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ARTICLE INFO ABSTRACT

Editor name: Dr. T Maschmeyer The development of in vitro models that recapitulate critical liver functions is essential for accurate assessments

of drug toxicity. Although liver organoids can be used for drug discovery and toxicology, they are limited by (i)

Keywords: the lack of expression and activity of xenobiotic-metabolizing enzymes, and (ii) the difficulty of mimicking non-
Liver organoids alcoholic fatty liver disease (NAFLD, which influences the expression of these enzymes) in vitro. Here, we
?Aiztlg generated three-dimensional multi-cell-type liver organoids (hereafter “HML organoids”) from HepaRG cells,
DILI primary human macrophages, and hepatic-stellate-cell-derived LX-2 cells. We also developed an NAFLD model

by culturing HML organoids for 9 days with a mixture of stearic and oleic acids. The exposed organoids showed
typical features of steatosis and expressed fibrosis markers. We subsequently used HML and NAFLD-HML
organoids to model drug-induced liver injury. By estimating the IC50 and benchmark doses, we were able to
improve the in vitro detection of drugs likely to be toxic in fatty livers. Thus, HML and NAFLD-HML organoids
exhibited most of the liver’s functions and are relevant in vitro models of drug metabolism, drug toxicity, and
adverse drug event in NAFLD.

1. Introduction

The administration of drugs sometimes leads to the occurrence of
serious adverse events, which are associated with significant morbidity
and mortality - particularly in a context of acute or chronic disease. The
liver is a key organ in drug metabolism, and drug-induced liver injury
(DILID) is a clinical reality (Massart et al., 2017). Importantly, various
chronic liver diseases (including non-fatty alcoholic liver disease
(NAFLD, recently renamed as metabolic dysfunction-associated steatotic
liver disease (MASLD) (Rinella et al., 2023))) are risk factors for DILI
(Fromenty, 2013). Given the increasing prevalences of obesity and
NAFLD worldwide (Perumpail et al., 2017), the development of serious
adverse events (such as DILI) linked to routinely prescribed drugs is
becoming a major public health concern.

Primary human hepatocytes (pHHs) have been put forward as the
“gold standard” model for predicting DILIs in vitro. Interestingly, pHHs

exposed to free fatty acids (FAs) accumulate lipids and can be used as a
model of steatosis (Miiller and Sturla, 2019). However, pHHs have some
critical limitations, such as limited availability, the progressive loss of
hepatic functions, and therefore incompatibility with chronic drug
exposure (Bell et al., 2017; Ruob et al., 2020). In vitro models of steatosis
have been developed to study the mechanisms of drug toxicity that occur
in patients diagnosed with a fatty liver (Boeckmans et al., 2020; Bucher
et al., 2017). The HepaRG cell line metabolizes drugs in much the same
way as pHHs (Aninat, 2005), accumulates triglycerides (TGs), and ex-
hibits metabolic changes similar to those seen in patients with non-
alcoholic steatohepatitis (Le Guillou et al., 2018). Following chronic
exposure to bisphenol A or rifampicin, HepaRG cells showed dose-
dependent lipid accumulation and upregulation of apolipoprotein B
(Allard et al., 2021; Bucher et al., 2017).

In addition to lipid accumulation, the main features of DILI are he-
patocyte injury, cholestasis, steatosis, phenotypic changes in hepatic

Abbreviations: BMD, Benchmark dose; Cpax, maximum serum concentration; DILI, Drug-induced liver injury; ECM, Extracellular matrix; FA, Fatty acid; HML,
HepaRG/macrophage/LX-2; HSC, Hepatic stellate cell; IC50, Half-maximal inhibitory concentration; MASLD, Metabolic dysfunction-associated steatotic liver dis-

ease; NAFLD, Non-alcoholic fatty liver disease; pHH, Primary human hepatocyte.
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stellate cells (HSCs), and Kupffer cell activation (Khadka et al., 2020).
The co-culture of HepaRG cells with the HSC-derived LX-2 cell line
resulted in an accumulation of extracellular matrix (ECM), which mir-
rors the progression of steatosis to steatohepatitis (Dornas et al., 2019).
Advances in three-dimensional (3D) tissue engineering have provided
organoid models as clinically relevant tools for (i) gaining a better un-
derstanding liver functions and (ii) studying the role of non-
parenchymal and parenchymal liver cells in the development of
NAFLD (van Os et al., 2022) and DILI (Yan et al., 2021). When cultured
on 3D substrates, HepaRG cells and HSCs form liver organoids that are
suitable for the assessment of fibrogenesis (Leite et al., 2016). In 3D
scaffold-free cultures or when embedded in ECM, HepaRG cells have a
pHH-like metabolic phenotype, produce ECM, and have immune activ-
ity (Messner et al., 2019; Rose et al., 2021). Hence, 3D HepaRG models
have been used to evaluate drug toxicity, genotoxicity (Barranger and
Hegarat, 2022), steatosis induction (Teng et al., 2021), and fibrosis in-
duction (Zahmatkesh et al., 2022), hepatocyte injury, inflammation, and
fibrosis — many of which are involved in DILI. However, a 3D model for
the assessment of drug toxicity in the context of NAFLD has not previ-
ously been described.

Here, we present a 3D liver organoid model that combines HepaRG
cells (which, under controlled conditions, differentiate into both hepa-
tocytes and cholangiocytes (Cerec et al., 2007)), primary human mac-
rophages, and HSC-derived LX-2 cells. Given the presence of HepaRG
cells, macrophages and LX-2 cells, we refer to this as the “HML” model.
Our model reproduced the phenotypes of hepatocytes, cholangiocytes,
HSCs, and Kupfer cells. We showed that the cells in 3D cultures of HML
organoids remained in a differentiated state. When exposed to FAs, HML
organoids exhibited the main features of NAFLD, namely steatosis, sig-
nificant disturbance of phase 1 metabolism, fibrogenesis, and basal state
inflammation. Furthermore, the HLM model was used to (i) evaluate
drug toxicity in the presence or absence of NAFLD-like conditions and
(ii) estimate the ICsg and the benchmark dose (BMD) in accordance with
the guidelines issued by the European Food Safety Authority (EFSA
Scientific Committee et al., 2017; Vieira Silva et al., 2021). Our results
are in line with the clinical data in the literature and highlight the
NAFLD-HML model’s relevance for the early detection of at-risk drugs in
patients with NAFLD.

2. Material and methods
2.1. Cell culture

Human HepaRG cells were cultured as described previously (Aninat,
2005). Progenitor HepaRG cells were seeded at a density of 2 x 10° cells
ina 75 cm? flask in William’s E culture medium (1 x) supplemented with
10% foetal bovine serum (FBS), 2 mM glutamine, 50 pM sodium hy-
drocortisone hemisuccinate, 5 pg/mL insulin, 50 U/mL penicillin, and
50 pg/mL streptomycin. Starting two weeks after seeding, the cells were
cultured for two additional weeks in the same medium supplemented
with 2% DMSO; this resulted in differentiation into both cholangiocyte-
and hepatocyte-like cell populations (Aninat, 2005; Cerec et al., 2007).

Human macrophages were differentiated from peripheral blood
mononuclear cells, as described previously (Gicquel et al., 2015). The
peripheral blood mononuclear cells were isolated by differential
centrifugation on UNI-SEP U-10 (Novamed, Jerusalem, Israel) from
buffy coat donations (from the French Blood Agency (Etablissement
Frangais du Sang), Rennes, France). The experiments were performed in
compliance with the French legislation on blood donation and blood
product use and safety. Monocytes were enriched using a human CD14
separation kit (Microbeads; MiltenyiBiotec, Bergisch Gladbach, Ger-
many), plated at a density of 4 x 10° cells in a 25 cm? flask, and cultured
at 37 °C in RPMI 1640 medium supplemented with 100 IU/mL pen-
icillin-100 mg/mL streptomycin, 2 mM r-glutamine, 1 mM HEPES and
10% FBS. Macrophages were obtained after differentiation from
monocytes through incubation in RPMI medium with 50 ng/mL
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granulocyte-macrophage colony-stimulating factor for 7 days.

LX2 cells were provided by S.L. Friedman (Icahn School of Medicine
at Mount Sinai, New York, NY, USA) and were cultured in the activated
state in Dulbecco’s Modified Eagle Medium supplemented with Gluta-
MAX™, pyruvate, 10% FBS, 50 U/mL penicillin, and 50 pg/mL strep-
tomycin, as described previously (Schinagl et al., 2021; Xu et al., 2005).

2.2. Production of HML organoids

The HML organoids were obtained by seeding a solution of isolated
cells in the Sigma micromold system (Z764051-6EA; Sigma Aldrich, St.
Louis, MO, USA), as described previously (Messner et al., 2019). The
mixed cells (80% differentiated-HepaRG cells, 10% macrophages, and
10% LX-2 cells) were seeded at a density of 2000 cells per organoid. In
order to optimize the organoids’ viability, the relative proportions of the
cell types were optimized in preliminary experiments and were similar
to those observed in a healthy liver. The self-assembly medium was
composed of William’s E medium supplemented with 10% FBS, 2 mM
glutamine, 50 pM sodium hydrocortisone hemisuccinate, 5 pg/mL in-
sulin, 50 U/mL penicillin, and 50 pg/mL streptomycin. After three days
of culture, the FBS level was reduced to 1%, and HML organoids were
cultured until 14 days after seeding.

2.3. Induction of steatosis and fibrosis

The HML organoids were treated with FA mixtures to induce stea-
tosis, as described previously (Ferron et al., 2021). The mixture was
composed of 150 pM stearic acid and 300 pM oleic acid and was pre-
pared with FA-free BSA. Treatments were initiated on day (D) 5 after
seeding and repeated every other day until D14.

2.4. Isolation of RNA and gene expression analysis

Total RNA was extracted with the Nucleospin RNA isolation kit
(Macherey-Nagel, Diiren, Germany) and then quantified using a Nano-
drop 1000 system (Thermo Fisher Scientific, Waltham, MA, USA). Next,
the RNAs were reverse-transcribed into cDNA, using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Woolston, United
Kingdom). Gene expression was assessed using real-time quantitative
PCR analysis (RT-qPCR) with SYBR Green PCR Master Mix (Applied
Biosystems, Woolston United Kingdom) and a 384-well QuantStudio™ 7
Flex Real-Time PCR System (Thermo Fisher Scientific). The sequences of
the primers used to measure gene expression are given in Supplementary
Table 1. The gene coding for alpha-1-microglobulin (AMBP) was chosen
as the reference in expression experiments, and the relative RNA
expression of each target gene was calculated using the 2 — AACt
method.

2.5. Histochemical and immunohistochemical staining

HML organoids were harvested, fixed in 5% formalin for 60 min, and
washed in PBS. After the organoids had been embedded in paraffin,
blocks were cut into 4 pm slices. The latter were mounted on positively
charged slides and dried at 58 °C for 60 min. Each slide was stained with
hemalun-eosin-saffron (HES) reagent, in order to select the best slices
prior to immunohistochemical staining. Immunohistochemical staining
was performed on the Discovery ULTRA automated immunohisto-
chemical stainer (Roche) using the Ventana detection kit (Ventana
Medical Systems, Tucson, AZ, USA). Organoids were labelled using two
combinations of antibodies: (i) rabbit anti-CYP3A4 (AB1254, Millipore),
mouse anti-cytokeratin 19 (CK19) (clone RCK108, M0888,Dako), and
mouse anti-CD68 (PG-M1) (MA5-12407, Invitrogen); and (ii) rabbit
anti-Col1A1 (ab34710, Abcam), mouse anti-COL4 (Clone CIV22,
MO0785, Dako), and mouse anti-vimentin (V9-(3)) (M0725, Dako).
Nuclei were stained with DAPI reagent and the slides were scanned on a
PANNORAMIC confocal scanner (3DHISTECH Ltd., Budapest, Hungary)
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at a magnification of 20x.
2.6. Image analysis

The acquired images were converted into the TIFF format and then
analyzed using Qupath software version 0.43 (Bankhead et al., 2017).
Nuclei were segmented using the StarDist extension (Schmidt et al.,
2018). In immunofluorescence assays, a Qupath object classifier was
used to identify and count the number of cells positive for CYP3A4,
CK19, CD68 and/or vimentin per organoid for each condition. To assess
fibrosis in each organoid, the total COL1 intensity was quantified and
then calculated per nucleus.

2.7. Lipid extraction and FA analysis

Total lipids were extracted from 140 pooled organoids (~280,000
cells). The organoids were extracted twice with 2 mL of hexane/iso-
propanol (3/2 v/v) after acidification with 1 mL HCl 3 M and the
addition of 2 pg heptadecanoic acid (C17:0, used as an internal standard
for the quantification of FAs, as described previously (Lemarié et al.,
2016). The cell lipids were then saponified for 15 min at 70 °C, using 1
mL of 0.5 M NaOH in methanol. After acidification with 1 mL HCI 3 M,
the released free FAs were extracted twice with 2 mL diethyl ether.
Samples were derivatized at room temperature for 15 min with 100 pL of
7% pentafluorobenzyl (PFB)-bromide in acetonitrile plus 10 pL of trie-
thylamine (Kuiper et al., 2018). The solvents were removed under a
stream of N, and the FA PFB-esters were resolubilized in 100 pL of
hexane.

A very sensitive negative ion chemical ionization (NICI) gas chro-
matography-mass spectrometry (GC-MS) method was applied because
the samples contained very small amounts of FAs. The analysis was
carried out on a 7890 A GC system coupled to a 5977B MS detector
(Agilent Technologies, Les Ulis, France). The PFB esters were injected in
splitless mode onto a bonded silica capillary column (BPX 70, 60 m x
0.25 mm; SGE, Melbourne, Australia) containing a 70% cyanopropyl
polysilphenylene-siloxane polar stationary phase (film thickness: 0.25
pm). Helium was used as the carrier gas (mean linear flow rate: 36 cm/
s). The column temperature (initially 190 °C) was ramped up gradually
(by 4 °C/min) to 250 °C and held there for 10 min. The transfer line,
source and quadrupole temperatures were 280 °C, 200 °C and 150 °C,
respectively. The mass spectrometer was operated in NICI mode using
methane as the ionization gas, with a pressure of 1.5 x 10~ Torr. Data
were obtained in full scan mode, with a mass range of m/z 50-600 amu.

Fatty acids were identified on the basis of their retention time (R¢) vs.
authentic standards and the corresponding specific [M-PFB] ion formed
in the source. The peak area was integrated using MassHunter Work-
station Software Qualitative Analysis (version B.07.00 for Windows,
Agilent Technologies) (Guillocheau et al., 2019). Results were expressed
as the mass of FAs divided by the cell count, after normalization against
the area of the C17:0 internal standard.

2.8. Lipid staining and imaging

Organoids were harvested and incubated in a solution of 1 pM
BODIPY™ 493/503 (Invitrogen) diluted in PBS for 30 min at 37 °C, prior
to fixation in 5% formalin. Stained organoids were mounted on a glass
slide and imaged on a Leica DMI6000 Inverted Microscope with a
Yokogawa CSU-X1 Spinning Disk Head and driven by Inscoper Imaging
Suite (Inscoper, Cesson Sevigné, France). Images were captured at a
magnification of 20x and analyzed using ImageJ FIJI software (version
1.53). Total BODIPY™ intensity was quantified for each organoid and
compared with the control conditions.

2.9. Quantification of secreted cytokines

The concentrations of interleukin IL1b, IL6, and transforming growth
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factor beta (TGF-f) in the medium were measured using Duoset ELISA
kits (R&D Systems, Abingdon, United Kingdom). Apo-B secretion was
measured using the Human Apolipoprotein-B ELISA pro kit (Mabtech,
Nacka Strand, Sweden). Both ELISA kits were used according to the
manufacturer’s instructions.

2.10. Treatments with drug compounds

5-Fluorouracil, carbofuran, and valproate were purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Paracetamol, tro-
glitazone and voriconazole were purchased from Sigma Aldrich. Drugs
were prepared in DMSO, and six serial ten-fold dilutions were prepared
in culture medium. Troglitazone was tested at a maximal concentration
of 0.2 mM, on the basis of published data (Allard et al., 2021; Bucher
et al., 2018). Voriconazole, 5-fluorouracil and valproate were all tested
at 2 mM, and acetaminophen was tested at 20 mM; this gave concen-
trations close to 100 x the Cyax published in the literature (Lazarus et al.,
2002; Porceddu et al., 2012; Wy et al., 2007). To evaluate drug toxicity,
HML organoids were generated in 96-well round bottom ultra-low
attachment plates. Briefly, 2000 cells were seeded per well, with the
cell ratio (80% HepaRG cells, 10% macrophages, and 10% LX-2 cells)
and culture conditions described above. On D5, 80% of the well medium
was renewed with free medium containing the compounds prepared in
0.5% DMSO. The medium was again renewed on D7, D10, D12 and D14,
prior to the measurement of the intracellular level of ATP.

2.11. Measurement of intracellular ATP

The intracellular level of ATP was measured using the CellTiter-Glo®
Luminescent Cell Viability assay (Promega, Charbonnieres, France). In
line with the manufacturer’s instructions, control and treated organoids
were incubated with the CellTiter-Glo® reagent for 10 min at room
temperature. Cell lysates were then transferred to white multiwell
plates, and the luminescence signal was quantified using a POLARstar
Omega microplate reader (BMG Labtech, Ortenberg, Germany). The
results were expressed as a percentage of the control value, and ICsq
values were calculated using GraphPad Prism software (version 8,
GraphPad Inc., La Jolla, CA, USA) with the same sigmoidal dose-
response regression model applied to each compound.

2.12. Determination of the BMD

The viability data were evaluated quantitatively in a BMD analysis,
using the PROAST package in R software (version 66.20) on the EFSA’s
website (https://r4eu.efsa.europa.eu/app/bmd) and in line with the
corresponding technical guidance (EFSA Scientific Committee et al.,
2017). Based on the interpolation of a fitted dose-response model, the
BMD approach estimates the dose associated with a small effect size. The
BMD was estimated for a benchmark response of 5% and was reported as
the lower confidence bound. The confidence interval for the lower
bound was estimated using parametric bootstrap sampling (Table 1).
Lastly, the BMD estimated from the viability assay data was used to rank
the compounds by potency.

2.13. Statistical analysis

Unless stated otherwise, all data are quoted as the mean + standard
deviation (SD). The threshold for statistical significance was set to p <
0.05. All experiments were performed independently at least three
times. All statistical analyses were performed using GraphPad Prism
software (version 8) and paired two-tailed Student’s t-tests.
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Table 1
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Estimated ICs, value and BMDs for HepaRG cells and HML organoids exposed to drugs. The BMD was modelled using the PROAST package in R software, and the ICsq
was estimated using GraphPad Prism software. The results are expressed as mean values. FA-exposed conditions and control (CTL) experiments were compared in a

paired t-test (*p < 0.05).

HepaRG cells

HML organoids

ICso (M) BMD (iM) ICso (UM) BMD (pM)

Crnax CTL FA CTL FA CTL FA CTL FA
5-FU 1 497 952* 101 169 279 931 49 201
Paracetamol 199 1131 1407 227 502 5005 725* 1457 287
Valproate 1005 2330 2458 441 529 772 863 190 277
Voriconazole 3 1144 1135 380 468 67 48 79 26
Troglitazone 2 84 90 56 41 127 31* 28 10

3. Results marker cytokeratin 19 (CK19) highlighted the presence of

3.1. HML organoids express liver cell markers

HML organoids were harvested on D5, D7, D10 and D14 of culture
and analyzed histologically (Fig. 1). HES staining (Fig. 1A) showed that
the cells had a segregated organization in the organoid. The organoid’s
diameter ranged from 200 to 300 pm, and a necrotic area in the centre of
the organoid was never observed. CYP3A4 immunohistochemical
staining (Fig. 1B) showed that typical, large, polygonal hepatocytes
were distributed throughout the organoids. Staining for the epithelial

cholangiocyte-like cells, which were mostly in the outer region of the
organoids. The quantification of CYP3A4- and CK19-positive cells
(Fig. 2A) showed that the number of HepaRG cells within the organoid
remained stable over the 14-day culture period - albeit with a small
(non-significant) decrease at D7. The stellate cells (revealed by vimentin
staining) self-organized over the 14-day culture period and spread over
the outside of the organoids (Fig. 1C). The quantification of CD68-
positive cells revealed that the M1 macrophages in the organoids
remained differentiated throughout the culture period (Fig. 1B). These
results were confirmed quantitative image analysis of the CD68- and

Fig. 1. Characterization of the HML organoid culture. HML organoids were collected at D5, D7, D10, and D14 after seeding, fixed in 5% paraformaldehyde,
embedded in paraffin, and processed for immunohistochemical analysis. (A) HML organoids were stained with hemalun—eosin-saffron (HES). (B and C) HML
organoids were stained using (i) anti-CD68, anti-CYP3A4 and anti-CK19 antibodies, and (ii) anti-vimentin, anti-COL1A1 and anti-COL4 antibodies.
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Fig. 2. Changes over time in the expression of cell markers in HML organoids cultured for 5 to 14 days, based on RT-qPCR assays of total RNA and image analysis. (A
and D) HML organoids were harvested at D5, D7, D10 and D14. The protein and gene expression levels of several markers of hepatocytes, cholangiocytes, mac-
rophages and stellate cells were then measured. The images shown in Fig. 1 were analyzed using Qupath, in order to estimate the number of cells positive for CK19,
CYP3A4, CD68 and/or vimentin per organoid. (B. C. D. and E) RT-qPCR assays were used to assess the expression of the genes coding for HNF4, ALB, UGT1A1, MRP2,
CYP3A4, CYP2E1, A-SMA, CD68, COL1A1, IL1b, IL6 and MMP9. These gene expression data were normalized against the level of AMBP expression (2 ~AACH + SD and
expressed relative to the average expression of each marker. *p < 0.05 in a paired t-test, based on data from three independent experiments.

vimentin-positive cells positive (Fig. 2D). Collagen 1 and 4 (COL1 and
COL4) deposits in the organoid remained scarce on D14 (Fig. 1C).

3.2. HML organoids maintain the expression of differentiation markers
and upregulate the expression of xenobiotic-metabolizing enzymes

Our gene expression analysis of HML organoids showed that hepatic
markers hepatocyte nuclear factor-4 alpha (HNF4a) and albumin were
slightly upregulated between D7 and D10 and between D5 and D7,
respectively; expression remained high until D14 (Fig. 2B). The
expression levels of the phase 1 and 2 xenobiotic metabolizing enzymes
CYP2E1, CYP3A4 and UGT1A1 increased over time (Fig. 2C), as previ-
ously observed in HepaRG spheroids (Gunness et al., 2013). The
expression of the Phase 3 transporter MRP2 was stable over the 14-day
culture period and appeared to be correlated with the polarization of the
cholangiocyte apical membrane (as evidenced by CK19 labelling) and
the hepatocyte canalicular membrane. Stellate cells (as evidenced by A-
SMA and COL1A1 labelling) and M1 macrophages (CD68) were main-
tained from D5 to D14 (Fig. 2D and E). Although levels of IL6 and MMP9
gene expression increased over time, the Ct values were low; this
revealed a potential change in the ECM and a low basal state of
inflammation in the HML organoids.

3.3. An FA mixture induces steatosis in HML organoids

HML organoids were exposed to an FA mixture (150 pM stearic acid
(C18:0) and 300 pM oleic acid (C18:1 n-9)) from D5 to D14. Lipid
labelling (Fig. 3A) showed that exposure to the FA mixture was associ-
ated with an increase in the quantity of neutral lipid droplets in the
treated organoids after 9 days of exposure. BODIPY™ staining and the
total TG content were higher in FA-treated organoids than in controls
(Fig. 3B). An in-depth GC-MS analysis of the FA composition of total
lipids (Fig. 3C) reveals that control HML organoids were mainly

composed of saturated FAs (C16:0, C18:0, C14:0) and monounsaturated
FAs (C18:1 n-9, C18:1 n-7, C16:1 n-7), with low amounts of poly-
unsaturated FAs in general and n-3 FAs in particular. When treated with
the mixture of C18:0/C18:1 n-9, the organoids accumulated C18:1 n-9
significantly more than other FAs (relative to controls) such as C18:0,
the latter FA was probably A9-desaturated rapidly after its uptake by the
cells, thus further increasing the amount of C18:1 n-9.

3.4. Fatty-acid-treated HML organoids present features of NAFLD

Organoids exposed to FA for 9 days presented several characteristics
of NAFLD (Fig. 4). The FA treatment was associated with greater pro-
duction of COL1 and COL4 in the organoids (Fig. 4A), together with
fibrosis (as quantified by image analysis; Fig. 4B). The level of CYP3A4
gene expression was significantly lower in FA-treated HML organoids,
and that of COL1A1 was significantly higher (Fig. 4C). HML organoids
exposed to FA also displayed a significantly higher levels of CYP2E1 and
UGT1A1 expression, compared with controls. The expression of lipid-
metabolism-related genes (such as lipid droplet coating protein peril-
ipin 2 (PLIN2) and apolipoprotein B (APOB) gene (Fig. 4C)) and levels of
protein secretion (Fig. 4D) were significantly higher in FA-exposed HML
organoids; these are characteristics of the onset of liver steatosis (Wang
et al., 2020). HML organoids treated with FA secreted greater amounts
of the pro-inflammatory cytokines IL1b and IL6 and the pro-fibrotic
cytokine TGF-B, in line with the results of the gene expression assays
(Fig. 4C and D). Although we observed greater expression of the pro-
inflammatory cytokine IL6, the levels of TNFA gene expression were
similar in the control and FA conditions. These results evidenced the
major physiological changes in xenobiotic and lipid metabolism induced
by FA exposure of HML organoids - changes that recapitulate the main
features of NAFLD.
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Fig. 3. Induction of steatosis in HML organoids through exposure to an FA mixture. HML organoids were exposed to a mixture of stearic acid and oleic acid from D5
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tification of total TGs and BODIPY™ staining in HML organoids. C. GC-MS lipidomic analysis of HML organoids. *p < 0.05, determined in a paired t-test (relative to

control (CTL) experiments) and based on data from three independent experiments.

3.5. Evaluation of drug cytotoxicity in NAFLD organoids

We used FA-exposed HML organoids and differentiated HepaRG
monolayer cells to evaluate the impact of NAFLD in drug cytotoxicity.
The tested drugs were chosen on the basis of their mode of action and
known hepatoxicity: 5-FU, a uracil analogue used as antimetabolite in
the treatment of various cancers; acetaminophen, an analgesic which
primarily causes hepatotoxicity through reactive metabolite formation;
valproate, an antiepileptic drug that blocks voltage-gated sodium
channels; voriconazole, an antifungal triazole used to treat aspergillosis;
and troglitazone, an antidiabetic drug withdrawn from the market and
that causes beta oxidation of FAs and opening of the mitochondrial
permeability transition pore. HepaRG cells and HML organoids were
exposed to FAs from D5 to D14, and to drugs from D7 to D14. Cyto-
toxicity was evaluated using intracellular ATP measurements and dose-
response modeling of the ICsgp and BMD (Fig. 5 and Table 1).

Organoids cultured with FAs alone did not show signs of cytotoxicity,
relative to organoids cultured under control conditions (data not
shown). 5-FU was significantly less cytotoxic when differentiated Hep-
aRG cells and HML organoids were exposed to FAs: the ICsg rose from
497 pM to 952 pM with HepaRG cells and from 279 pM to 931 pM with
HML organoids. The relative reduction in the cytotoxicity of 5-FU in the
presence of FAs was also demonstrated by a comparison of the respective

BMDs. With HepaRG cells, exposure to FA did not appear to influence
the ICsg values for valproate (2330 pM to 2458 uM in the absence and
presence of FAs, respectively) or voriconazole (1144 pM and 1135 pM,
respectively). Troglitazone was more toxic in HML organoids treated
with FA; the ICsg rose from 127 pM to 131 pM, and the BMD fell from 28
pM to 10 pM. HepaRG cells exposed to FA were not more sensitive to
paracetamol: the ICsg values were 1131 pM and 1407 pM in the absence
and presence of FAs, respectively). In contrast, FA-exposed HML orga-
noids were more sensitive to paracetamol, with ICsq values of 5005.0 pM
and 725.2 pM in the absence and presence of FAs, respectively.

Based on the ICsg and BMD values, we evaluated the ability of
differentiated HepaRG cells and HML organoids to evaluate the toxicity
of 5-FU, paracetamol, valproate, voriconazole and troglitazone (relative
to the corresponding Cpax; Fig. 6). A regression analysis of the rela-
tionship between Cpax and ICsg or BMD is shown in Fig. 6A. The ICso and
BMD values estimated with HML organoids were better correlated with
the Cpax than the values estimated with HepaRG cells. Moreover, the
ICso or BMD values under control conditions were more strongly
correlated with Cmax than the values obtained under FA-exposed con-
ditions. According to the relative potency factors for drug toxicity in the
NAFLD condition vs. the control condition (Fig. 6B), the HML organoids
were more sensitive to drugs (especially paracetamol and troglitazone)
than the 2D differentiated HepaRG cells. However, differentiated
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HepaRG cells detected the cytotoxicity of valproate with greater sensi-
tivity because the ICsy and BMD values were <10 times greater than the

CH‘IHX'
4. Discussion

We were able to maintain liver functions in vitro (including the ac-
tivity of phase 1 and 2 xenobiotic-metabolizing enzymes) in 2D co-
cultures of adult pHHs with either biliary epithelial cells or HSCs
(Fraslin et al., 1985). Interestingly, the HepaRG progenitor cell line can
differentiate into both cholangiocyte-like and hepatocyte-like cells: both
cell types then shown signs of liver-specific functions (Aninat et al.,
2006). In order to reproduce immune-mediated hepatotoxicity and
study the role of inflammatory stress in the idiosyncratic hepatotoxicity
of diclofenac, macrophages and HepaRG have been co-cultured in two
dimensions (Al-Attrache et al., 2016). HepaRG cells have been co-
cultured with primary HSCs in three dimensions, in order to investi-
gate liver fibrosis (Leite et al., 2016). In the present study, we estab-
lished an HML 3D liver organoid model system by mixing four cell types:
differentiated HepaRG hepatocyte-like and cholangiocyte-like cells,
HSC-derived LX-2 cells, and macrophages. Furthermore, we established
a NAFLD-like state in the HML model and demonstrated that these

organoids could detect drug hepatotoxicity in this context.

We firstly showed that HepaRG, LX-2 and macrophages can be
cocultured in 3D in DMSO-free and low-FBS conditions. In HML orga-
noids, differentiated HepaRG cells express markers of both hepatocyte
and cholangiocytes, together with those of HSCs and immune cells.
Furthermore, high expression levels of genes involved in phase 1 and 2
xenobiotic metabolism were observed in HML organoids. The stable,
high levels of liver markers expression until D14 of culture enabled us to
perform chronic exposure studies. Although previously developed 3D in
vitro systems based on HepaRG cells also expressed high levels of
xenobiotic-metabolizing enzymes under DMSO-free conditions (Rose
etal., 2021), they were cultured in a collagen matrix and did not include
other hepatic cell types. More recently, HepaRG cells were 3D co-
cultured with THP-1 monocytes and immortalized HSCs, in order to
model the fibrotic phenotype (Yan et al., 2021). Here, we used primary
human monocytes as a source of macrophages, since THP-1 cells are
highly proliferative (Chanput et al., 2014). We also developed a path-
ologically relevant NAFLD model using a mixture of stearic and oleic
acids; this mixture reportedly increased lipid accumulation and meta-
bolic dysfunction in HepaRG cells (Bucher et al., 2018). In HML orga-
noids, FA treatment was associated with greater TG accumulation and
the appearance of mild inflammatory and pro-fibrotic responses that
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slope function in GraphPad Prism software.

recapitulated the features of steatohepatitis. Oleic acid (taken up
directly from the culture medium and also synthesized through the A9-
desaturation of stearic acid) accumulated in TGs, which were stored as
lipid droplets in the organoids. Treatment with stearic acid and oleic
acid was associated with lower expression of the phase 1 xenobiotic
metabolizing enzyme CYP3A4 and greater expression of CYP2E1 and
phase 2 UGT1Al, as also reported in clinical and preclinical studies of
NAFLD (Aubert et al., 2011; Michaut et al., 2016). Thus, our data sug-
gest that the HML organoid is a relevant model of NAFLD.

Several clinical investigations have shown that obesity and NAFLD
favour DILI in patients treated with various drugs (including omepra-
zole, telithromycin, and halothane (Massart et al., 2017; Tarantino et al.,
2007)) and in individuals intoxicated with high doses of paracetamol
(Begriche et al., 2023; Chomchai and Chomchai, 2018). Studies of obese
rodents with NAFLD showed that acute treatments of high doses of
paracetamol were more hepatotoxic than in lean (control) animals
(Aubert et al., 2012; Begriche et al., 2023). It is noteworthy that the
more severe paracetamol-induced liver injury observed in patients with
NAFLD and in experimental NAFLD is thought to be related to higher
levels of CYP2E1 activity, although other mechanisms might addition-
ally be involved (Begriche et al., 2023; Michaut et al., 2014). More
recently, we showed that acute paracetamol treatment was more cyto-
toxic in fat-laden, differentiated HepaRG cells than in control HepaRG
cells; this was also due to higher levels of CYP2E1 activity in this cellular
model of NAFLD (Michaut et al., 2016). To the best of our knowledge,
however, the effect of repeated paracetamol treatments in steatotic
HepaRG cells has not previously been investigated. In the present study,
we showed for the first time that repeated paracetamol exposure was
significantly more cytotoxic in NAFLD-HML organoids than in control
HML organoids, whereas there was no difference in the cytotoxic effects
on steatotic HepaRG cells vs. control HepaRG cells. Hence, our results
highlight the need for further investigations of the hepatoxicity of

repeated or chronic paracetamol exposure in obese patients with
NAFLD. Indeed, obesity is one of the main risk factors for chronic dis-
eases associated with persistent pain (such as osteoarthritis and low
back pain) and that are typically treated with repeated doses of analgesic
drugs - including paracetamol (Ambrosio et al., 2023; Conaghan et al.,
2019).

Our results also showed that repeated treatment with troglitazone
was significantly more cytotoxic in NAFLD-HML organoids than in
control HML organoids, whereas there was no difference between
steatotic and control HepaRG cells in a 2D culture. In previous research,
we showed that troglitazone was moderately but significantly more
cytotoxic in steatotic HepaRG cells (ICsp: 70 pM) than in non-steatotic
cells (ICsp: 59 pM) (Le Guillou et al., 2018). It should be noted that
the duration of FA and troglitazone exposure was 14 days in our first
study (Le Guillou et al., 2018)) and only 7 days in the present study.
Nevertheless, our present results indicate that greater cytotoxicity of
troglitazone was observed in NAFLD-HML organoids (but not in differ-
entiated HepaRG cells in a 2D culture) after 7 days of exposure. The
greater cytotoxicity of troglitazone in steatotic HepaRG cells might be
due to less biotransformation of this drug via the CYP3A4 pathway (Le
Guillou et al., 2018). The same mechanism might operate in NAFLD-
HML organoids, which also presented lower levels of CYP3A4 expres-
sion. The relatively high incidence of severe liver failure in troglitazone-
treated patients with type 2 diabetes might be due (at least in part) to the
presence of NAFLD in these individuals (Le Guillou et al., 2018). Un-
fortunately, it will not be possible to test this hypothesis prospectively in
the clinic because this thiazolidinedione derivative was withdrawn from
the market in 2000 in Japan and the US, due to unacceptable levels of
hepatotoxicity (Ikeda, 2011; Massart et al., 2022).

Conversely, we found that the antineoplastic drug 5-FU was less
cytotoxic in the context of FA exposure, although this was only statis-
tically significant for steatotic HepaRG cells. 5-FU is rather well-
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tolerated; although elevation of the liver enzymes aspartate trans-
aminase and alanine transaminase occurs in up to 70% of treated pa-
tients, this phenomenon is usually mild and transient (Yaegashi et al.,
2020). Hence, our data suggest that obese patients with preexisting
NAFLD might have a lower risk of 5-FU-induced hepatic cytolysis.
Further investigations are required to confirm this hypothesis. Notably,
5-FU toxicity is favoured by deficiencies in dihydropyrimidine dehy-
drogenase (DPYD), the initial (and rate-limiting) enzyme in 5-FU
catabolism (van Kuilenburg, 2004). However, data from microarray
experiments on HepaRG cells (GSE102536 https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE102536) showed that DPYD expres-
sion was similar in steatotic and non-steatotic conditions, whereas
CYP2E1 expression was higher in steatotic cells and CYP3A4 expression
was lower (Bucher et al., 2018). Similarly, mRNA expression levels of
DPYD were similar in FA-treated and control pHHs; in contrast,
expression levels of various genes related to metabolic homeostasis were
higher in FA-treated pHHs (Sullivan et al., 2022). Hence, further
mechanistic investigations are needed so that we can understand why 5-
FU is less cytotoxic in steatotic HepaRG cells and HML organoids and
establish whether this observation could be translated into the clinic.

Lastly, our present results show that the antifungal voriconazole and
the antiepileptic valproate had the same cytotoxic potential in steatotic
and non-steatotic HepaRG cells and HML organoids. These data are in
line with the assumption that some drugs are not more hepatotoxic in
obese patients with NAFLD (Massart et al., 2017). For instance, several
clinical studies have shown that hypolipidemic statins are safe for the
liver in NAFLD (Massart and Fromenty, 2017; Nascimbeni et al., 2019).
Hence, our NAFLD models in HepaRG cells and HML organoids might be
invaluable for screening a large number of drugs and determining which
might be more toxic in people with NAFLD. Any drugs identified in this
way could be investigated further in rodent models of NAFLD and in
prospective clinical studies (Allard et al., 2019).

In conclusion, we established a robust 3D in vitro liver organoid
model using HepaRG hepatocyte- and cholangiocyte-like cells, LX-2
cells, and human primary macrophages. All the cell types remained
differentiated and functional during the culture period. Importantly, an
NAFLD-like state can be reliably induced in the HML organoid model
and might therefore be relevant for in vitro drug screening and mecha-
nistic studies of adverse outcome pathways in NAFLD/MASLD.
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