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Abstract

Background and aims

Non-alcoholic fatty liver disease (NAFLD) is a major health care challenge and new therapies
are urgently needed. However, the mechanisms underlying disease remain to be understood.
Indeed, studying NAFLD remains challenging due to the lack of model systems recapitulating
the different aspects of the human pathology. Human induced pluripotent stem cells (hiPSCs)
offer a unique opportunity to address this limitation since they can be differentiated into
large quantity of liver cells. Here, we took advantage of hiPSCs to develop a multi-cellular
platform mimicking the complex interplays involved in NAFLD progression.

Methods

hiPSCs-derived hepatocyte like cells (HLCs), cholangiocytes, stellate cells, and macrophages
were co-cultured in a collagen-based 3D system to reproduce the liver microenvironment.
Fatty acid treatments led to a NAFLD phenotype involving cell-cell interactions which were
investigated by transcriptomic and functional analyses.

Results

Hepatic cells were grown up to 4weeks in 3D, retaining key functions and markers.
Importantly, co-cultured cells spontaneously reorganised into physiologically relevant
connections: HLCs arranged around biliary structures, which established contacts with
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stellate cells, while macrophages organised around HLCs. Fatty acid treatments induced
steatosis and lipotoxicity in HLCs. Furthermore, fat-laden HLCs prompted a non-parenchymal
cells response altering tissue architecture.

Conclusions

Our multicellular platform provides a new approach to model interactions between human
hepatic cells during NAFLD progression. Such approach has the potential to investigate the
sequential events driving chronic liver diseases, including hepatocellular injury,
inflammation and fibrosis. Furthermore, our system provides a unique and urgently needed
tool to investigate the molecular mechanisms associated with NAFLD and ultimately to
validate new targets for therapeutics development.

eLife assessment

The authors present an important study of a multi-cellular platform involving co-
culturing of various hiPSC-derived hepatocyte like cells, cholangiocytes, stellate cells
and macrophages to mimic the liver microenvironment. The aggregates are then
treated with fatty acids and examined through transcriptomic and functional assays.
The techniques and methodologically are sound, and the evidence supporting the
conclusion is convincing, although more clinically relevant data demonstrating the
effect of some potential pharmacological agents on the platform would serve to
strengthen the study.

Introduction

Non-alcoholic fatty liver disease (NAFLD) designates a group of diseases sharing a wide range of
hepatic manifestations starting with hepatocytes steatosis, the first pathogenic step towards
steatohepatitis and fibrosis, followed by cirrhosis and ultimately liver failure or cancer. The
incidence of NAFLD is exponentially growing due to the pandemic of metabolic disorders
associated with obesity. Approximately 30% of the general population could be affected by NAFLD
incomplete and there are no available therapies to slow disease progression. Currently,
therapeutic interventions focus on lifestyle modifications, while organ transplantation is the only

NAFLD is a multi-cellular disease. Chronic lipid accumulation in hepatocytes eventually leads to
cellular damage. This scenario triggers an intense cross-talk between hepatic non-parenchymal
cells (NPCs) (cholangiocytes, hepatic stellate cells [HSCs] and Kupffer cells), which strongly
influences the pathologic phenotype and disease progression. Hepatocytes lipotoxicity provokes
inflammation via macrophages activation, fibrosis orchestrated by HSCs, and ductular reaction
involving cholangiocyte proliferation[4 %, 52 ]. Thus, understanding cellular interplays is
essential to develop new therapies.

Animal models are commonly used to investigate the mechanisms underlying NAFLD and have
provided important knowledge regarding disease pathogenesis. Accordingly, a wide range of
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models don’t reproduce the full spectrum of the human pathophysiology, and they are not easily
compatible with large scale drug screening. Furthermore, their use is becoming increasingly
ethically questionable. Thus, a major effort is ongoing to develop humanised in vitro platforms
providing a complementary approach. A variety of in vitro systems has been developed[7 2 -9%],
which have established a proof of principle that NAFLD can be modelled in vitro for testing drugs
currently in clinical trials. However, they rely on primary human cells which are only available in
limited supply. Thus, these in vitro platforms remain challenging to use for high-throughput

screenings. Alternatively, transformed hepatic cell lines are often used, but their malignant

An advantageous alternative to primary cells is offered by human induced pluripotent stem cells
(hiPSCs) since they can produce large quantities of not only hepatocytes, but a diversity of hepatic
cells including macrophages[112], stellate cells[12 3] and cholangiocytes[13 (% ]. hiPSC-derived

produced from a diversity of patients, and have been proven useful to model liver
disorders[18 @ -20 @ ]. Recently, multicellular hiPSCs-based approaches have been used to model

comprising both hepatocytes and cholangiocytes, which allowed to model steatosis, lipotoxic
damage and ductular reaction. Interestingly, lipid-related metabolic pathways were dysregulated,
revealing a transcriptomics signature similar to NAFLD patients. However, this model was limited
by the absence of mesenchymal cells, therefore lacking inflammatory and fibrotic components. To
include NPCs, another report[22 (%] took advantage of foregut spheroids to generate liver
organoids containing mainly HLCs, followed by HSCs, while biliary-like cells and macrophages
were present in small percentages. This allowed to mimic aspects of steatosis, inflammation and
fibrosis in a dose and time-dependent fashion. However, in this model, the precise identity and
percentages of cells could not be regulated, giving rise to heterogeneous cellular aggregates

without functional organisation.

To address these limitations, we developed a novel 3D in vitro platform that captures hepatic
multicellularity and liver organization. We recreated the hepatic microenvironment by co-
culturing HL.Cs with NPCs in a physiological ratio using a 3D collagen matrix. Hepatic cells
generated in vitro self-assembled to mimic the architecture of the liver and maintained key
features for up to 4-weeks in culture. We used this platform to model NAFLD and we were able to
recapitulate several aspects of the disease, from hepatic steatosis to NPCs response. Moreover,
transcriptomic and lipidomic analyses revealed a NAFLD signature in HLCs, while NPCs displayed
inflammatory and fibrotic responses. Our platform offers a new approach to model NAFLD
reproducing key aspects of the disease and providing a new tool to study the human pathogenesis.
Ultimately, our system will enable the discovery and validation of novel therapeutic targets.

Methods

Cell treatments, Reporter cell lines, Cytochrome P450 activity, Presto Blue assay, Albumin/AFP ELISA,
Bile acids mass spectrometry, Lipidomics, Quantitative Real Time PCR (qPCR), Immunofluorescence,
and Flow protocols, RNA sequencing and statistical analyses, are detailed in Supplementary
Information.

Cell Culture

Please refer to Supplementary Tables1-2 for a complete description of cell culture reagents. The
hiPSC line AIATDYR[16(%, 19 @] was cultured on 10ug/ml vitronectin coated plates and
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3D (co)cultures

The 96-wells RAFT system (Lonza) was chosen for 3D cultures. At D23 of differentiation, HL.Cs
were dissociated in small clumps with Cell Dissociation buffer, and seeded in the RAFT following
the manufacturer’s instruction at a density of 70°000cells. COs were treated with Cell Recovery
Solution for 30 minutes, and clumps were mechanically broken into smaller aggregates with a
p1000 pipette; LX2 were detached with Trypsin-EDTA, while MO at D7 of differentiation were
collected after 10 minutes treatment with TrypLE express. NPCs were seeded in the RAFT at a
density of 50°000cells for monocultures. In simple co-cultures, the ratio was 70%HLCs/30%NPCs,
while in complex co-cultures ratio was 60%HLCs/5%C0s/10%HSCs/25%MO0. The co-culture medium
(CBD medium) was supplemented with 20ng/mL OSM and 50ng/mL HGF.

Bulk RNA-sequencing

RNA was extracted from 3 biological replicates of control, PA and OA treated (24h and 1week)
samples using the RNeasy Micro Kit (Qiagen). Library preparation and sequencing was performed
at the Wellcome Trust Sanger Institute (Hinxton, UK). RNA was poly-A selected and used for library
preparation with the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina. Sequencing
was run on an Illumina HiSeq v4 to obtain 75bp paired-end reads, generating at least 100 million
reads per sample. To assist with the filtering of reads, FastQC was performed on all samples to
ensure that the quality threshold was above 30 throughout the entire read length. For analyses
please refer to Supplementary Information. The RNA-sequencing dataset is available at Array
Express under the accession number E-MTAB-10598.

Single cell RNA-sequencing (scRNA-seq)

Samples preparation — RAFTs were rinsed with PBS before treatment with DNAse [200U] (D4627,
Sigma)/Liberase [0.2U] (5401160001, Sigma) solution in culture medium. Samples were left on a
shaker for 15 minutes at 37C to completely digest the matrix. Cells suspension was washed in
warm medium+10%FBS and further dissociated into single cells via gentle pipetting and 4 minutes
of StemPro™ Accutase™ incubation at 37C, followed by 2 washes in cold medium. To ensure a
sufficient number of viable cells was retrieved, 5 technical replicates were pooled together. Single-
cell suspension was processed into single-cell emulsions using the 10X Genomics Chromium
controller. Each individual cell was encapsulated in an oil-based droplet and individual transcripts
were barcoded using short DNA sequences containing both an identifier for the cell and individual
transcript. A reverse transcription immediately following the formation of this emulsion
converted the transcripts into stable DNA and was stored at -25C. Library preparation using V2
chemistry was performed using the recommended protocol from 10X Genomics.

SCRNA-Seq analyses: Quality assessment of raw fastq files was performed with FastQC v0.11.3 and
MultiQC v1.8. Checks included nucleotide composition and distribution of GC-content. Reads were
aligned to the H. sapiens reference genome (GRCh38) using 10X cellranger v3.1.0; 3,449 cells were
detected using default filters. The resulting count matrix was analysed in R (version 3.6.3), using
custom scripts. The quality of the quantification was assessed on distributions of sequencing
depth, number of unique features, and mitochondrial and ribosomal protein-coding expression
levels per cell. Based on inspection of these distributions, cells with <80,000 UMIs and >1000
detected genes were retained for downstream analysis, totalling 1,519 cells. For details on
normalisation, clustering and identification of marker genes, please refer to Supplementary
Information. The scRNA-sequencing dataset is available under the accession number GSM4824487.
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Results

HLCs maintain key markers and functions in long term 3D cultures
To develop co-culture conditions mimicking the liver micro-environment, we took advantage of
the RAFT system which allows the production of 3D collagen scaffolds. Importantly, we previously
showed that this system supports the functionality of hepatocyte like cells (HLCs)[26 (2 ]. To further
reinforce these results, HLCs differentiated in 2D were seeded into RAFTs at a density of
70°000cells/well and grown for short term (1-week) or long term (4-weeks) studies (Fig 1A2);
HLCs were seeded in 3D as clumps of cells to preserve cell-cell junctions which are crucial for
hepatocyte functionality and survival[26 (% ]. HLCs grown in 3D retained the expression of
hepatocyte markers, such as albumin (ALB), hepatocyte nuclear factor 4 alpha (HNF4a), alpha-1-
antitrypsin (protein alAT; gene SERPINA1) and transthyretin (TTR) at similar levels compared to
HLCs maintained in 2D or primary human hepatocytes (PHH)(Fig 1B ). Interestingly, HLCs
seemed to improve their functional maturation in 3D as shown by the increase in ALB and
SERPINA1 expression over time (Fig 1B-C ). HLCs grown in the RAFT continued to express a-
fetoprotein (AFP) and CYP3A7 (Fig 1B Z); nonetheless, AFP and EPCAM expression strongly
decreased with time in 3D culture (Fig 1C 2). Furthermore, ALB/AFP secretion ratio was
significantly augmented (Fig 1D @) while 3D HLCs expressed significantly higher levels of CYP3A4,
although still not reaching PHH level (Fig 1E ). Similarly, CYP3A4 basal activity in 2D vs 3D cells
(Fig 1F®@) indicated that the RAFT did not alter HL.C functionality. 3D culture also promoted the
formation of MRP2 positive bile canaliculi (Fig 1C ™, Supp Fig 1A), which play a key function in
toxin metabolism in vivo. Finally, we also detected the presence of bile acids in both 2D and 3D
cultures (Fig 1G @ and Supp Fig 1B). Altogether, these results indicate that the RAFT system does
not interfere with HLCs identity, increases specific functions and allows prolonged culture,
necessary to model chronic insults in vitro.

HLCs grown in 3D cultures allow modelling of lipid

accumulation and lipotoxicity associated with NAFLD

We next decided to explore the utility of our system for modelling NAFLD. For that, HLCs were
grown in 3D in the presence of oleic acid (OA) or palmitic acid (PA). OA is known to promote lipid
accumulation, while PA is a saturated free fatty acid (FFA) more prone to lipotoxicity. HLCs were
treated for 24hrs, 1-week or 4-weeks to model chronic injury. Exposure to OA resulted in
significant lipid accumulation after 24hrs, and by 1-week lipid droplets were observed throughout
HLCs aggregates (Fig 2A,B ). Of note, 2D HLCs cultures failed to produce a clear steatotic
phenotype (Fig 2A 2, top row), suggesting that the 3D environment enhanced HLCs ability to
accumulate lipids. On the other hand, HLCs challenged with PA displayed limited steatosis while
showing signs of cellular stress including loss of cell-cell tight junctions after 4weeks (Fig 2A (2, Fig
2B @, Supp Fig 2A). Furthermore, exposure to PA reduced HLCs viability by 50 and 70% after 1-
week and 4-weeks treatments, respectively (Fig 2D @@ and Supp Fig 2C). We then assessed cell
functionality of fat laden HLCs. Addition of PA decreased the expression of albumin suggesting
that the observed cell death could be associated with dedifferentiation (Fig 2A). Furthermore,
CYP3A4 basal activity was decreased by OA (4-weeks) and PA (1-week) (Fig 2C and Supp Fig 2B);
this was expected as hepatocyte metabolic activity is altered in patients with NAFLD and reduced
cytochrome P450 capacity has been reported[27 &2 ]. These results show that our 3D platform

allows the modelling of lipid accumulation and lipotoxicity induced by FFAs.
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Figure 1

3D HLCs cultures characterisation.

A) Schematic representation of HLCs embedding into RAFTs at D23. B) 2D and 3D cultures were characterised for gene
expression of key hepatocyte markers (PHH and undifferentiated hiPSCs [undifferentiated control, UC] were used as positive
and negative control, respectively). C) Immunofluorescence of 3D HLCs. D) ALB/AFP secretion. E) CYP3A4 expression. D)
CYP3A4 basal activity. G) production of cholic acid (CA). Graphs represent average+SD of n=3-7 experiments, analysed with
ANOVA.
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Figure 2

3D HLCs cultures mimic steatosis and lipotoxicity.
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A) FFAs challenge in HLCs visualised with Bodipy493/503 (green): top row, 2D HLCs treated with OA; middle row, OA

treatment; bottom row, PA treatment. 3D cells were stained for albumin (yellow). B) Bodipy493/503 quantification, C) CYP3A4
activity and D) cell viability, all performed on 3D cultures. Graphs represent average+SD of n=3 experiments, analysed with

ANOVA. E) RNA-Seq analyses on HLCs monocultures of disease-associated pathways. Heatmaps represent the log2 fold

change of each treatment and timepoint vs control group. Red indicates an increase, whereas blue indicates a decrease in

expression relative to control.
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Transcriptomic analyses confirm

the interest of HLCs to model NAFLD

To further confirm the interest of our approach for modelling NAFLD, we performed bulk RNA-
Seq analyses on HLCs exposed to FFAs for 24hrs and 1-week. Principal component analysis (PCA)
showed a distinct separation of treated versus control samples depending on the length of the
treatment (Supp Fig 3A) thereby confirming the impact of FFAs on HLCs. Differential gene
expression analyses identified 159 downregulated and 102 upregulated genes after 24hrs
treatments, while 155 and 42 genes were respectively down- and upregulated after 1-week (Supp
Fig 3B-C). Gene ontology analyses revealed that 24hrs of FFAs treatment upregulated pathways
related to cell cycle, lipid metabolism and transport (Supp Fig 3D). On the other hand, HLCs also
downregulated pathways related to cellular adhesion, cell-cell signalling, and basic hepatocytes
functions such as drug metabolism (Supp Fig 3E) and protein secretion (i.e. ALB/TTR/AFP/EPO,
Fig2E). Of note, 1-week PA was the most impactful treatment for HLCs functionality. These
analyses confirm that HLCs undergo steatosis and cell death associated with dedifferentiation
especially when grown in the presence of PA.

We then focused on specific pathways known to be dysregulated in NAFLD (Supplemental Table4
and Fig2E). Gluconeogenesis genes (G6PC, PCK1) were upregulated, while genes associated with
glycogen synthesis decreased (GYS1, GYS2). On the other hand, few insulin signalling genes
(PIK3CA, IRS2, FOXO01) increased suggesting a process resembling insulin resistance. Importantly,
for all groups but one (1-week PA) we registered an upregulation in genes involved in lipid uptake
and trafficking, and in lipid oxidation. Interestingly, 24hrs treatments resulted in a transient
increase in cell cycle-related genes (CDK1 and MKI67) suggesting that FFAs could increase
proliferation in this acute phase. However, cell cycle regulators reverted to basal levels in
prolonged treatments, while the expression of markers related to senescence
(CDKN2A/CEBPB/TP53/NFKB), UPR (DDIT3) and autophagy (SQSTM1/MAP1LC3B) were strongly
induced. Repeated exposure to FFAs upregulated pro-inflammatory genes suggesting that
hepatocytes themselves could be part of the inflammation process leading to fibrosis in chronic
injury. Of particular interest, CXCL8 was significantly induced by 1-week exposure to FFAs; CXCL8
is a known activator of the immune system, while significantly high levels of CXCL8 were reported
in serum from NASH patients[28 (2 ]. Thus, steatotic hepatocytes might play a pivotal role in
NAFLD progression by promoting a pro-inflammatory environment. Taken together these results
demonstrate that FFAs, especially PA, have a potent effect on HLCs functionality, metabolism and
survival while inducing associated senescence, UPR and autophagy, and a strong pro-
inflammatory signature.

Lipidomic analyses reveal disease

pathways in HLCs exposed to FFAs

Altered lipid metabolism is hallmark of NAFLD, and thus we decided to investigate the lipidomic
profiles of our in vitro model. We collected supernatants after 1-week of culture in the presence of
FFAs and probed the lipids secreted in each condition. PCA analyses revealed that the lipidome of
OA-treated HLCs diverged strongly from control and PA-treated groups (Supp Fig 4A). This
difference in lipids composition suggested that OA-treated HLCs retained specific lipid species
which might result from the induction of steatosis. This is in line with the hypothesis that steatosis
could be an initial response to FFAs overload. Indeed, unsaturated FFAs are more prone to be
incorporated into triglycerides, and this mechanism appears to be protective against lipotoxicity;
the opposite occurs with PA which, as a result, is detrimental for hepatocytes[29(%, 30 ]. These
analyses revealed numerous FFAs derivatives and the main detectable products were
corresponding mono and di-substituted phospholipids (phosphatidylcholines [PC] and
phosphatidylethanolamines [PE]) and triglycerides (Supp Fig. 4B, Supplementary Table7). The
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supernatant of OA-treated HLCs was enriched with arachidonic acid, lysoPC and lysoPE (Supp Fig
4B). Interestingly, arachidonic acid is a pro-inflammatory mediator while lysoPC is linked to
lipotoxicity; furthermore, several reports have described an increase of lysoPC and lysoPE in the
plasma of NASH patients[31(2, 322 ]. Taken together, these data suggest that chronic OA exposure
could predispose hepatocytes to lipotoxicity by releasing lipid species that support disease
progression. Surprisingly, PA treatment resulted in reduced release of lysoPC, which could be
explained by accumulation of these species intracellularly, but also by HLCs dedifferentiation
induced by PA. In conclusion, these results reinforce the evidence that HLCs grown in the presence

of FFAs acquire an injury signature related to NAFLD at the molecular level.

Non-parenchymal cells can be grown for prolonged

time in 3D while preserving their cellular identity

Several cell types play a key role in NAFLD and a multicellular platform would be useful to model
the different steps characterising disease progression. Therefore, we decided to develop 3D
conditions to co-culture cholangiocytes, hepatic stellate cells (HSCs) and macrophages. The first
step was to address whether the 3D collagen-based environment could interfere with the activity
or survival of non-parenchymal cells (NPCs). Cholangiocytes organoids (COs) (Supp Fig 5A-B) were
derived from human common bile ducts[24 Z]. COs in RAFTs organised into elongated structures
with a lumen, while retaining the expression of cholangiocytes markers (Fig 3A-B2) up to 4-
weeks in culture.

The same approach was applied to HSCs taking advantage of the LX2 cell line[25 2 ]. Interestingly,
HSCs in RAFTs did not display an activated morphology (Fig 3C @) or phenotype as shown by the
decrease in the expression of profibrotic markers TGFB1 and collagen type I (Collal) (Supp Fig
6A). Other fibrotic markers were either not affected (TIMP1) or increased (aSMA) only after 4-
weeks. Of note, both aSMA and GFAP (Supp Fig 6B) were expressed at basal levels in 2D or 3D, as
expected with LX2 cultures. To confirm that 3D HSCs could model fibrotic response, we stimulated
LX2 with TGFB1. While efficiently promoting a profibrotic phenotype in 2D cells in 72hrs (Supp Fig
6C), a longer treatment was required to induce a fibrotic response in 3D (1-week, Supp Fig 6D-E).
This activation was associated with the acquisition of a myofibroblast-like morphology (Fig 3D (@)

and induction of fibrotic markers (Fig 3E@).

Concerning Kupffer cells, we generated macrophages (MO0) from hiPSCs following a well-
established protocol[11]. MO were derived in 2D and expressed typical myeloid markers CD11b
and CD45 (Supp Fig 7A-C). These cells lost their phenotype after 14 days in 2D (data not shown),
while MO transferred into RAFTs retained the expression of CD14 and CD68 and did not
spontaneously increase the expression of pro-inflammatory markers (Supp Fig 7D). Furthermore,
3D MO maintained a pancake-like morphology up to 4-weeks and retained the expression of IBA1

(Fig 3F@). The cells were also polarised by LPS stimulation as shown by the induction of IL6 and

In sum, the RAFT system is suitable to grow hepatic NPCs up to 4-weeks. Each cell type maintained
key phenotypical features including the capacity to react to pro-fibrotic and pro-inflammatory
stimuli.

Hepatic cells co-cultured in 3D spontaneously

organize to mimic the liver microenvironment

We established conditions allowing the co-culture of these different cell types with HLCs. We
started with 2 cell types at a ratio of 7:3 (HLCs:NPCs) to respect in vivo cell ratio. In addition, we
took advantage of reporter cell lines expressing EGFP or RFP (tdTomato or mStrawberry reporters)
to monitor cellular organization. Of note, a major challenge in establishing co-cultures conditions
is to define media formulations compatible with all the different cell types. HLCs medium was not
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compatible with COs survival (data not shown). Thus, we screened several basal media and
identified that William’s E supplemented with 50ng/ml HGF and 20ng/ml OSM (refer to
Supplementary Tables1-2) could support all the hepatic cells included in our platform. In these
conditions, HLCs rapidly surrounded the tubular-like structures formed by cholangiocytes (Supp
Fig 8A, Fig 4A ), while developing a well-defined canaliculi-like network which seemed to
connect HL.Cs and biliary cells (Fig 4B (©). We also observed that HSCs progressively localised
around HLC clusters (Supp Fig 8B, Fig 4C (%) without direct interactions, unless treated with
TGFp1, which induced a myofibroblast-like morphology characteristic of activated HSCs while
prompting more direct contacts with HLCs (Fig 4D @). Finally, MO initially dispersed in the
collagen (Supp Fig 8C) and progressively colonised the spaces between HLC clumps over time (Fig
4E @). Importantly, the presence of additional cell types did not interfere with HLCs functionality
including ALB/AFP production or CYP3A4 activity (Fig 4F-G @ and Supp Fig 8D-E). Therefore, our
co-culture conditions support hepatic cell types while allowing their spontaneous organisation in
3D.

Next, we seeded the 4 cell types together at physiologic ratios: 60%HLCs/5%C0s/10%HSCs/25%MO0.
The co-cultured cells self-organised, with HLCs surrounding COs duct-like structures within 24hrs,
while HSCs and MO dispersed around the edges of HLC clumps (Supp Fig 9A-B). Interestingly, a
fraction of HSCs (Supp Fig 9C) surrounded cholangiocytes in close contact with HLCs. These
interactions persisted up to 4-weeks (Fig 5A (@), while functionality of co-cultured HLCs was
maintained as shown by CYP3A4 activity, increasing ALB/AFP secretion and bile acid production
(Fig 5B-C (2, Supp Fig 10A-C). These results indicate that this system allows long term co-culture of
hepatic cell types in vitro without altering HL.Cs functionality. Moreover, this approach enables us
to precisely control the number and the cell types co-cultured, allowing the creation of a self-
organised micro-environment mimicking the composition of the liver.

3D co-cultures mimic cell-cell interactions

observed in the liver microenvironment

To better characterise cellular interactions in our 3D co-culture system, we performed single cell
RNA-Seq (scRNA-Seq) analyses on 1-week cultures. scRNA-Seq was performed to profile a total of
3449 cells, of which 44% passed QC (1519 cells; see Methods and Supplementary information).
Seurat clustering was chosen for analyses due to its stability across different numbers of features,
and identified 16 groups of cells (Fig 5D ). The biological relevance of these clusters was assessed
by enrichment analyses of marker genes that were manually curated. Using this approach, four
superclusters were identified: HLCs (317 cells), COs (63 cells), HSCs (198 cells) and MO0 (941 cells),
thereby confirming the presence of the main cell types originally seeded into the RAFT. Of note,
the numbers of retrieved cells did not mirror the seeding ratio; this difference could be explained
by technical difficulties in extracting single cells from the collagen scaffold, especially hepatocytes
or cholangiocytes. Nonetheless, HLCs cluster was characterised by the expression of key
hepatocyte markers (ALB/ASGR1/AFP/APOB/TTR/HPX). COs expressed biliary markers
(KRT19/KRT7/MUC1) and basement membrane proteins (LAMB3/LAMC2/ITGB4) among others.
HSCs were identified by PDGFRB expression and by the presence of fibrosis regulators
(LUM/SPARC/LOXL1/CTHRC1/COL1A1). MO expressed markers known to regulate innate immunity
(HLA-B/IL1R2/C1R/PTX3) or ECM proteins (SRGN/CCBE1) (Fig 5D @ and Supp Fig 11). These
observations demonstrate that the identity of each cell type is preserved in our co-culture setting.

To further understand cellular interactions, we applied the CellPhone database[33 (2] to our

single-cell data set. This approach identified a diversity of known physiologic interactions (Fig
6(%) associated with the function of each cell type. For example, the production of plasma proteins
by HLCs seemed to be supported by NPCs via the albumin-FcRn complex, which is crucial for
albumin homeostasis and stabilisation[34 2 ]. On the other hand, HLCs expressed IGF2 thereby

supporting cell survival. Mesenchymal cells are an important source of cytokines and growth
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3D co-cultures promote physiologic cellular interactions.

A) Live cell imaging of HLCs-EGFP+ around COs-tdTomato+, with z-stack reconstruction showing the presence of a lumen. B)
MRP2 positivity of a bile canaliculi-like network after 1-week culture (HLCs-unstained, COs-tdTomato+). C) HSCs-tdTomato+
arranged on one side of HLCs-EGFP+ clumps; D) TGFB1 treatment induced a myofibroblast-like morphology in HSCs-
tdTomato+, while surrounding HLCs-EGFP+. E) MO-mStrawberry+ diffused in the RAFT, while gradually organising on one side
of the HLCs-EGFP+ clumps; after 4-weeks culture, MO-mStrawberry+ spread within HLCs-EGFP+ structures. F) ALB/AFP
secretion and G) basal CYP3A4 activity in 3D mono-versus co-cultures. Graphs represent average+SD of n=3-10 experiments,
analysed with t-Test.
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Complex 3D co-cultures mimic liver microenvironment.
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factors in the liver. Accordingly, HSCs expressed a diversity of mitogens including EGF, FGF and
HGF while the corresponding receptors appeared to be expressed by COs or HLCs. On the other
hand, HLCs and COs regulated epithelial-mesenchymal cross-talk via VEGFA and PDGF signalling,
acting on respective receptors on HSCs and M0. Moreover, cells-matrix interactions (integrins/ECM
proteins) would suggest that these mechanisms could be responsible for guiding the 3D self-
organisation of our co-culture system. Finally, our analyses also revealed the source of WNT and
Notch signalling in our culture with a specific function for HSCs, which seemed to be the primary
source of RSPO, WNT ligands, and TGFj1.

All together, these results show that our co-culture system preserves hepatic cells identity while
allowing cellular interactions naturally occurring in the liver microenvironment.

Modelling NPCs response to steatotic HLCs

The progression from steatosis to steatohepatitis is a multicellular process involving inflammation
from macrophages, ductal plate reaction with cholangiocytes and fibrosis associated with HSCs.
Thus, we decided to study the response of NPCs to FFAs treatment. We first evaluated the effects of
FFAs on hepatic cells grown in 3D with or without HLCs. COs and HSCs were found to uptake a
limited amount of lipids when grown in the presence of OA, while PA treatment had little visible
effect (Supp Fig 12A-B). Interestingly, HSCs acquired an activated morphology when grown with
HLCs in the presence of OA (Supp Fig 12C). FFAs had no effect on MO in terms of lipid
accumulation (Supp Fig 12D) but seemed to induce recruitment around HLCs clumps (Supp Fig
12E). We then combined the 4 cell types and challenged them with FFAs (Fig 7A@ ). HLCs
accumulated lipid droplets in the presence of OA and underwent dedifferentiation/cell death
especially after long term exposure to PA. Thus, co-culture with NPCs did not affect the main
phenotypes induced by different FFAs (Fig 7B-C ). In addition, HSCs seemed to proliferate while
adopting an activated morphology around HLCs. Pro-inflammatory and pro-fibrotic cytokines
were also detected in the medium with differences for the two treatments. OA induced a stable
secretion of TNFa from 1-week treatment (Fig 7D (©), while chronic exposure to PA induced
progressive secretion of IL6 (Fig 7E (). Similarly, 4-weeks treated co-cultures also produced higher
although more variable levels of TGFB1, suggesting a pro-fibrotic response (Fig 7F2).
Interestingly, TNFa is known to play a key role in NAFLD development and progression, and its
since it stimulates liver regeneration but also exacerbates hepatocellular damage. Both are
implicated in insulin resistance and stimulate lipogenesis. However, TNFa is more linked to
steatosis development and lipids/glucose metabolism while IL6 controls inflammatory
response[28 (7 ]. These results suggest that our platform models in part the impact of hepatic
injury on NPCs. In conclusion, 3D co-cultures grown in the presence of FFAs successfully
reproduced steatosis, hepatocytes lipotoxicity and key aspects of NPCs response in vitro.

Discussion

With this report, we introduce a novel multicellular hiPSCs-based hepatic platform and
demonstrate its interest to model complex liver diseases, especially NAFLD. We showed how
hiPSCs-derived hepatocytes (HLCs) can mimic aspects of steatosis and lipotoxicity when grown in
3D. Moreover, we were able to generate “mini livers” by combining HLCs with non-parenchymal
cells (NPCs), thereby promoting cellular interactions representative of the hepatic
microenvironment. This multicellular platform enabled to model hepatocytes injury observed
during NAFLD progression including key associated mechanisms with inflammatory and fibrotic
components.
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Figure 7

Complex 3D co-cultures promote NAFLD-like features.

A) Live cell imaging shows cellular structures after long term FFAs challenge. Top row, HSCs-CFP+ accumulated around fat
laden HLCs-EGFP+, that organised around COs-tdTomato+ cells after OA treatment. 4-weeks of PA resulted in the near
absence of HLCs-EGFP+ clumps and unorganised COs-tdTomato+, while HSCs-CFP+ showed an activated morphology. MOs
were included in the culture, but lacked a reporter gene. Bottom row, Lipidtox Deep Red (yellow) confirmed that HLCs-EGFP+
developed a steatotic phenotype after OA treatment. B) CYP3A4 activity and C) cell viability in 1-week and 4-weeks co-
cultures. D) TNFq, E) IL6, and F) TGFB1 secretion in co-cultures. Graphs represent average+SD of n=3-10 experiments,
analysed with ANOVA.
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Our approach has several advantages over currently available models. HLCs provide an unlimited
source of cells which is impossible to obtain with primary cells[7 3, 8 2 ]. Moreover, HLCs
production is robust and consistent when compared to batches of primary hepatocytes which
display large variability from different donors. Furthermore, the RAFTSs culture system provides a
that HL.Cs grown in 3D acquired functions which can be maintained up to 4-weeks, thereby
allowing the modelling of chronic hepatic injury associated with NAFLD. Of note, HLCs have been

previously used to model NAFLD. For example, lipotoxic stimuli in HLCs resulted in mitochondrial

tool to investigate the function of genetic variants associated with NAFLD, and to unravel the
mechanisms by which they can influence disease progression[382]. While providing useful

insights, these studies were limited to steatosis and could not address aspects linked to NPCs.

This aspect was addressed in part by using differentiation protocols resulting in heterogeneous
populations of cells[21 (3, 22 (4 ]. More precisely, stochastic differentiation of foregut organoids
was used to simultaneously produce several hepatic cells. However, the resulting organoids lacked
functional maturation, organised 3D architecture or physiologic ratios[22 (2 ]. Starting from the
hepatoblast stage enabled a slightly higher control on cellular maturation, but failed to include the
cells from mesoderm origin[21(Z].

Our platform provides a solution to these limitations by precisely incorporating different hepatic
cells involved in disease progression including stellate cells, macrophages and cholangiocytes.
Furthermore, our approach allowed co-culture of these cell types in physiological ratios thereby
mimicking the in vivo environment. Accordingly, combination with HLCs results in self-
organisation resembling the liver architecture. sSCcRNA-Seq analyses confirmed the functionality of
these cellular interactions by revealing a diversity of interplays between these cell types. Finally,
our approach allowed to control the presence of specific cell types which could provide the

opportunity to investigate specific cell-cell interactions.

Importantly, our culture system could be further optimised by including endothelial cells. Indeed,
it is well documented that the endothelium sustains the inflammatory and fibrotic evolution of
the cell types included in our co-culture system and supporting endothelial cells. We used
endothelial cells (HUVEC) without success, suggesting that this cell type could be particularly
difficult to maintain in vitro.

Our approach also relies on cell types from different origins and ideally, all the cells should be
generated from the same hiPSC line. This option was not implemented for the current study since
production of all cell lineages from hiPSCs is complex and technically challenging even if protocols

Nonetheless, future evaluation could involve fully derived hiPSCs platforms, which would be
useful to dissect the functions of key polymorphisms without interference of genetic background.

Despite these restrictions, we showed the interest of our in vitro culture system to study
hepatocyte injury induced by FFAs. Indeed, we demonstrated that FFAs can induce steatosis,
reduce cellular function, and decrease viability to different degrees depending on the duration of
treatment and the nature of the lipotoxic insult. As previously reported[30 %], the outcome of OA
is steatosis, while PA has a lipotoxic effect, which became already evident after 1-week exposure.
RNA-Seq analyses further showed that PA stimulated the expression of genes related to
senescence/cell death and inflammation mediators, while affecting cellular functions. On the other
hand, OA treated cells displayed an increase in the expression of genes related to lipid foxidation.
In line with these findings, OA treated cells released lipid species that were found to be increased
in NAFLD patients[31 (&, 32(@ ]. Moreover, FFAs also perturbed glucose metabolism, and the
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expression patterns were suggestive of insulin resistance development. Similar expression profiles
were previously reported in in vitro models and patients’ biopsies[8 (2], validating in part the
clinical relevance of our system to model NAFLD.

Interestingly, FFAs-challenged HLCs significantly increased the expression of pro-inflammatory
signals, especially CXCL8. Given the role of CXCL8 in activating the immune system, we speculated
that injured HLCs could release signals creating an inflammatory environment. In addition, we
also observed that TNFa was increased by OA, while PA-treated cells relied more on an IL6
differential induction dependent on the severity of the damage or the type of injury. Intriguingly,
our results showed an activation of NPCs just by enriching the medium with FFAs, without the
need to add other exogenous stimuli. Taken together these results suggest that NPCs could be
activated directly by injured hepatocytes and this interaction could be a relevant target for future
drug development.

These data demonstrate that our platform can be used not only to model hepatocyte injury
associated with NAFLD but also to uncover new mechanisms related to the disease. Thus, this
novel humanised platform provides a comprehensive in vitro approach to identify and to validate
new pathways for drug development at cell specific level.

List of abbreviations

¢ (COs: cholangiocytes organoids

e FFA: free fatty acids

¢ hiPSCs: human induced pluripotent stem cells
e HLCs: hepatocyte like cells

e HSCs: hepatic stellate cells

e MO: hiPSCs-derived macrophages

e NAFLD: non-alcoholic fatty liver disease

¢ NPCs: non-parenchymal cells

¢ OA: oleic acid

e PA: palmitic acid
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Senior Editor
Pramod Mistry
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Reviewer #1 (Public Review):

There is an undisputable need for better in vitro models recapitulating steatotic liver
diseases. This article is from a group of well-known stem cell experts that use human induced
pluripotent stem cells (hiPSCs) to build a multicellular steatosis model in vitro. While the
model is strong for testing hepatocytes responses, it falls short on translational aspects as well
as on non-parenchymal liver cells.

(1) The authors should use the new nomenclature for the disease, MASLD / MASH, as
proposed by the scientific societies (Rinella ME, et al. ] Hepatol. 2023; 79(6):1542-1556. PMID:
37364790).
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(2) There has been a similar approach by the Takebe group (Ouchi R, et al., Cell Metab. 2019;
30(2):374-384, PMID: 31155493). What is different in this model?

(3) The work is very technical and does neither provide any new mechanistic insights nor
does it test any new interventions. I do see the clear technical advance in the long-term
culture. However, I do not see that this system would allow modelling true "chronic" changes
in MASLD, e.g. steatohepatitis and/or fibrosis.

(4) While I am very convinced about the validity of the "hepatocyte" component in this
system, the NPC compartment is insufficient. The 3D model does certainly not contain
Kupffer cells (which have very distinct characteristics from "M0" macrophages) and does not
contain true HSCs (LX-2 is a very insufficient model). Also, the model lacks flow conditions,
which does not allow to factor in pathogenic signals from the circulation / portal vein (e.g.
gut-liver axis). This will only allow very limited insights into the crosstalk between
hepatocytes and NPCs.

(5) The translational value of this model remains unclear to me. The scRNA-seq data should
be meticulously compared to sc/snRNA-seq data from human MASLD livers at different stages
to understand, what this system is able to model (maybe very early stages of steatosis?).

(6) The study lacks a "use case" to study interventions, e.g. testing resmetirom or any other of
the new MASLD drugs in this system.

https://doi.org/10.7554/eLife.95042.1.sa1

Reviewer #2 (Public Review):
Summary:

The authors developed a 3D multi-cellular platform mimicking the complex interplays
involved in the pathogenesis of NAFLD/NASH by employing hiPSCs-derived parenchymal and
non-parenchymal cells in combination of organoids obtained from primary human
cholangiocytes and the human hepatic stellate cell line LX2. They show that hiPSC-derived
hepatocyte are able to accumulate intracellular lipids in fashion similar to human NAFLD
and that prolonged accumulation leads to activation of inflammatory and fibrogenic
pathways.

Strengths:

This is an original attempt to create a 3D all-human multicellular cellular platform
recapitulating human NAFLD/NASH. The results are very encouraging. It is of particular note
the fact that fibrogenic markers in the 3D system are not extremely (artificially) activated as
in the classic 2D system. This makes the proposed platform more realistic.

Weaknesses:

The mixture of hiPSC-derived cells and primary or cell-line cells is understandable although
potentially adding some variability to the system. The only unclear aspect is the characteristic
of the collagen used to create the 3D system. Which type of collagen? Human? Which
stiffness?

https://doi.org/10.7554/eLife.95042.1.sa0

Carola Maria Morell et al., 2024 eLife. https://doi.org/10.7554/eLife.95042.1 24 of 24


https://doi.org/10.7554/eLife.95042.1
https://doi.org/10.7554/eLife.95042.1.sa1
https://doi.org/10.7554/eLife.95042.1.sa0

	Reviewed Preprint
	Novel 3D Approach to Model Non-Alcoholic Fatty Liver Disease using human Pluripotent Stem Cells
	Abstract
	Background and aims
	Methods
	Results
	Conclusions
	Introduction
	Methods
	Cell Culture
	3D (co)cultures
	Bulk RNA-sequencing
	Single cell RNA-sequencing (scRNA-seq)

	Results
	HLCs maintain key markers and functions in long term 3D cultures
	HLCs grown in 3D cultures allow modelling of lipid accumulation and lipotoxicity associated with NAFLD
	Figure 1
	Figure 2

	Transcriptomic analyses confirm the interest of HLCs to model NAFLD
	Lipidomic analyses reveal disease pathways in HLCs exposed to FFAs
	Non-parenchymal cells can be grown for prolonged time in 3D while preserving their cellular identity
	Hepatic cells co-cultured in 3D spontaneously organize to mimic the liver microenvironment
	Figure 3

	3D co-cultures mimic cell-cell interactions observed in the liver microenvironment
	Figure 4
	Figure 5

	Modelling NPCs response to steatotic HLCs

	Discussion
	Figure 6
	Figure 7

	List of abbreviations
	References
	Article and author information
	Copyright
	Editors


