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Abstract: Background and aims: Non-alcoholic steatohepatitis (NASH) is a life-threatening stage
of non-alcoholic fatty liver disease (NAFLD) for which no drugs have been approved. We have
previously shown that human-derived hepatic in vitro models can be used to mimic key cellular
mechanisms involved in the progression of NASH. In the present study, we first characterize the
transcriptome of multiple in vitro NASH models. Subsequently, we investigate how elafibranor,
which is a peroxisome proliferator-activated receptor (PPAR)-α/δ agonist that has recently failed
a phase 3 clinical trial as a potential anti-NASH compound, modulates the transcriptome of these
models. Finally, we compare the elafibranor-induced gene expression modulation to transcriptome
data of patients with improved/resolved NAFLD/NASH upon bariatric surgery, which is the only
proven clinical NASH therapy. Methods: Human whole genome microarrays were used for the
transcriptomics evaluation of hepatic in vitro models. Comparison to publicly available clinical
datasets was conducted using multiple bioinformatic application tools. Results: Primary human
hepatocytes (PHH), HepaRG, and human skin stem cell-derived hepatic progenitors (hSKP-HPC)
exposed to NASH-inducing triggers exhibit up to 35% overlap with datasets of liver samples from
NASH patients. Exposure of the in vitro NASH models to elafibranor partially reversed the transcrip-
tional modulations, predicting an inhibition of toll-like receptor (TLR)-2/4/9-mediated inflammatory
responses, NFκB-signaling, hepatic fibrosis, and leukocyte migration. These transcriptomic changes
were also observed in the datasets of liver samples of patients with resolved NASH. Peroxisome
Proliferator Activated Receptor Alpha (PPARA), PPARG Coactivator 1 Alpha (PPARGC1A), and
Sirtuin 1 (SIRT1) were identified as the major common upstream regulators upon exposure to elafi-
branor. Analysis of the downstream mechanistic networks further revealed that angiopoietin Like 4
(ANGPTL4), pyruvate dehydrogenase kinase 4 (PDK4), and perilipin 2 (PLIN2), which are involved
in the promotion of hepatic lipid accumulation, were also commonly upregulated by elafibranor in all
in vitro NASH models. Contrarily, these genes were not upregulated in liver samples of patients with
resolved NASH. Conclusion: Transcriptomics comparison between in vitro NASH models exposed
to elafibranor and clinical datasets of NAFLD patients after bariatric surgery reveals commonly mod-
ulated anti-inflammatory responses, but discordant modulations of key factors in lipid metabolism.
This discordant adverse effect of elafibranor deserves further investigation when assessing PPAR-α/δ
agonism as a potential anti-NASH therapy.

Keywords: NASH; NAFLD; elafibranor; in vitro; hSKP-HPC; HepaRG; hepatocytes; bariatric
surgery; transcriptomics
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is an umbrella term that covers a range
of liver pathologies, starting from uncomplicated hepatic steatosis to more severe disease
stadia, including non-alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and ultimately
hepatocellular carcinoma [1]. NASH is characterized by hepatic fat accumulation and
inflammation and affects approximately 5 percent of the global population [1,2]. It is con-
sidered as the tipping point to the most severe stages of NAFLD and also carries high risk
of (extra)hepatic complications [1,2]. Despite the urgent medical need, no drugs have been
approved yet to treat NASH [3]. Weight loss through lifestyle intervention and bariatric
surgery are still the only options to treat NASH [4,5]. Multiple phase 2 and 3 clinical studies
are ongoing, but recently several phase 3 trials failed to meet their primary endpoints. This
indicates that more performant and predictive preclinical models should be employed
during the investigation of novel anti-NASH therapeutics. We recently showed that hu-
man hepatic in vitro models, including primary human hepatocytes (PHH), human skin
precursor-derived hepatic progenitor cells (hSKP-HPC), and HepaRG and HepG2 cell
lines, can model key NASH-specific cellular mechanisms and capture potential anti-NASH
properties of novel compounds such as peroxisome proliferator-activated receptor (PPAR)
agonists, a drug class that is under clinical evaluation for anti-NASH treatment [6,7]. PPARs
have a regulatory role in hepatic lipid metabolism and inflammation and multiple dual-
and pan-PPAR agonists, which can supposedly lead to a reduction of hepatic lipids and
inflammation, are under investigation, including lanifibranor (a pan-PPAR agonist, phase
3, NCT04849728), saroglitazar (a dual PPAR-α/γ agonist, phase 2, NCT03863574), and
elafibranor (a dual PPAR-α/δ agonist, phase 3, NCT02704403) [3]. Despite promising data
obtained in early clinical trials, it was recently reported in an interim analysis of the phase
3 ‘RESOLVE-IT’ trial that elafibranor did not meet its primary endpoint, namely ‘NASH
resolution without worsening fibrosis’ [8,9]. However, no mechanistic explanation for the
failed trial was provided. Since no clinical data (including transcriptomics data) or study
samples are available from NASH patients treated with elafibranor, we were prompted to
perform whole genome transcriptomics analyses of human-based in vitro NASH models
exposed to elafibranor in order to investigate its molecular effects. By comparing the
obtained results to transcriptomics datasets of liver samples from NAFLD patients after
bariatric surgery, we aimed at gaining insights in the mechanisms that could possibly lay
at the basis of the negative outcome of the interim analysis of the phase 3 ‘RESOLVE-IT’
trial. Bariatric surgery impacts several hepatic metabolic pathways even before weight loss
occurs, leading to a reduction of liver triglyceride levels as a major cause for the reduction
of NASH [10,11]. Therefore, it was considered as a valid reference.

2. Materials and Methods
2.1. hSKP-HPC Cell Cultures

hSKP were isolated from foreskin samples after circumcision of 2–10 year old boys
after obtaining informed consent from the parents and authorization from the medical
ethical committee of the UZ Brussel. hSKP were isolated, cryopreserved, cultured, and
differentiated to hSKP-HPC as earlier described [12]. Briefly, hSKP were recovered from liq-
uid nitrogen at passage 6 and plated onto 75 cm2 culture flasks (BD Falcon, Erembodegem,
Belgium) in a humidified incubator with 5% (v/v) CO2 at 37 ◦C. Hereafter, hSKP were
split twice using TrypLE Express reagent (Thermo Fisher Scientific, Waltham, MA, USA).
Hepatic differentiation was initiated when the culture reached 90 to 95% confluence in rat
tail collagen type I (Corning Incorporated, Corning, NY, USA)-coated 75 cm2 culture flasks
(BD Falcon, Erembodegem, Belgium) in a humidified incubator with 5% (v/v) CO2 at 33 ◦C.
At day 20, the cells were detached using TrypLE Express reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA), transferred onto rat tail collagen type I (Corning Incorporated,
Corning, NY, USA)-coated 24-multiwell plates (BD Falcon, Erembodegem, Belgium), and
kept in culture for 7 more days. Then, hSKP-HPC were exposed for 24 h in a humidified
incubator with 5% (v/v) CO2 at 37 ◦C to ‘NASH’-inducing factors, consisting of 100 nM
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insulin, 65 µM sodium oleate, 45 µM palmitic acid, 4.5 mg/mL glucose (all Sigma-Aldrich,
St. Louis, MO, USA), 50 ng/mL tumor necrosis factor (TNF)-α (Prospec, Rehovot, Israel),
25 ng/mL interleukin (IL)-1β, and 8 ng/mL transforming growth factor (TGF)-β (both
Peprotech, Cranbury, NJ, USA), as earlier documented [6].

2.2. HepaRG Cell Cultures

Differentiated HepaRG cells were purchased from Biopredic International (St.-Grégoire,
France) and cultured according to the supplier’s instructions. Briefly, the cryopreserved
differentiated HepaRG cells were plated onto rat tail collagen type I (Corning Incorporated,
Corning, NY, USA)-coated 24-multiwell plates (BD Falcon, Erembodegem, Belgium) us-
ing basal hepatic medium (Biopredic International, St.-Grégoire, France) supplemented
with ‘thawing/plating/general purpose medium supplement with antibiotics’ (Biopredic
International, St.-Grégoire, France) in a humidified incubator with 5% (v/v) CO2 at 37 ◦C.
After 24 h, the medium was replaced by basal hepatic medium (Biopredic International,
St.-Grégoire, France) supplemented with ‘maintenance/metabolism medium supplement
with antibiotics’ (Biopredic International, St.-Grégoire, France) and changed every 2–3 days
for one week. ‘NASH’ inducers were added to William’s E medium (Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 10% (v/v) FBS (Hyclone Laboratories,
Logan, UT, USA), 1% (v/v) PenStrep (Thermo Fisher Scientific, Waltham, MA, USA), 2 mM
L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), 872.69 nM insulin (Sigma-Aldrich,
St. Louis, MO, USA), and 0.5 nM hydrocortisone. The ‘NASH’ inducers were identical to
those described under ‘hSKP-HPC culture’, with the exception of the insulin concentration,
which was raised to 8726.92 nM.

2.3. Primary Human Hepatocyte Cell Cultures

Fresh primary human hepatocytes (PHH) cultures were purchased from Biopredic
International (St.-Grégoire, France). The cells were isolated and plated freshly onto rat tail
collagen type I-coated 24-multiwell plates. After isolation, the cells were maintained in
long term culture medium (Biopredic International, St.-Grégoire, France) and shipped at
37 ◦C. Four days after isolation, the cells were exposed for 24 h to conditions identical to
those described for HepaRG cell cultures.

2.4. Compound Preparation

Elafibranor (Adooq Bioscience, Irvine, CA, USA) was dissolved in dimethylsulfoxide
(DMSO) (Sigma–Aldrich, St. Louis, MO, USA) at a concentration of 60 mM. Elafibranor
was added to the cultures at 60 µM concomitantly with the ‘NASH’ triggers.

2.5. RNA Extraction

After exposure for 24 h, the cell cultures were lysed using RNA-lysis buffer containing
1% v/v β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) and stored in RNAse-free
tubes at −80 ◦C. Total RNA was extracted and purified using the GenElute Mammalian
Total RNA Purification Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA). RNA quan-
tification was performed using a Nanodrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

2.6. Microarray

Whole genome microarrays were run using GeneChip™ Human Genome U133 Plus
2.0 Arrays (Thermo Fisher Scientific, Waltham, MA, USA) and reagents. 50 to 100 ng RNA
was amplified using the GeneChip 3′ IVT PLUS Reagent Kit. aRNA was purified using
magnetic particles before fragmentation. Fragmented aRNA was hybridized to Affymetrix
Human Genome U133 plus 2.0 arrays and put in a Genechip Hybridization Oven-645
(Thermo Fisher Scientific, Waltham, MA, USA) at 45 ◦C and rotated at 60 rpm for 16 h.
Then, the arrays were washed using a Genechip Fluidics Station-450 (Thermo Fisher Scien-
tific, Waltham, MA, USA) and stained with an Affymetrix HWS kit. The chips were scanned
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using a GeneChip™ Scanner 3000 7G (Thermo Fisher Scientific, Waltham, MA, USA). Back-
ground adjustment, normalization (quantile), and summarization (median polish) of the
raw data was done using Robust Multichip Average (RMA) Express. Volcano plots of all
probesets (a probeset represents one or multiple hybridization probe pairs used together to
interrogate a sequence corresponding to a specific gene) were made using Transcriptome
Analysis Console (TAC) software (Thermo Fisher Scientific, Waltham, MA, USA) (eBayes,
FDR fold change 2 and p < 0.025). Pathway analyses were performed using Ingenuity
Pathway Analysis (IPA) (Qiagen, Hilden, Germany, version summer release 2020). A
two-sided t-test with unequal variance was used for calculating the p-values before loading
the data in IPA. Genes with a fold change <−2 or >+2 and p < 0.025 were included for
further analysis. Activation z-scores of ≥+2 and ≤−2 were considered as significant for a
likely activation or inhibition status, respectively. All specific terms related to IPA and used
in the manuscript have been explained in Table S1. The raw .CEL files and normalized
data of PHH (control-‘NASH’-‘NASH’ + elafibranor), HepaRG (‘NASH’-‘NASH’ + elafibra-
nor), and hSKP-HPC (‘NASH’ + elafibranor) have been deposited in the Gene Expression
Omnibus (GEO) database with accession number GSE166186.

2.7. Publicly Available Datasets

Microarray datasets of HepaRG control samples were obtained from Rodrigues et al.
(GSE74000) [13]. Microarray datasets of hSKP-HPC control samples and hSKP-HPC ‘NASH’
samples were obtained from Boeckmans et al. (GSE126484) [6]. For comparative pathway
analysis, IPA-deposited transcriptomics analyses (accessed October 2020–April 2021) of
human liver biopsies were assessed in IPA-Analysis Match (Analysis names, disease states,
dataset IDs, contributors, and references: ‘3-obesity [liver] NA 9506’ (obesity (n = 16)
vs. normal control (n = 12), GSE48452, Ahrens et al. [14]), ‘1- fatty liver [liver] NA 9504’
(steatosis (n = 9) vs. normal control (n = 12), GSE48452, Ahrens et al. [14]), ‘2-nonalcoholic
steatohepatitis (NASH) [liver] NA 9505’ (NASH (n = 17) vs. normal control (n = 12),
GSE48452, Ahrens et al. [14]), ‘3-nonalcoholic steatohepatitis (NASH) [liver] NA 3543’
(NASH (n = 7) vs. normal control (n = 19), E-MEXP-3291, Lake et al. [15]), ‘2-nonalcoholic
steatohepatitis (NASH) [liver] NA 10520’ (NASH (n = 24) vs. normal control (n = 37),
GSE61260, Horvath et al. [16]), ‘2-nonalcoholic steatohepatitis (NASH) [liver] NA 2178’
(NASH (n = 15) vs. normal control (n = 14), GSE126848, Suppli et al. [17]), ‘5-obesity [liver]
NA 9508’ (obesity + bariatric surgery (n = 11) vs. none (n = 4), GSE48452, Ahrens et al. [14]),
‘4-fatty liver [liver] NA 9507’ (steatosis + bariatric surgery (n = 5) vs. none (n = 7), GSE48452,
Ahrens et al. [14]), ‘1-nonalcoholic fatty liver disease (NAFLD); overweight [liver] NA
12329’ (NAFLD + bariatric surgery (n = 23) vs. none (n = 28), GSE83452, Lefebvre et al. and
‘3-nonalcoholic steatohepatitis (NASH);overweight [liver] NA 12331’ (NASH + bariatric
surgery (n = 15) vs. baseline (n = 55), GSE83452, Lefebvre et al. [18])).

2.8. Statistical Analysis

Z-scores were calculated using IPA. Other statistical analyses were performed using
GraphPad Prism 7.0 (San Diego, CA, USA). The data are presented as the mean ± stan-
dard deviation. A one-way ANOVA with post hoc Bonferroni correction was used when
comparing selected groups (control with ‘NASH’ and ‘NASH’ with ‘NASH’ + elafibranor).
Three independent replicates were used.

3. Results
3.1. Transcriptomes of Human Hepatic In Vitro NASH Models Exhibit Similarities with Those of
Human NASH Liver

Exposure of PHH, HepaRG, and hSKP-HPC cultures to ‘NASH’ triggers results in
total probeset modulations of 6.30 %, 6.36 %, and 10.06 % in TAC, respectively, indicat-
ing that hSKP-HPC most sensitively responds to steatogenic and inflammatory triggers
(Figure 1A and S1). These transcriptional alterations result in 2001, 2277, and 3213 analysis-
ready molecules/genes for PHH, HepaRG, and hSKP-HPC in IPA, respectively. Compar-
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ative analysis of ‘upstream regulators’ (URs) and ‘diseases and functions’ between the
in vitro datasets and NASH patient datasets reveals up to 50% similarity, depending on the
model used and the reference clinical dataset, and shows NASH-specific transcriptional
alterations in the in vitro models exposed to ‘NASH’ triggers (Figure 1B, top panels). NASH-
triggered PHH exhibits the highest overall similarity z-score (with the dataset of Lake et al.),
suggesting that PHH most closely mimics this patient-specific transcriptome (Figure 1B).
Hierarchical clustering of URs of the 4 NASH patient datasets with the in vitro ‘NASH’
datasets shows that HepaRG cultures are closer to PHH cultures than hSKP-HPC cultures
(Figure 1C top and bottom panels). NASH-triggered hSKP-HPC are, however, closer to
the patient dataset of Suppli et al. than to the PHH and HepaRG in vitro NASH models
(Figure 1C bottom panel). This indicates that all three in vitro NASH models exhibit a num-
ber of NASH-specific transcriptional features. Exposure of the in vitro NASH models to
elafibranor results in modulation of 0.67%, 0.15%, and 8.19% of probesets in PHH, HepaRG,
and hSKP-HPC, respectively, indicating that the latter model most sensitively responds
to this compound (Figure 1D and S2). Similarity analysis of elafibranor-exposed PHH,
HepaRG, and hSKP-HPC (based on 106, 45, and 2857 analysis-ready molecules/genes,
respectively) indicates reversion of NASH-specific transcriptional responses, which is the
most pronounced for hSKP-HPC (Figure 1E).
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Figure 1. Transcriptional responses of human hepatic in vitro models exposed to ‘NASH’ triggers correspond with those of human NASH liver biopsies.
(A) Microarray volcano plots of differentially modulated probesets in PHH, HepaRG, and hSKP-HPC cultures exposed to ‘NASH’ triggers. (B) Similarity analysis
(IPA z-score) of in vitro NASH models and human liver NASH datasets. (C) Hierarchical clustering of upstream regulators in the in vitro NASH models with human
liver NASH datasets. (D) Volcano plots of probesets of PHH-, HepaRG- and hSKP-HPC-‘NASH’ cultures exposed to elafibranor. (E) Similarity analysis (IPA z-score)
of in vitro NASH models exposed to elafibranor with human liver NASH datasets [Volcano plots exclusion criteria: eBayes, FDR fold change <−2 or >+2 and p <
0.025; IPA analysis: Fisher’s Exact Test, fold change cutoff: <−2 or >+2 and p < 0.025].
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3.2. Elafibranor Reduces Toll-like Receptor-Dependent Inflammation in PHH and hSKP-HPC
In Vitro NASH Models

One specific mechanism by which hepatic inflammation is initiated in NASH occurs
via Toll-like receptors (TLRs) and MyD88 signaling [19]. Free fatty acids, such as palmitic
acid, and damage-associated molecular patterns (DAMPs), such as high mobility group box
1 (HMGB1), are able to activate TLRs to initiate the inflammatory response. Therefore, we
investigated the involvement of TLR-2, -4, and -9 signaling on the inflammatory response
in the in vitro models exposed to NASH triggers and elafibranor. Pathway analysis shows
that TLR-2, -4, and -9 signaling are activated in NASH-triggered PHH, but only TLR-2 and
-9 or TLR-4 and -9 contribute to the inflammatory response in HepaRG and hSKP-HPC,
respectively (Figure 2). These data suggest that the NASH-triggered hepatic in vitro models
exhibit subtle differences in inflammation-promoting mechanisms. However, exposure to
elafibranor seems to attenuate the inflammatory response by intervening in TLR-2, -4 as -9
signaling in PHH and hSKP-HPC (Figure 2). This effect is, however, absent in elafibranor-
exposed HepaRG ‘NASH’ cultures, which do not show inhibition of TLR signaling, nor
inhibition of the inflammatory response.
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Figure 2. Pathway analysis predicts a reduction of TLR-2/4/9-dependent inflammatory responses by
elafibranor in PHH and hSKP-HPC ‘NASH’ cultures, but not in HepaRG ‘NASH’ cultures. Prediction
chart based on TLR signaling shows an activation of inflammatory responses in PHH, hSKP-HPC and
HepaRG cell cultures exposed to NASH triggers (left panels). When PHH and hSKP-HPC ‘NASH’
cultures are further exposed to elafibranor, this inflammatory response is inhibited in PHH and hSKP-
HPC cell cultures, but not in HepaRG cultures (right panels) [orange line = ‘leads to activation’; blue
line = ‘leads to inhibition’; yellow line = ‘findings inconsistent with state of downstream molecule’;
grey line = ‘effect not predicted’].

3.3. Similarities in NASH-Related Upstream Regulators and Canonical Pathways in Hepatic
In Vitro NASH Models Exposed to Elafibranor and Liver Samples of Patients after
Bariatric Surgery

Z-score determination of URs in NASH-triggered PHH, HepaRG, and hSKP-HPC
cultures shows the predicted activation of prototypical mediators of inflammation during
NASH, which is the most pronounced for NFkB (complex). However, p38 (mitogen-
activated protein kinase) MAPK and Jun are also predicted as being activated in all three
in vitro NASH models, indicating that multiple mechanisms lay at the basis of inflammatory
signaling. Of note, these mediators are also predicted as being activated in the NASH
patient datasets, indicating the clinical relevance of the inflammatory response in the
in vitro NASH models at the transcriptional level. Inflammatory cytokines that lay at the
origin of inflammation in human NASH are also highly involved in the in vitro NASH
datasets, suggesting that the activation of the inflammatory transcription factors and kinases
also occurs in a similar way. The TLR and MyD88 signaling are also activated in both
in vitro and patient datasets. Of note, these NASH-inducing transcriptional alterations
that occur in vitro can only be observed in specific NASH patient datasets, and not in
datasets derived from livers obtained from patients suffering from obesity or steatosis
alone. Exposure of the NASH-triggered hepatic in vitro models to elafibranor reverses the
prediction statuses of most URs, which is the least pronounced for the HepaRG cultures.
Furthermore, the elafibranor-induced reversion of prediction statuses of NASH-specific
URs also occurs in the livers of patients that underwent bariatric surgery, which suggests
that some of the weight loss-induced transcriptional effects can be observed in vitro through
pharmacological intervention (Figure 3A).
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Figure 3. Prediction z-scores of NASH-specific upstream inflammatory regulators, canonical path-
ways, and inflammatory functions in hepatic in vitro NASH models exposed to elafibranor show a
similar modulation to liver samples of patients with resolved NAFLD by bariatric surgery. Microarray
analysis of upstream inflammatory mediators and Toll-like receptors (A), canonical pathways (B), and
inflammatory functions (C) in PHH, HepaRG, and hSKP-HPC cultures exposed to ‘NASH’ triggers
in the presence or absence of elafibranor is compared to data sets from NASH patients and NASH
patients that underwent bariatric surgery [z-score of ≥2 indicates a significant activation; z-score of
≤−2 indicates a significant inhibition; grey fields indicate no available z-score].
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Exposure of PHH, HepaRG, and hSKP-HPC to ‘NASH’ triggers results in predicted
activation of NASH-specific canonical pathways, including HMGB1 and triggering receptor
expressed on myeloid cells-1 (TREM1)-signaling that are predicted as being activated in
all three in vitro NASH datasets and at least one NASH patient dataset (Figure 3B). These
canonical pathways are only predicted as being inhibited in the elafibranor-treated hSKP-
HPC NASH samples, yet also in liver samples obtained from patients that underwent
bariatric surgery, pointing to the clinical relevance of the latter model. Further, PPAR-
signaling is impaired in all in vitro NASH datasets, which is also seen in human NASH
liver samples. However, a recovery of the PPAR signaling is only observed in hSKP-HPC
NASH model exposed to elafibranor and the clinical datasets from patients with resolved
NASH upon bariatric surgery (Figure 3B).

Furthermore, NASH-triggered PHH, HepaRG, and hSKP-HPC were found to exhibit
increased prediction statuses of functions related to chemotaxis and inflammatory cell
migration (Figure 3C). These prominent inflammatory responses can be partially ascribed
to the increased mRNA levels of a series of inflammatory chemokines (Figure S3). The cell
migration-promoting functions that are activated in the in vitro models are also found as
being activated in the NASH patient liver samples, suggesting that the similarities between
the in vitro and patient datasets mainly rely on cell migratory processes. The addition of
elafibranor to NASH-stimulated cell cultures robustly induces negative prediction statuses
of these functions only in hSKP-HPC, which indicates that this model most sensitively
responds to this compound to alter NASH-specific disease mechanisms. Moreover, these
alterations are also present in liver biopsies obtained from patients with resolved NAFLD
upon undergoing bariatric surgery, which further illustrates the relevance of hSKP-HPC.

3.4. PPARGC1A, PPARA, and SIRT1 Regulate Shared Elafibranor-Induced Genes in
NASH-Triggered PHH, HepaRG, and hSKP-HPC

In order to detect biologically relevant changes in gene expression in response to
elafibranor, we opted to combine the data of the three different human-based cell systems
(PHH, HepaRG, and hSKP-HPC). Comparison analysis of NASH-triggered PHH, HepaRG,
and hSKP-HPC cultures exposed to elafibranor unveils that Peroxisome Proliferator Acti-
vated Receptor Alpha (PPARA), PPARG Coactivator 1 Alpha (PPARGC1A), and Sirtuin 1
(SIRT1) are the highest expressed common upstream regulators, suggesting that this triad
of regulators control the expression of an important subset of genes involved in PPAR-α/δ
signaling (Figure 4A). The mechanistic networks of PPARGC1A, PPARA, and SIRT1 and
their downstream modulators based on the datasets of PHH-, HepaRG-, and hSKP-HPC-
NASH exposed to elafibranor, unveils common regulation of CCL5, ANGPTL4, PDK4,
and PLIN2 (Figure 4B). In addition, an unfiltered comparison analysis of the datasets ob-
tained from the three in vitro NASH models exposed to elafibranor shows that elafibranor
commonly modulates 6 genes, namely TDO2, ARG2, and also the previously identified
CCL5, ANGPTL4, PDK4, and PLIN2 (Figure 4C). Considering that the level of expression
of TDO2 is very low in hSKP-HPC and that the modulations of ARG2 are not consistent
among the different in vitro models (Figure S4), only CCL5, ANGPTL4, PDK4, and PLIN2
are regulated by shared top-upstream regulators, and we selected these 4 genes for further
investigation.
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Figure 4. PPAR-α/δ-induced commonly modulated genes among hepatic in vitro NASH models
are regulated by shared upstream regulators. (A) Top-upstream regulators in PHH, HepaRG, and
hSKP-HPC NASH models exposed to elafibranor. (B) Mechanistic networks of hepatic in vitro
NASH models exposed to elafibranor with connected SIRT1, PPARGC1A1, and PPARA top upstream
regulators. (C) Number of commonly modulated genes induced by elafibranor in PHH-, HepaRG-,
and hSKP-HPC NASH models. (A,B): fold change: <−2 or >+2 and Fisher’s Exact Test with p < 0.025;
(C) One-way ANOVA with post hoc Bonferroni correction vs. control condition (*, ** and ***; p ≤ 0.05,
p ≤ 0.01, and p ≤ 0.001) and vs. ‘NASH’ condition ($$$; p ≤ 0.001)].

3.5. Elafibranor-Mediated Induction of ANGPTL4, PDK4, and PLIN2 In Vitro Predicts Induction
of Steatosis, Contrarily to Anti-NASH Bariatric Surgery

The robust induction of ANGPTL4, PDK4, and PLIN2 by elafibranor brings up the
question of whether or not these lipid metabolism-related genes induce NAFLD-promoting
effects. Pathway analysis revealed that these 3 genes have a downstream effect in func-
tions related to hepatic steatosis and inflammation in the three investigated in vitro NASH
models (Figure 5A). As such, elafibranor-induced modulation of ANGPTL4, PDK4, and
PLIN2 leads to a predicted increase in multiple pro-steatogenic functions, including ‘accu-
mulation and formation of lipid droplets’, ‘fatty acid metabolism’, and ‘concentration of
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triacylglycerol’. However, the induction of this set of genes is absent in the clinical samples
of patients suffering from obesity/fatty liver/NASH that underwent bariatric surgery,
which is considered as an intervention that improves NAFLD/NASH (Figure 5B). The
discordant effect of elafibranor in in vitro NASH models in comparison with the clinical
datasets should be further evaluated as a potential molecular explanation for the failure of
elafibranor during the phase 3 ‘RESOLVE-IT’ trial.
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Figure 5. Elafibranor-mediated upregulation of ANGPTL4, PDK4, and PLIN2 is predicted to induce
steatosis functions in in vitro NASH models, contrarily to observed downregulation in patients
with resolved NASH due to bariatric surgery. (A) Regulation of steatosis- and inflammation-related
functions by PLIN2, ANGPTL4, and PDK4 in PHH, HepaRG, and hSKP-HPC cultures exposed to
‘NASH’ triggers and elafibranor. (B) Differential expression of ANGPTL4, PDK4, and PLIN2 in liver
tissue from obesity/NAFLD patients that underwent bariatric surgery.
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4. Discussion

NASH is a severe form of NAFLD and is regarded as an important stage during
disease progression towards fibrosis, cirrhosis, and cancer. In recent years, several phase 3
NASH clinical trials have failed due to lack of efficacy of the compound under study [20,21].
Therefore, preclinical screening for novel anti-NASH compounds is still highly relevant.
However, it is of utmost importance to learn from those failed large clinical studies to
improve future pharmacological strategies.

NASH is traditionally studied in animal models. However, due to the complexity of
NASH and its human-specificity, NASH-related research has been largely directed towards
human-based technologies in recent years [22]. To that extent, we recently developed
a methodology that can be employed to study NASH in vitro and screen for potential
anti-NASH compounds [6,7]. In the present study, we confirmed the clinical relevance
of the thus-developed in vitro disease models by whole genome-based pathway analysis
using four publicly available datasets of patients suffering from NASH. Mechanistically,
triggering of human hepatic in vitro models resulted in the activation of NASH-specific
upstream regulators, including soluble inflammatory mediators and TLRs, as well as
transcription factors and kinases known to be activated in the livers of NASH patients, such
as NFκB, Jun, and p38 MAPK [23,24]. Furthermore, there were canonical pathways, among
which HMGB1- [25] and TREM1-signaling pathways [26] that could be modulated in these
in vitro systems, along with inflammation- and cell migration-related processes. Hence,
apart for drug screening purposes, these models could also be used for the mechanistic
investigation of NASH-promoting processes.

PPAR agonism is considered a promising treatment option for NASH [3]. Elafibranor,
a dual modulator of PPAR-α/δ, is one of the developed anti-NASH compounds under
evaluation that proved to be effective in a phase 2 study [27]. Nonetheless, an interim
analysis of the phase 3 elafibranor trial showed that elafibranor is not more efficacious than
placebo [8]. This prompted us to investigate the potential opposite effects to the reduction
of NASH characteristics that elafibranor can induce. To this end, we investigated the effects
of elafibranor using in vitro NASH models and relied on datasets of patients with resolved
NASH upon bariatric surgery as reference. Since no clinical information of elafibranor is
available, including a lack of transcriptomic liver data, and since bariatric surgery is the
only clinical therapy proven to resolve NASH, among others inducing hepatic metabolic
pathways leading to the reduction of liver triglycerides, we believe that these clinical
datasets are appropriate to use in our analysis. In a first step, we found that PPARG1A1,
PPARA, and SIRT1 are shared elafibranor-induced URs that are predicted as being activated
in PHH-, HepaRG-, and hSKP-HPC-derived NASH models. These regulators are, however,
known for their NASH-resolving properties, since PPARGC1A1 (i.e., PGC-1α) is a master
regulator of mitochondrial biogenesis [28], PPARA expression inversely correlates with
histological severity of NASH and recovers upon NASH improvement [29] and deletion of
SIRT1, a NAD+-dependent protein deacetylase important for energy homeostasis, results
in impaired PPAR-α signaling and decreased fatty acid β-oxidation [30]. In contrast, these
three regulators also dictate the increased expression of ANGPTL4, PDK4, and PLIN2,
which are known PPAR-α target genes [31]. Although PPAR agonism has been considered
as a promising treatment strategy for NASH, these genes are also known for their NASH-
promoting effects. Indeed, PLIN2, a lipid droplet protein, promotes obesity and progressive
fatty liver disease in mice [32,33], and loss of PLIN2 lessens diet-induced hepatic steatosis,
inflammation, and fibrosis [34]. PDK4, which is an inhibitor of the pyruvate dehydrogenase
complex [35], is higher expressed on the protein and gene level in NASH liver samples,
and PDK4 deficiency in mice leads to reduced steatosis [36]. The effect of ANGPTL4,
an exercise-induced hepatokine, is less straightforward. ANGPTL4 is an inhibitor of
lipoprotein lipase that stimulates lipolysis but inhibits triglyceride plasma clearance [37].
ANGPTL4 overexpression leads to reduced adiposity at the expense of increased liver
steatosis and can therefore be considered as having both positive and negative effects on
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NASH [38,39]. Notwithstanding, ANGPTL4 has also been earlier proposed as a biomarker
for drug-induced steatosis [40].

5. Conclusions

By using in vitro NASH models, this study elucidates elafibranor-induced transcrip-
tomic modulations that predict a number of opposing mechanistic effects to those observed
in patients with improved NAFLD after bariatric surgery. These ambiguities seem to be
related with the modulation of the functions of ANGPTL4, PDK4, and PLIN2 that play
prominent roles in lipid metabolism. However, whether these effects truly contributed to
the failure of the clinical phase 3 elafibranor trial should be further explored when clinical
datasets or samples become available.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells11050893/s1, Figure S1: Venn Diagram of in vitro NASH disease models, Figure S2: PCA
plots of hepatic in vitro models exposed to ‘NASH’ triggers and elafibranor, Figure S3: Modulation
inflammatory chemokines in hepatic in vitro models exposed to ‘NASH’ triggers and elafibranor
relative to the PHH control samples, Figure S4: Gene expression of TDO2 and ARG2 in human hepatic
in vitro models exposed to ‘NASH’ triggers and elafibranor, Table S1: Terms related to Ingenuity
Pathway Analysis used in the manuscript.
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