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Abstract

The host-dependent nature of idiosyncratic drug-induced
liver injury (iDILI) suggests that rare genetic polymorphisms
may contribute to the disease. Indeed, a few mutations in key
genes have already been identified using conventional human
genetics approaches. Over 50 commonly used drugs can
precipitate iDILI, making this a substantial medical problem.
Only recently have human induced pluripotent stem cells
been used as a research tool to discover novel iDILI genes
and to study the mechanisms of iDILI in vitro. Here we review
the current state of stem cell use in the investigation of iDILI,
with a special focus on genetics. In addition, the concerns and
difficulties associated with genetics and animal model
research are discussed. We then present the features of
patient-specific pluripotent stem cells (which may be derived
from iDILI patients themselves), and explain why these cells
may be of great utility. A variety of recent approaches to
produce hepatocyte-like cells from pluripotent cells and the
associated advantages and limitations of such cells are
discussed. Future directions for the use of stem cell science
to investigate iDILI include novel ways to identify new iDILI
genes, a consideration of epigenetic impacts on iDILI, and the
development of new and improved strategies for the produc-
tion of hepatocytes from human pluripotent cells.
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Introduction

Idiosyncratic drug-induced liver injury (iDILI) is a complex
disorder that is typified by the onset of severe (even fatal)
liver damage after exposure to drugs that are otherwise well
tolerated in the human patient population. The host-depen-
dent (idiosyncratic) nature of iDILI suggests that genetic
polymorphisms that cause a predisposition to DILI events
likely exist in the population. In these cases, iDILI occurs only
when an individual with a predisposing genotype is exposed
to the precipitating drug. Put another way, iDILI is a type of
drug-genotype interaction, and most individuals with a
potential underlying iDILI genotype will never know of their
underlying genetic susceptibility because they will fail to
encounter the interacting drug.

At present, the only way to “find” an iDILI genotype is for
an individual with a predisposing genotype to be treated
(unintentionally) with an iDIL-precipitating drug. Current
medical practice dictates that all patients are assumed to be
normal, and they are treated routinely with potentially DILI-
causing drugs. Importantly, these patients are monitored for
the onset of liver damage only after the onset of drug
treatment, usually by monitoring levels of liver enzymes,
such as ALT and others in the blood. Currently, there is no
effective way to detect potential iDILI responders prior to
drug treatment. As more iDILI polymorphisms in the genome
become known, it may be possible to devise genetic tests that
identify at-risk individuals. Such a goal will require the
comprehensive identification of iDILI risk alleles for each of
the 50 or more highly problematic drugs, and an expedient
way to gather this genetic information is needed. One way
that such information could be gathered is via genome-wide
association studies (GWAS). However, about 50 commonly
used drugs can cause iDILI, often by completely independent
mechanisms, and it is likely that 50 complete GWAS studies
would be required. Although GWAS, a recently developed and
powerful approach, would work in theory, practicalities of
scale and relatively low numbers of iDILI patients for specific
drugs prohibit the widespread use of GWAS to comprehen-
sively identify iDILI genes and polymorphisms.

Recently, an entirely different and new approach uses
human induced pluripotent stem cells (hiPSCs) that are exact
genetic matches to iDILI patients (Fig. 1). These are obtained
by a cellular reprogramming approach that takes relatively
non-invasive biopsies (either blood or a small skin sample)
and reprograms them to an early developmental state that is
functionally equivalent to embryonic stem cells. This is
achieved by expressing key embryonic transcription factors
that induce the state of pluripotency (i.e. the potential to
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Fig. 1. Strategy for using iPS reprogramming to investigate iDILI. Somatic
cell samples such as skin or blood are collected from iDILI and control patients.
These are used to derive hiPSCs that are exact genetic matches to the donor
patients. Such hiPSCs can be indefinitely expanded and passaged, so long as they
are maintained under pluripotent conditions. hiPSCs can then be differentiated to
iHLCs (hepatocyte-like cells). iHLCs from iDILI and control patients can then be
compared using functional tests (A., such as exposure to the iDILI-precipitating
drug) or using transcriptome comparisons (B.), which may lead to identification of
iDILI genes. Subsequently, causative mutations (C.) can be identified, using
transcriptome alterations as a guide.

differentiate into any desired cell type, including hepatocytes,
present in the adult body). To do this, a patient who has
suffered iDILI donates blood or skin that can be derived into
hiPSCs and then hepatocytes. These induced hepatocyte-like
cells (iHLCs) are subjected to functional toxicity studies, and
more importantly, iDILI-causing mutations can be identified
in such cells using strategies that are described below.
Therefore, it may be possible to identify the majority of
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iDIL-predisposing genes using at most a few hundred patients
rather than several hundred thousand, as would be required
for GWAS. In addition, disease mechanisms can never be
addressed with GWAS, but iHLCs can be easily studied in
vitro, thus providing insight into cellular and molecular
mechanisms that govern iDILI.

Drug-induced liver injury

Idiosyncratic drug-induced liver injury

iDILI is a rare form of iatrogenic liver injury that manifests
itself as a wide spectrum of symptoms, ranging from mild and
transient increases in plasma markers of hepatocellular injury
to more severe forms that present with abdominal symp-
toms, cholestasis, and, in rare cases, the development of liver
necrosis and fulminant hepatic failure. Despite its relatively
low frequency (for individual drugs ranging from 1:100,000,
e.g., for amoxicillin/clavulanic acid, to 1:100, e.g., for
isoniazid),* iDILI has become a major clinical concern for a
number of reasons. First, an increasing number of drugs
(>600), belonging to a variety of therapeutic classes, have
been implicated in iDILI, with approximately 50 drugs
featuring a strong causality. Therefore, the absolute number
of all iDILI cases has become impressive when iDILI cases
from over 600 drugs are considered in aggregate. Second,
the occurrence of iDILI is unpredictable, both for a new drug
on the market and for an individual patient. Third, iDILI has
been associated with high morbidity and mortality, particu-
larly when combined with jaundice, that can lead to acute
liver failure and the need for liver transplants in the most
severe cases.? Finally, iDILI is one of the major reasons for
the withdrawal of successfully launched drugs from the
market, which may result in the loss of an otherwise
important drug.®> Numerous reviews have addressed caus-
ality criteria, clinical hallmarks, underreported incidence,
potential mechanisms, and prediction of iDILI.>#"12

Determinants of susceptibility to iDILI

By definition, iDILI is “idiosyncratic”, i.e., dependent on the
specific characteristics of the recipient (patient). Thus,
besides the toxicodynamic properties of the drug itself
(chemotype) and its potential to cause toxicity to hepatocytes
by a number of mechanisms, host-specific factors also
greatly contribute to the precipitation of toxicity (Fig. 2).
There are two major types of host-specific factors: acquired/
environmental factors and genotype. Regarding acquired/
environmental factors, the underlying disease (indication)
against which the patient is being treated,'® underlying
infections, and episodes of inflammatory reactions'* can
influence the risk. Coadministration with other potentially
hepatotoxic drugs or alcohol is another important factor.
Taken together, acquired/environmental and genetic
determinants of susceptibility to iDILI are responsible for
increasing the penetrance and for modulating the expres-
sivity of drug toxicity.!® For these reasons, it is under-
standable that, despite many attempts with limited success,
it is extremely difficult to develop an animal model for iDILI,
using, e.g., inbred, virtually genetically identical mice, that
are expected to recapitulate the clinical situation in individual
patients.
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Fig. 2. Determinants of susceptibility to drug-induced liver injury (DILI).
A number of patient-specific (idiosyncratic) factors greatly modulate the
sensitivity to the potential hepatotoxic effects of certain drugs.

Role of the genotype

Mutations and/or rare single nucleotide polymorphisms
(SNPs) in critical genes have been implicated in modulating
the risk for iDILI.'>'® These specific haplotypes or mutations
could be responsible for modulating the degree of toxicity at
different levels. For example, they could enhance the pro-
toxicant pathways in the liver, they could interfere with
mechanisms involved in adaptation to the insult or impair
defense mechanisms, or they could weaken immune toler-
ance. While traditional studies have focused on polymorph-
isms in cytochrome P450 forms that modulate metabolic
bioactivation/hepatic clearance of drugs, more recent
approaches have addressed the role of genetic variation in
genes involved in the adaptive immune system, in detoxifica-
tion pathways, or in mitochondrial function. For example, the
human leukocyte antigen (HLA)-B*5701 haplotype of the
major histocompatibility complex (MHC) has been associated
with a >80-fold higher risk for developing liver injury from
flucloxacillin treatment than individuals with other MHC
haplotypes.'” Similarly, carriers of the HLA-A*3303 haplo-
type have a 36-fold higher risk for iDILI from ticlopidine
treatment than other patients.'® These risk factors are
statistically robust and point to a key role of these genes in
the susceptibility to liver injury. Another example consists of
mutations in certain forms of glutathione-S-transferase
(GST), which have been implicated in the conjugation of
reactive intermediates of many drugs including isoniazid or
troglitazone. Phenotypes from null mutations are also quite
frequent; specifically, homozygous null mutations encoding
the GSTT1 form and the GSTM1 form of GST are present in
50% and 10-25% of Caucasians, respectively. In a study
involving 154 patients with a diagnosis of iDILI, 18.2% of
patients had the GSTT1/GSTM1 double-null genotype, while
only 7.6% of control patients carried this genotype.*® Finally,

other studies have analyzed the role of polymorphisms in the
mitochondrial polymerase y (POLG) gene that is involved in
mtDNA replication. It was found that the risk for valproic acid-
induced DILI was >20-fold increased in individuals carrying
the pQ1236H and pE1143G mutations in the POLG gene as
compared to wild-type.2°

One important point is that these polymorphic risk alleles
are quite common in the general population, which raises the
question why iDILI is not more common. Most likely, these
haplotypes become dangerous only in specific contexts, e.g.,
exposure to a particular drug. Furthermore, these analyses
showed, at best, only a strong correlation with iDILI episodes,
and there must undoubtedly be other risk factors. While the
identification of such “risky’”” mutations does not necessarily
explain the underlying mechanism of toxicity, it can be used
to identify certain individuals or patient subsets who are
predisposed to higher risk of iDILI. For the vast majority of
drugs, however, the genetic determinants of susceptibility are
not known. More recent approaches to establish a link
between iDILI and underlying genetic risk factors have aimed
at identifying entire functional pathways rather than single
genes.

Lessons from current models and the need for novel
patient-specific models

Currently there are no fully validated animal models that
recapitulate the clinical features of iDILI. It makes sense that
normal healthy inbred animals cannot model a disease that is
driven by a variety of underlying patient-specific geno-
types.2! While certain environmental factors can be modeled
in vitro or in vivo, genetic variations are more difficult to
adapt in animal models because in most cases, the most
relevant “risk genes” are not known. For example, the
lipopolysaccharide (LPS) rat or mouse model??> can mimic
the underlying presence of sporadic inflammatory episodes,
and the heterozygous Sod2 mouse model?® can emulate
increased mitochondrial oxidant stress as it occurs with
certain forms of underlying mitochondrial disease. However,
applications useful for wide-scale screening platforms have
not been possible to date. Hepatic cells can be harvested and
cultured from patients who had developed iDILI from a
particular drug and compared with cells from unaffected
patients. At present, however, it is extremely difficult to
obtain viable liver tissue from such patients, and primary
hepatocytes cannot be easily cultured for extended periods of
time. One promising approach is the use and study of stem
cells derived from both diseased and healthy patients.

Stem cell approaches
Pluripotent cells and induced pluripotent stem cells

Pluripotent cells can in theory give rise to any cell type
present in the adult mammalian body plan. The first widely-
used pluripotent stem cells were mouse embryonic stem cells
(MESCs).2*2° These cells were derived from day 3.5 pre-
implantation embryos at the blastocyst stage. At this stage of
development, there are only a small set of cell types in the
embryo. These include trophectoderm cells, which are
destined to form the embryonic portion of the placenta, and
the inner cell mass (ICM), which subsequently gives rise to all
the cells of the embryo proper, and eventually, the adult
mouse. It is the ICM cells that can be explanted and used to
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derive mESCs. Although the ICM exists in the embryo for only
a few hours at most, mESCs can be cultured indefinitely in
vitro, under conditions that maintain their pluripotency.?®
Leukemia inhibitory factor (LIF) is a key cell signaling factor
necessary for the maintenance of mESCs in a state of
protracted pluripotency.?’?® The LIF receptor signals via
Stat3 to the nucleus where key pluripotency transcription
factors, including octamer-binding transcription factor 4
(Oct4), sry-related HMG box 2 (Sox2), and Nanog, collude
to regulate a large set of genes, whose expression has been
aptly described as a pluripotency network.?°=32 Human ESCs
(hESCs) were first derived from human blastocysts that
would otherwise have been discarded from human fertility
clinics.®® Unlike mESCs, hESCs depend upon the fibroblast
growth factor 2 (FGF2) for maintenance of pluripotency,3* but
like mESCs, hESCs contain a pluripotency transcriptional
network that is mediated by the master transcription factors
OCT4, SOX2, and NANOG. Collectively mESCs and hESCs
have been used to model many developmental processes in
vitro via directed differentiation experiments. Several dozens
of differentiated cell types have been produced in this way,
and they have been derived from all three of the principle
germ layers, ectoderm, endoderm, and mesoderm. In many
cases, these differentiated cells are rather similar to cells
from primary organ culture as they become post-mitotic and
exhibit gene and protein expression patterns similar to
analogous cells in vivo. Such differentiated cells derived from
pluripotent cells are far more similar to endogenous cells than
traditional immortalized cell lines, which are transformed and
usually without a normal complement of chromosomes.

The first example of reprogramming a differentiated
vertebrate cell to an early embryonic state was achieved
with Xenopus frogs, which were successfully cloned in the
early 1960s from intestinal epithelial cells transferred into
frog oocytes.3>3% The first time differentiated mammalian
cells were successfully reprogrammed was over 40 years
later with the advent of Dolly the Sheep.3” In this case, the
resulting reprogrammed totipotent cell, achieved by nuclear
transfer into an enucleated recipient sheep oocyte, was a one
cell embryo that was cultured briefly in vitro to the blastocyst
stage and then implanted in a surrogate pseudopregnant
female to yield the live-born cloned sheep named Dolly.
These successes with animal cloning showed that terminally
differentiated vertebrate cells could be reversed to a state of
pluripotency, albeit with reprogramming activities only found
in the oocyte. In 2006, Shinya Yamanaka succeeded in
directly reprogramming cultured adult cells to a state of
pluripotency by introducing a set of genes encoding key
transcription factors (Oct4, Sox2, kruppel-like factor 4 (Kif4),
and proto-oncogene myc (c-Myc)) into mouse fibroblasts
using retroviruses.>® The resulting pluripotent cells were
deemed induced pluripotent stem cells (iPSCs). After initial
viral transduction, the somatic cells were shifted to mESC
culture conditions. The mechanism of iPS reprogramming
depends upon the forced expression of a defined set of
transcription factors, which includes members of the master
regulatory transcription factors of the pluripotency network.
IPSCs are remarkably similar to ESCs, and most importantly,
exhibit a full range of pluripotency. Soon after this achieve-
ment, human iPSCs (hiPSCs) were developed.38:3° These,
like their mouse counterparts, exhibited nearly complete
resemblance to their hESC equivalents. It is crucial to point
out that hiPSCs contain exactly the same genetic composition
as the human fibroblast donor, thus opening the door to their
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use as a stem cell platform for personalized medicine. Early
mouse iPS cells (miPSC) and hiPSC cell lines were made with
integrating retroviruses and lentiviruses, and thus had subtly
altered genomes. Since then it has become possible to make
iPS cell lines that avoid the use of integrating retrovirus or
lentivirus, including the use of messenger RNA encoding the
reprogramming factors,*® transposon systems that excise
with barely a trace,***? and episomes that transiently (but
efficiently) express reprogramming factors prior to episomal
loss by cell division.*® All of these strategies leave the
genome nearly or completely untouched by the iPS repro-
gramming process.

Disease in a dish: Differentiation of iPS cells to
hepatocytes

Most strategies to produce hepatocytes from hESCs or hiPSCs
attempt to recapitulate liver development in vivo. In addition,
strategies to differentiate hESCs and hiPSCs to human
hepatocyte-like cells (hereafter termed “iHLCs"” if derived
from hiPSCs) have been greatly informed by similar (and
earlier) successes with mESCs. Because liver is an endo-
derm-derived organ, all strategies for production of iHLCs
begin with a preculture of hiPSCs. In one set of strategies,
hiPSCs are shifted from hiPSC culture medium to an
endoderm induction medium containing the signaling factor
Activin A with insulin, transferrin, and selenium in trace
concentration.**#> Activin A is a potent inducer of endoderm
and rapidly leads to cellular expression of the early endoderm
marker SOX17. Cells are then shifted to a medium containing
FGF2 and bone morphogenic protein 4 (BMP4), both of which
are known to play a role in liver organogenesis in vivo.*6™48
These cells are then shifted to a medium containing
hepatocyte growth factor (HGF), and then finally to a medium
containing oncostatin M and dexamethasone. This typical four
stage approach yields hepatocyte-like cells that express both
albumin (ALB) and a-fetoprotein (AFP), indicating that these
iHLCs are similar to hepatocytes of late embryonic or
perinatal origin.** This same protocol yielded hepatocytes
that can also secrete cholesterol and respond to statins, as
normal hepatocytes should.** Human ES and iPS cells seem
to form hepatocytes with similar efficiency.*® Fully mature
iHLCs are quite difficult to produce with entirely in vitro
approaches, but subsequent transplantation into immuno-
compromised mouse liver seems to affect final stages of
maturation.>®

Similarly, in one seminal study using analogous
approaches to that described above, produced hepatocyte-
like cells that expressed a spectrum of mature hepatocyte
markers with residual AFP expression.*” Alternate designs for
the cell culture have also been tested. For example, one
approach yielded cells with at least some level of CYP3A4
expression, the ability to take up indocyanine green, and
store glycogen.®! In a different strategy, a cDNA encoding the
hepatocyte-specific nuclear receptor/transcription factor
HNF4o was ectopically expressed in hiPSCs that were
otherwise induced to form hepatocyte-like cells.?® These cells
exhibited increased cytochrome P450 (CYP) expression, a
finding that is consistent with the fact that many CYP genes
contain HNF4a response elements near their promoters.
Finally, direct reprogramming of fibroblasts to induced
hepatocyte-like cells (iHLC) has been achieved by induced
transdifferentiation, in most cases using mouse tail tip
fibroblasts as a starting material.>27>%
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Limitations of stem cell models

iHLCs are a tool not only for the discovery of new iDILI genes
but also for the elucidation of the cellular and molecular
mechanisms of iDILI. However, iHLCs are not without
potential problems. First and foremost, it has been exceed-
ingly difficult to produce iHLCs that completely exhibit normal
hepatocellular function. Most notably, iHLCs do not exhibit an
adult-like range of CYP expression. Improvements in the
maturation of iHLCs will be needed in order to fully realize
their potential. Another difficulty (though soluble) is rooted in
human genetic variation. Hypothetically, one might repro-
gram somatic cells from three iDILI patients and three
control patients and then compare the two sets of iHLCs.
Although the iDILI patients may contain polymorphisms
relevant to iDILI, there exists a very large amount of
extraneous genetic variation between the two groups. Thus,
the confounding factor of genetic background may dilute
iDILI phenotypes in vitro. A new tool that partially addresses
this problem involves the use of new site-specific recombi-
nase systems such as clustered regularly interspaced
short palindromic repeats (CRISPR) or transcription activa-
tor-like effector nucleases (TALENS) to correct putative
SNPs or other polymorphisms suspected of causing iDILI,
thus yielding an isogenic pair of cell lines. This is discussed
further below.

Finally, @ major limitation of stem cell models should be
recognized. Any cells derived from stem cells, even sophis-
ticated co-culture models, cannot fully recapitulate the
situation in vivo. For instance, it is likely that immune
reactions are important for some (though probably not all)
cases of iDILI. It is currently not feasible to combine iHLCs
with reconstituted immune systems in vitro. Placing iHLCs
into mice is also not a reasonable option to assess the
contribution of immune functions since the mouse immune
system differs in fundamental ways from the human immune
system.

In the future, improvements will need to occur if stem cell
approaches are to more faithfully model iDILI. Perhaps the
area most in need of improvement is the differentiation of
stem cells into fully functional hepatocytes that express a
normal range of CYP genes.>® Progress is being made in this
area through the use of three-dimensional differentiation
methods that more closely model cellular positions within
organs. Furthermore, new approaches that yield “organoids”
(small three-dimensional multicellular structures with orga-
nized cells) may lead to better expression of CYP genes.”®

Current applications and future directions

iDILI is a disorder that can arise from mutations in at least
several key genes, and it likely involves multiple cell types,
including hepatocytes and immune cells. It is also possible
(though little investigated) that epigenetic alterations in the
hepatocyte may lead to changes in gene expression and
contribution to the onset of iDILI. The advent of iHLCs
constitutes a novel step toward identifying genetic and
epigenetic mechanisms leading to predisposition to iDILI
and mechanisms involved in the acute phase of iDILI. A
number of useful attributes of these cells make them useful
for toxicological applications. Foremost, iHLCs are genetically
identical to the donor subject who donated somatic cells to
produce hiPSCs. In addition, the iPS reprogramming process
erases epigenetic modifications that accumulate in primary

cells in response to life exposure to toxicants.>”%° Finally,
iPSCs and iHLCs, can be produced in unlimited quantities,
whereas primary hepatocytes cannot be readily expanded.
Hence, the need for repeated liver biopsies from single
donors, necessary for conventional experimentation, can be
avoided. 6176°

Identification and study of genetic variants causing
iDILI

An obvious way to use iPS strategies to investigate iDILI is to
collect somatic cell samples (such as skin or nucleated blood
cells) and subject them to iPS-mediated reprogramming. The
use of iPSCs to investigate iDILI is only now coming to
fruition, but here is a reasonable workflow: Cells from at least
several subjects who have suffered from iDILI and normal
subjects are reprogrammed to yield a set of wild-type and
affected (iDILI) iPSCs. Since episodes of DILI affect the liver
by definition, it is quite possible that liver biopsies from
subjects who have survived (or succumbed) to DILI might be
abnormal in terms of their mutational load, gene expression,
or even epigenetic content. Since iPSCs are derived from non-
liver tissues, these cells are less likely to have undergone
drug-induced mutations or other alterations. Sets of iHLCs
derived from multiple normal and iDILI patients can then be
prepared and investigated to identify changes in gene
expression pathways that are potentially involved in iDILI.
The iPS approach can yield cells that can be useful to actually
test specific mutations in putative iDILI genes such as GSTT1,
GSTM1, POLG, and others, as described above.

A notable advantage of the iHLC-based iDILI cell culture
model stems from the ability to rescue causative mutations
through genome editing.®¢:” Using TALENSs 8:°° or CRISPR”°
homologous recombination genome editing strategies, puta-
tive iDILI associated mutations can be repaired in iPSCs. The
resulting cells are isogenic with respect to the unedited iPSC
cells except for the mutation site. Subsequent differentiation
of the repaired and unrepaired iPSCs (which can differ by only
a single SNP of interest) to iHLCs yields a powerful pair of
experiment and control cell cultures, which may then be
interrogated for their response to iDILI-causing drugs. In
analogous fashion, using the same recombinase strategies,
iDILI associated mutations can also be introduced into the
genome of wild-type iPSCs to yield an equivalent pair of wild
type and mutant cell lines that are isogenic except for the
mutation under investigation. In addition to drug assays,
transcriptome and epigenome analyses can be utilized in such
paired cell culture approaches to learn more about the role of
specific iDILI-promoting mutations and the genes that host
such mutations.

Assessment of the contribution of epigenetic
regulation to iDILI

Exposure to iDILI-causing drugs may lead to the onset of
iDILI in response to epigenetic alterations in hepatocytes.
Such alterations could, in theory, be a direct result of
exposure to the drug. Alternatively, epigenetic changes might
occur over time due to indirect (but consequential)
responses’*~73 that result in some patients in the deregula-
tion of the expression of proteins that are protective for iDILI.
Such genes may be epigenetically silenced more permanently
through trimethylation of lysine 27 of histone 3 and methyla-
tion of cytosine residues in CpG dinucleotides in gene
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regulatory regions.”* Similar to perturbed histone acetylation
homeostasis in cancer,”® further histone deacetylation may
then compact the associated chromatin domains and render
the respective genes difficult to transcribe upon exposure to
subsequent treatment with an iDILI causing drug. It is likely
that candidate genes include not only those encoding proteins
but also microRNAs that are protective for iDILI. Certain
haplotypes may favor the acquisition of epigenetic marks
leading to silencing of iDILI protective genes, adding an
additional genetic component that may only be identifiable
through whole genome sequencing. In addition, insertion/
deletions (indels) and copy number variation for iDILI
protective genes may also have a role in the pathogenesis
of iDILI by affecting transcription levels and dosage of iDILI
protective genes. At present, little is known about an
epigenetic influence on iDILI and future research will need
to address this issue.

Transcriptome profiling provides a readout that integrates
both epigenetic and genetic contributions to gene regula-
tion.”®77 During diagnosis of iDILI in the clinic, it is common-
place to collect a small number of liver cells by needle
biopsy.”® From these, it is possible to isolate hepatocytes by
laser capture or magnetic bead purification approaches. RNA
can be extracted from the iDILI patient hepatocytes and
iHLCs are derived from the same individual. Since iPS
reprogramming erases only epigenetic information, differ-
ences in transcriptome profiles between the patient hepato-
cytes and iHLCs could be due to either iDILI-caused
epigenetic changes in the patient hepatocytes, or incomplete
accumulation of proper epigenetic chromatin modification
patterns due to infidelities that arise during iHLC differentia-
tion. Future research will be needed to determine if iDILI
epigenetic changes can be detected by such strategies.
However, such experiments may provide candidate genomic
targets for further evaluation using targeted chromatin-
immunoprecipitation (ChIP). The alternate approach using
ChIP-Seq instead of ChIP based comparisons may currently
be quite challenging due to the limited availability of primary
cells. In addition, iHLCs are exquisitely well suited for “omics”
approaches since their nearly unlimited numbers allow for
sufficient transcriptional profiling experiments to achieve a
level of experimental replication that is sufficient for the
minimization of type one and type two errors.”® Such
replication cannot easily be carried out with primary cells.
Certain limitations, however, are inherent to this approach.
For instance, cell type heterogeneity among collected biop-
sies confounds the interpretation of large datasets. Laser-
capture microscopy based approaches may provide a viable
alternative to mixed cell populations normally retrieved via
biopsies. However, the limitations in the sample amounts
inherent to this technology require amplification based
strategies for expression profiling that can introduce a bias
sufficient to obscure the contribution of low abundance
transcripts to the pathogenesis of iDILI.8°~82 Magnetic bead
capture of hepatocytes may supply a better alternative as
cells could be collected en masse. Alternatively, hepatocytes
could be expanded from the initial biopsy but primary
hepatocytes have only a limited life span in culture, are
difficult to expand, and suffer from drifting gene expression
that again can introduce bias sufficient to prohibit the
identification of transcripts relevant to iDILI. Clearly, iHLC
based transcription surveys, though currently not free from
drawbacks, are less prone to these limitations.
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Possible xenobiotic-induced predisposition to iDILI

Itis possible that prior or concomitant exposure to drugs, other
xenobiotics, or even high levels of endogenous metabolites
might predispose the onset of iDILI upon treatment with iDILI-
causing drugs. Little is known, however, about chemical
sensitization to iDILI, so this idea must be considered a
working hypothesis. Conventional medical studies typically do
not control for prior exposure to compounds that might induce
a predisposition to iDILI. Likewise, cell culture models using cell
lines such as HepG283 or HepaRG®* are limited since these cell
lines cannot capture genotype-based predispositions to the
disease. In contrast, iHLCs provide an excellent option to study
how prior treatment with predisposing compounds can make
cells susceptible to iDILI, since these cells are derived from
patients that have already been known to have developed
iDILI. Forinstance, two-staged high throughput screens can be
developed where iDILI-iHLCs are treated first with a compound
known to elevate oxidative stress in liver cells without causing a
disease phenotype. Subsequently, either in the presence or
absence of the predisposing compound, the iDILI-inducing
drug can be administered and toxicity can be monitored by
assays for increased cell death, reduced energy metabolism, or
induction of proinflammatory cytokine expression.

Certain types of toxicity, e.g., functional hepatic changes,
are difficult to assess in cell culture models. For example,
cholestasis, which is a frequent hallmark of DILI, has only
recently been modeled in vitro.858® Such functional assays
have not yet been applied to or validated for iHLCs. Because
polymorphisms and rare variants in bile salt transporters
have been implicated in the development of drug-induced
cholestasis, a genetic analysis of ABCB11 (BSEP), ABCC2
(MRP2), and other genes encoding for canalicular transpor-
ters could be analyzed.

Another possibility for xenobiotic-induced predisposition
to iDILI is immunological in nature. Since major histocompat-
ibility complex (MHC) genes have already been implicated in
iDILI, it follows that dysregulation of the immune system is
one route to the onset of iDILI. It may be that iDILI has much
in common with an allergic response, where the immune
system is first sensitized to a cellular antigen, perhaps by
an initial exposure to a DILI drug or a chemically-similar
compound. This initial exposure could induce the formation
of self-directed (hepatocyte-directed) immune cells, which
then become activated and amplified upon later exposure
to the iDILI-causing drug. Of note, iHLC approaches can
readily be used to study cell-autonomous mechanisms of
chemical sensitization but not immunological sensitization
mechanisms.

Future goals and directions with iHLC cell culture
systems

In order to fully leverage the power of the iHLCs as a cell culture
model for iDILI, iHLCs must be produced that more accurately
resemble the hepatocytes in vivo. In all current differentiation
protocols, iHLCs exhibit a phenotype resembling that of late
embryonic or early postnatal primary hepatocytes.®” For
instance, current state-of-the-art iHLCs express high levels of
o-fetoprotein (AFP) and CYP3A7,%%4588-90 hoth markers for
embryonic hepatocytes.®°? Consistent with fairly robust AFP
expression, ALB, a marker for adult primary hepatocytes, is
expressed at significantly lower levels. Similarly, current iHLCs
express low CYP3A4 and CYP2E1.44#588-90 1t therefore
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appears that, despite demonstrating other typical liver cellular
activities such as indocyanin green uptake, urea production,
glycogen storage, LDL uptake,®® and cholesterol secretion,**
current iHLCs may express only low levels of drug metabolizing
enzymes that have a key role in the pathogenesis in iDILL. The
low expression level of CYPs in particular may lead to a
significantly attenuated iDILI phenotype in vitro. Future
characterization of iHLCs may require the use of global
transcriptome comparisons between fresh primary hepato-
cytes, but this in itself may not guide the design of improved
methods to differentiate detoxification-competent iHLCs from
pluripotent cells.

A related technical problem is that primary hepatocytes
can be maintained in culture for only a short time, prior to loss
of detoxification activities typical of the hepatocyte in vivo.
For instance, cultured primary hepatocytes rapidly down-
regulate many CYPs, including CYP3A4, to nearly undetect-
able levels.?*°> It is possible that cell culture effects lead to
transcriptional deregulation of genes essential for the patho-
genesis of iDILI. Although significant improvements in
primary hepatocyte culture have been made over the last
few years®#°6:°7 permitting the maintenance of some key
hepatocyte enzyme expression for up to several weeks, the
length of the drug treatment required for eliciting an iDILI
response in culture is unknown and drug dependent. Perhaps
of even greater concern is that hepatocytes obtained from
iDILI patients by needle biopsy may be abnormal after an
episode of iDILI, and thus not suitable for experiments
designed to uncover the mechanisms whereby naive hepa-
tocytes are degraded due to a DILI event.

Based on the above, it is clear that there is much room for
improvement in the methodologies leading to the production
of iHLCs from human pluripotent cells. Three major strategies
to improve iHLCs are described here:

1. Use of decellularized animal liver matrices for iHLC
cultures. Promising recent advances have been made
using decellularized liver tissue to produce a native liver
extracellular matrix (LEM) as substrate for the growth of
primary hepatocytes in subsequent two-dimensional and
three-dimensional applications.®® Using LEM, the authors
reported significantly improved hepatic functions includ-
ing elevated albumin secretion and urea synthesis.
Moreover, long-term viability was also increased, but a
comparison of genome-wide expression profiles between
nascent hepatocytes and cells cultured long term was not
carried out. Nevertheless, the use of LEM represents an
exciting route that may lead to improved iHLC matura-
tion. Likewise, inclusion of sonic hedgehog (SHH) into the
stage two (hepatic induction) differentiation cocktail may
result in increased transcription of FOXA2,%%°° a tran-
scription factor that is critical at this stage for hepatic
induction. Further optimization of growth factor concen-
trations and timing of addition to the culture medium may
be another way to optimize iHLCs.

2. Three-dimensional and organoid cultures. Three-dimen-
sional cultures represent a family of approaches to produce
high quality iHLCs with more adult characteristics. Three-
dimensional approaches include the use of bioreactors, %
tethered spheroids,®® three-dimensional-capable
substrates such as matrigel sandwich cultures,01-103
caprolactones,** and alginates.'%>1% In addition, three-
dimensional co-cultures of mouse embryonic fibroblasts
with hepatocytes® as well as spontaneous organoid

formation in co-cultures of hepatocytes, immuneprogeni-
tors, and human umbilical cord vascular endothelial cells®”
have given rise to greatly improved primary hepatocyte
cultures and are becoming more commonplace in the
pharmaceutical industry.

3. Humanized mouse livers. Transplantation of human
hepatocytes into mice constitutes a system that recapi-
tulates many features of the human liver. A major
advantage is the ability to produce engrafted human liver
tissue that is appropriately vascularized and contains the
major cell types present in the human liver.>°:108
Moreover, pharmacokinetic studies can be carried out
with a dose-response regimen that mimics the treatment
protocol in patients and apparent hepatic injury can be
monitored over several months, though interim tissue
harvesting would be necessary in most cases to assess
the state of the graft. Both the immune-compromised
FAH and the ALB-HSV-TK mouse models permit the
ablation of the host liver in a timed and controlled fashion
during which the host liver can be replaced by the human
implant.>%-1%8 While in the FAH mouse dietary constraints
are required for maintenance of the host liver, in the ALB-
HSV-TK mouse, the hepatocytes are ablated in a tissue
specific fashion through uptake of dietary gancyclovir
where the albumin promoter ensures tissue specific
expression of HSV-TK. In addition, these liver replace-
ment models have the advantage that the iDILI-causing
drug is not metabolized primarily by the mouse liver,
which might result in a greatly attenuated response in the
human graft. A particularly attractive variation may be
the combination of liver organoid grafts and either the
FAH or the ALB-HSV-TK mouse as hosts.

Conclusions

In this review article, we have discussed existing knowledge
about iDILI, stem cell approaches to find iDILI genes and to
study iDILI mechanisms, and also provided a discussion of
current applications and future directions for this field of
research. Conventional human genetic approaches are unli-
kely to yield a comprehensive set of iDILI-associated poly-
morphisms. New approaches using pluripotent stem cells
(especially hiPSCs) promise to provide an expedient way to
find new iDILI mutations and to offer a way to study iDILI
mechanisms in vitro. Finally, future uses of hiPSCs from iDILI
patients were discussed, including the use of iHLCs to study
epigenetic contributions to iDILI, and xenobiotic-induced
sensitivity for iDILI.
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