(29.51) |L-18BP prevents mature IL-18 from binding to the IL-18 receptor by virtue of

its exceptionally high binding affinity, which is greater than IL-18Ra.. (19 11) Recently,
rhiL-18BP (Tadekinig Alfa) was tested in clinical trial phase 11 for the autoinflammatory
disorder Adult-onset Still’s disease ®2). In summary, our results highlight the pivotal role
of 1L-18 signaling in liver fibrogenesis via activation of HSCs /in vitroand in vivoin

three different mouse models. Its blockage by use of 1L-18BP as well as potential other
approaches such a neutralizing antibodies may provide a novel therapeutic strategy for the
treatment of liver fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: 1L-18 signaling impacts liver fibrosis/cirrhosis in humans and mice.
(A) Circulating IL-18 levels in patients with NASH-induced liver cirrhosis (LC; (128.4

pg/ml; 76.48 — 209.8 pg/ml) compared to healthy controls (74.9 pg/ml; 47.73 — 103.1 pg/
ml). (B) Serum IL-18BP of LC patients (46.50 ng/ml; 34.89 — 64.07 ng/ml) in comparison to
healthy individuals (15.36 ng/ml; 13.50 — 17.84 ng/ml). Data shown median; IQR. (Control,
n =50; LC, n = 38; ****P < 0.0001; Mann-Whitney U test).

T-distributed stochastic neighbor embedding (t-SNE) plots mapping distribution of HSCs
expressing (C) 1118 and (D) 1118r1. Activated HSCs from carbon tetrachloride (CCly)-
treated mice that induces liver fibrosis were differentiated into four sub-populations
(myofibroblasts; MFB | to MFB 1V) according to their different gene expression pattern.

(31) t-SNE plots show that especially HSCs from the immunoregulatory MFB 11 cluster
express //18and //16r1.
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Fig. 2: Stimulation with recombinant IL-18 accelerates HSC activation in vitro whereas blockage
of 1L-18 signaling inhibits HSC activation.
(A) Representative immunofluorescence images and (B) their quantification by the corrected

total cell fluorescence showing aSMA and Collagen | of HSCs after treatment with either
100 ng/ml or 400 ng/ml rmIL-18 after 24 h. (C) mRNA levels of Ctgf, Collaland Acta?
of primary murine HSCs after rmIL-18 stimulation. (D) immunofluorescence images and
(E) mRNA levels of Ctgf, Collaland ActaZ of primary HSCs treated with LPS/ATP and
additional pre-treatment with rmIL-18BP. (3—4 independent replicates were included for all
measured values; upper scale bars represent 50 pm *P < 0.05; **P < 0.01; ****P < 0.0001).
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Fig. 3: 1L-18 receptor deficiency significantly reduced expression of HSC activation marker in 24
weeks old mice with HSC-specific NLRP3 hyperactivation.

(A) mRNA levels of Ctgf. Collal and aSmain control, Nirp3-351F/* Crel rat 1118r*"*

and NIrp3L352P* Crel rat 1118r”mice. (B) Representative pictures of H&E, Sirius Red-
and F4/80-stained liver sections. (C) Liver transaminases and quantification of (D)

Sirius Red and (E) F4/80-positive cells in mice with 11-18R deficiency compared to
Nirp3L352P7* Crel rat 1118r*”* mice. (n = 3-5 mice per group for all measured values; scale
bars represent 100 um; *P < 0.05; **P < 0.01).

Hepatology. Author manuscript; available in PMC 2024 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Knorr et al.

A

B

Color Key

-1 0 1
Row Z-Score

Page 19

CDAA-HFD or ) Bulk RNA
CD for 10 weeks K }) sequencing

—> |:>J\N//\\//\//\\\\//\\/\|:">

C57BL/6 ‘ total RNA

Color Key

2 1 0 1 2
Row Z-Score |

Hgt
118bp
Apip
Casp8
Naips
Caspt
"ne
Cxcl1o
Naip2
Csfar
Trem2

Caspd

Naip6
Pdgt
Nip3
Nircd
Nipib
118rap
118r1
Gzma

Gzmb.

Fig. 4: 1L-18 signaling and downstream regulatory network is activated in CDAA-HFD-induced
fibrotic NASH.

Bulk RNA sequencing analysis of liver tissue after 10 weeks of CDAA-HFD or CD. (A) An
overview of experimental design. (B) Clustering of IL-18 signaling-related gene transcripts.
(C) Clustering of fibrosis-related gene transcripts. (n = 4 mice per group).
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Fig. 5: 1L-18 deficiency reduced choline-deficient, L-amino acid-defined high fat diet (CDAA-
HFD)-induced fibrosis.
(A, B) Collagen deposition assessed by Sirius Red staining and (C) hydroxyproline, (D, E)

aSMA-positive cells and (F) mRNA expression levels of the pro-fibrotic genes Ctgf, Col3a,
7impl and Vimentinand in WT and /18~ mice fed with CDAA-HFD compared to mice
on control diet (CD). (n = 5-8 mice per group for all measured values; scale bars represent
250 pm; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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Fig. 6: Treatment of NIrp3D3OlN Crel mice with 1L-18BP rescued highly inflammatory

phenotype.

Nirp3P30IN Crel mice were treated with 6 pg/g rhiL-18BP (Tadekinig Alfa) or PBS
from day 2 to 14. (A) Growth impairment, rash and reduced body weight, consistent
with the phenotype of Arp3P30IN Crel mice, were clearly normalized by I1L-18BP

treatment, whereas serum ALT did not significantly changed. (B) H&E- stained liver
sections and quantification showing less inflammation in IL-18BP-treated mice. (C) Sirius

Red-staining. (D) mMRNA expression of extracellular matrix regulating enzymes ( 7imp1,

L]
Vehicle IL-18BP

Tal

Mmp10, Mmp13)were measured from total liver lysate. (E) Immunofluorescence staining
and (F) quantification of PDGFR and aSMA showing more activated HSCs in the non-
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treated mice. (n = 5-6 mice per group for all measured values; scale bars represent 250 um;
*P < 0.05; **P < 0.01; ***P < 0.001).
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