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disrupts the KEAP1-NRF2 interaction leading to selective NRF2 activator with good pharmacokinetic
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e 5217879 treatment significantly reduces both NAS gression, leading ultimately to the reduction of both
score and fibrosis in DIO-NASH mice. NASH and liver fibrosis progression in mice.

e S217879 treatment prevents NASH progression in
mice fed a methionine- and choline-deficient diet.

e NRF2 activation triggers upregulation of the anti-
oxidant response and coordinated regulation of a
wide spectrum of genes.
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Background & Aims: Oxidative stress is recognized as a major driver of non-alcoholic steatohepatitis (NASH) progression. The
transcription factor NRF2 and its negative regulator KEAP1 are master regulators of redox, metabolic and protein homeostasis,
as well as detoxification, and thus appear to be attractive targets for the treatment of NASH.

Methods: Molecular modeling and X-ray crystallography were used to design S217879 - a small molecule that could disrupt
the KEAP1-NRF2 interaction. S217879 was highly characterized using various molecular and cellular assays. It was then
evaluated in two different NASH-relevant preclinical models, namely the methionine and choline-deficient diet (MCDD) and
diet-induced obesity NASH (DIO NASH) models.

Results: Molecular and cell-based assays confirmed that S217879 is a highly potent and selective NRF2 activator with marked
anti-inflammatory properties, as shown in primary human peripheral blood mononuclear cells. In MCDD mice, S217879
treatment for 2 weeks led to a dose-dependent reduction in NAFLD activity score while significantly increasing liver Nqo1
mRNA levels, a specific NRF2 target engagement biomarker. In DIO NASH mice, S217879 treatment resulted in a significant
improvement of established liver injury, with a clear reduction in both NAS and liver fibrosis. aSMA and Col1A1 staining, as
well as quantification of liver hydroxyproline levels, confirmed the reduction in liver fibrosis in response to S217879. RNA-
sequencing analyses revealed major alterations in the liver transcriptome in response to S217879, with activation of NRF2-
dependent gene transcription and marked inhibition of key signaling pathways that drive disease progression.
Conclusions: These results highlight the potential of selective disruption of the NRF2-KEAP1 interaction for the treatment of
NASH and liver fibrosis.

Impact and implications: We report the discovery of S217879 - a potent and selective NRF2 activator with good pharma-
cokinetic properties. By disrupting the KEAP1-NRF2 interaction, S217879 triggers the upregulation of the antioxidant
response and the coordinated regulation of a wide spectrum of genes involved in NASH disease progression, leading ulti-
mately to the reduction of both NASH and liver fibrosis progression in mice.

© 2022 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/).

inflammation and hepatocyte ballooning with various degrees of
fibrosis."* NAFLD is the most common cause of chronic liver disease

Introduction
Non-alcoholic fatty liver disease (NAFLD) is a common and pro-

gressive disease mainly characterized by hepatic fat accumulation
in the absence of alcohol consumption. NAFLD is strongly associ-
ated with obesity, metabolic syndrome, type 2 diabetes and dys-
lipidemia. NAFLD is subdivided into non-alcoholic fatty liver (NAFL)
and non-alcoholic steatohepatitis (NASH) based on histological
examination of liver biopsy and defined by the presence of
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worldwide, with an estimated prevalence of 25%. It is therefore
considered as a global health problem associated with a significant
socioeconomic burden.>* In contrast to NAFL, which is considered
as a benign and reversible disease state, NASH accounts for an
increased number of patients with cirrhosis, liver failure and he-
patocellular carcinoma.’ NAFLD further increases the risk of mor-
tality in a population with a high cardiovascular risk. Long-term
follow-up studies revealed that fibrosis is the main driver of mor-
tality in NASH.%” NAFLD remains an unmet medical need since
there are no approved therapies despite significant R&D efforts
(See® for review). NAFLD disease phenotype results from the
chronic exposure to environmental factors on a susceptible poly-
genic background comprising multiple independent modifiers.’

EASL

The Home of Hepatology


https://doi.org/10.1016/j.jhepr.2022.100651
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:philippe.delerive@nestle.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2022.100651&domain=pdf

Several genes have been associated with the development of
NAFLD and more generally liver diseases using genome-wide as-
sociation studies (see'® for review). From a mechanistic standpoint,
it is believed that the accumulation of both triglycerides and
proinflammatory and cytotoxic lipid oxidation side-products re-
sults in the formation of a necro-inflammatory milieu which trig-
gers the activation of the main fibrogenic hepatic cell population,
namely hepatic stellate cells. Oxidative stress is largely recognized
as a major driver of NASH progression.'! Patients with NAFLD
usually display increased levels of lipid peroxidation products and
systemic oxidative stress markers.'>"> Furthermore, histological
analyses confirmed that patients with NAFLD exhibit a significant
increase in 4-hydroxynonenal-positive cells in the liver.!*!> 4-
hydroxynonenals are formed during lipid peroxidation of poly-
unsaturated fatty acids. Finally, there is a marked decrease of
glutathione and hepatic antioxidant enzymes in patients with
NAFLD.'® Indeed, the insulin resistance-mediated increase in
oxidative phosphorylation is a major source of oxidative stress
which triggers hepatocellular damage and further exacerbates in-
sulin resistance. Satapati and colleagues have shown that hepatic
oxidative stress and inflammation are associated with an elevated
oxidative metabolism of saturated fatty acids in NAFLD.!” Adapta-
tion of mitochondrial function during NAFL is lost in NASH, with
increased reactive oxygen species (ROS), lipid peroxidation prod-
ucts and decreased ATP content leading to necrosis and fueling the
development of steatohepatitis.'® Since oxidative stress plays a
major role in NASH disease progression, as well as the development
of liver fibrosis,'"'° it is an attractive target for the treatment of
NASH.

The nuclear factor erythroid 2-related factor 2 (NRF2), a
member of the cap’ n’ collar basic leucine zipper transcription
factor family, and its negative regulator, the E3 ligase adaptor
Kelch-like ECH associated protein 1 (KEAP1), are master regula-
tors of cellular resistance to oxidants (See Dodson et al. for re-
view??). Under resting conditions, NRF2 is sequestered within the
cytoplasm. The N-terminal domain of the KEAP1 homodimer
binds one molecule of NRF2 leading to ubiquitination by the E3
ligase complex, namely CUL3/RBX1 and ultimately to proteasomal
degradation.??? Under oxidative conditions, increased levels of
electrophilic molecules result in the covalent modifications of
highly reactive cysteine residues within KEAP1 triggering
conformational changes and the release of CUL3.22>72° NRF2 is
then released and translocates into the nucleus where it accu-
mulates and dimerizes with small MAF proteins to activate tran-
scription of genes containing the so-called antioxidant response
element (ARE).?*® NRF2 regulates the transcription of more than
250 genes bearing an ARE involved in antioxidant cellular de-
fense, xenobiotic metabolism and detoxification, carbohydrate
and lipid metabolism, protein degradation as well as inflamma-
tion.?® It is therefore not surprising that the NRF2 signaling
pathway is considered as a valid target for a number of acute and
chronic diseases for which oxidative stress and inflammation are
key biological drivers.*® Increased oxidative stress is a hallmark of
chronic liver diseases which explains why NRF2 biology has been
extensively probed in the liver (See®! for review 2014). Interest-
ingly, Nrf2-deficient mice display an increased susceptibility to
the development of NASH and fibrosis when placed on a high-fat
diet for 24 weeks.>? Biochemical and molecular analyses revealed
that NRF2 protects against NASH, at least in part, by regulating
oxidative stress and suppressing de novo lipogenesis, endoplasmic
reticulum stress and inflammation.*? Similar findings, namely
marked increases in steatosis, inflammation and oxidative stress
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have been reported in Nrf2 knockout mice fed a methionine- and
choline-deficient diet (MCDD).>>>* Conversely, sustained NRF2
activation in Keapl gene knockdown mice prevented MCDD-
induced liver injury.> Furthermore, NRF2 pharmacological acti-
vation of using potent electrophilic compounds such as 1-[2-
cyano3-,12-dioxooleana-1,9(11)-dien-28-oyl] imidazole (CDDO-
Im), TBE-31, sulforaphane and omaveloxolone were shown to
limit NASH progression and fibrosis in multiple preclinical
models.>>>® Finally, NRF2 protein levels have been shown to be
significantly reduced in livers from obese patients with NASH but
not NAFL>%“° Taken together, all these studies strongly support
NREF?2 targeting for the treatment of NASH and liver fibrosis. While
a number of electrophilic NRF2 agonists delivered initially
promising results for various therapeutic indications in preclinical
models, they all suffer from a reduced safety margin, mainly due
to their limited selectivity and pleiotropic pharmacology, pre-
venting their clinical evaluation in randomized trials for NASH.
Bardoxolone has been shown to interact with more than 500
molecular species?! and to inhibit the endothelin-1 signaling
pathway and increase cardiovascular risk in patients with chronic
kidney disease.*>** The availability of KEAP1 X-ray structure®*
opened the door to the discovery of second-generation NRF2
activators with a completely different way of engaging the target
via the direct disruption of its interaction with KEAP1.*> This led
to the identification of potent and selective compounds but with
limited oral bioavailability.*® Herein, we report the discovery and
characterization of S217879, a potent and selective small molecule
disrupting the KEAP1-NRF2 interaction with good pharmacoki-
netic properties upon oral administration in rodents. Then, we
evaluated its potential as a novel treatment for NASH and liver
fibrosis in two different preclinical models.

Materials and methods

S$217879

S§217879 was synthesized by Servier medicinal chemistry
department and was determined to be >98% pure by high-
performance liquid chromatography and/or nuclear magnetic
resonance analysis (chemical synthesis described within the
supplementary information).

LPS-induced cytokine secretion assay

Human peripheral blood mononuclear cells (hPBMCs) were
provided by Lonza (#CC-2702). hPBMCs (150,000 cells/well)
were plated in 96 well plates in RPMI1640 medium supple-
mented with 10% FCS, 2% Glutamax and 2% penicillin-
streptomycin cocktail (Life Technologies). Cells were then pre-
incubated at 37 °C for 4 h with various concentrations of
§217879 or vehicle (DMSO, 0.1%). hPBMCs were then stimulated
with lipopolysaccharide (LPS: 10 ng/ml) for 4 h. At the end of the
stimulation period, cytokine secretion was evaluated using
MagPix multiplex kits (Biorad) according to manufacturer’s
instructions.

Animals

Mice were maintained on a 12:12 h light/dark cycle at 21 + 2 °C
and had ad libitum access to tap water and standard (A04) or
MCD or AMLN diets. All procedures were performed according to
the ethical protocol that has been approved by the Servier
Institutional Animal Care and Use Committee in accordance with
the French regulations (Decree n° 2013-118 from 01 February
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2013 relative to the protection of animals used for scientific
purposes and 4 for orders).

MCDD models

8-week-old male C57BL6/] mice (Janvier labs, France) were
randomly assigned to either control diet (A0O4 diet, SAFE) or the
MCDD (BROGAARDEN, open source diets) for 2 weeks. Mice on
MCDD immediately received either S217879 (3 or 30 mg/kg/day)
or vehicle (hydroxyethyl cellulose [HEC] 1%) by gavage for 2
weeks. At the end of the study, mice were fasted for 4 h before
termination. Intracardiac blood samples were collected on
anesthetized animals (using isoflurane). Liver samples were
collected for biochemical, histological and gene expression
analyses.

DIO NASH model

5-6-week-old C57BL/6JRj mice were fed with an AMLN diet
(D09100301, Research Diet, US) (40% fat [18% trans-fat], 40%
carbohydrate [20% fructose], and 2% cholesterol) for 33 weeks
prior to initiation of the treatment protocol. Prior to treatment,
all mice underwent liver biopsy for confirmation and stratifica-
tion of liver steatosis and fibrosis, using the NAFLD activity score
(NAS) and fibrosis staging system as previously described.*” Only
mice with fibrosis stage >1 and steatosis score >2, were included
in the study. DIO NASH mice were kept on an AMLN diet and
received either S217879 (30 mg/kg, PO, QD) or vehicle (HEC 1%)
for 8 weeks. A terminal blood sample was collected from the tail
vein in non-fasted mice and used for plasma biochemistry. An-
imals were sacrificed by cardiac puncture under isoflurane
anesthesia. Liver samples were processed as described below.

Histological analyses

Formalin-fixed, paraffin-embedded livers were sliced into 3 pm
sections. H&E staining was performed to investigate liver his-
tology and Picrosirius red (PSR) staining was used for liver
fibrosis. Type 1 collagen (Southern Biotech, #1310-01), galectin-3
and alpha smooth muscle actin (¢SMA, Abcam, Ab124964)
immunohistochemistry were performed using standard pro-
cedures. NAS and fibrosis stage were determined by two double-
blinded persons using the NASH Clinical Research Network
scoring system.*® For hepatocellular steatosis, livers were clas-
sified into scores 0 to 3 (0: <5% of hepatocytes presenting stea-
tosis, 1: 5 to 33% of hepatocytes presenting steatosis, 2: 33 to 66%
of hepatocytes presenting steatosis and 3: >66% of hepatocytes
presenting steatosis). For inflammation, livers were scored into
grades 0 to 3 (0: non-inflammatory foci, 1: 1 inflammatory focus,
2: 2 to 4 inflammatory foci, 3: >4 inflammatory foci). Fibrosis was
scored into stages from O to 4 (0: no fibrosis, 1: perisinusoidal or
periportal fibrosis, 2: perisinusoidal and periportal fibrosis, 3:
bridging fibrosis or septa, 4: cirrhosis).

Biochemical analyses

Plasma parameters were determined with an automatic
biochemical analyzer (Indiko Clinical Chemistry Analyzer, Ther-
mofisher). Liver triglyceride levels were measured using a
commercially available kit (Roche Diagnostics) after homogeni-
zation and extraction as described.*® For hydroxyproline levels,
liver samples are homogenized in 6 M HCI and hydrolyzed to
degrade collagen. Samples are centrifuged and the hydroxypro-
line content is measured in duplicates in the supernatant, using a
colorimetric assay (Quickzyme Biosciences) according to the
manufacturer’s instructions.
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Gene expression studies by reverse-transcription quantitative
PCR

Total RNA was extracted using Qiagen RNeasy Lipid extraction kit
following manufacturer’s instructions. Total RNA was treated
with DNase I (Qiagen) at 37 °C for 30 min, followed by inacti-
vation at 75 °C for 5 min. Reverse-transcription quantitative PCR
assays were performed using an Applied Biosystems Quant-
Studio 7 Flex System. Total RNA (1 pg) was reverse transcribed
with random hexamers using Hight-Capacity cDNA Reverse
Transcription Kit with RNase Inhibitor (Applied Biosystems,
ThermoFisher Scientific) following the manufacturer’s protocol.
Gene expression levels were determined with the Tagman Uni-
versal Master mix (2x) using Tagman assays (Applied Bio-
systems). The 18S transcript was used as an internal control to
normalize the variations for RNA amounts. Gene expression
levels are expressed relative to 18S mRNA levels. All primers
used in this study were provided by Thermofisher.

Liver RNA-sequencing

Total RNA was extracted using Qiagen RNA extraction Kkits
following manufacturer’s instructions. RNA concentrations were
obtained using nanodrop or a fluorometric Qubit RNA assay (Life
Technologies, Grand Island, New York, USA). The quality of the
RNA (RNA integrity number) was determined on the Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) as
per the manufacturer’s instructions. To construct the libraries,
400 ng of high-quality total RNA sample (RNA integrity number
>8) was processed using TruSeq Stranded mRNA kit (Illumina)
according to the manufacturer’s instructions. Briefly, after puri-
fication of poly-A-containing mRNA molecules, mRNA molecules
are fragmented and reverse transcribed using random primers.
Replacement of dTTP with dUTP during the second strand syn-
thesis will enable the achievement of strand specificity. Addition
of a single A base to the cDNA is followed by ligation of Illumina
adapters. Libraries were quantified by qPCR using the KAPA Li-
brary Quantification Kit for Illumina Libraries (KapaBiosystems,
Wilmington, MA) and library profiles were assessed using the
DNA High Sensitivity LabChip kit on an Agilent Bioanalyzer. Li-
braries were sequenced on an Illumina NovaSeq 6000 instru-
ment using 150 base-lengths read V2 chemistry in a paired-end
mode. Sequence reads were trimmed to remove possible adapter
sequences and nucleotides with poor quality using Trimmomatic
v.0.36. The trimmed reads were mapped to the Mus musculus
GRCm38 reference genome available on ENSEMBL using the
STAR aligner v.2.5.2b. Unique gene hit counts were calculated by
using the featureCounts from the Subread package v.1.5.2. Only
unique reads that fell within exon regions were counted. Counts
have been normalized in transcripts per million using the stan-
dard formula.

RNA-seq data analyses

Data analyses were carried out using R system software (http://
www.R-project.org, V4.0.2) packages including those of Bio-
conductor or original R code. Gene hit counts were used for
downstream differential expression analysis. Using DESeq2, a
comparison of gene expression between the S217879-treated
samples and vehicle samples was performed. The Wald test
was used to generate p values and log, fold changes. Genes with
an adjusted p value <0.05 and absolute log, fold-change >1 (fold-
change >2) were considered as differentially expressed genes
between conditions. Enrichment analysis was performed by
applying the fast gene set-enrichment analysis (fgsea function
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from fgsea R package v.1.16.0, pre-ranked mode) against two
separated genesets collections, HALLMARK and a combination of
KEGG- and Reactome-curated pathways. Representations of data
and results have been generated with ComplexHeatmap v.2.6.2
and ggplot2 v.3.3.5 packages. Data are available under the
GSE212644 accession number.

Statistical analysis

For comparison of two groups, an unpaired Student’s t test was
used (GraphPad Prism software) after verification of the normal
distribution of data. For more than two groups, a one-way
ANOVA was performed followed by a Dunnett’s multiple com-
parison test. For body weight, a two-way ANOVA was performed
followed by a Tukey’s test. For histological parameters, a statis-
tical model ANOVA was performed with strain and diet as fixed
effects on a score parameter (NAS, steatosis, fibrosis or inflam-
mation), followed by least-square mean estimations (SAS soft-
ware). Significance threshold was 5%. Results are expressed as
mean * SEM.

Results
Non-covalent inhibitors of the KEAP1 Kelch/NRF2 protein-
protein interaction may increase selectivity with reduced

A

KI-696
Benzoxathiazepine
scaffold is circled

(1) @

is circled

Benzoyl scaffold
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cytotoxicity, translating into a larger therapeutic index. Several
groups have reported the discovery of such molecules. Most of
them exhibit promising binding affinities. However, they usually
suffer from poor ADME-pharmacokinetic properties limiting
their use for probing NRF2 biology in vivo. Davies and colleagues
reported the discovery of KI-696 (1) (Fig. 1), a potent compound
which activates the NRF2 antioxidant response in cellular
models. In vivo target engagement required i.v. infusion due to its
poor oral bioavailability.*® KI-696 binding to the Kelch domain
has been confirmed by X-ray crystallography.>® More recently,
the discovery of a novel non-covalent chemotype with an
acceptable pharmacokinetic profile for oral dosing was re-
ported.”! Preliminary in vivo results of the best compound (2)
(Fig. 1) revealed target engagement as measured by NRF2-driven
gene induction from 10 mg/kg onwards.>' The X-ray structure of
compound 1 and compound 2 Kelch complexes revealed the
possibility of macrocyclization which is generally known to
modify the entropic contribution to binding.”” In addition, vari-
ation of the linker’s position and substitution allows for the fine-
tuning of the physicochemical properties without disrupting the
interactions with the protein. We decided to replace the ben-
zoxathiazepine and benzoyl scaffolds of 1 and 2 with benzox-
athiazine in the hope that the binding mode would exhibit the
same key interactions as the parent molecules, with improved

Benzoxathiazine
scaffold is circled

©)

Fig. 1. Identification of S217879 as a novel NRF2 activator. (A) Chemical structure of Kelch-NRF2 interaction disruptors: (1) PPI compound with in vivo target
engagement established upon i.v. infusion®® (2) PPI compound with in vivo target engagement established upon oral administration®' (3) Chemical structure of
novel PPl compound with good developability profile aka S217879. (B) Overlay of X-ray structures 5GNU (compound 1, grey) and compound 3 (cyan). (C) Crystal
structure of the Kelch domain of KEAP1 bound to S217879 (resolution: 1.3 Angstrom). PPI, protein-protein interaction.
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hydrophobic interactions (Tyr334, Phe557). We hypothesized next to the benzoxathiazine nitrogene atom also proved to be an
that position 6 of the benzoxathiazine’s benzene ring would effective tool to fine-tune the interaction between benzox-
provide a suitable vector for linking the aromatic ring with athiazine oxygenes and the protein. Optimization of the macro-
benztriazole’s N-alkyl group and would tolerate diverse substi- cyclics’ structure was focused on the linker part and led to the
tution patterns on the linker. Substutition of the benzyl position synthesis and subsequent selection of compound 3 (See O;
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centrations of S217879 (6 h incubation; DMSO 0.1% used as vehicle). (B-D) Inhibition of LPS-stimulated cytokine secretion in human PBMCs exposed to increasing
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A04 (control diet). ***p <0.001, **p <0.01 S217879-treated vs. vehicle. n.s., non-significant.

Compound 3 is referred to as S217879 throughout the manu-
script) as a candidate. Binding to KEAP1 Kelch domain was
confirmed with a direct surface plasmon resonance assay (Kd =
4.15 nM; Table S1). The X-ray cocrystal structure confirmed that
the benzoxathiazine ring’s position allowed for improved in-
teractions with hydrophobic residues (Tyr334, Phe557, Fig. 1C).
Then, we assessed the ability of S217879 to trigger NRF2 nuclear
translocation in U20S cells using a beta galactosidase comple-
mentation assay. Andrographolide, a plant-derived diterpenoid
was used at 10 uM as a positive control. Andrographolide triggers
NRF2 nuclear translocation by forming adducts with cysteine 151
within KEAP1.>® $217879 induced a concentration-dependent
increase in NRF2 translocation in U20S cells with an ECsq of
23 nM (Fig. 2A). In line with these results, S217879 significantly
activated a reporter gene driven by an ARE in HepG2 cells in a
concentration-dependent manner with an ECsq of 18 nM
(Fig. 2B). Since NRF2 is a master regulator of cellular resistance to
oxidants (See Dodson et al. for review’), we next tested
S$217879’s ability to reduce H,0,-stimulated ROS production in
HepG?2 cells. As expected, H,0, triggered a significant increase in
ROS production which was significantly reduced by S217879
treatment (Fig. 2C). Taken together, these results indicate that
S217879 is a potent NRF2 activator in vitro.

Next, S217879 was evaluated in a broad selectivity panel
comprising 110 targets. In this panel, S217879 was tested at
10 puM, a roughly 2,000-fold higher concentration with respect to
KEAP1 binding. Interestingly, none of these targets were signif-
icantly activated or inhibited in response to S217879, strongly
supporting its selectivity (Table S2).

Since NRF2 activation has been shown to inhibit LPS-driven
inflammation independently of redox control in both monocytes

and macrophages,® we next evaluated the anti-inflammatory

properties of S217879 in primary hPBMCs. In hPBMCs, S217879
treatment for 6 h resulted in a concentration-dependent increase in
Nqo1 gene expression with an ECsq of 16 nM (Fig. 3A) in line with its
cell-based potency determined in both HepG2 and U20S cells
(Fig. 2). As expected, LPS triggered a robust and significant increase
in IL-1B, IL-6 and MCP-1 secretion (Fig. 3B-D). Pretreatment for 4 h
with S217879 led to a significant and concentration-dependent
inhibition of LPS-induced cytokine release as measured by IL1B,
MCP-1 and IL6 MagPix multiplex assays (Fig. 3B-D). Of note, both IL-
1B and MCP-1 secretion were significantly reduced by S217879
treatment (ICsg <30 nM in line with NRF2 cell-based potency) in
contrast to IL-6 which was slightly and not significantly reduced at
higher concentrations (Fig. 3B-D). NRF2 has been shown to nega-
tively interfere with the NF-kB pathway which regulates the
expression of a wide spectrum of inflammatory genes.”* Why IL6
regulation seems to be less sensitive to NRF2 remains unknown.
Nevertheless, these data indicate that S217879 displays significant
anti-inflammatory properties in hPBMCs (Fig. 3B-D) while strongly
engaging the NRF2 signaling pathway (Fig. 3A).

In vitro ADME and safety parameters were profiled compre-
hensively to identify an orally available and safe compound
(Table S3). The ability of S217879 to activate the NRF2 signaling
pathway in vivo was next evaluated in C57BL6 mice. Male C57BL6
mice received a single administration of S217879 (30 mg/kg) or
vehicle (HEC 1%) by gavage. Drug plasma exposure was quanti-
fied over time and NRF2 target engagement was assessed in the
liver by measuring Ngo1 mRNA levels by reverse-transcription
quantitative PCR. S217879 drug levels rise rapidly following
oral administration with Cmax reaching 3.2 uM (Fig. S1). Plasma
concentrations declined rapidly (AUC = 3.8 pM h) while Nqo1
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S217879-treated vs. vehicle.

mRNA levels in the liver increased in a time-dependent manner,
reaching an up to 10-fold increase over vehicle 24 h post oral
administration (Fig. S1A). Similar results were obtained in the
kidney (data not shown). Of note, S217879 treatment (single or
chronic administration) was found to increase the hepatic
expression of numerous NRF2 target genes such as Gclc, Gstm1,
Gpx2 (Fig. S1B, Fig. 7, Figs. S7-8). These results indicate that
S217879 oral administration leads to NRF2 pathway activation
in vivo.

Having characterized S217879 as a potent and selective NRF2
activator in vitro and in vivo, we next evaluated its potential for
the treatment of NASH using two well-established preclinical
models. First, the MCDD mouse model was selected as a
screening model to test the ability of S217879 to prevent or limit
disease progression. This model is highly reproducible and mice
rapidly develop a NASH-like liver phenotype after just a few
weeks (see” for review). Furthermore, this model was initially
used to genetically validate NRF2 as a potential target for
NASH.>*-% As expected, mice fed the MCDD rapidly lost weight
compared to mice receiving the control diet (Fig. 4A). Two weeks
of exposure to MCDD led to significant liver injury with a sharp
increase in plasma liver enzymes (Fig. 4B-C). Histological ana-
lyses confirmed the development of NASH with severe steatosis
and hepatic inflammation reaching a NAS >4 (Fig. 4E, Table S5) in
line with previous reports.”® While treatment with S217879 at 3
and 30 mg/kg/day had no effect on total body weight vs. vehicle
(Fig. 4A), it significantly improved liver histology with a dose-
dependent reduction in NAS (Fig. 4E, Fig. S2). A reduction in
both steatosis and lobular inflammation scores was recorded at
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the highest dose (Table S5). Interestingly, this reduction in NAS
was not followed by a reduction of plasma liver enzymes
(Fig. 4B,C). These data are consistent with previous results ob-
tained by Okada and colleagues who reported an impact of
constitutive NRF2 activation on liver enzymes only after 13
weeks on MCDD.** Biochemical analyses confirmed a dose-
dependent reduction in liver triglycerides in response to
S$217879 treatment in MCDD-fed mice (Fig. S3) in agreement
with our histological analyses (Fig. 4E, Table S5). As expected, the
S217879-mediated reduction in NAS occurred at doses which
triggered significant NRF2 target engagement as measured by
the dose-dependent increase in liver Ngo1 mRNA levels (Fig. 4F,
Fig. S4) in line with the dose-dependent increase in drug expo-
sure (Table S3). It is noteworthy that the MCDD itself triggered
the upregulation of antioxidant response as shown previously.”’
Gene expression studies confirmed the clear upregulation of the
antioxidant response in response to S217879 with significant
Gpx2 gene induction (Fig. S4). In addition, S217879 treatment led
to significant inhibition of the expression of proinflammatory
genes such as Ccl5, Cd68, Il1b and II6 (Fig. S4). These results are
consistent with the anti-inflammatory properties of S217879
described in hPBMCs (Fig. 3). Finally, analyses of genes involved
in de novo lipogenesis such as Fasn, Acaca and Scdl revealed a
lack of effect of S217879 on their expression levels (Fig. S4).
Sugimoto and colleagues failed to demonstrate a major impact of
NREF2 activation on fatty acid metabolism genes in MCDD-fed
mice.>* Notably, we observed a small but significant increase in
liver weight in response to S217879 treatment (maximum
already reached at 3 mg/kg). In a separate experiment, we
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performed a full dose response analysis to determine the mini-
mal effective dose in this model (see Fig. S5). Indeed, S217879
treatment prevented disease progression in a dose-dependent
manner as shown by reduced NAS and induction of hepatic
Nqo1 expression (Fig. SSAB). The minimal effective dose was set
at 1 mg/kg/day in this model. Taken together, these results
suggest that S217879-mediated NRF2 activation may provide
hepatoprotective properties.

Despite its utility for drug discovery, the MCDD mouse model
poorly recapitulates the human NASH etiology with its sub-
stantial weight loss and lack of insulin resistance (See®>>® for
review). Nevertheless, results from the basic characterization of
S217879 responses in the MCDD model (Fig. 4, Figs. S2-5)
prompted us to further document the potential of S217879 for
the treatment of NASH in the DIO NASH mouse model in a
therapeutic setting. This model has been shown to have a good
clinical translatability with respect to the histopathological,
transcriptional and metabolic aspects of the human disease.>® 5-
6-week-old C57BL/6JRj mice were fed the DIO NASH diet for 33
weeks prior to initiation of the treatment protocol. Following a
liver biopsy for inclusion (see methods), mice were randomized
to receive either S217879 (30 mg/kg, PO, QD) or vehicle (HEC 1%)
for 8 weeks while being maintained on the DIO NASH diet.
S$217879 treatment had no impact on food intake (Fig. S6) and
body weight (Fig. 5A). It led to a significant reduction of estab-
lished liver injury as measured by reduced alanine and aspartate
aminotransferase (Fig. 5C-D). However, we noticed again a small
but significant increase in liver weight in response to treatment
(Fig. 5B). Biochemical analyses indicated a reduction in liver
triglyceride levels (Fig. 5E). Histological analyses revealed a sig-
nificant reduction in lobular inflammation resulting in a signifi-
cant reduction in NAS (Fig. 5G-H, Table S6). These data were
confirmed by the decrease of galectin-3 staining (Fig. 5F), a
marker of hepatic inflammation.®®®' Interestingly, S217879
treatment led to a marked reduction in liver fibrosis progression
as demonstrated by PSR staining (Fig. 5G-H, Table S6). This
reduction in liver fibrosis was independently confirmed by a
significant reduction in liver hydroxyproline content (vehicle
0.12 = 0.017, S217879 0.06 + 0.014 pg/mg liver, p <0.001) and
reduced liver collagen 1A1 and aSMA staining (Fig. 6A-B). Taken
together, these results indicate that S217879 treatment led to
significant improvements of established NASH and decreased
liver fibrosis.
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In order to dissect the molecular mechanisms by which
$217879-mediated NRF2 activation resulted in reduced NASH and
fibrosis progression, RNA-sequencing analysis was performed on
liver total RNA at the end of the study. 740 genes were found
differentially expressed (361 up and 379 down) between S217879
and vehicle-treated animals (Log, fold-change >1, false discovery
rate-adjusted p value<0.05, Fig. 7A). These transcriptional changes
were further explored by gene set-enrichment analysis (Fig. 7B)
which confirmed, as expected, that the NRF2-mediated oxidative
stress response was ranked among the most affected pathways in
response to treatment (“reactive oxygen species pathway”,
Fig. 7B) with strong enrichment in NRF2 target genes found
upregulated (Fig. 7B-C, Figs. S7-8). The clear and marked upre-
gulation of the overall NRF2 pathway as shown by increased Nqo1,
Gstm1, Gcle and Gpx2 expression (Figs. S7-8) demonstrates again
that S217879 is a potent NRF2 activator in vivo. More interestingly,
key pathways involved in NASH pathophysiology related to
inflammation (“inflammatory response”, “TNFA signaling”) and
fibrosis (“epithelial mesenchymal transition”) were found signif-
icantly suppressed in response to treatment (Fig. 7B-E). In line
with the reduction of liver inflammation (Fig. 5), we did record
the inhibition of several proinflammatory genes such as Mapk4
(Figs. S7-8). Furthermore, a large number of genes associated
with fibrosis and stellate cell activation were downregulated, such
as Collal, Itgax, Lox and Bmp8b (Figs. S7-8). Again, this is
consistent with the significant reduction in liver fibrosis
measured in response to treatment. Finally, the expression of
several key genes involved in de novo lipogenesis was also
significantly downregulated (Fig. S8) which is consistent with the
anti-steatotic effects of S217879 in this model (Fig. 5E). Taken
together, our RNA-sequencing data confirmed that NRF2 activa-
tion leads to the upregulation of the antioxidant response and the
coordinated regulation of a wide spectrum of genes involved with
disease progression, ultimately leading to reduced NASH and liver
fibrosis progression.

Discussion

In this manuscript, we reported the identification and detailed
characterization of S217879 as a novel, potent and selective
compound activating the NRF2 pathway. This compound selec-
tively binds to KEAP1 leading to the disruption of the KEAP1-
NRF2 interaction resulting in NRF2 nuclear translocation and
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subsequent gene regulation. Moreover, we found that S217879
exhibits an excellent selectivity profile (Table S2) resulting in an
excellent safety profile in vitro (LDsg in HepG2 cells >30 pM) in
contrast to potent first-generation compounds such as bardox-
olone (LDsp in HepG2 cells <1 uM). One key feature of this
molecule is its good oral bioavailability which is a major differ-
entiation with respect to first-generation compounds previously
identified which displayed good potency and cellular activity but
suffered from poor absorption, limited distribution and low
metabolic stability (See®® for review). By contrast, we showed
that single oral administration of S217879 resulted in marked
target engagement as measured by increased Ngo1 mRNA levels
in the liver (Fig. STAB) but also in the kidney (data not shown).
Furthermore, we found S217879 to be efficacious in the MCDD
mouse model at doses as low as 1 mg/kg/day. These data strongly
indicate that S217879 is an excellent compound to probe NRF2
biology in preclinical disease models.

In this study, we have shown using two different preclinical
models that selective NRF2 activation is beneficial for the treat-
ment of NASH and liver fibrosis. S217879 treatment led to
marked reduction in both steatosis and inflammation, resulting
in a lower NAS (Figs 4-6). Furthermore, S217879 treatment led to
a marked reduction in liver fibrosis in DIO NASH mice, as
measured by reduced PSR, Col1A1, and aSMA staining as well
reduced hydroxyproline content (Figs 5-6). These data are
consistent with histological improvements observed in response
to first-generation NRF2 activators, such as TBE-31 and omave-
loxolone, in high-fat high-fructose diet-fed mice*’ and STAM
mice,*® respectively. To our knowledge, this is the first report of
beneficial properties of a non-covalent NRF2 activator for the
treatment NASH and fibrosis. RNA-sequencing analyses indicated
that NRF2 activation led to the upregulation of the antioxidant
response and the coordinated regulation of a wide spectrum of
genes involved with disease progression (Figs. S7-8, Fig. 7). We
did observe a pronounced impact on genes belonging to the de
novo lipogenesis pathway in line with previous observa-
tions.>*%*%% This is in line with the marked reduction in liver
triglyceride levels (Fig. 5E). In addition to the expected impact on
inflammation (Fig. 5F), one of the most remarkable results ob-
tained in this manuscript is the anti-fibrotic properties of
S$217879 in vivo as measured at the histological, biochemical and
gene expression levels (Figs 5-7). This is of major interest since
long-term follow-up studies revealed that fibrosis is the main
driver of mortality in NASH.%” NRF2 activation may trigger the
reduction of liver fibrosis via multiple mechanisms. First,
hepatocyte-specific activation of NRF2 has recently been shown
to control fibrogenesis during NASH by regulating, at least in
part, the antioxidant stress response and thereby reducing DNA
damage and apoptosis.”> Second, NRF2 activation may limit
profibrotic macrophage-derived inflammation by negatively
interfering with both NF-kB and YAP/NLRP3 pathways.’#%4
Finally, NRF2 has been shown to protect hepatic stellate cells
from TGF-p-mediated cell activation® suggesting direct anti-
fibrotic properties. Our data are consistent with a model in
which $217879-induced NRF2 activation reduces NASH pro-
gression and slows down the development of liver fibrosis by
targeting both parenchymal and non-parenchymal cells (im-
mune cells and stellate cells mainly) as suggested by cell-specific
gain (Keap1 gene deletion) or loss of function (NRF2 gene dele-
tion) studies,'>°* respectively. Additional studies using single cell
RNA-sequencing analyses or spatial transcriptomics are required

Research article

to further document the molecular mechanisms at the cellular
level and determine the potential contribution of other relevant
cell populations, such as liver sinusoidal endothelial cells®® to
S$217879-mediated beneficial properties on NASH and fibrosis.
Finally, NRF2 activation has been shown to improve gut barrier
integrity,” which may to some extent contribute to the benefi-
cial impact on NASH progression.®®

NRF2 activity is reduced during aging® and considered as an
attractive target for a number of chronic diseases including but not
limited to autoimmune, respiratory, neurodegenerative, and
cardio-metabolic diseases (See>° for review). However, it has also
been shown to exert both anti-tumorigenic and pro-tumorigenic
actions. It is believed that low NRF2 activity may facilitate the
initiation of carcinogenesis, whereas constant high activity may
drive cancer progression and resistance to chemotherapy.”’
Notably, more than 10% of all hepatocellular carcinomas present a
mutation in either KEAP1 or NRF2.”! Interestingly, we found that
treatment with S217879 led to small but significant increase in liver
weight in both MCDD and DIO NASH models (Figs 4B-5B). Similar
observations were also made in both rats and mice on chow diet
exposed to similar drug levels (data not shown). These results are
reminiscent of the phenotype of KEAP1-deficient mice suggesting
that constitutive NRF2 activation may trigger hepatomegaly.'>’>7>
Notably, constitutive hepatocyte-specific NRF2 activation was
shown to significantly reduce NASH-associated hepatocellular
carcinoma development in mice with hepatocyte-specific NEMO
deficiency.!”” Furthermore, He and colleagues reported that NRF2
forced expression leads to hepatomegaly by, at least in part,
increasing the expression of several growth factors such as PDGF
and EGF in an AKT-dependent manner.”* By contrast, we failed to
detect any impact on cell proliferation in vivo and genes related to
cell cycle/proliferation (including the gene signature identified by
He and colleagues™ [Aurka, Foxm1, Ccnb2, Cdc25b and Cdc25c])
were not significantly modulated upon treatment with 5217879
(Fig. 7). Furthermore, in vitro studies performed with S217879
tested up to 10 pM (roughly 500-fold higher than NRF2 cell po-
tency) failed to reveal any impact on cell proliferation using HepG2
cells. Finally, we did not detect any AKT phosphorylation in both
hepatocytes and HepG2 cells in response to high concentrations of
$217879 (data not shown). Obviously, pharmacological activation
of NRF2 with a small molecule in vivo is not equivalent to NRF2
forced expression’* or constitutive NRF2 activation by KEAP1 gene
deletion.'>’>73 As a matter of fact, using a different genetic strategy,
Kohler and colleagues created a mouse line with constitutive NRF2
activation in hepatocytes. Surprisingly, these mice did not have any
increase in liver weight compared to wild-type mice despite a
significant increase in NRF2-regulated gene expression.”> Taken
together, these independent studies suggest that different levels of
NRF2 activation due to either constitutive expression or pharma-
cological activation may result in different phenotypes. Interest-
ingly, Chan et al. recently reported that NRF2 pharmacological
activation may enhance liver regeneration in mice by supporting
hepatocellular hypertrophy.’® Preliminary evaluation of $217879's
safety profile using non-GLP (good laboratory practice) dose-
ranging studies in both rats and non-human primates did not
reveal any major toxicity. Histological analyses confirmed hepato-
cellular hypertrophy in rodents as measured by reduced nuclei
density (data not shown). Additional studies including GLP-
toxicology are required to confirm these preliminary findings and
determine the long-term safety of S217879-mediated NRF2
activation.
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