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SUMMARY

Drug-induced hepatotoxicity is a leading cause of drug withdrawal from the market. High-throughput
screening utilizing in vitro liver models is critical for early-stage liver toxicity testing. Traditionally, monolayer
human hepatocytes or immortalized liver cell lines (e.g., HepG2, HepaRG) have been used to test compound
liver toxicity. However, monolayer-cultured liver cells sometimes lack the metabolic competence to mimic
the in vivo condition and are therefore largely appropriate for short-term toxicological testing. They may
not, however, be adequate for identifying chronic and recurring liver damage caused by drugs. Recently,
several three-dimensional (3D) liver models have been developed. These 3D liver models better recapitulate
normal liver function and metabolic capacity. This review describes the current development of 3D liver
models that can be used to test drugs/chemicals for their pharmacologic and toxicologic effects, as well

as the advantages and limitations of using these 3D liver models for high-throughput screening.

INTRODUCTION

Approximately one-third of clinically used drugs were removed
from the market due to liver damage, indicating that the liver is
one of the most frequently adversely affected organs.’ Currently,
the US Food and Drug Administration generally requires preclinical
testing of any new drug or biological therapeutic “for pharmaco-
logic activity and acute toxicity in animals” prior to initiating human
clinical trials, which includes hepatotoxicity testing (https://www.
fda.gov/drugs/types-applications/investigational-new-drug-ind-
application). Notably, animal testing has been widely used in
pharmaceutical and industrial research to predict human toxicity.
However, around half of drug candidates induce hepatotoxicity
in humans but not in animal models.>* Infact, many animal models
often fail to predict human toxicity, as some toxic effects have been
reported in human trials.>® For instance, fialuridine, which
was investigated as a potential therapy for hepatitis B virus
infection, induces a severe toxic reaction characterized by hepatic
failure in humans. However, available animal data from mice,
rats, dogs, and monkeys showed no indication that the drug
would cause liver failure.” Recently, the US Environmental Protec-
tion Agency announced plans to end animal models for chemical
and pesticide testing by 2035 (https://www.epa.gov/research/
administrator-memao-prioritizing-efforts-reduce-animal-testing-
september-10-2019). Therefore, there is an urgent need to
develop physiologically relevant human-derived liver models for
the hepatotoxic screening of large and continuously expanding
chemical and drug libraries.

To date, chemical testing has been conducted using primary
human hepatocytes (PHHSs), liver cancer cell lines, immortal-
ized hepatic cell lines, and stem cell-derived hepatocyte-like
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cells (HLCs).® These cells commonly exhibit phenotypic differ-
ences from their in vivo counterparts when they are grown in a
two-dimensional (2D) monolayer condition, resulting in misin-
terpretations of pharmacological or toxicological results.”"
Numerous research findings indicate that growing cells in
three dimensions (3D) can better recapitulate native physiolog-
ical conditions than growing the same cell type in 2D. With the
goal of recapitulating liver function and metabolic capability, a
hepatic model should ideally be performed in 3D culture'®™"*
(Figure 1). Previous studies have demonstrated that 3D liver
models, compared to 2D cultures, display higher sensitivity
for detecting hepatotoxic chemicals, such as diclofenac and
trovafloxacin.'®~'® In addition, in 2D culture, PHHs retain but
rapidly degrade hepatocyte function,'® and hepatocellular car-
cinoma-derived cell lines (e.g., HepG2) do not adequately
replicate hepatocyte function.?’ The use of 2D cell line sys-
tems would mislead one into believing that drug-induced liver
injury (DILI) is caused by the compound directly affecting the
tested cell while ignoring the effect the compound may have
via spatial hepatocyte-hepatocyte, hepatocyte-non-paren-
chymal cell, or cell-extracellular matrix (ECM) interactions,
which occur between either the same cell types or across
different cell types. Thus, employing 3D liver models may be
a better choice for testing compound toxicity.

Currently, spheroids, organoids, and perfusion-based 3D ap-
proaches (e.g., liver-on-a-chip) are the major examples of 3D
liver models.® To capture in vivo conditions, hepatic spheroids
and organoids benefit by providing spatial interaction between
hepatocytes and either parenchymal cells or non-parenchymal
cells or ECMs that aid in hepatocyte maturation.?’ Therefore,
they may be great platforms for a range of fundamental and
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Figure 1. Summary of the advantages and limitations of in vitro liver cellular models for high-throughput screening

translational research applications, including disease
modeling, drug screening, gene therapy, revealing microbe-
host interactions, and even organ replacement.””> Considering
the publication of several comprehensive reviews on 3D liver
models,#% 22?731 this review focuses on the current state of
research and implementation of human 3D hepatic liver models
in drug metabolism and toxicology screening.

HEPATIC SPHEROIDS

Spheroids are collections of cells that often form the shape of a
solid spheroidal structure.® They may comprise one or more cell
types and are capable of mimicking specific functional proper-
ties of an organ. Compared with 2D cultures, multicellular spher-
oids exploit the ability of cells to self-assemble and maintain
viability in culture for an extended period of time while maintain-
ing a more hepatocyte-like functional phenotype.®? In addition,
some compound metabolites may produce hepatotoxicity in
other types of cells in the liver. For example, flucloxacillin can
be converted by cytochrome P450 3A4 (CYP3A4) to
5-hydroxymethyl metabolites that are selectively hazardous to
biliary epithelial cells but not hepatocytes.®® Spheroids can be
assembled from multiple cell types; however, as complexity
rises and different cell types contribute to the phenotype or
parameter of interest, data processing and interpretation may
become increasingly difficult. By contrast, monocellular cultured
spheroids enable us to examine the function of single cell types
without separating them into their constituent parts, allowing
more straightforward metabolic analysis.®

Over the decades, several strategies for spheroid formation
have been developed, allowing researchers to utilize spheroids
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for high-throughput screening. As reviewed in detail by Zhang
et al.,>* these strategies can be categorized into scaffold-based
and non-scaffold-based systems. Among them, hepatocyte
spheroids formed on ultra-low attachment (ULA) plates and
hanging drop plates appear to be the most frequently used
methods for forming liver spheroids, whereas other 3D liver
models (e.g., magnetic beads, scaffolds, and 3D bioprinting)
are awaiting additional validation using known hepatotoxic
and non-hepatotoxic drugs. The ULA plate is a ready-to-use
microplate with a hydrophilic surface that has been neutrally
charged. It is used to produce high-quality spheroids and is
substantially faster than alternative procedures, such as the
agarose method, generally taking only 5-7 days, depending
on the cell line.** While the ULA method utilizes a round and
smooth bottom to avoid cell adhesion, the hanging drop
method creates spheroids via the culture medium’s air-liquid
interface and cellular gravity. Using the hanging drop
method, Kelm et al. developed the first liver spheroid utilizing
HepG2 cells.®® To further optimize this process, InSphero’s
GravityPLUS plates allow a drop of cell suspension (50 uL) to
aggregate in the air-media interface at the bottom of the well,
resulting in the development of compact spheroids with a
diameter variation of less than 5%.%° The spheroids can then
be transferred to GravityTRAP plates, which are compatible
with high-content imaging equipment and thus enable high-
throughput imaging analysis. Following the development
of these approaches, high-throughput hepatotoxicological
screening has been performed using a variety of liver-related
spheroids. The following sections discuss in more detail the
characteristics of spheroid models derived from different types
of cellular sources.
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Figure 2. Summary of the advantages and limitations of commonly used cell lines in 2D vs. 3D

HepG2 spheroids

HepG2 is an immortalized human liver cancer cell line obtained
from the liver of a 15-year-old Caucasian male with advanced
hepatocellular carcinoma.®” Due to its low cost and ease of
use, the HepG2 cell line is ideal for high-throughput
settings and is commonly employed in preclinical hepatotoxicity
screening.®® As a polarized hepatocyte cell line, HepG2 cells
exhibit some key characteristics of hepatocytes, including the
release of albumin, transferrin, and other plasma proteins. Unfor-
tunately, HepG2 cells are deficient in some liver functions, such
as the bulk of CYP450 and phase Il metabolic enzyme activity.*®
HepG2 spheroids, initially grown in agarose-coated dishes in the
early 2000s, have been used in a range of toxicological studies.**
Proteomic analysis revealed that, when compared with mono-
layer culture, the spheroid model significantly increased the
expression of typical hepatic functional markers such as
apolipoprotein A-I/Il, a-2-HS-glycoprotein, and serum albumin,
indicating that HepG2 spheroids outperform their monolayer
counterparts in emulating native liver protein expression® (Fig-
ure 2). In addition, within 21 days, HepG2 spheroids produced
urea and expressed active CYP450 metabolic enzymes.'?
Furthermore, HepG2 cells grown in spheroids preferentially
mature and differentiate, whereas cells grown in monolayers

undergo consistent extracellular stress (i.e., trypsinization), re-
sulting in an atypical proliferative phenotype.*

Since HepG2 spheroids are easy to generate in the multi-well
assay plate, the HepG2 spheroid model was quickly adapted
and used in high-throughput toxicity screening.*”~** Ramaiah-
gari et al. devised a hydrogel-based 3D culture platform for hep-
atotoxic studies, seeding a thousand HepG2 cells per well in a
384-well plate.'? After evaluating a dozen liver toxicants, they
observed that spheroids have significantly increased sensitivity
to most hepatotoxic substances as compared with 2D culture
during repeated compound exposures (21 days). Furthermore,
this research group expanded this approach by developing a
HepG2 cell line expressing a green fluorescent protein (GFP)-
based cellular stress response reporter as a source to generate
liver-like spheroids. They then used this spheroid system to eval-
uate a panel of 33 drugs known to cause DILI.*° By using high-
throughput imaging to quantify GFP reporter activity, Hiemstra
et al. demonstrated enhanced identification of DILI liability
in spheroids following repeated dose treatment when compared
with monolayers. In addition, Basharat et al. evaluated the appli-
cability of high-throughput 3D liver spheroid models of HepG2
(C3A) and HepaRG cell lines for the prediction of DILI during early
drug development.“® In their study, spheroids were treated with
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multiple concentrations of each drug in 384-well ULA plates us-
ing direct sonic droplet ejection. Using 150 known DILI com-
pounds, they showed that the HepG2 spheroid model could
identify 58% DILI-positive compounds and the HepaRG
spheroid model could identify 47% DILI drugs in an ATP-based
cell viability assay, although both spheroid models had compa-
rable overall accuracy and specificity for DILI prediction.

In general, current screening with HepG2 spheroids is often
used to predict long-term hepatotoxicity via repeated dosing.
3D culturing enables these cells to show more physiological
function and metabolic capability, as well as the ability to sustain
and proliferate for at least 28 days. However, the HepG2 cell line
has its limitations when predicting the potential DILI effect of
anti-tumor drugs, as this cell line was derived from liver cancer
cells, which are sensitive to most anti-proliferative agents.
Furthermore, the HepG2 cell line lacks most of the liver’s meta-
bolic capability, resulting in a poor translation of toxicity data
from the cell model to the clinical setting. Indeed, HepG2
frequently displays chromosomal abnormalities and oncogenic
alterations that improve survival, such as the CYP2C9 point mu-
tation,””*® and may be a better model for cancer than DILI.
Therefore, there is an urgent need to develop more phenotypi-
cally suitable in vitro cellular models that can aid in the early
detection of compound hepatotoxicity.

Primary human hepatocyte spheroids

PHHSs and liver tissue have been the “gold standard” for studying
DILI and human-specific toxicities due to their expression of he-
patocyte-specific genes following isolation.?* However, PHHs
are occasionally scarce, require invasive methods to produce,
and often undergo fast dedifferentiation in vitro.'>*° Because
of the rapid phenotypic loss of PHHs in these settings, the
PHH model is only applicable for acute toxicity assessment
when cultured in a monolayer.”® Three-dimensional spheroid
models using PHHs and non-parenchymal cells, such as Kupffer
(liver resident macrophages) and stellate cells, enable a more
physiologically relevant environment. When compared with 2D
PHHs, spheroid models retain adequate metabolic activity and
have improved sensitivity and specificity for identifying human
hepatotoxicants.®' Noticeably, PHH spheroids can form bile ca-
naliculi-like networks and have better drug absorption, distribu-
tion, metabolism, and excretion than 2D monolayers.52 They are
capable of metabolizing parent compounds to their metabolites,
showing the presence of a group of CYP450 enzymes, UDP-glu-
curonyl transferases, and sulfotransferases. Due to their meta-
bolic capacities, PHH spheroids have been found to be an
attractive model for researching xenobiotic metabolism and
discovering human-specific metabolites®® (Figure 2).

In comparison to the technique for generating liver organoids
(mentioned in the next section), the procedure for generating
PHH spheroids is substantially simpler and faster. Bell et al.
created PHH aggregates in 7 days using 1,500 cells per well in
a 96-well plate to form spheroids with a diameter of 200 um."?
Using more cells to generate a bigger spheroid may induce
intra-spheroid necrosis, leading to a higher background in cell
death or viability assays. This time-saving technique permits
high-throughput screening using PHH spheroids during the early
stages of drug development. In addition, after 5 weeks of culture,
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PHH spheroids keep their morphology, vitality, and hepatocyte-
specific activities while remaining phenotypically stable. These
characteristics enable the model to be used to forecast the
long-term hepatotoxicity of drugs or chemicals. In Bell et al.’s
study, PHH spheroids were treated every other day with each
of the five classic hepatotoxicants (amiodarone, bosentan, diclo-
fenac, fialuridine, and tolcapone), and cell viability was assessed
onday 2, 8, and 28 separately using ATP content measurements.
The half-maximal inhibitory concentration (ICso) of these com-
pounds in the spheroid’s viability assay reached a clinically rele-
vant concentration on day 28, closely reproducing the delayed
onset of DILI in vivo.® The delayed onset of DILI was particularly
observed in fialuridine, for which cytotoxicity was identified only
with long-term dosage (ICso > 100 uM at 48 h vs. 0.1 uM at
28 days). Other studies have found that PHH spheroids are an
excellent tool to detect cholestatic ability®® and monitor
CYP450 metabolism activity.’® In their study, Vorrink et al. em-
ployed the 96-well plate-based 3D model to screen 123 drugs
with or without direct clinical implications for DILI.*® Using
ATP-based viability assay as the sole endpoint, this model accu-
rately distinguished hepatotoxic from nontoxic structural ana-
logues and outperformed all previously published in vitro assays
in terms of sensitivity and specificity at significantly lower expo-
sure levels, detecting 69% of all hepatotoxic compounds without
producing any false positive results (100% specificity).

Schofield et al. effectively miniaturized and industrialized PHH
spheroids into 384-well ULA plates, again utilizing 1,500 cells per
well, and compared them with 2D HepG2 cells in a screening of
199 chemicals classified by the US Food and Drug Administra-
tion as most-, less-, or no-DILI-concern.’® Notably, 15 new
DILI-related chemicals were identified in PHH spheroids through
a viability assay. Correspondingly, PHH spheroids testing has
largely supplanted the HepG2 monolayer cell viability assay
and is being actively used as a part of their early screening
approach. To develop a more liver-like 3D model, Proctor et al.
co-cultured PHHs and non-parenchymal cells to create spheroid
human liver microtissues (hLiMTSs) in a 384-well plate using the
hanging drop method.”” Using this model, they conducted a
14-day toxicity screening of 110 drugs, including some clinical
drugs with DILI-concern. Compared with the results of 2D
PHHSs, the ICsq values from the hLIMT model, which were at-
tained by an ATP-based cell viability assay, were correlated
well with the human plasma concentration (Cp,ax), allowing for
the construction of a “margin of safety” for clinical application.
Since the InSphero multiple donor hLIMT model has a more
diversified genetic background, it can help reduce bias in models
caused by natural variances in human drug-metabolizing en-
zymes. This study therefore illustrated that the 3D spheroid
models enable more precise risk assessment and prediction of
drug-induced hepatotoxicity.

New spheroid generation techniques are also currently being
developed and applied for toxicology studies. For example, the
magnetic beads technique allows for rapid PHH spheroid gener-
ation in a 384-well plate (10,000 cells/well) in just 2 days with little
functional difference from monolayer PHHs.>® Magnetic spher-
oids have also been successfully used in an in vitro assay for
high-throughput toxicity screening, even though many of their
characteristics still need to be determined.”® Similarly,
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bioprinting has enabled novel strategies to develop liver models
and spheroids. Inkjet-based bioprinting, extrusion-based
bioprinting, and photocuring-based bioprinting uniquely provide
high-fidelity control over both the 3D microstructure and micro-
environment of the construct.?® Bioprinting has already been
used to successfully develop in vitro 3D liver models consisting
of PHHs and non-parenchymal cells (endothelial and stellate
cells) embedded in a NovoGel 2.0 hydrogel.°’ The 3D liver
construct could detect the cytotoxicity of trovafloxacin, a drug
whose hepatotoxic potential was not previously identified in 2D
models. Nevertheless, bioprinting in high-throughput settings
has not been fully achieved as significant barriers, such as the
speed of printing, print size, and cell viability, limit the potential
usage of bioprinting.

Although the methods for creating spheroids in 1,536-well
plates for high-throughput screening have been established,®”
the use of PHH spheroids in such large-scale toxicity screening
remains to be explored. Apart from the prohibitively high cost
and scarcity of PHH, another barrier to employing PHH spher-
oids on 1,536-well plates is the requirement for constant medium
change for long-term drug toxicity studies, which easily causes
well-to-well variation. Thus, an adequate approach for changing
the medium and repetitive chemical addition is required for the
chronic DILI test. Furthermore, because donor-to-donor hetero-
geneity in PHHs has been demonstrated in in vitro studies,*” he-
patocytes from different donors are more appropriate for as-
sessing individual hepatotoxicity risk. Therefore, a
homogeneous immortalized liver cell line with equivalent drug
metabolic capacities, like differentiated HepaRG cells, will be a
better model for toxicological testing.

HepaRG spheroids

To circumvent the disadvantages of PHHs, the HepaRG cell
line was recommended as a surrogate cell type for PHHs
to establish a 3D liver model for hepatotoxicity testing. Due to
their elevated expression of key drug-metabolizing enzymes
and transporters (DMETs), HepaRG cells, which are generated
from human hepatocellular carcinoma, have emerged as a
viable alternative to PHHs."%%%* These bipotent progenitor cells
are expanded and differentiated into “differentiated” co-cultures
of hepatocyte- and cholangiocyte-like cells in 2D culture config-
urations over a 4-week period.®>:°® Recent efforts to cryopre-
serve “completely differentiated” HepaRG cells have given
researchers global access to cells capable of recovering and
maintaining drug metabolism and hepatocyte function when
cultured in differentiation media.®”:°® This is seen clearly through
HepaRG’s CYP450 expression and activity, which is comparable
to newly isolated PHHSs following induction'® (Figure 2). Interest-
ingly, HepaRG monolayer cultures, when compared with HepG2
3D cultures, display superior expression of DMETSs.

Several HepaRG 3D models have been reported in recent
years and they replicate in vivo-like microenvironments more
closely. When compared with HepaRG 2D cultures, these
models exhibit improved hepatocyte differentiation, lifespan,
and functionality.>”**~"" For compound toxicity investigations,
HepaRG spheroids were applied in 96- and 384-well ULA plates,
which enable spheroid formation in a single step by seeding
1,000 cells per well, resulting in optimal CYP450 enzymatic activ-
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ity."® The shape and function of the spheroids can be maintained
for up to 28 days. Interestingly, a recent study showed that
HepaRG spheroids were slightly less sensitive to hepatotoxic
compounds than HepG2 spheroids in a 384-well high-
throughput format.*® This could be because HepG2 cells were
more susceptible to cell proliferation-inhibiting chemicals than
HepaRG cells, which were in a more differentiated condition.
Meanwhile, Ott et al. used a unique micromold plate invented
by Likarda to rapidly fabricate homogeneous spheroids with a
very small diameter.”® Following that, spheroids were trans-
ferred to 384-well plates at a density of around 50-70 spheroids
per well and incubated for 7 days with a panel of DILI drugs and
CYP450 inducers. In comparison to HepaRG 2D culture, the
HepaRG 3D model demonstrated greater sensitivity to liver
toxins (70% vs. 60%) but retains the same predictability in
response to CYP450 inducers.

Although HepaRG spheroids were less responsive to DILI-lia-
bility compounds than HepG2 spheroids, HepaRG spheroids
appear to be a promising technique for preserving primary hepat-
ic features because of their comparable metabolic enzyme
expression levels. Unfortunately, due to the scarcity of published
reports on HepaRG spheroids used in screening, it is difficult to
estimate the predictability and efficacy of using HepaRG spher-
oids as a model for assessing other liver toxic parameters in a
high-throughput screening format, such as CYP450 drug-metab-
olizing enzyme activity, mitochondrial state, and cholestatic
features. In summary, HepaRG cells may be a more reliable
test system than HepG2 cells, notably in terms of expression of
DMETs, and may be closer to the physiological relevance of
PHHs than other liver cancer cell lines.

iPSC-derived hepatocyte spheroids

Induced pluripotent stem cell (iPSC)-derived hepatocytes
(iHeps) have been used to establish 3D liver cell models for
toxicity assessment. Established in 2010 by Duncan et al., iHeps
provide an alternative to donor livers for primary hepatocyte
studies.”® When cultured in 3D conditions, iHeps have improved
hepatic properties, although they keep an immature phenotype
evident by the expression of fewer mature marker genes'”"*"®
(Figure 2).

Many studies have tried to characterize iHeps as suitable 3D
models for hepatotoxic screening. Recently, a study compared
iHeps with PHHs in 2D and 3D culture conditions. They found
that although CYP450 family enzymes have similar basal
activities in all culture systems, they can be successfully stimu-
lated only in PHHs.”® In addition, Sirenko et al. reported a
comparable outcome between 2D and 3D iHeps in their experi-
ments employing high-content image analysis.”” Interestingly,
one study discovered that iHep spheroids were more sensitive
to a panel of 24 hepatotoxic substances than HepG2 spher-
oids,"” while another discovered the opposite for 10 of the 23
chemicals tested.”” When compared with PHH spheroids, iHep
spheroids had comparable ICsq values for 12 of 15 hepatotoxic
drugs evaluated.”® Another study assessed the sensitivity of
seven hepatotoxic substances and observed that PHHs were
often more sensitive than the other models.”® These controver-
sial facts, in conjunction with both the dearth of studies on
iHep spheroid cultures for toxicity assessment and iHeps’
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Figure 3. Current strategies for the generation of iPSC-derived liver organoids

(A) The liver organoids were formed by culture of iPSC-differentiated cells of various cell types or homogeneous cell populations that are capable of building
cellular constructs with structural and physiological complexity through differentiation.

(B) Schematic representation of the liver organoids generation procedure in the Shinozawa et al.’s study for the 384-well plate assay development.®®

premature phenotype, make iHeps an unpredictable and incon-
sistent model for toxicity assessment.

While hepatic differentiation of iPSCs may be a viable tech-
nique for in vitro liver modeling, until a comprehensive review
of the predictability of iHep spheroids is done, the utility of
iHep spheroids for assessing the safety of medications will
remain disputed.

STEM CELL-DERIVED LIVER ORGANOID PLATFORMS

Liver organoids

Previously, the term “organoid” referred to a variety of 3D culture
systems that exhibit varying degrees of organotypic resem-
blance to the modeled organ, including distinctly organotypic
models derived from stem cells and aggregates of single or mul-
tiple terminally differentiated cell types.?®° In this review, we
used Harrison et al.’s definition of “organoid” as an in vitro 3D
cellular cluster that undergoes a developmental process auton-
omously, resulting in organized heterogeneity and complexity,
or, more succinctly, self-organized 3D cultures derived from
stem cells®® (Figure 3A). Hepatocytes and supportive cells
such as Kupffer cells, hepatic stellate cells, cholangiocytes,
and endothelial cells, as well as other cell types that mimic hepa-
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tocyte functions and structure, can create liver organoids.”® %2

These organoids, which are traditionally derived from iPSCs,
are often interchangeably referred to as hepatic organoids, hep-
atobiliary organoids, or human liver organoids (HLOs). In addi-
tion, numerous laboratories have produced and exploited a
novel class of organoids to study biliary duct physiology and
cholangiopathies.®*®> These cholangiocyte organoids exhibit
cholangiocyte traits and functions.

The liver organoids consist of a spherical monolayer of epithe-
lium with a hollow-like structure and a wide lumen, mimicking a
bile canaliculus.®® This shape is comparable to that of primary
hepatic tissue, which has cords of cells with canaliculi resem-
bling chicken wire. Single-cell analysis revealed a 60%-75%
parenchymal cell population (hepatocytes) and a 25%-40%
non-parenchymal cell population in HLOs,?*%¢ which included
Kupffer cells, hepatic stellate cells, cholangiocytes, endothelial
cells, and other cell types in the same ratio as in the normal
liver.®® Cells in the center of the organoid are exposed to fewer
stimuli, imitating the natural liver milieu for chemical processing
in vivo.®° HLOs, which are generated from iPSCs, continue to
display an immature transcriptome profile compared with adult
liver tissue. Nevertheless, the HLCs of HLOs expressed and
activated CYP3A4, indicating their potential function in drug
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metabolism and toxicological screening.®” Intriguingly, a unique
characteristic of the fetal liver is that it has a functional drug-
metabolizing enzyme system even during the early gestational
period, which is remarkably specific to humans but not to other
animal species. Accordingly, these iPSC-derived HLOs can be
leveraged in drug screening for adverse reaction prediction not
only in adults but also in fetuses.’® Thus, this more biologically
organotypic in vitro model will be appropriate for drug meta-
bolism and toxicological assessment.

In addition, these organoid-based pathological liver models
are effective tools for simulating numerous elements of the in vivo
phenotype, particularly at the individual patient level, and can be
used to evaluate the bioactivity of compounds for toxicological
and preclinical testing. Moreover, organoids produced from
stem cells offer advantages in terms of scalability, expansion
of cells of a single genotype, and indefinite self-renewal. Utilizing
these iPSC-derived organoids in the future will make personal-
ized medicine possible for drug selection, avoiding any potential
detrimental effects on the liver of patients.

Whole organoid approaches

Although research on liver organoids has steadily accelerated
since 2013, iPSCs utilized to make an organ-like in vitro liver
model have not been optimized for a high-throughput screening
platform.”’ Numerous constraints limit the use of HLOs in high-
throughput screening due to their long preparation time, high
cost, poor yield, unpredictable inter- and/or intra-batch vari-
ability, and a lack of acceptable quantification methods for
data processing. Despite the development of protocols for the
generation of liver organoids suitable for 96-well or even
384-well formats,?>°® individual organoid variation continues to
pose a barrier to the model’s application in the screening field.
For example, some organoids contain more stellate-like and
macrophage-like cells, while others contain more mesenchymal
cells. Cellular variability prevents consistent and reproducible
data, an obvious obstacle for high-throughput screening. Even
still, Shinozawa et al. successfully extended the use of human
HLOs derived from iPSCs to high-throughput compound
screening.®® Their groundbreaking study indicates for the first
time that HLOs may be miniaturized on a 384-well plate format
by improving the differentiation technique to yield HLOs with a
more uniform size distribution.®® In their methodology, the
HLOs were generated from cryopreserved foregut cells derived
from iPSCs, which can decrease differentiation time by approx-
imately a week and allow for the storage of large numbers of fore-
gut cells to boost HLO production®® (Figure 3B). This strategy
minimized HLO preparation variance due to batch-to-batch
differentiation during comprehensive screening.

Shinozawa et al. treated HLOs with 238 market drugs at
multiple concentrations and determined their activities at
multiple readouts. They assessed cholestasis, viability, and
mitochondrial toxicity, which are three distinct variables used
for predicting drug-induced liver toxicity. The sensitivity and
specificity for their HLO-based high-throughput toxicity
screening (LoT) system, which combined the consideration of
the viability assay and the cholyl-lysyl-fluorescein (CLF) assay,
were 88.7% and 88.9%, respectively.”®°" The detection
methods for both cholestasis and mitochondrial toxicity are im-
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aging-based assays that determine the stained area and inten-
sity of each organoid. The cell viability was determined using a
plate reading assay based on luminescence that quantifies the
total intracellular ATP content. While employing a uniform orga-
noid can reduce well-to-well variance, their viability data (the
whole-well reading signal) needs to be normalized by the total
cellular area per well, which is estimated from organoid imaging
data. As a result, a high-speed and high-quality image acquisi-
tion and processing workflow has been established to obtain
high-quality screening data from this complicated in vitro model.
This, however, revealed a potential limitation: the variation
caused by the non-uniform size of liver organoids affects the
magnitude of whole-well luminescent or fluorescent signals. To
overcome this hurdle, additional efforts will be required to refine
the organoid differentiation procedure and develop an organoid-
specific high-throughput testing method.

Dispersed organoid approaches

Zhang et al. established an alternate method for measuring orga-
noid whole-well luminescent or fluorescent signals that de-
creases well-to-well variation. They dispersed the HLOs using
0.25% trypsin digestion and then plated the cell suspension in
a 384-well plate as a monolayer culture to eliminate assay
variation caused by using individual liver organoids.®® Their
investigation demonstrated that the dispersed HLO technique
kept liver cell-specific markers, albumin synthesis, and
CYP450 expression 7 days after seeding, suggesting that they
retained hepatocyte-like physiological capabilities in the scat-
tered condition. While functional markers of hepatocytes were
apparent, the dispersed HLOs lacked spatial cell-cell contact
between different cell types, including any type of interaction be-
tween liver cells, and consequently failed to depict the liver’s nat-
ural milieu since all cells had access to the same stimuli.>° This
might result in a failure to detect a drug’s potential toxicity, which
requires bioactivation by the collaboration of different liver cell
types. In comparison to the co-culture paradigm with 2D liver
cells, these dispersed HLO cells still represented liver function
more accurately due to their self-differentiation and self-organi-
zation. However, the application of this dispersed method is
dependent on the detection methods that can be used in the
screening field.

Zhang et al. tested 12 liver toxicants at 10 concentrations
ranging from 5 nM to 100 uM by employing 3,500 distributed
HLO cells in each well of a 384-well plate.®® The viability exper-
iment demonstrated a concentration-response curve specific
for hepatocytes with a steady signal throughout the replication
wells. Indeed, dispersed cells are more manageable than entire
organoids. However, it is unknown if scattered HLO cells can
produce a stable readout in other liver functional assays, such
as the CYP450 enzyme activity assay, which is used to deter-
mine metabolized drug toxicity. In addition, image analysis
enabled researchers to identify the morphological profile of the
cell populations, meaning that imaging analysis may help to
normalize data for this complex in vitro model. Notably, moni-
toring the population of liver cells and the morphological charac-
teristics of specific cell types may also be used to determine the
potential toxicity of drugs and environmental substances pro-
cessed by liver cells.
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DISCUSSION AND PERSPECTIVE

In vitro liver models are useful tools for detecting drug/chemical
toxicity and can be used to study the mode of action
and underlying mechanism. These models have traditionally en-
tailed monolayer cultures of PHHs or immortalized cell lines.
However, PHHSs rapidly dedifferentiate in vitro, eliminating meta-
bolic competence. Meanwhile, immortalized cells have distinct
phenotypic and behavioral traits when compared with in vivo he-
patocytes. These limitations complicate their ability to examine
metabolic-dependent toxicities and their utility for finding DILI-
relevant drugs, particularly during chronic and repeated dose
time courses that more closely mimic in vivo DILI.

Toxicity metrics in 3D models

In toxicological testing and drug safety evaluation, the safety
margin (IC5¢/Cinax) is commonly employed as a measure to
determine the safety of drugs, with higher values indicating
greater safety. Due to the issues connected with the safety
margin, however, some toxicologists prefer to use the ICsq value
and Cpax directly.®® In the early stages of drug development, the
safety of a new chemical is often evaluated by its ICsq value
generated from each toxicological test. In the absence of clinical
exposure data, the higher the IC5q in toxicological testing, the
safer the drug is likely to be in animal testing or clinical trials.
Notably, current data indicate that the more complicated
in vitro liver models will reflect a greater number of potential toxi-
cology issues, even though most liver toxicology issues will be
revealed in assessments of both 2D and 3D models and the
ICs0 value is comparable. Specifically, the delayed onset of
DILI was found in fialuridine on a 3D model with long-term dosing
(ICs0>100 uM at 48 hvs. 0.1 uM at 28 days), but not in 2D testing
or animal testing. In addition, 3D cell culture typically outper-
forms monolayer cell culture in some idiosyncratic DILI estima-
tions that usually require the collaboration of multiple types of
liver cells, particularly liver organoids, because the liver organo-
ids system contains several types of liver cells with the same ge-
notype. In addition, the 3D liver model used in the toxicity study
was in its early stages, and the methodologies were still in the
process of being refined. More information is required to validate
the relationship between the ICso generated from these 3D
models in toxicological testing and clinical exposure data.
Assessment of drug toxicity in the clinical setting by only using
the ICso remained a difficult task, both experimentally and
theoretically.

Key advantages of 3D approaches

There is accumulating evidence that when cells are cultured in
3D conditions, their phenotypic behavior becomes more analo-
gous to that found in in vivo. These beneficial effects could be
attributed to the formation of significant cell-to-cell interactions,
which have been shown to alter cell signaling and fate.?®°” The
ability to sustain 3D cultures for an extended period may also
contribute to the formation of a more mature phenotype, as
certain cell types (i.e., hepatocytes and cholangiocytes) express
metabolic enzymes more abundantly in 3D than in 2D
cultures.'®® This allows researchers to examine and detect
chronic drug-induced toxicities through repeated dosing regi-
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mens.”® Indeed, numerous toxicological studies utilizing a 3D
liver cell model have focused on chronic DILI assessment and
the effect of long-term repeated dosing tests,'**>>? demon-
strating the utility of the 3D liver system in the field of long-
term drug toxicological assessment. The data generated
from liver organoid models is, however, less reproducible
compared with the data from 2D cell cultures due to variability
in organoid sizes, surface areas and densities, as well as
batch-to-batch variation.*® In addition, the current generation
of long-term toxicity testing is limited to 384-well plates, even
though the technique for creating spheroids in 1,536-well plates
is established. This constraint is most likely caused by the diffi-
culty of changing medium in a 1,536-well plate for repeated
drug dosing during the culture time as well as the potential for
edge effects caused by uneven medium evaporation over
prolonged culture durations. Further work will be required to
overcome these barriers and promote the 3D liver system in
high-throughput drug screening.

Spheroids or organoids?

Indeed, model selection is vital to the effectiveness of the
research study. Hepatocyte spheroids, typically formed by solid
cell aggregation, are a type of spheroid that is easy to produce
and can be precisely manipulated when performing assays. In
drug development, a 3D in vitro model may be suitable for gen-
eral drug screening and toxicity testing. Due to enhanced cell-
cell spatial interaction, spheroids often offer more functionality
and predictability than monolayer cultures of the same cell
type. However, the utility of liver spheroids is often limited by
the kind of input cells, such as pure hepatocyte spheroids, which
contain only hepatocytes and can be used to assess the toxicity
of drugs that directly damage hepatocytes. Incorporation of
other liver cell types, such as Kupffer cells and hepatic stellate
cells, may contribute to the development of a purpose-specific
3D in vitro liver model, albeit with limited usefulness.

Stem cells frequently develop and self-organize into liver orga-
noids. This results in liver organoids comprised of multiple types
of liver cells, including not only traditional liver-supporting cells
like Kupffer cells and hepatic stellate cells but also cholangio-
cytes and other bile duct cells. All these cells can emerge contin-
uously from the proliferation and differentiation of stem cells in
organoids, and they can effectively support polarized hepato-
cytes and form the physiologically relevant liver structure in orga-
noids, as well as promote the proliferation of the zone-specific
liver differentiation area from the main organoid body. Due to
the cell complexity, liver organoids are not only a good model
for assessing compound toxicity directly to hepatocytes, but
also a potential model for identifying many other idiosyncratic
DILls, including some immunocyte-related DILIs and some
drug-induced cholestasis-related liver damage. Nonetheless, a
methodology for evaluating the phenotypes of these DILIs is still
in the process of being developed. In addition, liver organoid is
an appropriate model for screening and customizing personal-
ized therapies since they can be produced from patient cells
for high-throughput testing. In addition, liver organoid can be
used as an attractive disease model for drug screening, particu-
larly for rare diseases such as Niemann-Pick Type C (NPC) dis-
ease, which contains mutations on the NPC1 or NPC2 gene



Cell Reports Methods

leading to cholesterol accumulation in the hepatocytes, because
they could be generated from a single genetically modified stem
cell or patient-derived stem cell. As a result of this progress, liver
organoids will be increasingly exploited in the fields of drug
development and toxicity evaluation.

Alternative sources for 3D liver models

To generate suitable 3D liver models, the selection of cell types
(e.g., HepaRG or PHHs) is critical and should be determined by
the purpose of the study. Unfortunately, the utilization of PHHs is
limited by insufficient supply, high cost, lot-to-lot variation, and
low capacity for in vitro proliferation. However, the use of hepa-
toma cell lines cannot identify patient-specific toxicities caused
by gene polymorphisms, and their tumor background impairs
sensitivity to toxic treatments.'”® To address these concerns,
Wu et al. demonstrated that human hepatocytes may be
expanded in vitro to form expandable liver progenitor-like cells
(HepLPCs),"”" resembling the reversible ductal metaplasia
necessary for hepatocyte mass restoration following liver
injury.’®>1%% Furthermore, Wang et al. established an efficient
method for producing many human immortalized HepLPCs
(iHepLPCs) with the ability to differentiate into mature hepato-
cytes again under certain culture conditions.’®* In addition, the
differentiated cells form spheroids in suspension and show he-
patocyte functions on par with primary hepatocytes. iHepLPCs
have not been used in large-scale screening, but they remain a
viable model for toxicological investigations, particularly individ-
ualized liver toxicity testing. Indeed, personalized medicine is
gaining increasing attention, and this type of model has the
potential to improve the prediction of individualized medication
effects, hence guiding the personalized use of therapeutic drugs.

iPSC-derived liver organoids in toxicological testing
Recapitulating liver complexity

With the advancement of the technology, attention has been
directed toward developing more complex in vitro liver models
for toxicological studies, namely iPSC-derived liver organoids.
Indeed, the discovery of iPSCs accelerated the development
of organoids by resolving challenges associated with the short-
term availability of primary cells. These little, irregularly shaped
in vitro liver bodies are composed of a variety of cell types,
including parenchymal and non-parenchymal supporting cells.
The complex structure renders it more mature than monolayer
culture or 3D spheroids generated by iHeps, even thoughiit is still
a mixture of mature and premature hepatocytes.®” Importantly,
many toxins may engage multiple cell types, making them
detectable only in these heterogeneous models.® However, as
complexity increases and several cell types contribute to the pa-
rameters of interest, data processing and interpretation can
become increasingly difficult.

Personalized toxicity testing

To develop personalized treatment, iPSC-based cell differentia-
tion is another viable strategy that could work with different
modeling paradigms. Indeed, hepatocytes produced from iPSCs
have garnered a lot of interest for toxicity research. Use of iPSCs
reprogrammed from patient cells to differentiate into hepato-
cytes was shown to be a valuable method for evaluating the
potential hepatotoxicity of proposed medications to treat pa-
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tients with genetic variants of known or unknown significance. '
In addition to genetic screening, a small-scale in vitro drug
screening employing iPSC-derived patient-specific hepatocytes
in monolayer culture or a mini-liver system in 3D mode could be
used to help evaluate medication safety and select the optimal
drug for personalized use. However, due to the premature
phenotype and low level of CYP450 enzyme expression, the
use of iHeps in drug toxicology prediction is limited, and there
is no significant improvement even in a 3D spheroidal model
compared with 2D culture.””"*"® Thus, improving differentiation
of iPSCs into fully mature and functional liver cells in the context
of drug-screening platforms remains a work in progress. The
cultivation of liver organoids could be a promising method for
enabling this individualized toxicity testing or medication
screening.

The influence of cell-cell communication

An interesting aspect of iPSC-derived liver organoids is the
presence of cell-cell contacts between hepatocytes and non-
parenchymal cells, such as fibroblasts and endothelial cells,
which was shown to significantly increase hepatocyte function
and activity in vitro.'°® The roles of cell-cell communication in
liver cell activity are complex, and different types of cells support
hepatocyte function in distinct ways. Hepatic stellate cells can
mimic the matrix environment; bone or adipose mesenchymal
stem cells can enhance hepatic function by secreting paracrine
cytokines; and vascular endothelial cells can drive angiogenesis
and give nutrients.'®” Although the mechanisms underpinning
liver cell-cell communication are not fully known, extracellular
vesicles, such as exosomes, microvesicles or microparticles,
and apoptotic bodies play a role."°® The relevance of cell-cell in-
teractions for pharmacological and toxicological testing was
demonstrated by a study showing that direct or indirect stimula-
tion of Kupffer cells by toxic substances results in the release of a
variety of inflammatory mediators, growth factors, and reactive
oxygen species, all of which influence acute hepatocyte injury
as well as chronic liver responses and are thus causes of idiosyn-
cratic DILL'% This kind of DILI will not be detected by general
toxicity testing using only hepatocytes as a model, but it will
cause harm to humans either during clinical trials or potentially
after the drug is approved for use depending on the severity
and chronic/cumulative nature of the effects. In addition, 3D
culture of hepatocytes can endow the cells with a densely inter-
connected spatial structure, hence enhancing communication
between hepatocytes and facilitating the maintenance of func-
tion and activity.''® Therefore, liver organoids produced from
stem cells are the most promising future model for drug
screening and toxicological testing.

Major challenges to toxicity testing on iPSC-derived
organoids

Although there are multiple benefits to the use of HLOs in toxico-
logical testing, there are still obstacles in assay development and
implementation that must be solved. The greatest challenge in
the creation of toxicological assays was determining how to
normalize the data produced by the variance of liver organoids,
and this challenge can vary depending on the assay. On the other
hand, Shinozawa et al. have demonstrated the feasibility of ex-
panding the use of HLOs produced from iPSCs in the arena of
high-throughput drug screening.®® It significantly expands the
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application of HLOs in toxicology and drug development.
Although the uneven form and size of HLOs result in unantici-
pated fluctuations in many of the routine liver toxicity parameter
assessments, imaging-based high-content analysis can assist in
normalizing the data in most situations. While high-throughput
screening with dispersed HLOs in 384-well plates has the capa-
bility of predicting the bioactivity of compounds and can be used
for large screening efforts, it still results in decreased CYP450
expression and a lack of critical hepatocyte function,®® indicating
that spatial interaction between hepatocytes and other support-
ing cells is critical for hepatocyte maturation and function.

Zhang et al. paired their HLO cells with a “liver-on-a-chip” sys-
tem, a 3D in vitro hepatic micro-physiological system aimed at
recreating the circumstances of liver tissue on a microscopic
scale,'"" and showed a greater ability to predict hepatotoxicity
than dispersed HLO cells.®® Indeed, numerous studies demon-
strated that this perfusion-based in vitro model results in more
mature liver function and increased CYP450 enzyme expression
when compared with other models, and data indicated that the
flow rate and thus the shear stresses imposed on the cell mem-
brane can influence the expression of CYP450 enzymes.' ">~
In addition, it has been postulated that some types of stress on
hepatocytes could result in an increase in the expression level
of certain CYP450 enzymes.

Liver-on-a-chip

Beyond liver organoids, in the past few years, the liver-on-a-chip
model has attracted great attention in the scientific community
because it can simulate in vivo liver conditions and the dynamic
physicochemical environment of the liver. Numerous investiga-
tions illustrate the efforts toward scaling up such a platform for
high-throughput testing. Bircsak et al. designed and validated
a microfluidic liver-on-a-chip device for high-throughput
hepatotoxicity screening.’'® They seeded aggregates of iHeps
in the organ channel with endothelial cells and THP-1 monocytes
seeded onto the vascular channel of the 96-well Mimetas
OrganoPlate 2-lane. Similarly, Chen et al. utilized tumor spher-
oids, including HepG2 cells, in conjunction with microfluidic
chip technology for drug screening.''® Although this technology
has been utilized for cancer drug screening, it raises the possibil-
ity of further developing and altering these microfluidic platforms
for toxicological screening of DILI in the future. Remarkably,
Ewart et al. have recently developed a high-throughput Liver-
Chip toxicity testing platform that can simultaneously assess
and report the hepatotoxic effects of 27 drugs or chemicals on
780 Liver-Chips.""” In their platform, drug toxicity on the liver is
monitored based on three criteria: real-time analysis of albumin
and alanine aminotransferase production, as well as immunoflu-
orescence imaging of cell morphology using an automated
confocal microscope. Taking these three parameters into ac-
count, their Liver-Chip platform can achieve 80% sensitivity
and 100% specificity in their test for 27 known DILI medications.
Recently, at the international conference and exhibition of the
Society for Laboratory Automation and Screening, numerous
researchers also discussed their efforts to construct a high-
throughput perfusion-based liver-on-chip system for drug toxi-
cology screening. With further improvement of this system,
further applications are possible.
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While there are currently a variety of strategies for increasing
the complexity of in vitro models, increased complexity does
not always equate to a better model, which is why it is critical
to choose an appropriate model to fit one’s experimental design.
The future screening for compound liver toxicity will certainly
require to use many human physiology-relevant in vitro models
for better treatment and prediction of liver toxicity.
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