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A new NRF2 activator for the treatment of human metabolic
dysfunction-associated fatty liver disease
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Background & Aims: Oxidative stress triggers metabolic-associated fatty liver disease (MAFLD) and fibrosis. Previous animal
studies demonstrated that the transcription factor nuclear factor (erythroid-derived 2)-like 2 (NRF2), the master regulator of
antioxidant response, protects against MAFLD and fibrosis. S217879, a next generation NRF2 activator has been recently
shown to trigger diet-induced steatohepatitis resolution and to reduce established fibrosis in rodents. Our aim was to evaluate
the therapeutic potential of S217879 in human MAFLD and its underlying mechanisms using the relevant experimental 3D

model of patient-derived precision cut liver slices (PCLS).

Methods: We treated PCLS from 12 patients with varying stages of MAFLD with S217879 or elafibranor (peroxisome
proliferator-activated receptor [PPAR]a/3 agonist used as a referent molecule) for 2 days. Safety and efficacy profiles, steatosis,
liver injury, inflammation, and fibrosis were assessed as well as mechanisms involved in MAFLD pathophysiology, namely
antioxidant response, autophagy, and endoplasmic reticulum-stress.

Results: Neither elafibranor nor S217879 had toxic effects at the tested concentrations on human PCLS with MAFLD. PPAR«/
& and NRF2 target genes (pyruvate dehydrogenase kinase 4 [PDK4], fibroblast growth factor 21 [FGF21], and NAD(P)H quinone
dehydrogenase 1 [NQO1], heme oxygenase 1 [HMOX1], respectively) were strongly upregulated in PCLS in response to ela-
fibranor and S217879, respectively. Compared with untreated PCLS, elafibranor and S217879-treated slices displayed lower
triglycerides and reduced inflammation (IL-18, IL-6, chemokine (C-C motif) ligand 2 [CCL2]). Additional inflammatory markers
(chemokine (C-C motif) ligand 5 [CCL5], stimulator of interferon genes [STING], intercellular adhesion molecule-1 [ICAM-1],
vascular cell adhesion molecule-1 [VCAM-1]) were downregulated by S217879. S217879 but not elafibranor lowered DNA
damage (phospho-Histone H2A.X [p-H2A.X], RAD51, X-ray repair cross complementing 1 [XRCC1]) and apoptosis (cleaved
caspase-3), and inhibited fibrogenesis markers expression (alpha smooth muscle actin [6-SMA], collagen 1 alpha 1 [COL1A1],
collagen 1 alpha 2 [COL1A2]). Such effects were mediated through an improvement of lipid metabolism, activated antioxidant
response and enhanced autophagy, without effect on endoplasmic reticulum-stress.

Conclusions: This study highlights the therapeutic potential of a new NRF2 activator for MAFLD using patient-derived PCLS
supporting the evaluation of NRF2 activating strategies in clinical trials.

Impact and implications: Oxidative stress is a major driver of metabolic-associated fatty liver disease (MAFLD) development
and progression. Nuclear factor (erythroid-derived 2)-like 2, the master regulator of the antioxidative stress response, is an
attractive therapeutic target for the treatment of MAFLD. This study demonstrates that S217879, a new potent and selective
nuclear factor (erythroid-derived 2)-like 2 activator, displays antisteatotic effects, lowers DNA damage, apoptosis, and
inflammation and inhibits fibrogenesis in human PCLS in patients with MAFLD.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Metabolic-associated fatty liver disease (MAFLD) is an expanding
health problem with an estimated global prevalence of 25%.
MAFLD is associated with obesity, insulin resistance, or type 2
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diabetes and other metabolic abnormalities collectively termed
metabolic syndrome.!” MAFLD encompasses a spectrum of
histological lesions ranging from simple steatosis to steatohe-
patitis which includes, in addition to steatosis, hepatocellular
ballooning, and inflammation with varying degrees of fibrosis.”~’
MAFLD can progress to cirrhosis and hepatocellular carcinoma
and is projected to become the leading indication for liver
transplantation in the next decades.®~'° Despite its prevalence
and severity, there is still no approved therapy for this condi-
tion'! and this can be attributed, at least in part, to the poor
translational value of animal and in vitro models used in
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preclinical studies, supporting the critical need for more relevant
experimental tools.

Oxidative stress is a key pathogenic event that promotes
MAFLD progression from steatosis to steatohepatitis and
fibrogenesis. During the course of the disease, lipotoxicity and
increased levels of reactive oxygen species (ROS) lead to
oxidative cellular and DNA damage and to the activation of
apoptotic, inflammatory, and fibrotic pathways.”>'>!> Patients
with MAFLD display increased levels of ROS and lipid peroxi-
dation products, excessive systemic and hepatic oxidative
stress, and decreased levels of antioxidant enzymes and
compounds such as glutathione (GSH).">~'” The nuclear factor
(erythroid-derived 2)-like 2 (NRF2)/Kelch-like ECH-associated
protein 1 (KEAP1) system is the master intracellular regula-
tory system of the antioxidant response to maintain cellular
homeostasis.'® Under physiological conditions, KEAP1 binds
and retains NRF2 in the cytoplasm leading to its ubiquitination
and proteosomal degradation.'®*° Upon exposure to oxidative
stress, KEAP1 releases NRF2 allowing its nuclear translocation
and the induction of NRF2 target genes involved in oxidative
stress-induced responses.’”?> NRF2 plays critical roles in
various liver diseases including MAFLD,>?** and its liver
expression is downregulated in patients with MAFLD and in
murine models.”>~?” Nrf2 deficient animals are more suscep-
tible to diet-induced steatosis and inflammation.?”*® In
contrast, genetic or pharmacological NRF2 activation attenu-
ates diet-induced steatohepatitis and fibrosis,'®?%° raising
new hopes for MAFLD treatment through NRF2 pharmaco-
logical activators. Although encouraging results have been
observed in experimental diet-induced steatohepatitis models,
NRF2-based therapies have not been evaluated in a clinical
setting to date.>*

The availability of KEAP1 X-ray structure®' allowed the dis-
covery of second generation NRF2 activators via the direct
disruption of its interaction with KEAP13? but with limited oral
bioavailability.>> We recently developed a new potent and se-
lective small molecule disrupting KEAP1-NRF2 interaction,
S217879, with good pharmacokinetic properties upon oral
administration in rodents, with protective effects on diet-
induced steatohepatitis and fibrosis murine models.>* Here, ef-
fects of S217879 were assessed in patients with MAFLD using the
relevant human precision cut liver slices (PCLS) model, that
maintains the morphological and biological organisation of the
liver (cell heterogeneity and distribution, extracellular matrix)
and all pathological features of the disease.>® Effects of 5217879
were assessed and compared with those of the well-known
peroxisome proliferator-activated receptor (PPAR)a/5 agonist,
elafibranor.®5-3%

Materials and methods

Human liver samples

Fresh liver tissues were obtained from 12 patients with MAFLD
undergoing liver resection at the digestive surgical department
of Beaujon Hospital (Clichy, France) for primary or secondary
liver cancer (11/12), or from an explanted liver (1/12). Only liver
samples collected within 3 h after surgery were used to minimise
ischaemic time and preserve hepatocellular viability. Liver
specimens were examined by a pathologist, and samples were
taken from the most distal nontumoral tissue. Indications for
surgery, MAFLD evaluation and alcohol use are detailed in
Table S1. Patients’ metabolic features are presented in Table S2.
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None of the patients had detectable anti-hepatitis C virus anti-
bodies or HBs antigen. All patients gave a written consent to
participate the study. This study was approved by the Institu-
tional Review Board CPP SUD MEDITERRANEE V (NCT03634098).
The study conformed to the ethical guidelines of the 1975
Declaration of Helsinki.

PCLS generation and treatments

Fresh liver specimens were harvested and immediately kept in
cold sterile University of Wisconsin solution (Belzer UW®, Bridge
to Life, London, UK). Tissue cores were generated using 8-mm
diameter biopsy punches, embedded into 5% low-gelling-
temperature agarose (Sigma-Aldrich, Saint Quentin Fallavier,
France) and mounted in a tissue slicer (Leica Biosystems
VT1200S) filled with Hanks Balanced Salt Solution supplemented
with 25 mM p-glucose (Sigma Aldrich, Saint Quentin Fallavier,
France), 100 pg/ml streptomycin, 1 pg/ml amphotericin B (Gib-
co™, Thermo Fisher Scientific, Courtaboeuf, France). Samples of
250 pm thickness PCLS®*® were generated using the following
slicing parameters: speed 0.5 mm/s; thickness 250 pm; ampli-
tude 3 mm. PCLS were transferred on 8-pm PET-tissue culture
inserts (ThinCert™, Greiner bio-one, Courtaboeuf, France) in six-
well plates containing 2 ml William’s E Medium (Gibco™,
Thermo Fisher Scientific, Courtaboeuf, France) supplemented
with 100 IU/ml penicillin and 100 pg/ml streptomycin, 1 pg/ml
amphotericin B (Gibco™, Thermo Fisher Scientific, Courtaboeuf,
France), and 25 mM bp-glucose (Sigma-Aldrich, Saint Quentin
Fallavier, France), to maintain the slice in an air-liquid interface
and avoid tissue hypoxia.>*~*' After 2 h pre-incubation, medium
was replaced with fresh culture medium in the presence or
absence of 10 uM elafibranor®? (Selleckchem $3720, Planegg,
Germany) or 3 pM S217879 (synthesised by Servier Medicinal
Chemistry department), corresponding to the drug concentra-
tion reaching the liver upon oral administration in rodents
(30 mg/kg)** (dissolved in DMSO, final concentration 0.1%). PCLS
were cultivated at 37 °C, 5% CO,, in normoxic conditions, under
continuous orbital agitation (70 rpm) for 48 h. Culture medium
was renewed daily. In another set of experiments, PCLS were
treated with chloroquine (300 pumol/L, Sigma-Aldrich, Saint
Quentin Fallavier, France) for 1 h before the end of the 48-h
culture period, to assess autophagic flux. Patients’ characteris-
tics for this set of experiments are detailed in Table S3. After 48 h
of culture, PCLS were washed in cold phosphate-buffered saline
and immediately snap-frozen in liquid nitrogen and stored at
-80 °C until processing (for gene, protein, ATP, and triglycerides
experiments) or fixed in 10% formalin and embedded in paraffin
for histology analyses as described in the Supplementary
information.

Statistics

Data are expressed as mean * SEM. Comparisons were per-
formed using the paired Wilcoxon t test. All tests were two-sided
and a significance level of 0.05 was used. Statistical analyses and
figures were performed/created using GraphPad Prism 9
(GraphPad Software, San Diego, CA, USA) for Windows 11.

Results

Drug safety and efficacy

We first tested liver slices viability in response to 48 h of treat-
ment with elafibranor (10 pM)** or $217879 (3 uM) or vehicle
(DMSO, 0.1%). No effects of elafibranor or S217879 on PCLS
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Fig. 1. Drug safety and efficacy. Human PCLS were generated from the liver of patients with MAFLD (n = 12) and treated with elafibranor (10 uM) or S217879
(3 uM) or vehicle (DMSO, 0.1%) for 2 days. (A) Representative images of H&E staining of human PCLS used for histological analysis of slice morphology. Scale bar:
200 pm. (B) Quantification of ATP content in human PCLS (ATP/protein content ratio). (C) qPCR analysis of PPARa/3 target genes expression PDK4 and (D) FGF21.
(E) qPCR analysis of NRF2 target genes expression NQO1 and (F) HMOX]1. Data are expressed as mean + SEM. *p <0.05; ***p <0.001; ns, not significant (Wilcoxon
paired t test). FGF21, fibroblast growth factor 21; HMOX1, heme oxygenase 1, MAFLD, metabolic-associated fatty liver disease; NQO1, NAD(P)H quinone dehy-
drogenase 1; NRF2, nuclear factor (erythroid-derived 2)-like 2; PCLS, precision cut liver slices; PDK4, pyruvate dehydrogenase kinase 4; PPAR, peroxisome

proliferator-activated receptor; qPCR, quantitative PCR.

morphology were observed at histological examination (Fig. 1A).
The ATP/protein content ratio, as a reflect of slices viability,* was
similar between elafibranor or S217879 and DMSO-treated PCLS
(Fig. 1B). Of note, neither ATP nor protein contents were modu-
lated by elafibranor or S217879 treatment (Fig. S1A and B).
Furthermore, RNA content as well as aspartate aminotransferase
(AST) and lactate dehydrogenase (LDH) leakage in culture su-
pernatants were not significantly affected by both treatments
(Fig. S1C-E).

We then confirmed target engagement induced by both
molecules by assessing the expression of their respective target
genes. PPARa/5 target genes pyruvate dehydrogenase kinase 4
(PDK4) and fibroblast growth factor 21 (FGF21) were upregulated
in elafibranor but not in S217879-treated PCLS (Fig. 1C and D).
Similarly, NRF2 target genes NAD(P)H quinone dehydrogenase 1
(NQO1) and heme oxygenase 1 (HMOX1) were strongly induced
by S217879 (Fig. 1E and F). Of note, NQO1 expression, but not
HMOX1 expression, was slightly induced by elafibranor (Fig. 1E
and F). Collectively, these data indicate that elafibranor and
S$217879 have no hepatotoxic effects, and effectively induce their
respective target genes in human PCLS with MAFLD at the tested
concentrations.

JHEP Reports 2023 vol. 5 | 100845

$217879 improves features of steatohepatitis in human PCLS
with MAFLD

To assess effects of elafibranor and S217879 on liver metabolic
features, we first evaluated glucose-6-phosphatase (G6PC) gene
expression, a key enzyme of neoglucogenesis. Compared with
vehicle-treated PCLS, G6PC expression was reduced by S217879
but not by elafibranor (Fig. 2A). In line with this, glucose con-
centration in culture supernatants was not affected by elafi-
branor and was reduced after S217879 treatment (Fig. S2A). We
then assessed whether these treatments were able to modulate
steatosis. No changes in steatosis using semiquantitative score
could be evidenced at histological examination between elafi-
branor or S217879 and DMSO-treated PCLS (Fig. 1A). For a more
precise analysis of steatosis, we measured triglycerides content
in PCLS and observed that triglycerides on protein content ratio
was significantly lower in both elafibranor and S217879-treated
PCLS compared with the vehicle (Fig. 2B). We then sought to
identify which metabolic pathways were involved in this
improvement of triglycerides content by assessing gene expres-
sion of key players of lipid metabolism. Elafibranor significantly
increased peroxisomal acyl-coenzyme A oxidase-1 (ACOX1) and
carnitine palmitoyltransferase-1-alpha (CPT1A) gene expression

3
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Fig. 2. Effects of elafibranor and S217879 treatments on liver metabolic features. Human PCLS were generated from the liver of patients with MAFLD (n = 12)
and treated with elafibranor (10 pM) or S217879 (3 uM) or vehicle (DMSO, 0.1%) for 2 days. (A) qPCR analysis of G6PC expression in human PCLS. (B) Quantification
of triglycerides content in human PCLS (triglycerides/protein content ratio). (C) qPCR analysis of ACOX1, (D) CPT1A, (E) PPARA and (F) SREBF1 expression in human
PCLS. Data are expressed as mean + SEM. *p <0.05; **p <0.01; ***p <0.001; ns, not significant (Wilcoxon paired t test). ACOX1, peroxisomal acyl-coenzyme A oxidase
1; CPT1A, carnitine palmitoyl transferase 1 alpha; G6PC, glucose-6-phosphatase; MAFLD, metabolic-associated fatty liver disease; PCLS, precision cut liver slices;
PPARA, peroxisome proliferator-activated receptor-alpha; qPCR, quantitative PCR; SREBF]I, sterol regulatory element-binding protein-1.

(Fig. 2C and D), both enzymes involved in fatty acids beta-
oxidation. However, S217879 significantly increased peroxi-
some proliferator-activated receptor-alpha (PPARA) gene
expression, also involved in fatty acid beta-oxidation, and
significantly downregulated sterol regulatory element-binding
protein-1 (SREBF1) and fatty acid synthase (FASN) (Fig. 2E and
F, Fig. S2B) gene expression, both involved in de novo lipogenesis.
Elafibranor had no effect on PPARA, SREBF1, and FASN expression
(Fig. 2E and F, Fig. S2B), and S217879 had no effect on ACOX1 and
CPT1A (Fig. 2C and D) expression. These results indicate that both
elafibranor and S217879 improve steatosis, whereas only
S217879 improves glucose metabolism in human PCLS with
MAEFLD.

Oxidative stress promotes liver injury and DNA damage that
initiate hepatic cell death in MAFLD.****> We tested whether
elafibranor and S217879 were able to lower liver injury in

human PCLS with MAFLD. As mentioned above, AST and LDH
levels in culture supernatants were not modulated neither by
elafibranor nor by S217879 treatments (Fig. S1D and E). As
oxidative stress initiates apoptosis by inducing DNA damage,**
we next investigated the expression of several markers of this
pathway. Immunohistochemical and immunoblot analysis of
phospho-Histone H2A.X (p-H2A.X) displayed less double-strand
DNA damage in S217879-treated PCLS but not in elafibranor-
treated slices (Fig. 3A and B). Consequently, liver expression of
RAD51 (double-strand DNA damage repair enzyme), and X-ray
repair cross complementing 1 (XRCCI; single-strand DNA
damage repair enzyme), was significantly and specifically
reduced in S217879-treated PCLS (Fig. 3C and D). Accordingly,
immunohistochemical analysis of cleaved caspase-3 on PCLS
sections revealed that only S217879 lowered cleaved caspase-3
area when compared with untreated slices (Fig. 3E). These

JHEP Reports 2023 vol. 5 | 100845 4
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Fig. 3. S217879 but not elafibranor reduces liver DNA damage and apoptosis. Human PCLS were generated from the liver of patients with MAFLD (n = 12) and
treated with elafibranor (10 pM) or S217879 (3 uM) or vehicle (DMSO, 0.1%) for 2 days. (A) Immunohistochemical analysis of p-H2A.X-positive nuclei (%) on
human PCLS sections. Scale bar: 200 um. (B) Immunoblot analysis of liver p-H2A.X expression in human PCLS. (C) qPCR analysis of RAD51 and (D) XRCC1
expression in human PCLS. (E) Immunohistochemical analysis of cleaved Caspase-3 positive area (%) on human PCLS sections. Scale bar: 200 um. Data are
expressed as mean + SEM. *p <0.05; **p <0.01; ***p <0.001; ns, not significant (Wilcoxon paired t test). MAFLD, metabolic-associated fatty liver disease; PCLS,
precision cut liver slices; p-H2A.X, phospho-Histone H2A.X; qPCR, quantitative PCR; XRCC1, X-ray repair cross complementing 1.

results demonstrate that S217879, rather than elafibranor, re-
duces liver apoptosis by, at least in part, improving hepatic DNA
damage.

Having observed that S217879 reduces steatosis, liver DNA
damage, and apoptosis, we hypothesised that this new NRF2
activator could also display anti-inflammatory properties in hu-
man PCLS with MAFLD. We first confirmed that elafibranor
improved liver inflammation. As expected,®*” elafibranor
significantly reduced IL-1p, IL-6 (Fig. 4A and B) and chemokine
(C-C motif) ligand 2 (CCL2) (Fig. S3A) liver gene expression.
However, elafibranor had no effect on chemokine (C-C motif)
ligand 5 (CCL5) gene expression (Fig. S3B), vascular cell adhesion
molecule-1 (VCAM-1) and intercellular adhesion molecule-1
(ICAM-1) protein expression (Fig. 4C and D), both markers of
vascular inflammation, stimulator of interferon genes (STING)

JHEP Reports 2023 vol. 5 | 100845

protein expression (Fig. S3C), a key player of the cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING) signal-
ling pathway involved in innate immune response in MAFLD,*¢47
and did not change macrophages markers expression as assessed
on CD68 immunohistochemical analysis (Fig. 4E). Compared with
vehicle-treated PCLS, S21879-treated slices had a significant
lower gene expression of IL-1p, IL-6 (Fig. 4A and B), CCL2 and CCL5
(Fig. S3A and B). VCAM-1, ICAM-1 (Fig. 4C and D) and STING
(Fig. S3C) protein expression was significantly reduced in
S$217879-treated PCLS compared with the vehicle. Moreover, the
CD68-positive area was reduced in S217879-treated PCLS
compared with untreated slices (Fig. 4E). Interestingly, similar
effects of elafibranor and S217879 treatments were observed in
PCLS from patients with advanced liver fibrosis (F3-4, n = 9)
(Fig. S4A-H). These results indicate that both elafibranor and
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Fig. 4. Elafibranor and S217879 reduce liver inflammation. Human PCLS were generated from the liver of patients with MAFLD (n = 12) and treated with
elafibranor (10 uM) or S217879 (3 uM) or vehicle (DMSO, 0.1%) for 2 days. (A) qPCR analysis of IL-18 and (B) IL-6 expression in human PCLS. (C) Immunoblot
analysis of VCAM-1 and (D) ICAM-1 expression in human PCLS. (E) Immunohistochemical analysis of CD68 positive area (%) in human PCLS. Scale bar: 200 pm.
Data are expressed as mean + SEM. *p <0.05; **p <0.01; ***p <0.001; ns, not significant (Wilcoxon paired t test). ICAM-1, intercellular adhesion molecule-1; MAFLD,
metabolic-associated fatty liver disease; PCLS, precision cut liver slices; qPCR, quantitative PCR; VCAM-1, vascular cell adhesion molecule-1.

$217879 inhibit liver inflammatory pathways in human PCLS with
MAFLD with the strongest anti-inflammatory response induced
by S217879.

Collectively, these observations demonstrate that S217879
displays therapeutic properties against MAFLD in human liver
samples.

$217879 reduces fibrosis markers expression in human PCLS
with MAFLD

Sustained liver cell death and inflammation trigger hepatic
stellate cells activation and fibrogenesis in MAFLD,” so that
prompted us to evaluate effects of both drugs on fibrogenesis. As
expected,”” elafibranor had no effect on liver fibrogenesis
markers expression in human PCLS with MAFLD (ACTA2, alpha
smooth muscle actin [6-SMA], collagen 1 alpha 1 [COL1A1], and
collagen 1 alpha 2 [COL1A2]) (Fig. 5). By contrast, qPCR, immu-
nohistochemistry, and immunoblot analyses showed a reduction
of a-SMA expression, a marker of hepatic stellate cells activation
(Fig. 5A-C) in S217879-treated PCLS. Accordingly, this reduced
hepatic stellate cell activation was associated with a decrease in
COL1A1 and COL1A2 expression (Fig. 5D and E). Importantly,
S217879 treatment was also effective to inhibit fibrogenesis

JHEP Reports 2023 vol. 5 | 100845

markers expression specifically in PCLS from patients with
advanced fibrosis (F3-4, n = 9) (Fig. S4I and J). Of note, fibrosis
deposition evaluated on Sirius Red staining using quantitative
approaches remained unchanged between elafibranor or
$217879 and untreated PCLS, likely because of the short duration
of treatment (Fig. S5).

$217879 activates the antioxidant response and autophagy

but does not modulate ER-stress in human PCLS with MAFLD
To dissect cellular mechanisms by which elafibranor and
S$217879 improve MAFLD features, we first evaluated the anti-
oxidant response induced by both treatments. As expected,®548
elafibranor treatment tended to increase total GSH content
(Fig. 6A), glutathione S-transferase alpha-2 (GSTA2) and gluta-
thione peroxidase 2 (GPX2) gene expression without reaching
statistical significance, but significantly induced glutathione
peroxidase-3 (GPX3) gene expression (Fig. 6B-D), all detoxifying
enzymes involved in antioxidant response. At the protein level,
elafibranor had no significant effect on detoxifying enzymes
GPX2, glutathione S-transferase mu-2 (GSTM2), microsomal
glutathione S-transferase-1 (MGST1), glutathione S-transferase
theta-1 (GSTT1), and superoxide dismutase (SOD) expression
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Fig. 5. S217879 but not elafibranor inhibits fibrogenesis. Human PCLS were
generated from the liver of patients with MAFLD (n = 12) and treated with
elafibranor (10 uM) or S217879 (3 uM) or vehicle (DMSO, 0.1%) for 2 days. (A)
qPCR analysis of ACTA2 expression in human PCLS. (B) Immunoblot analysis of
0-SMA expression in human PCLS. (C) Immunohistochemical analysis of a-
SMA-positive area (%) on human PCLS sections. Scale bar: 200 um. (D) qPCR
analysis of COL1A1 and (E) COL1A2 expression in human PCLS. Data are
expressed as mean + SEM. *p <0.05; **p <0.01; ns, not significant (Wilcoxon
paired t test). a-SMA, alpha-smooth muscle actin; COL1A, collagen 1-alpha;
MAFLD, metabolic-associated fatty liver disease; PCLS, precision cut liver sli-
ces; qPCR, quantitative PCR.
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(Fig. 6E-H; Fig. S6A-C). Compared with untreated PCLS,
S$217879-treated slices had a higher GSH content (Fig. 6A) and a
strong overexpression of GSTA2, GPX2, and GPX3 (Fig. 6B-D).
S$217879 also significantly increased GPX2, GSTM2, and MGST1
protein expression and had no significant effect on GSTT1 and
SOD protein expression (Fig. 6E-H; Fig. S6A-C). As expected,
$217879 induced a more pronounced antioxidant response than
elafibranor.

Reduced autophagy and increased ER-stress are two early
events occurring in MAFLD promoting disease progression.>*°->!
We hypothesised that beneficial effects of elafibranor and
S217879 could be mediated, in addition to their well-known
mechanisms of action, through autophagy activation and ER-
stress improvement. Microtubule-associated protein light
chain-3 (LC3, marker of autophagy) gene (MAP1LC3B) and pro-
tein (LC3-II) expression were both induced by elafibranor but not
by S217879 under basal conditions (Fig. S6D-E). Because LC3 is
post-translationally modified (lipidation of LC3-I to form LC3-II),
and considering that a lack of effect or a change in LC3-II protein
expression can reflect both unmodified or reduced or enhanced
autophagic flux,”> we performed the same experiment by
blocking late steps of autophagic flux with chloroquine. As
shown in Fig. 61, LC3-II protein expression was higher in PCLS
treated with elafibranor and with S217879 compared with un-
treated PCLS, suggesting that both treatments activated auto-
phagic flux. We also evaluated C/EBP homologous protein
(CHOP) expression which plays an important role in ER-stress-
mediated apoptosis and inflammation in MAFLD.”! Immunoblot
analysis revealed that CHOP expression was not modulated by
elafibranor or by S217879 (Fig. S6F), suggesting that both treat-
ments do not act directly on ER-stress in human PCLS with
MAFLD. Collectively, our results indicate that elafibranor and
S$217879 may work, in addition to their well-known mechanisms
of action, via autophagy activation in the liver.

To broaden in the analysis of the mechanisms by which
elafibranor and S217879 elicit their properties in human PCLS
with MAFLD, we performed an RNA-sequencing analysis on
liver total RNA. A total of 150 and 344 genes were significantly
differentially expressed between elafibranor (76 up/74 down)
and S217879 (100 up/244 down) vs. vehicle-treated PCLS
(adjusted p value cut-off <0.05), respectively (Fig. 7A, Table S6).
These transcriptional changes were further explored by gene
set-enrichment analysis, which first confirmed the potent in-
duction of the antioxidant response by S217879. Indeed, the
ROS pathway was the most affected pathway in S217879-
treated PCLS with a strong enrichment in antioxidant genes
(Fig. 7B-C, Figs. S7A, S8, Table S6). As expected, elafibranor had
a less pronounced effect on antioxidant pathways (Fig. 7B and
C, Figs. S7A and S8, Table S6). Gene set-enrichment analysis also
confirmed the protective properties of both treatments against
steatohepatitis since inflammatory pathways such as ‘inflam-
matory response’ and ‘tumour necrosis factor alpha (TNFA)
signalling’ were ranked among the most downregulated path-
ways upon elafibranor and S217879 treatments, with a more
pronounced effect observed in S217879-treated PCLS (Fig. 7B
and D, Fig. S8, Table S6). S217879 treatment additionally and
specifically inhibited the apoptosis pathway, whereas elafi-
branor had no significant effect on this pathway (Figs. S7B and
S8, Table S6). More interestingly, pathways and genes involved
in fibrosis such as ‘extracellular matrix structural constituent’
were significantly downregulated by S217879, but not by
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Fig. 6. Elafibranor and S217879 induce antioxidative stress response and enhance autophagy. Human PCLS were generated from the liver of patients with
MAFLD (n = 12) and treated with elafibranor (10 uM) or S217879 (3 pM) or vehicle (DMSO, 0.1%) for 2 days. (A) Quantification of total GSH content in human PCLS
(GSH/protein content ratio). (B) qPCR analysis of GSTA2, (C) GPX2 and (D) GPX3 expression in human PCLS. (E) Representative western blotting of GSTM2, GPX2
and MGST1 expression. (F) Quantification of GPX2, (G) GSTM2, and (H) MGST1 protein expression. (I) Immunoblot analysis of LC3-II expression in human PCLS
(n = 11). Chloroquine (300 pM) was added for the last hour of the culture period. Data are expressed as mean + SEM. *p <0.05; **p <0.01; ***p <0.001; ns, not
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PCLS, precision cut liver slices; qPCR, quantitative PCR.

elafibranor (Fig. 7 and Fig. S8, Table S6), thus confirming our
previous observations (Fig. 5). The RNA-sequencing analysis
also showed that S217879 but not elafibranor inhibited angio-
genesis, that is, a key early event favouring MAFLD progres-
sion®® (Fig. S7C). Finally, the RNA sequencing analysis also
confirmed the global more pronounced and additional effects of
S217879 compared with those of elafibranor (Figs. S7 and S8,

Table S6). A total of 368 genes were significantly differentially
expressed between S217879 and elafibranor-treated slices (130
up/238 down; adjusted p value cut-off <0.05) (Fig. S9A,
Table S6). As expected, antioxidant response was the most
upregulated pathway in S217879-treated PCLS compared with
elafibranor-treated slices (Fig. S9B-D). Pathways involved in
MAFLD pathophysiology related to lipid metabolism
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(‘adipogenesis’), apoptosis, inflammation (‘inflammatory
response’, ‘TNFA signalling’, ‘IL6 signalling’, ‘interferon gamma
response’) and fibrosis (‘extracellular matrix structural constit-
uent’, ‘transforming growth factor-p signalling’) were signifi-
cantly lowered in S217879-treated PCLS when compared with
elafibranor-treated slices (Fig. S9B,E-G).

Discussion

This study, based on human PCLS, a relevant ex vivo model of
MAFLD, provides strong evidence for the therapeutic potential of
a new NRF2 activator (S217879) by preventing steatosis, DNA
damage, and apoptosis, and inhibiting inflammatory and fibrotic
pathways. Such effects were mediated through the improvement
of lipid metabolism, a potent induction of antioxidant response
and enhanced autophagic flux. Our study extends the first
description of S217879, a potent and selective small molecule
disrupting KEAP1-NRF2 interaction with good safety and phar-
macokinetic properties upon oral administration in two dietary-
induced steatohepatitis murine models, that broadly affects key
drivers of the disease.>*

The strength of our study first comes from the use of the
ex vivo PCLS model from patients with MAFLD to evaluate the
early hepatic response to drug candidates. This model of ultra-
thin liver slices culture constitutes to date the only tridimen-
sional model that respects at the best the complex organisation

of the liver, regarding its cellular heterogeneity and distribution,
its micro-environment, and the pathological features of the hu-
man disease,”* overcoming the poor relevance of animal and
in vitro models, especially in MAFLD. This allowed us the longi-
tudinal study of human liver specimens obtained directly from
patients with varying stages of MAFLD (from steatosis to stea-
tohepatitis with and without fibrosis/cirrhosis). In addition,
although sex differences are well-known in MAFLD,>> we
included in this study both male and female patients, implying
that the observed effects are not restricted to one sex. It should
be also emphasised that we included in this study patients with
and without type 2 diabetes and observed similar trends in drug
responses whatever their diabetes status (data not shown),
implying that S217879 also effectively works in patients with
type 2 diabetes, a favouring condition for steatohepatitis and
advanced fibrosis.>°° A second strength of the study comes from
the use of elafibranor as a reference molecule, which has shown
beneficial effects in MAFLD,>®*” allowing us to validate the effi-
ciency and the translational value of PCLS on the one hand, and
to compare effects of S217879 in light of those of elafibranor on
the other hand. Interestingly, S217879 exhibited more pro-
nounced protective effects than elafibranor in this model.

The first major finding was the observation that S217879
treatment improved features of MAFLD in human livers through
NRF2 pathway activation. First, S217879 lowered glucose con-
centration in culture supernatants by inhibiting neoglucogenesis,
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suggesting that this new molecule could have a potential for
diabetes management in patients with MAFLD. Second, we
confirmed the antisteatotic effect of elafibranor’®°’ and
observed the same effect of S217879 on liver triglycerides con-
tent. This antisteatotic effect was mediated by an activation of
pathways involved in lipid catabolism, and S217879 additionally
inhibited de novo lipogenesis pathways. This is in line with
previous studies in mice showing that pharmacological and ge-
netic NRF2 activation represses the expression of key factors of
fatty acid synthesis with concomitant reduction of hepatic lipids
levels.>*>859 Besides lipid metabolism, $217879 and elafibranor
enhanced autophagy in human PCLS (a prototypic catabolic
process). We can yet speculate that the reduction of lipid content
could be also attributed to the specific lipid degradation process
by autophagy also known as lipophagy. By contrast, Mohs et al.'®
reported that hepatic genetic activation of NRF2 by KEAP1
deletion in hepatocytes in mice®® did not modulate the expres-
sion of autophagy related genes. However, the authors analysed
autophagy only at the gene expression level whereas autophagy
proteins are highly post-translationally modified to modulate
autophagic flux.>*®'" Second, we demonstrated that S217879
treatment was able to reduce liver injury and inflammation.
Levels of secreted common markers of liver injury (AST, LDH)
were not modulated in culture supernatants in this model,
whereas we observed a reduction of liver DNA damage that was
associated with less apoptosis in S217879 treated slices. This
result is in line with the recent description of the protective role
of genetic NRF2 activation against oxidative stress-induced DNA
damage and consequent apoptosis observed in the hepatocytes-
NF-kB essential modulator (NEMO)-deficient genetic steatohe-
patitis model.'® A direct link can be made between oxidative
stress, DNA damage, and apoptosis when considering that
oxidative DNA damage occurs in MAFLD.**5%5% and that
apoptosis is induced by DNA damage?**>®4%> [nterestingly,
implication of the cGAS-STING pathway in MAFLD recently
emerged as a DNA damage sensing pathway recognising DNA
leakage in the cytosol that initiates hepatic innate immune
response through type-1 interferon production.***”%> Qur
description of a decreased expression of STING in S217879-
treated PCLS supports the observation of reduced DNA damage
following pharmacological NRF2 activation by S217879. In
addition, liver inflammation was also ameliorated in S217879-
treated PCLS. This extends previous observations of anti-
inflammatory effects of NRF2 activation in rodents®®>34% put
contrasts with recent results described by Mohs et al.'® in which
immune cells infiltration and II-1p expression were increased in
the liver of hepatocyte-KEAP1-deficient mice in an MAFLD
setting. This can be explained by the characteristics of the
hepatocyte-NEMO deficient mice model steatohepatitis which
displays a constitutive inactivation of the canonical nuclear
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factor kappa-light-chain-enhancer of activated B cells (NFxB)
pathway that regulates inflammation,®® and the
crosstalk between the KEAP1-NRF2 axis and the NFkB pathway,
that coordinately regulate cellular responses to resolve inflam-
mation.®” Interestingly, we also observed a reduction of endo-
thelial inflammation markers (ICAM-1, VCAM-1) in PCLS
following NRF2 activator treatment, suggesting that S217879
may also improve liver sinusoidal endothelial cells homeostasis,
which is of great importance in the pathophysiology of MAFLD
because endothelial inflammation occurs in early steps of the
disease and promotes its progression towards advanced steato-
hepatitis.’®>> The specific role of NRF2 activation in liver sinu-
soidal endothelial cells and other liver cell types deserves further
studies.

The second major finding of this study was the observation
that S217879 lowers fibrogenesis markers expression (Fig. 5),
supporting the recent observations made in the
amylin liver non-alcoholic steatohepatitis (AMLN) diet-induced
steatohepatitis model,®>* and suggesting an antifibrogenic po-
tential of this treatment in humans, even with advanced stages
of fibrosis. Importantly, we did not observe antifibrogenic effects
of elafibranor, whereas this treatment has raised beneficial ef-
fects on liver fibrosis in mice,”’ but failed to improve fibrosis in
humans in a clinical trial.>” These observations obtained in our
human PCLS model with MAFLD highlight the limited relevance
of murine models and could be explained by the hyper-
responsiveness of rodents to PPARx/S agonism as illustrated by
weight loss after elafibranor treatment in mice but not in
humans.>”*® Meanwhile, protective effects of NRF2 activating
strategies against liver fibrosis have been described in murine
dietary-induced steatohepatitis models by suppressing TGF-B1
signalling and  maintaining  hepatic  stellate  cells
quiescence.'539346970 In this study, we report for the first time
to our knowledge an antifibrotic effect of a pharmacological
NREF2 activator in human livers with MAFLD.

All these therapeutic effects against MAFLD and fibrosis were
first mediated, as expected, by the promotion of a potent anti-
oxidant response as illustrated by the restoration of the GSH pool
in PCLS from patients with MAFLD, and the induction of detox-
ifying enzymes.!°>* Of note, PPARo/3 agonism also activated
antioxidant response in our model as in others,*®***® but effects
of S217879 were obviously stronger than those of elafibranor.
Autophagy was also enhanced upon S217879 treatment in hu-
man PCLS suggesting that S217879 could improve liver health by
rescuing the defect of autophagy that occurs and promotes
MAFLD progression.*%->°

In conclusion, our observations provide for the first time new
insights on the therapeutic potential of a new NRF2 activator in a
human setting of MAFLD and support the use of NRF2 activating
strategies in clinical trials.
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Supplementary material and methods

ATP content determination: PCLS viability was in part assessed via ATP content
determination as described below [1]. Briefly, PCLS were homogenized in 500 pL of 2 mmol/L
EDTA - 70% ethanol solution (pH 10.9) using a TissueLyser LT (Qiagen). ATP content was
determined using the bioluminescent CellTiter-Glo® 3D Cell Viability Assay (Promega G9681)
according to the manufacturer’s instructions. Luminescence was recorded with a Fluoroskan
FL microplate reader (ThermoFisher Scientific). ATP content was normalized to total protein
content of the slice as measured by the Bradford Protein Assay (Bio-Rad). Presented results

are expressed as the mean of the two slices for each condition.

RNA extraction and quantitative polymerase chain reaction. mRNA from PCLS were
extracted in TRIzol® reagent (Life technologies) according to manufacturers’ instructions.
cDNA synthesis was performed with QuantiTect Reverse Transcription Kit (Qiagen).
Quantitative polymerase chain reaction (QPCR) was performed on Real-Time PCR system
LightCycler® 96 Instrument (Roche) using TagMan® probes (Appliedbiosystems) with the
following parameters: 1 cycle at 95°C for 10 min followed by 45 cycles at 95°C for 15s, 60°C
for 60s. Probes references are detailed in Table S4. Gene expression was normalized to four
housekeeping genes (18s, GAPDH, HPRT1 and PPIA). Relative expression was calculated
using the 2-delta-delta CT method and geometric average of normalization to each
housekeeping gene was calculated. Presented results are expressed as the mean of the two

slices for each condition.

Western blot: Snap frozen PCLS were homogenized in 200 uL RIPA buffer containing 150
mmol/L NaCl, 50 mmol/L TrisHCI, pH 7.4, 2 mmol/L EDTA, 0.5% sodium deoxycholate, 0.2%
sodium dodecyl sulfate, 2 mmol/L activated orthovanadate, complete protease inhibitor
cocktail tablet (cOmplete™, Roche) and complete phosphatase inhibitor cocktail tablet
(PhosSTOP™, Roche). Homogenates were then incubated at 4°C for 45 minutes. Lysates

were centrifuged at 12000 g for 5 min. Supernatants were collected and protein content was
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quantified using the Lowry protein assay (Bio-Rad; Hercules, CA). Lysates were mixed with
the reducing sample buffer for electrophoresis and subsequently transferred onto nitrocellulose
membrane (Bio-Rad). Equal loading was checked using Ponceau red solution. Membranes
were incubated with primary antibodies (primary antibodies used for western blot analyses are
described in Table S5). After secondary antibody incubation (anti-rabbit or anti-mouse,
Amersham, GE Healthcare, 1/3000), immunodetection was performed using an enhanced
chemiluminescence kit (Immun-Star Western C kit, Bio-Rad). Bands were revealed using the
ChemiDoc imaging system (Bio-Rad). Values reported from Western blots were obtained by
band density analysis using Image Lab software (Bio-Rad) and expressed as the ratio of

protein of interest on total loaded proteins (ponceau) for the whole cell extract.

Triglyceride and GSH contents determination: Snap frozen PCLS were homogenized in
500 uL PBS using a TissueLyser LT (Qiagen). Triglyceride content was determined using the
bioluminescent Triglyceride-Glo™ Assay (Promega J3160) and GSH content was determined
using the GSH-Glo™ Glutathione Assay (Promega V6911) according to the manufacturer’s
instructions. Luminescence was recorded with a Fluoroskan FL microplate reader
(ThermoFisher Scientific). Triglyceride and GSH contents were normalized to total protein

content of the slice as measured by the Bradford Protein Assay (Bio-Rad).

Histopathology and immunohistochemistry: PCLS were fixed in 10% formalin for 24 hours
and embedded in paraffin with an automated carousel processor for dehydration, and paraffin
embedding (Leica). Histopathology and immunostainings were performed using standard
clinical procedures in the Pathology department of Beaujon Hospital (Clichy, France). Briefly,
3 um thickness sections were made and stained with Hematoxylin and Eosin or Sirius red.
Immunostainings for alpha-smooth muscle actin (a-SMA), CD68, phospho-Histone H2A.X (p-
H2A.X) and cleaved Caspase-3 were performed with an automated immunohistochemical
stainer (Ventana Benchmark®) according to the manufacturer's instructions (primary
antibodies used for immunohistochemistry analyses are described in Table S5). Stained and

immunostained slides were digitized (Scanscope AT turbo®, Leica). Steatosis was scored on
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Hematoxylin and Eosin staining by a pathologist (VP) in a blinded manner, according to the
following scoring system that assesses the proportion of large or medium fat droplets
containing hepatocytes: S0: <5%; S1: 5-33%; S2: 34-66%; S3: >67% [2]. Quantitative
analyses of immunostainings (a-SMA, cleaved Caspase-3 and CD68) and sirius red staining
was performed using positive pixels algorithm (Indica Labs) on digital slides with Aperio
software. Results are expressed as the percentage of positive pixels. p-H2A.X immunostaining
analysis was performed using positive cells algorithm on digital slides with Qupath software
and expressed as the percentage of positive nuclei. Quantification methods were automated

observer-independent process based on whole-slide scanning.

Culture supernatants preparation and biochemical measurements: PCLS culture
supernatants were collected after the 48" hour of culture and centrifuged for 15 minutes at
600g in order to remove cell debris. Supernatants were aliquoted and stored at -80°C until use.
Aspartate aminotransferase (AST) level were measured by colorimetric assay (Cohesion
Biosources CAK1004) according to the manufacturer’s instructions. Absorbance at 520 nm
was recorded with a Multiskan sky microplate reader (ThermoFisher Scientific). LDH and
glucose levels were measured in PCLS supernatants by standard clinical procedures at

Beaujon Hospital (Clichy, France).

Transcriptomic analysis: mRNA from PCLS were extracted in TRIzol® reagent reagent (Life
technologies) according to manufacturer’s instructions. To monitor modulated genes following
Elafibranor or S217879 treatments, an RNA library was prepared using the SMARTer®
Stranded Total RNA-Seq Kit v3 (Pico Input Mammalian) according to manufacturer’s
recommendations (634873, Takara). Samples were sequenced on ILLUMINA Novaseq 6000
with S1-200 cartridge in the iGenSeq core facility (Genotyping and sequencing), at Institut du
Cerveau (Paris, France). Raw RNA-seq reads were mapped to the human genome (Ensembl
GRCH38) and Ensembl’s reference transcriptome using STAR [3]. Gene counts were obtained
using FeatureCount [4], normalized by an UpperQuartile procedure, and logged on a base 2.

RNAseq analyses were performed by JR Analytics (jr-analytics.fr). Genes from sexual
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chromosomes and genes with null variance were removed prior normalization. Raw Gene
expression profiles were normalized using the upper-quartile approach and log2+1
transformed [5]. Analyses were corrected for gender effects. Differential gene expression
between groups (Elafibranor vs. DMSO, and S217879 vs. DMSO, and Elafibranor vs.
S217879) were estimated and the statistical relevance evaluated with Student’s t test. Gene
set enrichment analysis (GSEA) was performed using the fast GSEA implementation
(10.18129/B9.bioc.fgsea; Bioconductor, open-source software), preranked by the t.test value
from the studied comparison. Leading edges of gene set enrichment (genes having the most
impact in the enrichment pathway) were displayed as a heatmaps.

RNA sequencing data presented here have been deposited in NCBIl's Gene Expression
Omnibus and are accessible through GEO Series accession number GSE234415

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE234415).



Hammoutene A, et al. S217879 for the treatment of NASH 7/24

Supplementary figures
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Fig. S1: Drugs safety. Human PCLS were generated from the liver of patients with MAFLD
and treated with Elafibranor (10 uM) or S217879 (3 uM) or vehicle (DMSO, 0.1%) for two days.
(A) Quantification of ATP, (B) protein and (C) RNA contents in human PCLS with MAFLD. (D)
Quantification of AST and (D) LDH levels in PCLS culture supernatants. n=12 PCLS per
condition generated from 12 patients with MAFLD. Data are expressed as mean + SEM. ns,
not significant (Wilcoxon paired t-test). MAFLD, metabolic associated fatty liver disease; PCLS,

precision cut liver slices.
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Figure S2
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Fig. S2: S217879 but not Elafibranor inhibits neoglucogenesis and de novo lipogenesis.
Human PCLS were generated from the liver of patients with MAFLD and treated with
Elafibranor (10 pM) or S217879 (3 uM) or vehicle (DMSO, 0.1%) for two days. (A)
Quantification of glucose concentration in PCLS culture supernatants. (B) qPCR analysis of
FASN expression in human PCLS with MAFLD. n=12 PCLS per condition generated from 12
patients with MAFLD. Data are expressed as mean * SEM. *p<0.05; **p<0.01; ns, not
significant (Wilcoxon paired t-test). MAFLD, metabolic associated fatty liver disease; PCLS,

precision cut liver slices.
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Fig. S3: Elafibranor and $S217879 reduce liver inflammation. Human PCLS were generated

from the liver of patients with MAFLD and treated with Elafibranor (10 uM) or S217879 (3 uM)

or vehicle (DMSO, 0.1%) for two days. (A) gPCR analysis of CCL2 and (B) CCL5 expression

in human PCLS with MAFLD. (C) Immunoblot analysis of STING expression in human PCLS

with MAFLD. n=12 PCLS per condition generated from 12 patients with MAFLD. Data are

expressed as mean = SEM. *p<0.05; ***p<0.001; ns, not significant (Wilcoxon paired t-test).

MAFLD, metabolic associated fatty liver disease; PCLS, precision cut liver slices.
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Fig. S4: Effects of Elafibranor and $217879 on PCLS from patients with advanced liver
fibrosis. Human PCLS were generated from the liver of patients with MAFLD with advanced
liver fibrosis (F3-F4, n=9 patients) and treated with Elafibranor (10 uM) or S217879 (3 uM) or
vehicle (DMSO, 0.1%) for two days. qPCR analysis of NQO7 (A), PDK4 (B), and G6PC (C)
expression in PCLS with MAFLD from patients with advanced liver fibrosis. (D) Quantification
of triglycerides content (Triglycerides/protein content ratio) in PCLS with MAFLD from patients
with advanced liver fibrosis. (E) gPCR analysis of RAD51 expression in PCLS with MAFLD
from patients with advanced liver fibrosis. (F) Immunohistochemical analysis of cleaved
Caspase-3 positive area (%) on PCLS with MAFLD from patients with advanced liver fibrosis.
(G) gPCR analysis of IL-6 and (H) CCL5 expression in PCLS with MAFLD from patients with
advanced liver fibrosis. (I) Immunohistochemical analysis of a-SMA positive area (%) on PCLS
with MAFLD from patients with advanced liver fibrosis. (G) qPCR analysis of COL1A1
expression in PCLS with MAFLD from patients with advanced liver fibrosis. Data are expressed
as mean = SEM. *p<0.05; **p<0.01; ns, not significant (Wilcoxon paired t-test). Same patients
were used in the analyses of drugs effects in patients with all stages of fibrosis (Figures 1-5,

7). MAFLD, metabolic associated fatty liver disease; PCLS, precision cut liver slices.
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. S5: Elafibranor and S217879 does not affect liver fibrosis. Human PCLS were

generated from the liver of patients with MAFLD and treated with Elafibranor (10 pM) or

S217879 (3 pM) or vehicle (DMSO, 0.1%) for two days. Fibrosis deposition was evaluated on

Sirius red staining. (A) Representative images of histological analysis of liver fibrosis on Sirius

red staining on PCLS sections from patients with F1, F3 or F4 fibrosis score [2]. (B)

Quantification of liver fibrosis area on Sirius red stained slides. n=12 PCLS per condition

generated from 12 patients with MAFLD. Data are expressed as mean + SEM. ns, not

significant (Wilcoxon paired t-test). MAFLD, metabolic associated fatty liver disease; PCLS,

precision cut liver slices.
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Figure S6
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Fig. S6: Effects of Elafibranor and S$S217879 on liver autophagy and ER-stress. Human
PCLS were generated from the liver of patients with MAFLD and treated with Elafibranor (10
MM) or S217879 (3 pM) or vehicle (DMSO, 0.1%) for two days. (A) Representative western
blotting of SOD and GSTT1 expression. (B) Quantification of SOD and (C) GSTT1 protein
expression. (D) gPCR analysis of LC3 expression (MAP1LC3B) in human PCLS with MAFLD.

(E) Immunoblot analysis of LC3-Il expression in human PCLS with MAFLD. (F) Immunoblot
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analysis of CHOP expression in human PCLS with MAFLD. Data are expressed as mean
SEM. n=12 PCLS per condition generated from 12 patients with MAFLD. *p<0.05; ns, not
significant (Wilcoxon paired t-test). GSTT1, Glutathione S-Transferase Theta 1; MAFLD,
metabolic associated fatty liver disease; PCLS, precision cut liver slices; SOD, superoxide

dismutase.
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Elafibranor vs. DMSO Figure S7
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Fig. S7: S217879 treatment induces a potent anti-oxidant response and inhibits

apoptosis and angiogenesis. Human PCLS were generated from the liver of patients with

MAFLD and treated with Elafibranor (10 uM) or S217879 (3 pM) or vehicle (DMSO, 0.1%) for

two days. (A) Heatmaps and enrichment plots of differentially expressed genes in glutathione

metabolism, (B) apoptosis, and (C) angiogenesis pathways in Elafibranor and S217879-
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treated PCLS vs. vehicle treated-PCLS. n=12 PCLS per condition generated from 12 patients

with MAFLD. MAFLD, metabolic associated fatty liver disease; NES, normalized enrichment

score; PCLS, precision cut liver slices.
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Figure S8
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Fig. S8: Differentially expressed genes in Elafibranor and $217879-treated PCLS vs.
vehicle-treated PCLS. Human PCLS were generated from the liver of patients with MAFLD
and treated with Elafibranor (10 uM) or S217879 (3 uM) or vehicle (DMSO, 0.1%) for two days
(n=12 PCLS per condition from 12 patients with MAFLD). Gene expression was evaluated on

RNA sequencing data and are expressed as normalized counts.
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Figure S9
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Fig. S9: S217879 has more pronounced effects than Elafibranor to inhibit pathways
involved in NASH. Human PCLS were generated from the liver of patients with MAFLD and
treated with Elafibranor (10 uM) or S217879 (3 uM) or vehicle (DMSO, 0.1%) for two days. (A)

Heatmap of significantly differentially expressed genes from S217879 vs. Elafibranor-treated
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PCLS (FDR-adjusted p-value cut-off: 0.05). (B) Gene set-enrichment analysis of most
differentially modulated pathways in S217879 vs. Elafibranor-treated PCLS with MAFLD. (C)
Heatmaps of differentially expressed genes in reactive oxygen species, (D) glutathione
metabolism, (E) apoptosis, (F) inflammatory response, (G) extracellular matrix structural
constituent, and (H) angiogenesis pathways in S217879 vs. Elafibranor-treated PCLS with
MAFLD. n=12 PCLS per condition generated from 12 patients with MAFLD. MAFLD, metabolic
associated fatty liver disease; NES, normalized enrichment score; PCLS, precision cut liver

slices.
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Supplementary Table S1. Patients’ characteristics
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Non tumoral liver

used for PCLS
Patient n° | Gender | Age Indication for surgery Alcohol SAF [2] NAS [6]
consumption
1 F 67 Liver metastases from colon No S2A1F1 2+0+1=3
adenocarcinoma
2 F 65 Cholangiocarcinoma No S1A3F4 1+1+42=4
3 M 65 Hepatocellular carcinoma Yes S1A1F3 1+0+1=2
4 F 66 Hepatocellular carcinoma No S0A4F4 0+3+2=5
5 M 51 Hepatocellular carcinoma Yes S2A3F3 2+1+1=4
6 M 52 Focal nodular hyperplasia Yes S1A1F3 1+1+0=2
7 F 67 Non-transplantable liver No S1AO0F1 1+0+0=1
8 F 48 Neuroendocrine tumor No S1A0F1 1+0+0=1
9 M 58 Hepatocellular carcinoma Yes S2A3F3 2+1+1=4
10 M 74 Hepatocellular carcinoma No S0A3F4 0+1+1=2
1 F 74 Hepatocellular carcinoma No S1A4F3 1+2+2=5
12 F 68 Hepatocellular carcinoma Yes S1A3F4 1+1+2=4

Abbreviations: NAS, NAFLD activity score; SAF, steatosis, activity, fibrosis score; PCLS,

precision cut liver slices.
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Supplementary Table S2. Patients’ metabolic and morphological features

Metabolic and morphological features

Age (years)

65.5 (53.5 - 67.7)

Female gender (n, %)

7 (58.3 %)

BMI (Kg/m?)

30.4 (29.3 - 34.7)

Type 2 diabetes (n, %)

6 (50 %)

Fasting serum glucose (g/L)

1.53 (1.20 - 2.40)

Serum AST (IU/L)

46.0 (32.0 - 57.0)

Serum ALT (IU/L)

47.0 (24.0 - 68.0)

Serum gamma-GT (IU/L)

108.0 (37.0 - 125.0)

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body

mass index; gamma-GT, gamma-glutamyl transpeptidase. n=12 patients. Data are expressed

as median = IQR or n (%) for the gender and type 2 diabetes.
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Supplementary Table S3. Characteristics of patients used for autophagic flux evaluation

after Elafibranor or S217879 treatment with choloroquine

Non tumoral liver used
for PCLS
Patient n° | Gender | Age Indication for surgery SAF NAS
1 F 67 Rejected liver graft S1A0F1 1+0+0=1
2 F 42 Liver metastases from colon S1A0F0 1+0+0=1
cancer

3 M 65 Vesicular adenocarcinoma SOAOFO0 0+0+0=0
4 F 48 Neuroendocrine tumor S1A0F1 1+0+0=1
5 M 84 Hepatocellular carcinoma SO0AOFO0 0+0+0=0
6 M 58 Hepatocellular carcinoma S2A3F3 2+1+1=4
7 M 74 Hepatocellular carcinoma S0A3F4 0+1+1=2
8 F 74 Hepatocellular carcinoma S1A4F3 1+2+2=5
9 M 68 Hepatocellular carcinoma SO0AOF4 0+0+0=0
10 F 68 NASH related cirrhosis S1A3F4 1+1+2=4
1 M 69 Hepatocellular carcinoma S1A1F3 1+0+1=2

Abbreviations: NAS, NAFLD activity score; SAF, steatosis, activity, fibrosis score. PCLS,

precision cut liver slices.
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Supplementary Table S4. Tagman probes used for gPCR analyses

Gene Life technologies Tagman probe ID
18S Hs03003631_g1
ACOX1 Hs01074241_m1
ACTA2 Hs00426835_g1
CCL2 Hs00234140_m1
CCL5 Hs00982282_m1
COL1A1 Hs00164004_m1
COL1A2 Hs01028956_m1
CPT1A Hs00912671_m1
FASN Hs01005622_m1
FGF21 Hs00173927_m1
G6PC Hs02802676_m1
GAPDH Hs02786624_g1
GPX2 Hs01591589_m1
GPX3 Hs01078668_m1
GSTA2 Hs00747232_mH
HMOX1 Hs01110250_m1
HPRT1 Hs02800695_m1
IL-18 Hs01555410_m1
IL-6 Hs00174131_m1
MAP1LC3B Hs00797944_s1
NQO1 Hs02512143_s1
PDK4 Hs01037712_m1
PPARA Hs00947536_m1
PPIA Hs04194521_s1
RAD51 Hs00947967_m1
SREBF1 Hs01088679_g1

XRCC1

Hs00959834_m1
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analyses
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Antibody anti- Raised in Reference Dilution WB buffer IHC buffer
a-SMA Mouse Sigma Aldrich A2547 1/1000 TBST milk -
a-SMA Mouse Dako M0851 1/600 - PBS BSA

Cleaved Caspase-3 Rabbit CST 9661 1/400 - PBS BSA
CD68 Mouse Dako M0814 1/500 - PBS BSA
CHOP Mouse CST 2895 1/1000 TBST milk -

MGST1 Rabbit Abcam ab131059 1/1000 TBST milk -
GPX2 Rabbit Abcam ab137431 1/1000 TBST milk -
GSTM2 Rabbit ABclonal A13496 1/1000 TBST milk -
GSTT1 Rabbit Abcam ab199337 1/1000 TBST milk -
ICAM-1 Rabbit CST 67836 1/1000 TBST milk -
LC3-B Rabbit CST 2775 1/1000 TBST milk -
p-H2A.X Rabbit CST 9718 1/20000 TBST milk -
p-H2A.X Rabbit Abcam ab81299 1/200 - PBS BSA
SOD Rabbit Abcam ab179843 1/1000 TBST milk -
STING Rabbit CST 13647 1/1000 TBST milk -
VCAM-1 Rabbit CST 13662 1/1000 TBST milk -
Abbreviations: BSA, bovine serum albumin; CST, cell signaling technology; IHC,

immunohistochemistry; LC3, light chain 3; PBS, phosphate buffer saline; TBST, tris buffer

saline 0.05 tween; WB, western blot.
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