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LEADS - a comprehensive human liver-on-a-chip for
non-alcoholic steatohepatitis (NASH) drug testing

We developed a liver-on-a-chip- the LEADS chip- via
co-culture of adult human liver stem cell-derived hepatobiliary
organoids, iPSC-derived Kupffer cells and iPSC-derived
hepatic stellate cells. By careful optimization of co-culture and
induction conditions, we recapitulated all essential features of
NASH, particularly the various pathological states of steatosis.
We tested candidate drugs for NASH on the LEADS chip and
observed results matching to clinical responses. In the race
for drug testing for NASH, our LEADS model leads the race
leaving behind other /n vitro models.
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for non-alcoholic steatohepatitis (NASH) drug
testingt
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Metabolic dysfunction associated steatohepatitis (MASH), also known as non-alcoholic steatohepatitis (NASH), is
a progressive form of steatotic liver disease (SLD). It is an emerging healthcare threat due its high prevalence,
accelerated and non-linear progression, and final culmination as decompensated liver failure and/or
hepatocellular carcinoma (HCC). The pathogenesis of NASH is complex with strong ethnic influences and
genetic predispositions, underscoring the need for preclinical models that utilize patient-derived cells to enhance
our understanding of the disease. Current models face three major limitations: (i) reliance on primary cells with
limited reproducibility, high cost, short culture duration and ethical considerations, (i) failure to recapitulate all
key features of NASH, and (iii) inadequate drug testing data and/or data did not correlate with clinical responses.
Therefore, there is a pressing need for robust and relevant preclinical models that faithfully recapitulate human
NASH, allow generation of patient-specific models and provide quantitative responses for mechanistic studies
and drug testing. We have developed a functional liver tissue-on-a-chip by co-culturing human adult liver stem
cell (haLSC)-derived hepatobiliary organoids, induced pluripotent stem cell (iPSC)-derived Kupffer cells (iKCs) and
iPSC-derived hepatic stellate cells (iHSCs). We simulated the metabolic microenvironment of hyper nutrition and
leaky gut by treating the cells with a concoction of free fatty acids (FFAs), fructose, gut-derived
lipopolysaccharides (LPS) and a gut-derived metabolite, phenyl acetic acid (PAA). Through optimization of co-
culture media and induction regimens, we were able to stably induce steatosis, hepatocellular ballooning,
inflammation, and activation of iHSC and fibrosis—all key hallmarks of NASH. Our LEADS (liver-on-a-chip for
NASH drug testing) model also recapitulated the pathological types of steatosis and allowed for quantification of
the key features via microscopic evaluation and secretome profiling to score for disease severity. Notably,
treatment with saroglitazar, pioglitazone, cenicriviroc (CVC), obeticholic acid (OCA) and resmetirom produced
responses similar to those observed in clinical trials. Taken together, our LEADS model is the first model
developed using patient-derived hepatic stem cells which recapitulated all key features used for comprehensive
drug testing, with results matching to clinical responses.
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1. Introduction

Metabolic dysfunction-associated steatotic liver disease
(MASLD), previously known as non-alcoholic fatty liver
disease (NAFLD), is the hepatic manifestation of the
metabolic syndrome which presents as more than 5% lipid
accumulation in the liver, a condition known as steatosis."
NAFLD is currently the most prevalent chronic liver disease
(CLD) affecting about 25-30% of the adult population
worldwide. It was considered a chronic condition without
severe consequences. However, in about 12-15% of patients,
NAFLD driven by lipotoxicity and inflammation may progress
to a more severe form of disease called metabolic
dysfunction-associated steatohepatitis (MASH), also known as
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non-alcoholic steatohepatitis (NASH).> While early stages of
NASH, up to stage 2 fibrosis, are reversible with weight loss,
the progression beyond that is irreversible, culminating in
stage 4 fibrosis or cirrhosis, decompensated liver failure, and
or hepatocellular carcinoma (HCC).> The progression was
once calculated to be one stage per decade; however, recent
data indicate faster progression of one stage per 7 years.'
NASH is now the leading cause of liver transplantation and
the fastest-growing cause of HCC in the United States.” The
burden of end-stage liver disease caused by NAFLD is
expected to increase by two- to threefold by 2030.°

The pathogenesis of NASH progression is multifactorial,
but while not fully understood, is widely accepted to involve
insulin resistance (IR) in the adipose tissue. IR diminishes
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adipose tissue expandability and lipogenic capacity, leading
to accumulation of lipids such as triglycerides (TGs) and non-
esterified free fatty acids (FFAs) in the bloodstream. These
lipids are then taken up by hepatocytes and stored as lipid
droplets. Excess hepatic lipid accumulation disrupts normal
triglyceride balance and increases mitochondrial fatty acid
oxidation (mtFAO). An increase in mtFAO without a
concomitant increase in the mitochondrial respiratory chain
activity (MRC) results in the production of reactive oxygen
species (ROS) which damages the hepatocytes via inducing
endoplasmic reticulum (ER) stress.” The damaged and dying
hepatocytes release inflammatory and pro-fibrogenic signals
such as IL-6, IL-8, CXCL10 and sonic hedgehog (SHH)
ligands, which activate the Kupffer cells (KCs) and hepatic
stellate  cells  (HSCs). Bacterial = metabolites and
lipopolysaccharides (LPS) from the gut can exacerbate this
damage by activating the liver sinusoidal vascular
endothelial cells (LSECs) and the KCs.® The persistent
inflammation further promotes HSC activation, leading to
deposition and remodeling of the extracellular matrix and
the progression of fibrosis to cirrhosis and eventually
decompensated liver failure.® Additionally, factors like the
lipid types, fructose intake, gut microbiota, and genetic
polymorphism in the genes such as PNPLA3, TM6SF2 and
MBOT are also implicated in the NASH pathogenesis.'® The
definitive diagnosis and staging of NASH are done via
histopathology of a liver biopsy specimen using the NAFLD
activity score (NAS). NAS is evaluated based on the presence
and the extent of steatosis, hepatocellular ballooning,
lobular and portal inflammation and fibrosis. NAS =5 is
widely accepted to distinguish steatohepatitis from simple
steatosis. Apart from NAS, the staging of fibrosis is done as
follows: stage 1 - zone 3 pericellular or “chicken-wire”
fibrosis, stage 2 - periportal fibrosis, stage 3 - bridging
fibrosis and stage 4 - cirrhosis."
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Over the past decade, several drug candidates have been
evaluated, that target a specific mechanism within the
spectrum of the pathogenesis of NASH, from energy intake and
disposal to liver lipotoxicity to anti-inflammatory.”*™* The
primary endpoints in clinical trials are mostly an improvement
in the liver histology as denoted by a decrease in NAS by 2
points without worsening of fibrosis'> or improvement in >1
stage of liver fibrosis and no worsening of steatohepatitis,
meaning no increase in NAS scores.'® Several drugs have
struggled to clear phase II trials, and some have failed in large-
scale phase III trials even after good performance in the phase
IIb trials. Recently resmetirom (Rezdiffra™), an oral thyroid
hormone receptor-p (THR-B) agonist, was given accelerated
approval in the United States for treatment of adults with
noncirrhotic NASH with moderate to advanced liver fibrosis,
but only in combination with diet and exercise.” As for the
other drug candidates, quite a few have struggled to clear phase
II trials, while several have failed in large-scale phase III trials
even after promising phase IIb results.

One of the major hurdles in screening and testing for
drugs for NASH is that different etiologies such as diet,
genetic polymorphisms, and gut microbiome could exert
their effects differently in different individuals based on the
presence and the extent of contribution from other factors.
This fact is completely overlooked in animal models wherein
NASH is induced via manipulation of one of these causes
such as diet or genetics. While this is good for
reproducibility, this is one of the major reasons why drugs
fail in large-scale clinical trials even after spectacular results
from animal models. The essence of recapitulating human
NASH not only lies in reproducing the features of human
NASH in animal models like hepatocellular ballooning but
also in being able to individually manipulate the disease-
causing factors and testing the candidate drug against all
these different types of NASH.

Organoids and organ-on-a-chip recapitulate human
biology and organ level functions in vitro and can be
valuable for mechanistic studies and drug testing.'®°
Organ-on-a-chip models allow for the
compartmentalization of different cell and tissue types
and integration of biophysical signals and fluid flow. We
aimed to develop a liver-on-a-chip for human NASH to
address the limitations discussed earlier. We have
developed a system wherein we can co-culture patient-
derived hepatobiliary organoids with non-parenchymal cells
to recapitulate human NASH in a format relevant for
preclinical drug testing. Considering the pathogenesis of
NASH and the clinical assessment of the disease severity,
we designed a liver-on-a-chip model - LEADS - that
incorporated the hepatocytes, KCs and HSCs in separate
compartments. The compartments allow for paracrine
interactions  between the cells while facilitating
independent and detailed microscopy-based evaluation for
mechanistic studies and scoring of disease severity. By
modulating the metabolic microenvironment and the
induction factors, we simulated various histopathological

This journal is © The Royal Society of Chemistry 2025
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features of NASH performed drug testing and matched
our results to data from clinical trials.

2. Materials and methods

2.1. Differentiation of iPSC into Kupffer cells and hepatic
stellate cells

Human induced pluripotent stem cells (iPSCs) IMR90-P1
were obtained from WiCell® (Lot# WB66756). The IMR90-P1
iPSCs were cultured in a feeder-independent method as
prescribed by WiCell®, in Matrigel-coated plates with
mTeSR1 medium (StemCell™ Technologies, Cat# 85850). The
pluripotency of the iPSCs were confirmed by Nanog, Oct4
and SOX expression. The human IMR90 iPSCs were grown to
70% confluency and the colonies were digested with
Accutase™ (StemCell™, Cat# 07920) to obtain single cells.
Then the single cells were seeded into growth factor reduced-
Matrigel (Corning® Matrigel® growth factor reduced (GFR)
basement membrane matrix, Cat# 354230) coated plates at a
density of 1.2 x 10° cells per cm> and cultured under hypoxic
conditions (5% CO,, 90% N,, 5% O,) for 24 h in the presence
of Y-27632 (10 uM).

The single cells are further differentiated to Kupffer cells
and hepatic stellate cells following previously established
protocols described elsewhere. The iPSC-derived Kupffer
cells (iKCs) were developed following our previously
established protocol described elsewhere.”’ The embryoid
bodies were formed by simultaneous differentiation of
IMR90 single cells to hemogenic and meso-endothelial fate
by supplementing with BMP4 (50 ng mL™), SCF (50 ng
mL™"), VEGF (20 ng mL™") and Y-27632 (10 pM) in mTeSR1
medium from days 1 to 3. Then, erythro-myeloid fate
induction was triggered using M-CSF (100 ng mL™") and
IL3 (25 ng mL™") from days 3 to 25 in X-Vivo™ medium
(Lonza, Cat# 02-060Q). Primitive macrophages (pre-
macrophages) were produced and seen as floating cells
from day 25, which were then harvested and further
conditioned with KC maturation medium (KCM)
supplemented with M-CSF (50 ng mL™") for 7 days from
day 25 to 32 to promote maturation of liver-resident
macrophage. The KC phenotype of the differentiated cells
was ascertained via immunostaining for KC markers CD68
and CD163 (Fig. S1Af). The hepatic stellate cell
differentiation comprises four stages directed by addition of
stage-specific growth factors to HSC basal medium:** days
1-4: BMP4 (20 ng mL™"); day 5-6: BMP4 (20 ng mL™"), FGF1
(20 ng mL™") and FGF3 (20 ng mL™'); days 7-8: FGF1 (20 ng
mL™), FGF3 (20 ng mL™), retinol (5 uM) and palmitic acid
(100 pM); days 9-12: retinol (5 pM) and palmitic acid (100
uM). The media was changed daily. The mature HSC-like
cells were harvested at day 13 and wused for further
experiments. The HSC phenotype of the differentiated cells
was ascertained via immunostaining for HSC markers alpha
smooth muscle actin (aSMA) and glial fibrillary acidic
protein (GFAP) (Fig. S1Af). All the growth factors were
purchased from R&D Systems, and the reconstituted growth
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factor stock solutions were stored at —20 °C and used within
6 months.

2.2. Differentiation of liver stem cells into hepatobiliary
organoids

Liver stem cells were isolated from human liver biopsy
tissues and differentiation into hepatobiliary organoids using
our patented technology®® (https://patents.google.com/patent/
US20200199538A1/en). Briefly, liver biopsies were collected
from healthy donors with no previous history of diabetes,
hypertension or dyslipidemia after due review and approval
from the Institutional Review Boards (IRBs) and Human
Research Ethics Committee. Adult liver stem cells were
isolated and propagated and were differentiated into
hepatobiliary organoids following a patented protocol which
yielded compact organoids. More than 80% of cells in these
organoids were mature hepatocytes which was ascertained
via immunostaining for albumin and CYP3A4. About 10-15%
of cells displayed cholangiocyte features with positive
staining for cytokeratin 7 (CK7) (Fig. S1Af).

2.3. Seeding organoids and non-parenchymal cells onto the
chip

Hepatobiliary organoids and NPCs were co-cultured in a
microfluidic chip, idenTx 3 from AIM Biotech Pte. Ltd. The
microfluidic chip consists of a central channel for the 3D
culture of cells embedded in the hydrogel, flanked by two
side channels for introducing medium and/or secondary cell
types. Both sides of the central channel are bordered by
vertical pillars with a triangular base. The pillars are
positioned at regular distances from each other, ensuring the
interstitial flow of medium from the side channels towards
the central channel. In this study, hepatobiliary organoids
were cultured in the central channel and the side channels
were used for NPC culture. To initiate the coculture in chips,
three idenTx 3 chips were assembled on the chip holder plate
provided by the manufacturer. The organoids were collected
in a centrifuge tube, washed twice with fresh H3 medium
and resuspended in an appropriate volume of cold H3
medium. Following this, the organoid suspension was mixed
with an equal volume of growth factor-reduced Matrigel
solution (Corning, Cat #356230) and was placed on ice until
loading into chips. About 10 pL of the organoid suspension
containing 6 to 8 organoids was loaded into the central
channel of the chip by carefully pipetting in through either
one of the inlet ports without generating any air bubbles.
The chips were observed under a microscope to ensure
uniform distribution of organoids prior to incubating at 37
°C for 15 min to allow for complete gelation of Matrigel. After
crosslinking, the troughs surrounding the medium inlet
ports on the left and right side of the side channels were
filled with 70 pL and 50 pL co-culture medium, respectively.
Thereafter, monolayer cultures of iHSC and iKC were
trypsinized and cell suspensions containing 1 x 10° cells per
mL and 4 x 10° cells per mL, respectively, were prepared.
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About 10 pL of the iKC suspension was loaded into the top
side channel and 10 pL of the iHSC suspension was loaded
into the bottom side channel. Sterile deionized water was
filled in the reservoir on the chip holder and the plate was
covered with a lid to prevent medium evaporation. The
microfluidic chips were carefully incubated inside a 5% CO,
incubator set at 37 °C for the entire culture duration. Co-
culture medium was replaced at regular intervals by carefully
aspirating the medium out from the troughs without reaching
into the medium inlet. Three different co-culture media, C1,
C2 and C3, were tested. The C1, C2 and C3 media are
volumetric mixtures of hepatocyte culture medium (HCM),
Kupffer cell medium (KCM) and hepatic stellate cell medium
(SCM) in the ratios 1:1:1, 10:4:1 and 2:2:1. HCM is Lonza
HCM™ Hepatocyte Culture Medium Bullet Kit® without
hydrocortisone. KCM is Advanced DMEM with Cocktail B
from GIBCO™ containing penicillin-streptomycin, ITS"
(insulin, transferrin, selenium complex, BSA, and linoleic
acid), GlutaMAX™, and HEPES. SCM is DMEM low glucose
and MCDB-201 with supplements (2.5 uM dexamethasone,
0.1 uM B-mercaptoethanol, retinol and 100 uM palmitic acid).

2.4. Functional assays

Urea and Cytochrome P450 assays. Conditioned media
from multiple chips was collected on alternate days for 10
days. The total urea concentration in the conditioned media
was quantified using the blood urea nitrogen assay kit
(Stanbio, Cat# 0580). Briefly, urea standards ranging from 2.5
to 50 pg mL™" were prepared by serial dilution of standard
stock solutions. To prepare the reaction mix, 200 pL of BUN
acid reagent and 100 pL of BUN colour reagent were
transferred to 1.5 mL centrifuge tubes. Following this, 75 pL
of the standards, blank and conditioned media were added
into the tubes and briefly vortexed. The tubes were placed on
a thermomixer (Eppendorf Thermomixer Comfort 5355) and
were heated for 12 min at 95 °C with shaking at 800 rpm.
Thereafter, the tubes were allowed to cool on ice for 3 min
and were centrifuged at 6000 rpm for 6 s. About 120 pL of
the reaction mix from each tube was transferred to an
optically clear 96-well plate in duplicates and the absorbance
of the samples at 520 nm was recorded using a microplate
reader (Tecan, Infinite M1000). Cytochrome P450 3A4
(CYP3A4) enzyme activity of hepatobiliary organoids was
determined using P450-GloTM CYP3A4 assay kit (Promega,
USA, Cat#f V9001) as per the manufacturer's protocol with
minor changes. Briefly, the organoids were treated with C1
media containing CYP3A4 inducer rifampicin (20 pM) or
DMSO (vehicle control) for 48 h. The organoids were later
transferred to a white opaque 96-well plate and were
incubated in 100 pL of luciferin-IPA substrate solution for 1 h
at 37 °C. Equal volumes of luciferin detection reagent were
added to each well and mixed briefly on a plate shaker. The
plate was incubated at room temperature for 20 min, and the
luminescence intensity was measured using a microplate
reader (Tecan, Infinite M1000).
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2.5. Preparation of NASH induction reagents

Induction of NASH was achieved using oleic acid (OA),
palmitic acid (PA), fructose, lipopolysaccharides (LPS) and
phenylacetic acid (PAA). A 2.5 M stock of fructose was
prepared in water and filter sterilized and stored at -20 °C. A
5 mM stock of PA was prepared as follows: a 150 mM
solution of sodium palmitate (in ethanol) (Sigma, Cat#
P9767) was heated to 80 °C and was mixed with 0.1 N sodium
hydroxide (NaOH) also at 80 °C to obtain a 50 mM PA. This
was then added to prewarmed advanced DMEM F12
containing 12% fatty acid-free bovine serum albumin (FAF
BSA) and 1% penicillin and streptomycin at 42 °C to a final
concentration of 5 mM. The mixture was incubated at RT for
30 min for conjugation with BSA, after which it was filter
sterilized and stored at —20 °C. A 150 mM stock of oleic acid
(sodium oleate; Sigma, Cat#t 07501) was prepared in 100%
ethanol and stored at 20 °C. A 0.5 M stock solution of PAA
was prepared in 100% ethanol and stored at -20 °C. 1 mg
mL™" LPS was prepared in phosphate buffered saline (PBS)
and stored at 4 °C. The stock solutions of each of the four
reagents were diluted to their final working concentration in
the co-culture medium just before use. Medium containing
an equivalent amount of the vehicle was used as control.

2.6. ELISA

ELISA for albumin was performed using goat anti-human
albumin antibody (Thermo Fisher Scientific, Cat# A80-129A)
using a sandwich ELISA protocol from Bethyl Laboratories.
The conditioned medium was collected by gently aspirating
the medium from the troughs and immediately stored at —20
°C. Conditioned media from two chips from the same
experiment were pooled to minimize intra-experiment errors.
Conditioned media from a minimum of 4 experiments were
used for an assay. On the day of the ELISA, the frozen
conditioned medium was thawed on ice and centrifuged at
max RPM for 10 min to remove any cellular debris. A total of
100 pL of conditioned medium was used as prescribed by the
manufacturer. A 4-parameter logistic (4PL) was used to fit the
standard curve for the albumin ELISA.

2.7. Staining on the chip

The medium in the chips was removed and the side channels
were gently flushed with 1x PBS. The PBS was removed and
replaced with 4% formaldehyde. About 250 upL of
formaldehyde was added to all the ports to make sure that
the channels and the ports were filled. As the middle channel
with the organoids is not directly accessible and the media
from the side channels slowly diffuse into the middle
channel, the chips were placed on a gentle rocker for 2 h for
complete fixation. After fixation, the formaldehyde was
removed and replaced with 1x PBS. At this stage, the chips
can be stored for up to a week at 4 °C. For staining, the chips
are washed with 1x PBS twice for 15 min each. The
incubation for the washing and staining steps was done at
room temperature under mild rocking conditions. After

This journal is © The Royal Society of Chemistry 2025
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washes, the chips were permeabilized with 1% Triton X-100
in PBS for 2 h. The permeabilization solution was then
replaced with a blocking buffer containing 5% BSA, 0.02%
sodium azide and 0.5% Triton X-100 in PBS for 2 h. Primary
antibodies were diluted in blocking buffer and 60 uL of
primary antibody was added to each port and incubated
overnight. Every chip requires 240 pL of primary antibody.
The primary antibodies were removed, and the chips were
washed with 0.2% Tween in PBS (PBST) for 15 min, thrice.
After three washes, the corresponding secondary antibodies
were added and incubated overnight. After incubation, the
chips were washed with PBST twice for 15 min and with PBS
once for 10 min. A 300 nM DAPI solution in 1x PBS was used
to stain the nucleus and incubated for 15 min. This was
followed by a PBS wash for 10 min with gentle rocking. Lipid
and actin staining was performed using 1 ug mL™" BODIPY™
(Thermo Fisher Scientific, Cat# D3922) and 1 pM SiR-actin,
respectively, which was added along with the secondary
antibodies. The list of antibodies is given in the ESLj

2.8. Confocal microscopy and image analyses

Fluorescence images of the stained organoids and NPCs on the
chip were captured with an Olympus FluoView FV3000
(Olympus, Japan) laser scanning confocal microscope. The
Z-stack images (step size = 0.9 um) of individual organoids was
captured using a 10x or 20x objective. The iKCs and iHSCs were
imaged using the multi-area time-lapse (MATL) module. A 10x
objective was used to capture the Z-stack images (step size =
3.9 um) of the cells. Image analysis was performed using
IMARIS 9.5 software (Oxford Instruments, UK). To determine
the total nuclear count, nuclear segmentation was done using
Spots creation wizard by setting 5 pm as the XY diameter.
Surface creation wizard (surface grain size = 0.2 um and
manual threshold value = 800) was used to segment and
analyse the lipid droplets within organoids. The features of the
lipid droplets such as size, number and total volume, obtained
from the analysis were normalized to the total nuclear count
(Fig. S2Bf). For the side channel cells, to quantify the
expression of cytoskeletal protein a-SMA and extracellular
matrix proteins such as type 1 collagen and fibronectin, the
total intensity of the respective laser channel was recorded and
normalized to the total nuclear count.

2.9. Viability assays

The viability of the hepatobiliary organoids, iKC and iHSCs
were assessed on days 2, 5, 8 and 10 using the Invitrogen™
LIVE/DEAD™  Viability/Cytotoxicity Kit (Thermo Fisher
Scientific, Cat# L3224) as per manufacturer's instructions. As
the signal intensity in the organoids was very low, we first
treated the cells with verapamil, which is an effective
inhibitor of ABC transporters to prevent the efflux of the
dyes. Firstly, the conditioned medium was collected from the
chips and replaced with fresh medium containing 1 uM
verapamil and incubated for 45 min. After incubation, the
medium was replaced with fresh medium containing two

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

drops of NucBlue™ Live ReadyProbes™ Reagent (Hoechst
33342), 2 uM calcein AM and 4 uM ethidium homodimer-1
(EthD-1). After 15 min of incubation with the dyes, the chips
were taken for imaging. The chips with the holder were
mounted onto the live cell incubation chamber of the
Olympus FV3000 microscope. The images were taken using a
10x objective. The iKCs and iHSCs in the side channels were
imaged using multi-area time-lapse (MATL) module to cover
the entire area of the side channels. The organoids were
imaged individually, and a stack of the z sections was made
to visualize them. For iKCs and iHSCs, the cells with high
calcein signal and low EthD-1 signal were considered as live
cells and the reverse was used to count dead cells. For
organoids, due to less cell spreading and significant overlap
in 3D and dead cells appearing as fragmented nuclei, the
nuclei with high intensity of EthD-1 was considered dead and
the nuclei with low intensity of EthD-1 were considered alive
(Fig. S8t). The live cells were compared against the total cell
numbers to get a ratio of live cells for every time point (days
2, 5, 8 and 10). A total of 2 chips were used per condition per
time point. The number of live cells in the control were taken
as 100% and the relative ratio of live cells in the NASH-
induced chips were calculated for every time point. This was
repeated for 3 biological experiments. The average was
calculated and the ratio of live cells in induced versus control
was used as the normalising ratio for the cytokine data from
multiplex assay or ELISA (Fig. S97).

2.10. Multiplex cytokine assessment

The conditioned medium was collected at the following time
points as follows: 48 h (2 days) post seeding which serves as
the baseline, 5 days post seeding, 8 days post seeding and 10
days post seeding. Four sets of experiments performed on
different days served as four biological replicates. Within an
experiment, medium was collected from 2 chips and pooled
to account for variability in organoid number. The medium
was frozen immediately upon collection. On the day of the
experiment, the conditioned medium was thawed on ice and
centrifuged at high speed for 10 min to remove any debris.
The multiplex assay was performed using a customised
ProcartaPlex 14 plex assay from Life Technologies (Thermo
Fisher Scientific) and run on the Luminex system as per
manufacturer's instructions. The panel had the capture
antibodies and standards for the following molecules: IL-10,
IL-6, IL-8, TNF-o, MIP-1B, MIP-30;, MCP-1, MMP-1, MMP-2,
osteopontin, VEGFA, TIMP-1, tPA and PAIL The net mean
fluorescence intensity (MFI) and the test result data were
analysed. Amongst the analytes, TIMP-1 and MMP-2 values
were above the saturation limits. The values were normalized
to the organoid count, percentage of viable iKCs, percentage
of viable iHSCs or a combination thereof depending on
whether the analyte is secreted by the hepatobiliary
organoids, iKCs or iHSCs. The normalising ratio was
obtained via viability assay as mentioned in section 2.9. The
normalising ratios are given in Fig. S9G.}
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2.11. Drug testing

Stock solutions of 10 mM saroglitazar (MedChem Express,
Cat#t HY-19937) and pioglitazone (Sigma, Cat# E6910) were
prepared in DMSO. Stock solutions of 10 mM cenicriviroc
(Selleck Chemicals, Cat#f TAK-652) and 100 mM obeticholic
acid (Adipogen, Cat# 6-ECDCA) were prepared in 100%
ethanol. The drugs were supplemented at a dilution of 1:
1000 along with the co-culture medium with the NASH
induction factors and added to the chips 48 h post seeding
to allow for cell attachment and stabilization. The drug
treatment followed the induction protocol and was
performed at days 2, 5 and 8 during every medium change
for a total duration of 8 days. The control for drug treatment
was medium with the induction factors and the vehicle
control specific to the drug. At the end of the treatment the
chips were fixed with formaldehyde for immunostaining. For
testing the effects of resmetirom, the drug treatment was
done after the induction for NASH. Stock solutions of the
drug resmetirom (MGL3196; Selleck Chemicals, Cat# S6663)
were prepared in DMSO. The stock solutions were then
diluted either in NASH induction medium or coculture
medium to prepare the working solutions having a final
concentration of 0.2 uM, 1 uM, 5 uM, 20 uM, and 80 uM. The
final concentration of DMSO in the working solution was
0.2%. To initiate the drug testing experiment, the chips were
first categorized into four groups: (1) healthy, (2) NASH, (3)
vehicle (DMSO) and (4) drug. The healthy group was treated
with coculture medium for 12 days with intermittent medium
change every 2 days. For the NASH group, the chips were
treated with induction medium until day 10 and was then
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changed to coculture medium for another 2 days. The vehicle
and drug groups were treated with NASH induction medium
on days 2 and 4 post-cell seeding. Thereafter, on days 6 and 8,
induction medium containing either DMSO (0.2%) or drug was
added. Finally, on day 10, coculture medium containing DMSO
(0.2%) or drug was added and treated for another 2 days.

2.12. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5
(GraphPad Software Inc., California, USA) and all data were
expressed as mean * standard error of the mean or mean +
standard deviation as mentioned. Unpaired two-tailed
Student's t-test was used to compare the data sets from
different groups and a p value < 0.05 was considered as
significant.

3. Results
3.1. Setting up the LEADS model

The iKCs and iHSCs were differentiated from iPSCs, while
hepatobiliary organoids were differentiated from adult liver
stem cells, as described in Materials and Methods. Successful
differentiation was ascertained by immunostaining for the
appropriate cell type markers (Fig. S1A}). We adopted the
idenTx 9 chip for the co-culture of hepatobiliary organoids,
iKCs and iHSCs, as explained in section 2.3. A total of nine
chips can be assembled on a chip holder plate with
dimensions (X-Y) matching those of a standard multi-well
plate. A single plate can screen nine samples in a single
experimental run. The layout of the chips is depicted in
Fig. 1. The design and dimensions of the chip are shown in
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Fig. 1 Illustration of the liver-on-a-chip for the NASH drug testing (LEADS) platform. (A) Layout of microfluidic chips assembled on the chip
holder plate. (B) Zoomed-in view of a microfluidic chip showing hepatobiliary organoids and non-parenchymal cells in different channels before

and after NASH induction. FFAs, free fatty acids; LPS, lipopolysaccharides.
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Fig. S1B.f Hepatobiliary organoids were seeded in the central
gel channel, embedded in 50% growth factor reduced (GFR)
Matrigel, while iKCs and iHSCs were seeded in separate side
channels (Fig. S1CY). Preliminary data showed that Matrigel
was more conducive to maintaining the integrity of
hepatobiliary organoids and their hepatic functions, such as
albumin and urea secretion, when compared to type I
collagen (Fig. S1D and Ef). Type I collagen gels induced
tubular outgrowths of biliary cells (data not shown). The
spacing between the triangular barriers and the porous 50%
Matrigel allowed diffusion of paracrine factors between the
different cell types, while the compartmentalization of these
cell types allowed for independent microscopic evaluation
and prevented the overgrowth and dominance of a single
cell type, which is often observed in direct contact co-
cultures. We estimated that each organoid contained
approximately 4 x 10° cells through image-based assessment.
Initially, the number of organoids in every chip was
calculated, and a proportional number of iKCs and iHSCs
that mimics the 10:4:1 ratio of the cells in the liver***°
were seeded on the side channels. Although the attachment
of iHSCs to the side channels was poor (Fig. S1CT), they
proliferate upon co-culture with the hepatobiliary organoids.
Regretfully, this method yielded a high variability in the
final numbers of iHSCs in each chip. A high number of
iHSCs will lead to degradation of the Matrigel, migration of
iHSCs toward the organoids, and subsequent deterioration
of organoid integrity and outgrowths of ductular structures.
Therefore, the numbers of iKCs and iHSCs were fixed at 4 x
10" cells and 1 x 10* cells per channel, respectively. This
seeding density gave consistent responses for 2-8 organoids
per chip.

3.2. Optimization of growth conditions for induction of
NASH on the LEADS chip - steatosis

The next critical consideration is the selection of medium for
the co-culture of the different cell types. The iKCs and iHSCs
are derived from iPSC, while the hepatobiliary organoids are
derived from the patient-derived liver stem cells using a
specific concoction of growth factors and signaling
molecules. The co-culture medium must provide sufficient
signaling molecules for preserving the functions of these
cells in the chip, which in turn influences the intercellular
communication between the cell types when treated with
lipogenic factors and the consequent induction of NASH. On
a preliminary assessment, the hepatocyte maturation
medium (H3) was found to be incompatible with the iKCs as
it contains dexamethasone, a corticosteroid used to induce
maturation in hepatocytes, due to its potent anti-
inflammatory activity. In the co-culture, dexamethasone can
suppress the activation of iKCs in response to stimulation
with LPS, which is required for the inflammatory conditions
in NASH. Hence, it is critical to select the co-culture medium
that maintains a functional liver microenvironment on the
chip and allow manifestation of NASH features upon
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induction. The commonly adopted strategies for the co-
culture medium for liver-on-a-chip models involve using
either a special co-culture medium, distinct from the
medium for each of the cell types, or a mixture of the
medium used for each of the cell types, blended in ratios
reflecting the ratio of these cells in the native liver tissue or
on the chip®®™> (comparison with state-of-the-art models
shown in ESI} Table S2). We selected three different
combinations of the hepatocyte culture medium (HCM), KC
medium (KCM) and the HSC medium (SCM) at different
ratios. The C1, C2, and C3 media had a 1:1:1, 10:4:1, and
2:2:1 ratio of the HCM, KCM and SCM medium,
respectively. The C2 medium reflected the ratio of
hepatocytes: KCs: HSCs found in the native tissue. No
significant differences were observed in albumin expression
in the hepatobiliary organoids on the chip in the three types
of media (Fig. S2At).

We aimed to induce NASH using free fatty acids, namely
oleic acid (OA) and palmitic acid (PA), along with fructose,
bacterial lipopolysaccharides (LPS) and phenylacetic acid
(PAA). Dietary fatty acids directly contribute to hepatic
steatosis.*® PA, with 16 carbon atoms, is the most common
saturated fatty acid present in the diet and serum. OA is a
monounsaturated 19-carbon fatty acid. Fructose is a highly
lipogenic nutrient; chronic consumption of high-fructose
corn syrup has been associated with the development of
dyslipidemia, insulin resistance and metabolic syndrome; it
reduces leptin expression, inhibits fatty acid oxidation, and
causes oxidative stress and inflaimmation.**?*> The gut
microbiome of NASH patients shows significant alterations
with low microbial gene richness compared to healthy
controls; gene signatures from the gut indicated increased
biosynthesis of LPS and increased biosynthesis and
metabolism of branched-chain amino acids (BCAAs).*® LPS
from the gut activates iKCs via toll-like receptor (TLR)
signaling, which leads to the secretion of an array of
chemokines and cytokines such as TNF-o. and 1L-6.° PAA is a
metabolic product of phenylalanine and is the strongest
microbial metabolite associated with  steatosis in
metabolome-wide association studies and has been
experimentally shown to induce steatosis in animal models.**
We performed a small-scale experiment to first understand
the effects of OA, PA, LPS, fructose and PAA on the cells on
the chip and assessed their ability to induce steatosis.
Treatment with 50 and 100 ng mL™" LPS led to a significant
decline in iKC viability; therefore we used 10 ng mL™" for
further experiments (Fig. S2Ct). We treated the co-culture of
hepatobiliary organoids with the iHSCs on the chip with
varied concentrations of OA (0, 150, 300 and 600 uM) and PA
(0, 300, 450 and 600 uM) and constant concentrations of PAA
(10 mM), LPS (10 ng mL ") and fructose (100 mM) (Fig. 2A).
Quantification of the lipid droplets showed that lipid
accumulation per cell increased with increasing levels of OA
(Fig. 2B). This was mainly due to the increase in the size of
the lipid droplets (Fig. 2C) and increasing the concentration
of OA beyond 300 uM had no further increase in the number
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Fig. 2 Optimization of induction and co-culture conditions on the LEADS chip for steatosis. (A) Table showing the concentration of PA and OA
used in combination with 100 mM fructose and 10 mM PAA. (B)-(D) Graphs showing the average lipid droplet volume per cell, average size of lipid
droplets and the average number of lipid droplets per cell, respectively. Error bars indicate standard deviation, N = 9-11 organoids (pooled from 3
experiments, with 3-4 organoids per experiment). Representative images of organoid displaying (E) true microvesicular steatosis (Mi-S) when
treated with 450 uM PA and 150 uM OA and (F) small-droplet macrovesicular steatosis (Sd-MaS) when treated with 0 uM PA and 600 uM OA.
Organoids were stained with BODIPY (green) and DAPI (blue). Imaging was performed using a confocal microscope and maximum intensity
projections are shown. Scale bar: 50 um in (E); 50 um and 30 um in the left and right images in (F), respectively. (G)-(l) Graphs showing the average
lipid droplet volume per cell, average size of lipid droplets and the average number of lipid droplets per cell, respectively, under control and
induced samples in different media and co-culture conditions; error bars represent standard error of the mean. N = 4 experiments. Paired two-
tailed t-tests were performed. For each combination of medium and culture condition, induced (blue) was compared against control (orange). *p
< 0.05; **p < 0.01; ***p < 0.001.

of lipid droplets (Fig. 2D). Interestingly, treatment with 450  steatosis was observed in the C1 medium (Fig. 2G and S3t).
uM PA showed distended hepatocytes with foamy-appearing  This was due to a significant increase in the number of lipid
cytoplasm with a large number of uniform small-sized  droplets and the increase in the size of the lipid droplets
lipid droplets, characteristic of microvesicular steatosis  (Fig. 2H and I).
(MiS)*” (Fig. 2E). This contrasts with organoids treated
with equal and higher doses of OA, where non-uniform
sized small and large droplets were observed (Fig. 2F), as
reported for small-droplet macrovesicular steatosis (Sd-
Mas).*® Hepatocellular ballooning and lobular inflammation are two
We selected equimolar concentrations of 300 uM OA and  key defining features of NASH that drive fibrotic progression.
PA, 100 mM fructose, 10 ng mL ' LPS and 10 mM PAA and  While simple steatosis is rarely associated with fibrosis
used this to assess the different media for NASH induction  progression, histological confirmation of NASH which
for steatosis, hepatocellular ballooning (HCB) and fibrosis.  includes the presence of steatosis, HCB and lobular
Quantification of lipid accumulation showed that organoids  inflammation, is associated with a higher prevalence of
exhibited increased levels of steatosis upon tri-culture with  cirrhosis, overall liver-related mortality and death.** The
iHSC and iKC compared to monoculture, and the maximum  ballooned hepatocytes are identified with larger size with

3.3. Assessment of hepatocellular ballooning (HCB) upon
induction on the LEADS chip
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Fig. 3 Assessment of hepatocellular ballooning injury on the LEADS chip. (A) Representative images of organoids showing ballooned cells. Imaging was
performed using a confocal microscope and maximum intensity projections are shown. Scale bar: 50 um. (B) Representative images of organoids
immunostained for CK8/18, ubiquitin and M30 and counterstained with DAPI. Imaging was performed using a confocal microscope and maximum
intensity projections are shown. Scale bars: 50 um (top), 20 um (bottom). (C) Graph depicting the quantification of M30 per cell under control and induced
conditions for C1, C2 and C3 media. Error bars indicate standard error of the mean, N = 4 experiments. Paired two-tailed t-tests were performed. For each
combination of medium and culture condition, induced (blue) was compared against control (orange). However, none reached statistical significance.

cytoplasmic inclusion of ubiquitinated cytokeratins, named  protein response (UPR) dysregulation and autophagy
Mallory-Denk bodies (MDBs), formed due to unfolded suppression as a result of excessive ER stress.”> HCB
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Fig. 4 Optimized growth conditions for co-culture of hepatobiliary organoids, iKCs and iHSCs on the LEADS chip. (A) Immunostaining of
hepatobiliary organoids, iKCs and iHSCs on the LEADS chip in C1 medium after 10 days of co-culture on the chip. Markers indicating the
differentiation and functional status of the different cell types were chosen for immunostaining. Albumin for hepatocytes; CK7 for biliary cells;
CD163 and CD68 for iKCs; aSMA, GFAP and PDGFRB for iHSCs. (B) Graph showing the amount of albumin secreted from the LEADS chip at the
indicated days of co-culture quantified by ELISA. Error bars represent standard error of the mean. N = 3 experiments. (C) Graph showing the
quantification of urea secretion from the LEADS chip at the indicated days of co-culture. Error bars represent standard deviation. N = 3
experiments. (D) Graph indicating the assessment of CYP3A4 enzyme activity. Error bars represent standard deviation. Paired t-test was performed.
Rifampicin (induced) was compared against DMSO treatment (vehicle control). *p < 0.05.
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indicates liver cell injury or damage and these injured
ballooned hepatocytes secrete paracrine pro-fibrogenic
signals such as Sonic Hedgehog (SHH), which in turn
activates the hepatic stellate cells.”” HCB is scored by
assessing the histological sections by assessing for large
hepatocytes with pale staining and reticulated cytoplasm.*
The organoids treated with NASH induction factors showed
large ballooned hepatocytes characteristic of HCB (Fig. 3A).
However, the evaluation of HCB based on histology alone has
shown large discrepancies even amongst expert
pathologists.*’ We tested M30, an antibody that recognises
the neoepitope on the caspase-cleaved cytokeratin 18, to
quantify HCB in the LEADS chip. First, we validated the
suitability of M30. We observed that co-immunostaining of
M30 with CK8/18 and ubiquitin showed M30 localising with
the CK8/18 and ubiquitin aggregates (Fig. 3B). We treated the
organoids with increasing doses (0.0625, 0.125, 0.25, 0.5, 1
and 2 pg mL™") of tunicamycin, a natural antibiotic that
interrupts protein maturation and induces ER stress,*® and
observed a proportional increase in M30 levels (Fig. S4F). We
quantified M30 immunostaining as a readout for
hepatocellular ballooning and observed that the organoids in
C1 medium had the highest levels of M30 (Fig. 3C and S57).
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The LEADS chip showed the highest levels of steatosis and
ballooning injury upon induction in the C1 medium. The
hepatobiliary organoids, iKCs and iHSCs maintained their
differentiation status (Fig. 4A) and a functional liver
microenvironment on the chip in the C1 medium (Fig. 4B-
D). These data suggested that C1 medium fostered a
conducive environment for optimal liver functions, induction
of steatosis and hepatocellular ballooning. We performed all
further experiments with the C1 medium.

3.4. Refining the metabolic microenvironment on the LEADS
chip

The most accepted pathogenesis of NASH development in
humans is the primary development of steatosis due to
hypernutrition, which could either be benign or progress to
steatohepatitis based on the presence of secondary insults
such as leaky gut and altered gut-microbiome and their
metabolites that can cause inflammation and ER stress and
activate the non-parenchymal cells.**™** To mimic this
natural progression and to decipher the involvement of the
non-parenchymal cells in NASH progression, we performed
the following experiment. We treated the LEADS chip with

A LD volume per cell B Average size of LDs F Type | Collagen expression per HSC
&~ 600 30; = 204d0°
s 5
=2 [ Monoculture 3 @ Monoculture =
3 = Triculture = i g 15400
§ 400 —_— L 3 20 Bl Triculture $ oy
: g z m—
E & 3 2 1040
K] > 3
S —_— > 2
> 20 * g 10 °
& = £ s040°
a ] =]
o @ o)
@ o [ £ 0
Day0 Day3 Day6 Day8 Day8 Day0 Day3 Day6 Day8 Day8 Day0 Day3 Day6 Day8 Day8 Day0 Day3 Day6 Day8 Day8 Day0 Day3 Day6é Day8 Day8
Progression Endpoint Progression Endpoint Progression Endpoint Progression Endpoint Progression Endpoint
model model model model model model model model model
C Average number of LDs per cell D Normalized M30 expression G
25 4 HSC activation and fibrous matrix deposition
5 = 4
8 50, @ Monoculture 8 Bl Monoculture - * 3 Control
.; B Triculture 23 BB Triculture £ s B Induced
E £=
5 - B £3
—_—
s H 2 G52
g1 s S8
k] g1 § =4
S s z
z z
o
Day0 Day3 Day6 Day8 Day8 Day0 Day3 Day6 Day8 Day8 Day0 Day3 Dayé Day8 Day8 Day0 Day3 Day6 Day8 Day8 Fibronectin  GFAP asMA
Progression Endpoint Progression Endpoint Progression Endpoint Progression Endpoint
E model model model model model model model model

Day 0
Day 3

Day 6

Progression

Day 8

Endpoint

Fig. 5 Progression versus endpoint models of NASH induction and assessment of steatosis, hepatocellular ballooning injury and fibrosis. Graphs
showing the average lipid droplet volume per cell (A), average size of lipid droplets (B), the average number of lipid droplets per cell (C) and the
quantification of M30 per cell (D) in organoids under monoculture and co-culture conditions in the progression and endpoint models. Error bars
represent standard error of the mean. N = 3 experiments. Paired two-tailed t-tests were performed. Days 3, 6 and 8 were separately compared
against day O of their respective culture condition. *p < 0.05; **p < 0.01. (E) Multi-area time lapse images of the side channel harbouring the
iHSCs, immunostained for type | collagen. Stitched image of the multi-area 10x images with the maximum intensity projection is shown. (F) Graph
showing the levels of collagen per iHSC in the side channels under co-culture conditions in the progression and endpoint models. Error bars
represent standard error of the mean. N = 3 experiments. Paired two-tailed t-tests were performed. Days 3, 6 and 8 were separately compared
against day 0. **p < 0.01. (G) Graph showing the levels of fibronectin, GFAP and aSMA per iHSC in the side channels under control and induced
conditions following the endpoint model of induction. Error bars represent standard error of the mean. N = 3 experiments. Paired two-tailed
t-tests were performed. For each marker, induced (blue) was compared against control (orange). *p < 0.05.
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OA, PA and fructose for the first 3 days to mimic conditions
of hypernutrition, followed by addition of LPS and PAA to
mimic leaky and altered gut microbiome. This was performed
under both co-culture and monoculture conditions (without
the iKCs and the iHSCs). As OA is critical for lipid
accumulation (Fig. 2B) and excess PA could cause
hepatocellular injury,*>™*” we used 450 uM OA and 150 puM
PA. We assessed the development of steatosis, HCB and
fibrosis at the start of the induction (day 0) and at days 3, 6
and 8. We named this model of induction as progression
model and compared this to the endpoint model, wherein all
the induction factors OA, PA, fructose, LPS and PAA were
introduced together and assessment for steatosis, HCB and
fibrosis were performed at the end of 10 days. The
experimental scheme is depicted in Fig. S6.f Interestingly,
very little lipid accumulation was observed when the
organoids were treated with only OA, PA and fructose in
the monoculture conditions and even lower when co-
cultured with iKCs and iHSCs (Fig. 5A). Appreciable
steatosis was observed only after the introduction of LPS
and PAA as shown by the drastic increase in the size and
the number of lipid droplets (Fig. 5B-D). The levels of
steatosis were higher in the endpoint model than in the
progression model, although both these systems were
treated with the same levels of FFA and fructose but only
varying in the levels of PAA and LPS. Taken together, these
data suggest that hypernutrition alone might not cause
steatosis; ER stress and inflammation are required and they

Small-droplet
macrovesicular
steatosis (Sd-MaS)

Large-droplet
macrovesicular steatosis
(Ld-MaSs)
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cooperate with hypernutrition to increase the levels of
steatosis. In the endpoint model, we observed a clear
distinction in the pattern of steatosis in the organoids
under mono-cultured and co-cultured conditions. Organoids
induced for NASH without the iKCs and iHSCs had large
lipid droplets which displaced the nucleus to the periphery
characteristic of large droplet macrovesicular steatosis (Ld-
Mas)®*® (Fig. 6). This is in contrast with the co-cultured
conditions which exhibited Sd-MaS (Fig. 6). This data
indicated that the iHSCs and the iKCs influenced the
pattern of lipid droplet accumulation in the hepatocytes.
Further experimentation is required to understand the
mechanisms and the consequence of different patterns of
lipid accumulation in hepatocytes and the involvement of
non-parenchymal cells in this phenomenon. Interestingly,
the levels of M30, a surrogate marker for hepatocellular
ballooning, were higher in the co-cultured conditions
(Fig. 5D). In order to assess fibrosis, we immunostained for
type I collagen and imaged the entire side channel and
normalized the intensity of collagen signal to the number
of nuclei in the channel. The data showed a gradual
increase in the levels of type I collagen with induction and
the highest levels of collagen were observed in the endpoint
model (Fig. 5E and F). Under the same conditions of the
endpoint model, we found a substantial increase in the
expression of iHSC activation markers, GFAP and aSMA,
and other fibrous matrix such as fibronectin upon
induction (Fig. 5G). Taken together, the progression model

Microvesicular
steatosis (MiS)

Fig. 6 Recapitulation of pathological types of steatosis on the LEADS chip. Representative images of the organoids displaying (A) large-droplet
macrovesicular (Ld-MaS), (B) small-droplet macrovesicular (Sd-MaS) and (C) true microvesicular steatosis (Mi-S). (A’), (B') and (C’) are the digitally
magnified images of the regions shown in (A), (B) and (C) respectively. Scale bars: 50 um (A-C), 20 um (A’-C’). (D) Immunostaining of iHSC on the
chip for the indicated markers for HSC activation and ECM deposition. Scale bar: 100 um. Imaging was performed using a confocal microscope

and maximum intensity projections are shown.

This journal is © The Royal Society of Chemistry 2025
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of induction did not follow the two/multiple hit hypothesis
of the NASH model; steatosis was observed only after
induction with LPS and PAA. The endpoint model of
induction showed higher levels of steatosis, HCB and
fibrosis compared to the progression model.

3.5. Secretome profiling - deciphering the paracrine
interactions on the LEADS chip

Induction of NASH using the endpoint model led to a
significant increase in steatosis, HCB and fibrosis; more
strikingly the pattern of steatosis was altered under co-
cultured conditions compared to monoculture conditions.
To understand the paracrine interactions amongst the
different cell types, we profiled the conditioned medium
on the LEADS chip and assessed for an array of
chemokines, cytokines, signaling molecules, matrix
modulators, profibrogenic and angiogenic factors using a
multiplex assay. These molecules are secreted by either
the hepatocytes, iKCs or iHSCs or a combination thereof
and are known to play crucial roles in paracrine activation
in NASH progression as shown in Table 1. The levels of
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these markers were normalized to the number of viable
cells, which is explained in sections 2.9 and 2.10 and Fig.
S9.f

We observed a significant increase in the levels of pro-
inflammatory cytokines IL-6, IL-8 and TNF-o. upon NASH
induction (Fig. 7). IL-8 levels peaked on day 5, which is 72 h
after induction. The levels of MCP-1a,, MIP-1f3, MIP-3a. and
CXCL10, although they had shown a slight increase at certain
time points, did not change significantly upon induction.
VEGF-A, which has been shown to increase progressively with
NASH progression, showed a significant increase upon
induction at all time points. Osteopontin (OPN) was
significantly increased after 72 h after induction and then
faded at later time points. A significant increase in MMP-1
was also observed after 72 h after induction. The levels of
plasminogen activator inhibitor-1 (PAI-1) steadily increased
and a significant increase was observed on day 10, while the
levels of tissue plasminogen activator (tPA) steadily and
significantly decreased upon induction. PAI-1, a major
regulator of the plasminogen pathway, inhibits the activity of
tPA and formation of plasmin and the downstream fibrin
degradation. Injured cells activate TGF-B, which promotes the

Table 1 Describes the cell source of the paracrine factors and their roles in NASH progression

Hepatic
S. no. Name

Hepatocytes stellate cells Kupffer cells Role in NASH

References

1 IL-6 + — ++

Promotes inflammation and fibrosis by inducing acute 48-50

phase response and hepatic stellate cell activation

2 IL-8 + —_ +

Mediates LPS induced hepatic inflammation and injury 51, 52

by acting as a chemokine attracting neutrophils to sites
of inflammation

3 CXCL-10 + — +

Involved in T-cell recruitment and activation, associated 53, 54

with increased inflammatory responses in liver tissues
during NASH. Promotes fibrosis by preventing NK cell
mediated hepatic stellate cell inactivation

4 MCP-1aa. — + +

Mediates immune cell recruitment, promotes inflammation 55, 56

by inducing the expression of pro-inflammatory cytokines
such as TNF-q, IL-1B, and IL-6 and contributes to fibrosis
development by activation of hepatic stellate cells

5 MIP-18  — — ++

Contribute to chronic inflammation and insulin resistance 57-59

in liver by recruiting monocytes and M1-polarized macrophages.
Involved in hepatic stellate cell activation further promoting

fibrosis
Exerts proinflammatory and profibrogenic effects in liver by 60-62

6 MIP-300 — ++ +

recruiting immature dendritic cells and lymphocytes, and
modulation of ECM secretion in stellate cells, respectively

7 MMP-1 + — —

Involved in extracellular matrix remodelling; elevated levels 63, 64

can indicate fibrosis progression in NASH

8 OPN + + +

Acts as a chemoattractant promoting migration of Kupffer cells 65-67

and macrophages into hepatic necrotic areas. Promotes fibrosis
through activation of hepatic stellate cells

9 PAI-1 ++ — +

Inhibits fibrinolysis and promotes fibrosis; high levels are 68, 69

associated with increased fibrosis risk in NASH patients

10 TNF-a — — +

Contributes to hepatic steatosis in NAFLD. Promotes hepatic 70-72

inflammation and insulin resistance by stimulating the production
of pro-inflammatory cytokines like IL-6 and IL-18 and suppressing
anti-inflammatory cytokine adiponectin

11 t-PA + — —

Involved in fibrinolysis; impaired in NASH causing hypo fibrinolysis 73, 74

and increased risk of thrombotic diseases

12 VEGF-A + — —

Contributes to fibrosis and HCC development by activating hepatic ~ 75, 76

stellate cells and hepatic progenitor cells (ductular reaction) via
VEGF-VEGFR signalling
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Fig. 7 LEADS chip harbours a sustained pro-inflammatory and pro-fibrogenic microenvironment. Graphs showing the levels of the mentioned
cytokine secreted in the LEADS chip at 0, 3, 6 and 8 days of induction. Paired t-test was performed, values of induced were compared against
control at the particular time point. Error bars represent standard error of the mean. N = 4 experiments. Paired t-tests were performed. For each
time point, induced (blue) was compared against control (orange). *p < 0.05; **p < 0.01; ***p < 0.001.

expression of PAI-1, and sustained PAI-1 activity leads to
inhibition of plasmin-dependent MMPs, excess ECM
deposition, fibrosis and epithelial-to-mesenchymal transition
(EMT). The sustained increase in PAI-1 levels indicate a
possible activation of the TGF- pathway on the LEADS chip.
The sharp increase in MMP-1 and OPN upon induction, the
sustained increase in OPN, VEGF-A, PAI-1 and the strong
decline in tPA levels indicate a strong pro-fibrogenic
microenvironment on the LEADS chip. Taken together, the
increased levels of IL-6, IL-8 and TNF-a and the increase in
pro-fibrogenic markers indicate a multitude of paracrine
interactions that lead to a sustained inflammatory and
fibrogenic  microenvironment on the LEADS chip.
Interrogation into the specific signaling pathways that cause
the activation of these markers could be done if a particular
pathway needs to be investigated during NASH development
and progression.

3.6. Drug testing
The endpoint model had shown significant induction of
steatosis, HCB, a sustained inflammatory and pro-fibrogenic

microenvironment, activation of iHSC and a significant
increase in the deposition of type I collagen and fibronectin.

This journal is © The Royal Society of Chemistry 2025

This indicated that the LEADS chip was a good model for
NASH. We tested four different types of NASH drugs on the
LEADS chip to evaluate its potential as a preclinical model
(Fig. 8). These drugs target different signaling pathways in
NASH and are at different stages of clinical trials, as shown
in Table 2.

In a phase II double-blind study, patients treated with
saroglitazar exhibited a marked improvement in steatosis
and hepatocellular ballooning, but an underwhelming effect
on fibrosis was observed in the liver biopsies. On the LEADS
chip, treatment with 10 pM saroglitazar showed a significant
reduction in steatosis and hepatocellular ballooning, but a
moderate reduction in the levels of fibrosis. The effects on
steatosis were due to a significant reduction in the number
of lipid droplets; however, the size of the droplets was
unaffected. Obeticholic acid (OCA) has shown improvements
in hepatocellular ballooning, lobular inflammation and a
significant improvement in >1 stage in fibrosis at high
doses. On the LEADS chip, we observed a significant
reduction in steatosis, contributed by a decrease in the size
and number of lipid droplets; however, modest reduction in
hepatocellular ballooning and fibrosis were observed.
Pioglitazone has been studied extensively in small-scale
phase II trials with promising results; however, the drug is
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Fig. 8 Drug testing on the LEADS chip. Graphs showing the average lipid droplet volume per cell (A), the average size of lipid droplets (B), the
average number of lipid droplets per cell (C) and the quantification of M30 per cell (D) in organoids under the effects of the drugs and the vehicle
controls. Error bars represent standard error of the mean. N = 3 experiments. Paired two-tailed t-tests were performed. Drug treatments were
compared against their vehicle control, with saroglitazar (Sar) and pioglitazone (Pio) against DMSO (orange), and obeticholic acid (OCA) and
Cenicriviroc (CVC) against ethanol (blue). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. (E) Graph indicates the levels of type | collagen
per iHSC under the effects of the drugs and the vehicle controls. Error bars represent standard error of the mean. N = 4 experiments. Paired two-
tailed t-tests were performed. Drug treatments were compared against their vehicle control, with saroglitazar (Sar) and pioglitazone (Pio) against
DMSO (orange), and obeticholic acid (OCA) and Cenicriviroc (CVC) against ethanol (blue). ns, not significant; **p < 0.01. (F) Table compiles the
effects of the drugs on the NASH features assessed on the LEADS chip.

Table 2 Describes the various types of drugs tested on the LEADS chip, their mechanisms of action, current status in the drug development pipeline
and the effects observed on patients in clinical trials

Drug Mechanism of action Status Effects observed in clinical trials
Saroglitazar Dual peroxisome Met endpoints on phase II trials (NCT03061721); Compared to placebo, it significantly reduced
proliferator-activated currently in phase 2b (EVIDENCES X NCT05011305); ALT levels, improved liver fat content, reduced
receptor (PPAR) a/y currently in phase IV clinical EVIDENCES XI triglycerides, reduced ELF scores”’
agonist (NCT05872269) trial in India; approved for use in
India
Obeticholic  Farnesoid X receptor Met endpoints in phase II (FLINT NCT01265498) Compared to the placebo, the drug-treated
acid (OCA)  (FXR) agonist and 11 (REGENERATE NCT02548351) trials;”® group showed marked improvement in lobular
approval for clinical use declined due to safety inflammation and significant improvement in
concerns >1 stage in fibrosis””
Pioglitazone PPAR y agonist PIVENS study (NCT00063622) showed significant The primary outcome of reduction in NAS score
effects on steatosis, inflammation and ballooning, was achieved in a double-blind
but not on NAS scores; subjects gained weight. No placebo-controlled study (NCT00994682);
large phase III trials have been conducted reduction in fibrosis and increase in adipose
insulin sensitivity observed in patients with
diabetes®**!
Cenicriviroc C-C chemokine receptor Phase III AURORA study failed to show Showed potent antifibrotic effects in phase IIb
(cve) types 2 (CCR2) and 5 improvement in fibrosis;** discontinued due to lack CENTAUR study®*
(CCR5) antagonist of histological efficacy
Resmetirom Thyroid hormone US FDA has approved resmetirom (Rezdiffra) for the Exhibited NASH resolution (including a

not recommended due to its side effects on weight gain.
PXL065, a deuterium-stabilized R-enantiomer of pioglitazone,
showed in a phase II randomized placebo-controlled trial
(DESTINY-1) a significant reduction in liver fat content,

3458 | Lab Chip, 2025, 25, 3444-3466

receptor B (THR-B)
agonist

treatment of noncirrhotic metabolic
dysfunction-associated steatohepatitis (MASH) in
adults

improvement in

LEADS chip,

reduction in NAFLD activity score by >2 points)
with no worsening of fibrosis, and reduction in
fibrosis by at least one stage with no worsening
of the NAFLD activity score®*

fibrosis and a reduction in NAS score,

without the side effects of weight gain and oedema.®® On the
we observed a significant
hepatocellular ballooning and fibrosis upon treatment with

reduction in
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Fig. 9 Testing of resmetirom on the LEADS chip. (A) Scheme for NASH induction and drug treatment for testing resmetirom on the LEADS chip.
(B) Representative images of organoid immunostained with THR-f. Scale bar: 100 um. (C) Representative images of the organoids stained with
BODIPY to visualize the lipid droplets. Scale bar: 100 um. Imaging was performed using a confocal microscope and maximum intensity projections
are shown. Graphs showing the average number of lipid droplets per cell (D), the average lipid droplet volume per cell (E) and the expression of
type | collagen per HSC (F). Error bars represent standard deviation. N = 3 experiments. Paired t-tests were performed. Drug treatments at were
compared against vehicle control. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. (G) The table compiles the effects of the drug

resmetirom on the NASH features assessed on the LEADS chip.

10 uM pioglitazone; however, there was no change in the
levels of steatosis. Cenicriviroc (CVC) is an antagonist of C-C
chemokine receptor types 2 (CCR2) and 5 (CCR5) and exerts
anti-NASH effects by targeting liver inflammation.®* Although
it showed promising anti-fibrotic effects in phase II trials, it
was discontinued due to a lack of efficacy in phase III trials.
Treatment with 10 uM on the LEADS chip showed a marked
reduction of steatosis and hepatocellular ballooning but did
not reduce fibrosis. Amongst the four drugs tested, we
observed the largest reduction in steatosis and hepatocellular
ballooning upon treatment with saroglitazar, which is
currently being tested in phase IV clinical trials.

Recently, treatment with resmetirom or MGL-3196, a
highly selective small-molecule agonist of THR-B (thyroid
hormone receptor B) that plays a key role in regulating the
lipid metabolism of hepatocytes, had shown a significant
reduction in haptic fat content in patients with NASH in
phase II trials® and had shown safety and tolerance in phase
I trials.®® Following the excellent response in the clinical
trials, the Food and Drug Administration (FDA) has provided
accelerated approval for use in non-cirrhotic NASH patients
along with diet and exercise. We observed the expression of
THR- in the hepatobiliary organoids (Fig. 9B). We tested the

This journal is © The Royal Society of Chemistry 2025

effects of resmetirom on the LEADS chip following a
modified protocol as depicted in Fig. 9A. Treatment with
resmetirom at doses of 5 puM and above exhibited a
significant reduction in the number of lipid droplets and
total lipid droplet volume compared to the vehicle control
(Fig. 9D and E). However, the levels of collagen remain
unchanged (Fig. 9F). Taken together, these data show the
applications of the LEADS chip for NASH drug testing.

4. Discussion

Organ-on-a-chip technology offers two critical advantages that
are valuable for preclinical drug testing.*”*® Firstly, it
provides compartmentalization for the culture of different
cell/tissue types connected via fluidics for communication via
paracrine interactions. Based on the chip design, each
compartment can be incorporated with cell/tissue-specific
biochemical signals and subjected to independent
microscopic assessment of cell behaviour in the different
compartments. This is advantageous over direct coculture
techniques wherein the cell types might eventually segregate
into different regions within the co-culture based on cell-cell
adhesion partners, or lead to gross differences in cellular
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behaviour due to uncontrolled cell-cell interactions. These
advantages are reflected in the ability of organ-on-a-chip
models to faithfully recapitulate events during organ
development, normal physiology and diseased conditions.
This directly translates into a very important aspect of the
ability to test a wide variety of factors that can cause a
particular disease, particularly for a multifactorial disease
such as NASH.

NASH is caused by a multitude of factors such as a
hypercaloric diet, insulin resistance, gut microbiome
dysbiosis and genetics.®® More often, a combination of these
factors could be present in an individual with each of these
factors contributing to a varying extent. Typically, animal
models are developed by inducing NASH using a specific set
of factors like diet - methionine and choline-deficient (MCD)
diet or high-fat diet (HFD), genetic changes - leptin
deficiency (ob/ob) mice and toxins - carbon tetrachloride
(CCl,).*° Even with the STAM model which is a combination
of a toxin (streptozotocin) and HFD that boasts of a better
recapitulation of human NASH, these animal models are still
incompetent for preclinical drug testing for NASH as drugs
that have performed well in animal models have failed in
clinical trials.”® This is the second largest advantage of the
organ-on-a-chip model. We could induce different types of
NASH via different combinations of disease-causing factors
and test the efficacy of drugs against the different types of
NASH as what would be observed in a clinical setting. Given
these advantages, most of the liver-on-a-chip models
developed for NASH struggle with limitations such as the use
of primary cells which lead to high costs, loss of functions
within a short duration, severe batch-to-batch variations and
issues with reproducibility, and complex chip design that
make it difficult without microfluidics expertise and have
poorly demonstrated drug testing capabilities. Liver-on-chip
systems also offer significant advantages in drug
development and toxicity screening by providing improved
sensitivity and predictive accuracy.”’ High-throughput liver-
on-chip platforms can accommodate multiple devices (e.g.,
96 devices per plate), facilitating the simultaneous testing of
numerous compounds.”” In addition, integrated sensors
allow for real-time assessment of liver function and drug
metabolism, enhancing data collection and analysis during
drug screening.”” These systems enable the early
identification of lead compounds and toxic compounds,
allowing for more informed decision-making in the drug
development pipeline.”® Conversely, while high-throughput
liver-on-chip  systems present advantages,
challenges remain in standardizing these technologies for
widespread adoption in pharmaceutical research.

Our LEADS chip is a liver-on-chip model that
demonstrates the critical advantages of organ-on-chip models
and overcomes the abovementioned limitations with the
usage of primary cells and serves as an excellent preclinical
model for NASH drug testing. We have built the liver-on-a-
chip using cells differentiated from hepatic stem cells and
iPSCs via standard protocols. These renewable cell sources

numerous
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allow extensive experimentation and provide robust and
reproducible phenotypes. We adopted a commercially
available and a simple microfluidic chip for our model so
that this could be easily tested in labs without the need for
expensive microfluidics set-up and expertise. We carefully
optimized the co-culture conditions and the induction factors
to select conditions that support the hepatic functions to
establish a functional liver microenvironment and allow for
NASH induction. We observed that the levels of induction
factors - OA, PA, fructose, PAA and LPS - and the coculture
medium affected the levels of steatosis by affecting the size
and number of lipid droplets (Fig. 2 and S37). Interestingly
we observed different pathological states of steatosis, Sd-Ma$
and true MiS, under different induction conditions (Fig. 2).
These two states of steatosis have been clinically correlated to
the severity of the disease, with macrovesicular and
microvesicular steatosis representing the early and the
advanced stages of NAFLD, respectively.***! Several liver-on-
a-chip models that have been developed for NAFLD/NASH
have not shown clear imaging data, from where the size and
the distribution of the lipid droplets can be appreciated and
the status of microvesicular or macrovesicular steatosis could
be inferred.’® The microphysiological system (MPS)
developed using primary cells report Oil Red O staining for
neutral lipids and have provided low-magnification images of
the entire organoids; the size and the numbers of lipid
droplets in the organoids are indistinguishable.”® Similarly,
in the liver lobule chip with dual blood supply, high-
magnification images of a small area of the chip are shown.”
From the liver-on-chip or other organoid-based in vitro
models that have reported clear staining images for lipid
droplets, more often a mixed distribution of lipid droplets is
observed®*°® and fall under the category of small-droplet
macrovesicular steatosis (Sd-MaS). In a NASH model
developed using spheroids from primary cells clear images of
lipid droplets in the microtissues were shown. Although the
authors claim microvesicular and macrovesicular steatosis,
this is based only on the size of the lipid droplets.”” The
definition of large-droplet macrovesicular (Ld-MaS), small-
droplet macrovesicular (Sd-MaS) and true microvesicular
steatosis (MiS) depends on the size and distribution of the
lipid droplets, the position of the nucleus and the size of the
hepatocyte. The histopathological definition of
microvesicular steatosis encompasses distended hepatocytes
with numerous small and uniformly sized lipid droplets
which give the cytoplasm a foamy appearance and a centrally
located nucleus. This is in contrast with the Ld-MaS, where
there is a large fat vacuole displacing the nucleus to the
periphery. Sd-MaS is considered when there is a mixture of
different sizes of lipid droplets in a normal-sized hepatocyte
without the discernible features of microvesicular steatosis.®”
Our LEADS chip is able to recapitulate these pathological
states of steatosis with clear distinguishable features under
the conditions specified in Table 3. This demonstrated the
capability of our LEADS chip in modelling different stages of
NAFLD.

This journal is © The Royal Society of Chemistry 2025
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Table 3 Describes the various conditions at which Ld-MaS, Sd-MaS and MiS were observed in the LEADS chip

Non-parenchymal Type of NASH

Levels of OA and PA at constant levels of fructose at 100 mM, LPS

Type of steatosis cells induction at 10 ng mL ™" and PAA at 10 mM
Macrovesicular steatosis Absent Endpoint model OA - 450 uM

(Ld-MaS) PA - 150 uM

Small droplet macrovesicular Present Endpoint/progression OA - 300 uM and higher
steatosis (Sd-MaS) model PA - 300 uM and lower
Microvesicular steatosis (MiS) Present Endpoint model OA - 150 uM and lower

HCB is a definitive feature of NASH; however, observation
and enumeration of HCB in vitro remains a challenge.
Previously, Freag et al. (2021) showed the development of
HCB in their NASH-on-chip model based on the
accumulation of ubiquitinated proteins and displaced nuclei
within ballooned hepatocytes.>® However, this study did not
evaluate the presence of cytokeratin in ballooned
hepatocytes, a major constituent of MDB. To address this
limitation, we used an M30 antibody to probe the caspase-
cleaved cytokeratin 18 which was found to be colocalized
with CK8/18 deposits and ubiquitin. Further based on this
observation we validated an imaging-based method for HCB
quantification (Fig. 3, S4 and S5f). These experiments
established a suitable co-culture medium for optimal hepatic
functions and NASH induction (Fig. 4). While refining the
induction protocol, we observed that activation of iKCs using
LPS and PAA, that are known to contribute to inflammation
and ER stress, significantly increased the levels of steatosis
(Fig. 5). We also observed that the absence of iKCs and iHSCs
led to a different pattern of steatosis, which is Ld-Mas,
showing for the first time the involvement of non-
parenchymal cells in modulating the pattern of steatosis
(Fig. 6). Assessment of the secretome via cytokine profiling
showed the various paracrine signaling molecules that are
secreted in response to NASH induction (Fig. 7). The patterns
of cytokine release during NASH induction in the LEADS chip
were consistent with previous clinical investigations and
research on in vitro NASH models.****7'°° Moreover, we could
provide a comprehensive overview of cytokine dynamics
associated with NASH.

Upon successful establishment of NASH in the chip, we
proceeded towards the testing of anti-NASH drugs. The drug
testing experiments revealed that the LEADS chip was able to
recapitulate some of the observations for these drugs in
clinical trials particularly reduction in steatosis and HCB
(Fig. 8) despite some indifferences in the resolution of
fibrosis, which could be attributed to a strong activation of
iHSC upon induction (Fig. 6D). Treatment with pioglitazone
on the LEADS chip showed a significant reduction on HCB
and fibrosis but had no appreciable effects on steatosis,
indicating that these phenomena are not always coupled as
conceived by the conventional narrative of NASH
pathogenesis in the literature. Concurrently, the LEADS chip
recapitulated the clinical response of resmetirom, the first
drug approved by the U.S. FDA for treating patients with

This journal is © The Royal Society of Chemistry 2025

PA - 450 uM and higher

NASH. Treatment with resmetirom on the chip showed a
dose-dependent reduction in steatosis (Fig. 9), which was one
of the primary endpoints in the MAESTRO-NASH clinical
trial.’®>'%> These experiments and the data observed on the
LEADS chip corroborate with several independent
mechanistic studies on NASH as well as offer several new
insights into NASH pathogenesis and drug testing.

The LEADS chip is a first-of-a-kind model that is most
suited for preclinical drug testing for NASH. The adoption of
a simple microfluidics chip, renewable stem cell sources,
independent modulation of a variety of NASH induction
factors, clear microscopy-based assessment of NASH features
and quantification and recapitulation of drug responses
observed in clinical trials demonstrate the suitability of the
chip for NASH modelling and drug testing. Another
advantage of the model is that the adult liver stem cell lines
used for producing the hepatobiliary organoids can be
generated from donors of different ethnic groups and from
donors with specific SNPs implicated in NASH. This would
allow the development of personalized treatment strategies
across the globe. While we have demonstrated drug testing
with a specific set of induction factors that show a good
NASH phenotype, the model could be tested at varying levels
of NASH induction by different combinations of induction
factors to emulate the disease at a clinical setting. Our
rationale for optimizing the model parameters offers clear
insights into developing such organ-on-chip models for
preclinical drug testing.

5. Conclusion

We developed a human liver-on-a-chip - the LEADS chip - via
co-culture of adult liver stem cell-derived hepatobiliary
organoids, iPSC-derived Kupffer cells and iPSC-derived
hepatic stellate cells. Via optimization of co-culture
conditions, we obtained a stable and functional liver
microenvironment. We induced NASH on the LEADS chip by
mimicking conditions of hypernutrition and leaky gut using
free fatty acids, fructose, LPS and PAA. Upon induction, we
observed steatosis, hepatocellular ballooning injury,
inflammation and fibrosis, and quantified using image-based
assays and multiplex cytokine assays. We were able to
recapitulate pathological states of steatosis and observed that
the presence of iKCs and iHSCs had a pronounced effect on
the type of steatosis. We tested anti-NASH drugs with
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different targets and with varied outcomes in clinical trials
and observed that the model could recapitulate the responses
observed in clinical trials. Taken together, the LEADS chip is
an excellent preclinical model for studying NASH and NASH
drug testing.
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