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Abstract: Drug-induced liver injury (DILI) is the major reason for failures in drug development
and withdrawal of approved drugs from the market. Two-dimensional cultures of hepatocytes
often fail to reliably predict DILI: hepatoma cell lines such as HepG2 do not reflect important
primary-like hepatic properties and primary human hepatocytes (pHHs) dedifferentiate quickly
in vitro and are, therefore, not suitable for long-term toxicity studies. More predictive liver in vitro
models are urgently required in drug development and compound safety evaluation. This review
discusses available human hepatic cell types for in vitro toxicology analysis and their usage in
established and emerging three-dimensional (3D) culture systems. Generally, 3D cultures maintain or
improve primary hepatic functions (including expression of drug-metabolizing enzymes) of different
liver cells for several weeks of culture, thus allowing long-term and repeated-dose toxicity studies.
Spheroid cultures of pHHs have been comprehensively tested, but also other cell types such as
HepaRG benefit from 3D culture systems. Emerging 3D culture techniques include usage of induced
pluripotent stem-cell-derived hepatocytes and primary-like upcyte cells, as well as advanced culture
techniques such as microfluidic liver-on-a-chip models. In-depth characterization of existing and
emerging 3D hepatocyte technologies is indispensable for successful implementation of such systems
in toxicological analysis.

Keywords: hepatocytes; HepG2; HepaRG; upcyte hepatocytes; 3D culture systems; primary hepatic
function; toxicology; spheroids; perfused bioreactors; liver-on-a-chip

1. Introduction

Any organotypic in vitro model becomes obsolete if it does not represent the unique
characteristics of the tissue of origin in the focus of the research. In the field of toxicological
studies on liver cells, it is a prerequisite that hepatocytes cultured in vitro display features of
their in vivo counterparts. This is a major challenge, as primary hepatocytes dedifferentiate
very quickly after isolation and culture. The downregulation of hepatic properties already
begins within 30 min of classical monolayer (two-dimensional; 2D) culture; within hours,
crucial features such as the expression of albumin and cytochrome P450 (CYP) enzymes are
almost lost, and typical hepatic morphology is deteriorated from day 2-3 onward. It has
been shown that these dramatic changes are linked to an altered expression of miRNAs
that downregulate those genes of interest and that also rearrange the lipid metabolism [1,2].
Primary human hepatocytes (pHHs), thus, only provide the possibility of short-term (acute)
toxicological analysis. Other methods, cells and/or culture conditions must be used for
standardized long-term (chronic) in vitro research on the effects of toxic compounds.

Such long-term analyses of potentially liver-toxic substances are however indispens-
able in drug development. Drug-induced liver injury (DILI) is the major reason for fail-
ure of drug development as well as for drug withdrawal from the market after initial
approval [3,4]. In addition, 13% of acute liver failures and about 15% of all liver trans-
plantations are caused by DILI [5,6]. Since 1990, 14 compounds were withdrawn from the
market due to hepatic toxicities [7]. This number might seem small at first glance, but
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the economic damage and patients’ suffering behind the number are immense. Therefore,
toxicity profiles of newly developed compounds must be detected as early as possible in
preclinical, i.e., before first-in-men, trials. Further, it is also well known that animal models
do not accurately reflect the human situation, as the expression of genes involved in drug
absorption, distribution, metabolism, and excretion (ADME) differs considerably between
species [8].

Thus, there is an urgent need for reliable, stable, and reproducible in vitro models
that reflect physiological characteristics of the human liver for drug development and
especially toxicity studies. This review will give an overview of different human hepatic
cell systems and how they perform in established and emerging three-dimensional (3D)
culture techniques. Three-dimensional culture techniques of hepatocytes generally aim
to maintain and/or improve primary hepatic properties and, therefore, provide not only
well-accepted, but also promising tools for application in toxicology analyses.

2. Human Hepatocyte In Vitro Models

Three-dimensional culture systems for human hepatocytes have become a valuable
tool to study toxicity profiles of newly developed drugs. For example, spheroid cultures
have been well known for decades, while other techniques have just recently developed.
Apart from the different 3D culture techniques, it is also crucial to choose an appropriate
cellular model and medium composition. With the intention to perform toxicity studies on
such hepatic cells, it is important that they reflect the phenotype of the human liver in vivo.
Among others, the following features of hepatocytes are of special interest:

Albumin synthesis, urea production, and glycogen storage
Expression of phase I enzymes involved in drug metabolism (CYP1A2, CYP2B6,
CYP2C9, CYP2C19, CYP2D6, CYP3A4)

e  Expression of phase Il enzymes such as UDP-glucuronyl transferases (UGTs),
glutathione-S-transferases (GSTs) or sulfotransferases (SULTS)

e  Cellular polarization marked by the expression of F-actin and transporter molecules
(also referred to as phase III) such as MRP2, Pgp, BSEP, OCT1, or OATP1

Hepatic drug metabolism by phase I, I and III enzymes is depicted in Figure 1. Phase
I enzymes are responsible for functionalization of compounds, while phase II enzymes
perform conjugation reactions. During these metabolic changes, the water solubility of
the drug increases. This allows drug clearance via the biliary or urinary excretion paths
after metabolite export from hepatic cells via phase III transporters to the blood or bile. All
these molecules, and especially members of phase III, might be involved in drug resistance.
Consequently, particularly in long-term or repeated-dose hepatotoxicity studies, it might be
of interest to also observe changes in such markers of hepatic drug resistance. For example,
it was shown that hepatocytes become resistant to acetaminophen via increased expression
of MRP3 and MRP4 transporters [9].

Besides the difficulty of choosing a suitable cellular model, it is also crucial to select
the appropriate culture medium. Many vendors offer cell media that are designed to
maintain or to improve hepatic properties of primary or other hepatic cells. However,
those commercially available media often do not disclose all ingredients. This incomplete
information makes it difficult to correctly interpret the results. The same holds true when
serum-supplemented medium is used. Serum might improve viability and performance
of the cells, but information is missing regarding its constitution. Therefore, the use of
chemically-defined culture medium without serum should be recommended for toxicology
analyses on hepatocytes.

The following sections discuss characteristics, as well as advantages and disadvan-
tages of available liver cell models when they are cultured in standard monolayer format.
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Figure 1. Overview of hepatic drug metabolism and excretion via phase I, phase II and phase III reactions.

2.1. Primary Human Hepatocytes

Freshly isolated or cryopreserved primary human hepatocytes (pHHs) are regarded as
gold standard for toxicity analyses as they reflect the properties and functions of liver cells
in vivo. Their major drawback is the above-mentioned, fast dedifferentiation occurring
as soon as they are cultured in vitro in 2D [2]. Their lack of proliferation competency
adds another difficulty, as the limited availability of cells from the same donor might not
allow for repeated experiments or for the choice of larger experimental setups. PHHSs
can be obtained commercially or via collaborations with university clinics or hospitals. It
is the nature of pHHs to be highly donor specific, as genetic setups might vary greatly
between individuals [10,11]. This can be regarded as disadvantage, as standardization is
almost impossible with such high interindividual differences. On the other hand, these
variabilities allow us to perform analyses on cells with different genetic background and
on polymorphisms, which are of special interest in detecting DILI.

2.2. HepG2 Cells

Established cell lines such as HepG2 are commonly used for toxicological studies
as they are easy to handle, limitless available and cheap in maintenance. Further, a
huge number of studies is available on those cells which makes it easy to compare new
results to existing data. HepG2 cells were derived from a hepatoblastoma of a 15-year-
old Caucasian male [12,13]. Despite their cancerous origin, HepG2 cells retained some
primary characteristics, including the capacity of albumin synthesis [14] and glycogen
storage [15]. However, they display only an extremely low to even absent expression of
drug-metabolizing phase I (except CYP2B6) and phase II enzymes, which renders them a
questionable tool for ADME studies [16,17]. To overcome this limitation, HepG2 cells have
been genetically modified to stably overexpress one or more CYP enzymes [18-22]. This
turns them into an adequate tool for studying the involvement of the respective CYP(s) in
liver toxicity.

2.3. HepaRG Cells

In recent years, the HepaRG cell line [23] has gained increasing interest. The cell line
was derived from a liver tumor but displays hepatocyte-like features after a differentiation
procedure. HepaRG cells show activities of several phase I and phase II biotransformation
enzymes, even in the range of freshly isolated pHHSs [16,24,25]. As other tumor cell lines,
HepaRG is easy to handle, and allows for long-term culture and repeated-dose experi-
ments [26]. Apart from the fact that HepaRG are tumor cells, they have the disadvantages
that they need a complex and time-consuming differentiation procedure and that they rep-
resent only one single donor. This is common to all cell lines, but the donor of HepaRG was
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a poor metabolizer for CYP2D6, CYP3AS5, and to a lesser extent also for CYP2C9 [23,27,28].
CYP2D6 metabolizes about 30% of all drugs on the market and is thus the second most
important CYP in drug metabolism after CYP3A4 [29].

2.4. iPSC-Derived Hepatocytes

Induced pluripotent stem cells (iPSCs) can be generated from any human cell type
and then be differentiated into hepatocytes. This allows researchers to obtain material from
patients or healthy donors without the need of a liver biopsy. Cellular material can be
obtained from individuals with particular phenotypes or genotypes that might be of special
interest to study DILI [30,31]. So far, many attempts have been made to generate functional
adult human hepatocytes from iPSCs, but the data indicate that hepatocytes derived from
iPSCs (iPSC-heps) show a more fetal-like state instead of displaying mature adult liver cell
functions [32-37]. However, iPSC-derived hepatocytes are capable of albumin synthesis,
glycogen storage and CYP expression and they resemble adult primary hepatocytes more
closely than different hepatoma cell lines including HepG2 [38]. A recent study reported
a more mature phenotype of iPSC-derived hepatocytes. In this study, albumin synthesis
capacity and expression of several drug-metabolizing phase I and phase Il enzymes reached
similar levels than pHHSs [39]. Further research on differentiation and culture conditions
might lead to a stable mature phenotype of those cells, but as of yet, iPSC-heps should not
be the first choice for toxicological analyses.

2.5. Upcyte Hepatocytes/Primary-Like Hepatocytes

The upcyte technology uses lentiviral transfer of proliferation inducing genes into pri-
mary human hepatocytes. This extends the lifespan of pHHs to up-to 30 cell-doubling times
upon the maintenance of major primary characteristics [40—43]. Development of the tech-
nique, the so called second-generation upcyte technology, led to further improvement in
those hepatocytes regarding the maintenance of polarity, expression of drug-metabolizing
enzymes as well as their suitability for drug interaction studies [44,45]. Therefore, these
primary-like cells combine the advantages of primary liver cells with the ease of use and
extended availability of cell lines. These cells represent a proliferating liver cell system
that can be propagated in vitro to achieve high cell numbers for large experimental se-
tups or repetition of experiments with cells from the same donor. However, the cells are
contact-inhibited and do not further proliferate when seeded at high-density; therefore,
they resemble quiescent cells, such as it is the case in the liver in vivo. A direct compari-
son of gene expression profiles showed that upcyte hepatocytes more closely resembled
pHHs than HepG2 cells [46]. Capability of albumin synthesis, urea secretion and glycogen
storage were similar to pHHs, while activity of CYP enzymes strongly depended on donor
characteristics. CYP1A2 and CYP2C19 activity could not be detected in any of three donors
studied and activities of CYP2C9, CYP2D6 and UGT2B7 were lower in upcyte hepato-
cytes than in pHHs. However, CYP2B6, CYP3A4 and UGT1A1 enzyme activities were
comparable or even higher in upcyte cells [46].

Others have described an alternative method to keep pHHs in culture for an extended
time period. One group describes a protocol to convert pHHs into liver progenitor-like cells
that can be expanded for many passages in vitro. The expanded cells can be converted back
into mature hepatocytes at any desired time-point using specialized hepatocyte maturation
media [47]. Others keep pHHs proliferating by using a complex medium composition and
hypoxic conditions [48].

As the iPSC technology, those methods create the possibility of using material from
different (healthy) donors, but with the advantage of generating cells with a mature
liver phenotype.

2.6. Summary of Human Liver In Vitro Models

Obviously, pHHs are the most relevant model to study the human liver in vitro. In
recent years, HepaRG cells have become a widely used substitute for pHHs with properties
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that closely resemble pHHs. Upcyte and other primary-like hepatocytes might become of
interest for toxicological analyses since they also display mature hepatic features and have
the advantage that they can be generated from different donors. HepG2 cells are widely
used, but as hepatoblastoma cell line, they lack many hepatic properties. Hepatocytes
differentiated from iPSCs still show only fetal-like hepatic characteristics and functions
but might become more valuable for hepatotoxic assay if the maturation protocols are
optimized. Table 1 summarizes the main features of the described hepatic cell types.

Table 1. Main characteristics of human in vitro hepatocyte models in conventional 2D culture: a qualitative assessment.

pHHs HepG2 HepaRG iPSC-heps Upcytes

Availability + +++ +++ ++ ++

Low costs - +++ + - +

Ease of use ++ +++ +1 +1 ++
Proliferation/lifespan - +++ +++ +++ ++ 2
Albumin synthesis +++ + ++ + +++
Urea production +++ + - + +++
Glycogen storage +++ +++ +++ +++ +++

Phase I enzyme expression +++ - ++43 +4 ++

Phase I enzyme expression +++ - +++ +4 ++

! Differentiation procedure required; % Limited lifespan, not immortalized; 3 Poor metabolizer for CYP2D6; * More fetal-like than adult
expression patterns. pHHs: primary human hepatocytes; iPSC-heps: induced pluripotent stem-cell-derived hepatocytes; upcytes: upcyte
or primary-like hepatocytes. Qualitative assessment: (-): absent; (+): low/poor; (++): intermediate/moderate; (+++): high/good.

3. Three-Dimensional Culture Models for Human Hepatocytes

All the above-mentioned cell types have been used in different types of 3D culture.
3D cultivation more closely mimics the human liver and, indeed, many hepatic functions
and properties could be restored or improved upon 3D culture. The reason for this seems
to be improved cell-cell- as well as cell-matrix-communication. Cell junctions between
hepatocytes improve their functionality and it has been shown, for example, that albumin
secretion and importantly also CYP expression rely on adherence junctions. Further,
hepatic homeostasis is also maintained by cell-extracellular matrix interactions via integrin
signaling pathways (reviewed in [49]). The following sections will discuss well-established
and emerging 3D culture systems for human hepatocytes. Efforts in the field are being
made to generate stable and reliable test systems for toxicology analyses of liver cells with
the aim of creating an environment for the cells that allows researchers to mimic the human
liver in vitro.

3.1. Liver Spheroid and Organoid Culture

Spheroids are formed by self-aggregation of hepatocytes when cultured in suspension
without any substrates that promote cell attachment, such as collagen I. This can be achieved
by the hanging drops method or by using ultra-low attachment (ULA) multiwell plates. As
the starting cell number can be defined, those spheroids usually have equal sizes, which
is a feature of importance for standardized measurements. Further, they can be kept in
culture for several days to weeks. Spheroids can also be formed in stirred tank bioreactors.
This method allows us to generate spheroids on a large scale, but sizes may vary greatly,
which makes it difficult to compare and to reproduce data. Further, single spheroids must
be isolated from the stirred tank bioreactor to perform individual experiments as spheroids
are generated in a single reaction tank. Due to these reasons, the hanging drops or ULA
method are the preferred ones for toxicological analyses and, if not otherwise stated, results
described below refer to spheroids generated by those two methods.
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Recent advances were also made for liver organoid cultures. Such organoids derive
from adult liver cells or iPSCs, are more difficult to create and need a scaffold of extracellular
matrix (often supplemented with growth factors and cytokines) for aggregation. In contrast
to conventional spheroids, mature organoids consist of different cell types including also
non-parenchymal cells (NPCs) or biliary epithelial cells.

3.1.1. Spheroids from Primary Human Hepatocytes

Many attempts were made to use pHHs in 3D culture with the aim to maintain and
to prolong their viability and to prevent dedifferentiation. PHH spheroids were viable
for at least 2 and up to 7 weeks with stable albumin production [50-54], urea synthe-
sis [51,52] and glycogen storage [54]. Additionally, cellular polarization was clearly present
in pHH spheroids as shown by MRP2 [51,53], P-glycoprotein (Pgp), [54], and BSEP expres-
sion [53,54]. Drug-metabolizing enzyme expression and activity of CYP1A2 [53,55-57],
CYP2B6 [55], CYP2C9 [55], CYP2C19 [58], CYP2D6 [53,55,57], CYP3A4 [50,53,55-59], and
UGTs [56,59] was stable over several weeks of pHH spheroid culture. CYP2C9 activity
even increased with culture time [53,55,56,58], while CYP2C8 [53,56], and in some cases
also CYP1A2, CYP2B6, CYP2D6 and CYP3A4 [55,58] activities decreased with time. In
general, maintenance of their initial hepatic transcriptomic and metabolomic profiles was
possible for at least 2-5 weeks [51,53,59,60], which allowed long-term and repeated-dose
toxicity testing. EC50 values for acetaminophen, bosentan, diclofenac, troglitazone, and
other hepatotoxic compounds significantly decreased upon long-term treatment [53,60]
and were closer to the corresponding in vivo Cnax than acute toxicity EC50 values [53,59].
Importantly, liver spheroids cultured in chemically-defined medium reached 100% speci-
ficity and 69% sensitivity when 123 hepatotoxic compounds were tested. The model system
could reliably distinguish between hepatotoxic substances and their nontoxic structural
analogues [61]. The authors used a repeated-dose approach for 14 days and an easy-to-
handle ATP assay as readout. Such comprehensive studies corroborate the utility of pHH
spheroids in drug development, toxicity testing and DILI prediction. Further, those studies
used panels of drugs with different toxicity mechanisms, including mitochondrial dysfunc-
tion, steatosis, cholestasis, and fibrosis. This implies that spheroid cultures of pHHSs can be
used to study different mechanisms of drug induced hepatotoxicity [53,59-63].

Spheroids can also be formed by using pHHs together with non-parenchymal cells
(NPCs). This approach intends to further improve hepatic characteristics. Those spheroids,
often called microtissues, displayed pronounced glycogen storage and albumin synthesis
capabilities as well as expression of CYP1A2, CYP2C9 and CYP3A4. Maintenance of cell
polarity could be shown by MRP2 and BSEP expression [64—66]. Viability of the spheroids
could be maintained for up to 7 weeks in one of the studies, but albumin secretion declined
from day 28 on. Interestingly, CYP1A1/2, CYP2C9 and CYP3A4/5 transcript levels were
higher in those microtissues than in clinical liver specimens or pHHs upon long-term cul-
ture [65,66]. However, on protein level, only CYP2B6 and UGT1A1 levels remained stable
for 7 weeks of culture. Other CYP and phase II enzyme protein levels dropped already at
day 7 of culture. Additionally, a decline of CYP1A2, CYP2B6, CYP2C9 and CYP2C19 activi-
ties could be observed after 4 weeks in culture, which is in accordance with the reduction
in albumin production at this time-point [66]. Others directly compared hepatic spheroids
in monoculture and in co-culture with NPCs over a culture time of 14 days. Spheroid
functionality was increased in the co-culture setup as shown by expression of albumin
(ALB) and CYP3A4, as well as by albumin synthesis [67]. A contradictory study, however,
showed that ALB and CYP1A2 and CYP3A4 expression was higher in hepatocyte-only
spheroids than in NPC-containing spheroids [68]. Thus, it remains to be shown whether
co-culture with NPCs really adds a benefit to pHH spheroid culture.

Other studies used such 3D human liver microtissues for comprehensive toxicology
analyses and tested a panel of 100 and 110 hepatotoxic compounds, respectively. Results
were directly compared with 2D pHH cultures. It must be noted that spheroids were treated
for 7 and 14 days, while monolayer cultures were treated for 24 and 72 h, respectively.
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Overall, specificity of spheroids for detection of hepatotoxic substances was high (79-85%),
and sensitivity was moderate (19-61%) indicating that also NPC containing spheroid
cultures of pHHs are suitable for hepatotoxicity risk assessment in drug development
processes and for the study of toxicity mechanisms [69,70].

Further improvement of spheroid co-cultures might be achieved by using bioprint-
ing techniques. Here, spheroids are formed by bioprinting pHHSs together with non-
parenchymal cells such as endothelial and stellate cells on transwell culture inserts of
multi-well plates [71]. Upon this culture system, albumin synthesis and glycogen storage
capacity could be sustained, and albumin secretion even increased over the culture period
of 4 weeks. Expression levels of CYP1A2, CYP2B6, CYP2C9, CYP2D6 and CYP3A4 also
increased significantly over time, with a peak at day 14 followed by a slight decrease at
day 28. In addition, EC50 values for trovafloxacin were lower in those so-called 3D liver
tissues than in corresponding 2D pHH cultures [71]. Bioprinting methods are emerging
technologies, are often expensive and difficult in handling. Further studies are required to
provide easy-to-use and reproducible protocols and to prove the utility of the method for
toxicology analyses.

Primary liver characteristics could also be maintained when spheroids were generated
in a stirred tank bioreactor. The authors described stable urea and albumin synthesis as well
as stable expression of phase I enzymes (CYP1A2, CYP2C9, CYP3A4), the phase Il enzymes
GSTA1 and UGT2B7 and the polarization marker F-actin [72]. Gene expression of CYP1A?2,
CYP2C9 and CYP3A4 could be further improved in stirred tank bioreactors by adding an
outer layer of bone marrow-derived mesenchymal stem cells to the liver spheroids, while
albumin and urea production remained unaffected with this strategy [73]. The greatest
disadvantage of spheroids in stirred tank bioreactors is the single reaction vessel. Spheroids
generated by this method a) vary greatly in size and b) need to be separated and transferred
to other culture vessels for toxicology testing. Therefore, this method is not suitable for
high-throughput analyses and spheroids generated by the hanging drops or ULA method
should be preferred.

3.1.2. Spheroids from HepG2 Cells

Many groups use hepatoma cell lines as HepG2 for spheroid culture due to their ease
of use and low cost. It could be shown that culture in this 3D format indeed improves
hepatic properties at several levels.

Albumin synthesis [74-78] and urea production [76] were elevated when HepG2 cells
were cultured as spheroids and compared to their 2D cultured counterparts. However, one
study showed a contradictory result: albumin secretion levels were significantly higher
in 2D than in 3D spheroid cultures [79]. Gene expression of drug-metabolizing enzymes
such as CYP1A1/2 [74,75,78,80], CYP3A4 [74,75,80] and UGT1A1 [74,75] could be increased
upon 3D spheroid culture. Importantly, in addition, cellular polarization could be restored.
This was shown by positive MRP2 and Pgp staining as well as by functional transporter
assays indicating presence of canalicular-like structures [76].

Co-culture of HepG2 cells with endothelial cells and application of a cell coating
technique resulted in elevated albumin synthesis, MRP2 expression and CYP enzyme
activities [81]. Similarly, HepG2 cells cultured together with endothelial and mesenchymal
cells as tubular 3D liver microtissues had higher expression levels of drug-metabolizing
enzymes than 2D cultured counterparts [82].

Additionally, bioprinted 3D HepG2 spheroids showed stable albumin and urea synthe-
sis for at least 7 days [83,84]. Such bioprinted HepG2 spheroids displayed higher CYP1A2
gene expression and higher sensitivity towards acetaminophen than 2D cultured HepG2
cells [84]. Bioprinting HepG2 cells together with fibroblasts resulted in elevated albumin
production [85].

Cell lines as HepG2 are by nature very well suited for high-throughput screens,
which is desirable for any toxicological test system. Indeed, HepG2 cells cultured in 3D
spheroids were more susceptible to hepatotoxic compounds and showed considerably
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lower EC50 values for many different drugs than 2D cultured HepG2 cells [76]. However,
other studies have shown that HepG2 spheroids were more resistant to hepatotoxins than
their 2D counterparts, both in acute toxicity and repeated-dose toxicity experiments [86].
Furthermore, they were still considerably less sensitive to hepatotoxic compounds than
3D cultured pHHs. This might be explained by the low expression of CYP and other
drug-metabolizing enzymes. As their basal expression is very low to absent in HepG2 cells,
also an increase in expression levels upon spheroid culture might not lead to sufficiently
elevated enzyme activities. Therefore, the value of such cells for drug development and
DILI prediction is questionable.

3.1.3. Spheroids from HepaRG Cells

HepaRG cells also benefit from spheroid culture conditions. They displayed improved
albumin synthesis capacity upon culture as spheroids in hanging droplets and when
compared to HepaRG monolayer culture. Those HepaRG spheroids needed several days
for maturation. Albumin synthesis was elevated at day 6 of spheroid culture, and mRNA
levels of CYP1A2, CYP2B6 and CYP3A4 first dropped, then slightly increased at day 4
and were elevated 1.2-3 -fold at day 7 when compared to day 0 [77]. Additionally, others
have shown that HepaRG spheroids (self-aggregated or bioprinted) could be cultured over
several weeks and that those cultures maintained several hepatic properties: HepaRG
spheroids were capable of (a) albumin [87-91] and urea [87,90] production, (b) displayed
expression and activity of CYP1A2 [88,89], CYP2B6 [89] and CYP3A4 [86,88-90,92], (c)
showed phase II enzyme activity [89,91], and (d) displayed cellular polarization shown
by MRP2 [87,88,90] and Pgp [91] expression, and by F-actin bands, indicative of bile
canalicular structures [89,91,92]. Regarding expression and activity of phase I enzymes,
however, several studies have shown that basal levels in spheroids were unaffected, in part
even slightly lower than in monolayer cultures. This might be explained by the relatively
high basal expression of several CYP enzymes in HepaRG cells. However, the authors
of those studies have deemed it necessary to elevate expression and activity of CYPs by
induction using 3-naphthoflavone (for CYP1A?2), phenobarbital (for CYP2B6) or rifampicin
(for CYP2C9 and CYP3A4) to reach more relevant levels [87,89,91,93].

Importantly, and in accordance with the presence of hepatic characteristics, HepaRG
spheroids were also more sensitive to hepatotoxic compounds than monolayer cultures.
This was shown by smaller EC50 values in a range of substances including acetaminophen,
tamoxifen, and aflatoxin B1 [86,88,90,91,94]. Interestingly, a recent study showed in a
high-throughput 384-well format that HepG2 spheroids were more sensitive to hepatotoxic
compounds than HepaRG spheroids. When 150 compounds were tested, HepG2 spheroids
displayed a sensitivity of 58% and a specificity of 83%, while HepaRG spheroids showed
sensitivity of 47% and specificity of 86% [95]. Static HepaRG spheroid cultures could
also be combined with lactate and oxygen microsensors. This allowed live, long-term,
and fast measurement of the cellular metabolic activity. This test system was validated
using antimycin A and bosentan as test substances, and lactate production increased or
decreased accordingly [96]. Further, it was shown that HepaRG spheroids were able to
predict steatosis and mitochondrial dysfunction, while cholestasis could only be predicted
in 2D culture models in this work [88]. Another study presented spheroid models to study
cholestatic liability of compounds and showed that HepaRG spheroids as well as pHH
spheroids were both able to reliably predict cholestasis [62]. A model to detect liver fibrosis
could be generated by co-culturing HepaRG cells and hepatic stellate cells in spheroid
cultures [97]. Those studies imply that HepaRG cells are well suited to study different
types of hepatotoxicity.

Culture of HepaRG as 3D spheroids indeed seems a promising system to main-
tain primary hepatic properties. However, some studies found that expression of drug-
metabolizing enzymes needed to be elevated by prototypic CYP inducers. This, together
with the required time-consuming differentiation procedure, renders the system somewhat
complicated for toxicity testing. In summary, however, HepaRG cells constitute a more
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reliable test system than HepG2 cells, especially regarding their drug-metabolizing enzyme
expression, and more closely resemble pHHs than other cell lines of cancerous origin.

3.1.4. Spheroids from iPSC-Derived Hepatocytes

Studies on spheroid cultures of iPSC-heps for toxicity testing are still rare. It was
shown that hepatic properties improved upon 3D culture of those liver cells, but they
still maintained a more fetal-like phenotype, and adult marker genes (including CYP1A?2,
CYP2C9, CYP3A4 and ALB) were only expressed at low levels [98-100]. For example, albu-
min production was not significantly increased when iPSC-heps were cultured as spheroids
instead of 2D monolayers. However, an increase in urea production could be observed
at least at day 12 of spheroid culture [99]. In contrast, others have shown that spheroids
of iPSC-heps were capable of albumin production, urea synthesis, glycogen storage and
gene expression of drug-metabolizing enzymes (CYP1A2, CYP2C9, CYP2C19, CYP2D6,
CYP3A4, UGT2B7). However, again, levels remained far below those of pHHs [101]. A
very recent study compared 2D and 3D cultured iPSC-heps with pHHSs cultured in 2D
and 3D spheroids. Basal activities of CYP1A2, CYP2B6 and CYP3A4, as well as canaliculi
formation, were similar in all culture systems, but CYPs could be induced successfully only
in pHH cultures, which is an important feature of functional human hepatocytes [102].

Bioprinted 3D spheroids of iPSC-heps displayed higher albumin and urea synthesis
as well as CYP1IA2 and CYP3A4 expression than their 2D cultured counterparts [103].
Co-culturing of iPSC-hep spheroids with endothelial cells seems to improve maturity of
the cells as shown by albumin and urea secretion and CYP enzyme activities [104].

Interestingly, iPSC-hep spheroids were more sensitive to a set of 24 hepatotoxic com-
pounds than HepG2 spheroids in one study [100], while another study showed opposite
results for 10 out of 23 tested compounds [105]. When compared to pHH spheroids, IC50
values of iPSC-hep spheroids were similar in 12/15 tested hepatotoxic compounds [101].
In another study, the authors tested a set of seven hepatotoxic compounds and found that
pHHs generally displayed higher sensitivity [102].

Hepatic differentiation of iPSCs is a promising approach for modelling the human
liver in vivo. To date, however, those hepatocytes have a more fetal-like than mature
phenotype and efforts must be made to optimize the differentiation procedure towards
adult characteristics. Three-dimensional cultures seem to add only little towards this goal,
and contradictory data on utility for toxicological analyses render this system, still, an
immature technology for such applications.

3.1.5. Spheroids from Upcyte and Primary-Like Hepatocytes

Data for spheroid culture of upcyte or other primary-like hepatocytes are even scarcer
than those for iPSC-heps. Despite their characteristics seem to make them a promising tool
for in vitro toxicology testing, they might be still rather unknown in the community. One
study compared gene expression of drug-metabolizing enzymes in 2D and 3D spheroid
cultures of upcyte hepatocytes. The results indicate that expression levels of CYP2C19,
CYP3A4, MRP2 and OATP-C in spheroids were slightly higher than in 2D cultures, while
CYP2C8 and BSEP expression was reduced in 3D cultures [41]. A second study used
spheroids of primary-like hepatocytes generated from proliferation-competent liver pro-
genitor cells. Those spheroids showed elevated ALB and CYP1A2, CYP2D6, CYP3A4,
UGT1A1 and MRP2 expression, albumin and urea synthesis as well as glycogen storage.
However, these levels did not reach those of pHHs. Gene-expression profiling showed that
spheroids of primary-like hepatocytes clustered with pHHs and differentiated HepaRG
cells, but not with HepG2 cells, indeed indicating a mature phenotype [106]. And a third
study showed that spheroids of so called ProliHHs were comparable to pHHs regarding
albumin expression and secretion, but expression and activity levels of CYP1A2, CYP2B6
and CYP3A4, as well as BSEP and MRP2 expression levels were considerably lower than
in pHHs [48].
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Future works need to characterize spheroids of such primary-like cells thoroughly,
and especially show their utility for toxicology analyses.

3.1.6. Organoids from Human Primary and iPSC-Derived Hepatocytes

It was shown that organoids from adult liver cells were capable of albumin secretion,
glycogen storage, and CYP expression and activity. Their gene expression profiles were
highly similar to those of pHHs. Further, organoids from adult liver cells can be cultured
for up to 2.5 months [107-109]. Organoid cultures of iPSC-heps also resulted in improved
hepatic properties with stable albumin, CYP3A4 and BSEP expression, but levels were
considerably higher in pHHs. However, a functional bile canaliculi network could be
successfully established [110,111]. Co-culture of organoids from iPSC-heps with endothelial
cells seems to improve hepatic functions [112].

Liver organoids are an emerging technology and, as yet, no data are available on their
suitability for toxicological testing.

3.2. Perfused Bioreactors and Liver-on-a-Chip Models

In this section, 3D culture systems of different hepatic cell systems in perfused biore-
actors will be discussed. Perfused bioreactors comprise hollow-fiber bioreactors, but also
more sophisticated microfluidic bioreactors, often referred to as organ- (or liver-) on-a-chip
models.

Hollow-fiber bioreactors consist of tubular modules where cells are immobilized.
Those tubules contain capillaries that are perfused with medium and gases, mimicking
capillary blood flow. However, such bioreactors require high volumes of culture medium
(around 800 mL) as well as a high starting number of cells (around 1010 cells or more)
for seeding [113,114]. These features are not compatible with high-throughput screening
for toxicological analyses. Small scale perfused bioreactors also require much higher
cell numbers than assays in multi-well formats. However, hollow-fiber bioreactors are a
valuable tool for the long-term culture of hepatocytes with maintenance of their primary
characteristics and functions.

Organ-on-a-chip systems for liver cells are miniaturized perfused bioreactors that
usually consist of liver cells embedded in an extracellular matrix and sometimes are also
co-cultured with Kupffer, stellate and/or endothelial cells. Culture medium perfusion
not only mimics blood flow, but also shear stress and a gradient of oxygen and nutrient
supply as it can be observed along the lobular axis in the human liver [115]. Some of those
liver-on-a-chip systems even provide the possibility of automated microscopy for live cell
imaging [116-119]. Such technical advances pave the way for high-throughput screens
with those devices, despite they are still difficult to handle and expensive.

3.2.1. Perfused Bioreactors with Primary Human Hepatocytes

As with spheroid cultures, embedding cells in the 3D environment of a perfused
bioreactor has beneficial effects on primary hepatic properties. PHHs could be cultured
in hollow-fiber bioreactors for up to 3 weeks and urea and albumin production remained
stable from day 5-7 onward, after an initial drop of about 50% [113]. Attempts of down-
scaling the hollow-fiber bioreactor format were made to make the technique more suitable
for studying hepatotoxic effects of newly developed compounds. This resulted in a culture
medium reduction to 8 mL or 2 mL without further downregulation of albumin [120,121]
and urea synthesis, and also MRP2 and Pgp expression were sustained [121]. Unfortunately,
expression and activity of several drug-metabolizing CYP enzymes decreased over the time
of culture [120]. Other studies on miniaturized hollow-fiber bioreactors showed that albu-
min and urea production as well as CYP1A2 and CYP3A4 activities were stable for at least
10 days. Activities of CYP2B6, CYP2C9 and CYP2D6 decreased over the time course [122].
In summary, data do not indicate that pHHs should be cultured in hollow-fiber bioreactors
for toxicological analyses.
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A further step towards miniaturization was achieved by the development of several
human liver microphysiology systems. Those liver-on-a-chip models have the great ad-
vantage of mimicking liver zonation and thus creating the possibility to better recapitulate
the physiology and function of the human liver in vitro. Oxygen concentration gradients
ranged from 3-13% in such models and cells close to the perfusion (recapitulating the
oxygen-rich periportal zone) displayed higher levels of albumin and urea synthesis than
cells in the oxygen-poor region (recapitulating the central vein region) [115]. In contrast,
CYP expression and acetaminophen toxicity was higher in the oxygen-poor region [115].
CYP2D6, CYP2C19 and CYP3A4 activities were stable for at least 10 days of culture on
chips, while CYP1A2 activity slightly decreased over this time period. Interestingly, no
difference could be observed between liver spheroid and liver-chip cultures when sen-
sitivity to acetaminophen and fialuridine as well as CYP activity profiles were directly
compared [58].

Upon co-culture with NPCs under microfluidic conditions, pHHs retained albu-
min [123,124] and urea [124] secretion and polarization as shown by BSEP expression and
MRP2 activity [123,125]. CYP1A2, MRP1 and UGT1Ab5 levels were similar to those of freshly
isolated pHHSs [125]. Interestingly, shear stress seems to have a positive impact on hepatic
functions as albumin secretion and CYP1A2 and CYP2D6 activities were higher than under
static conditions [124]. Further, the co-culture system could recapitulate toxicities of several
hepatotoxic compounds [123].

Even if hepatic properties more closely reflect the in vivo situation when microfluidic
systems are used, so far, they seem not to perform better in toxicological analyses than
spheroid cultures of pHHSs. Future studies in the field will show whether such emerging
technologies are of use in drug development processes and DILI prediction studies.

3.2.2. Perfused Bioreactors with HepG2 Cells

Interesting approaches combine different 3D culture systems of HepG2 cells. Often,
HepG2 spheroids, in the first instance, are generated to improve their hepatic characteristics.
Those spheroids are then used either for bioprinting or for direct culture in liver-on-a-chip
devices under microfluidic conditions. For example, HepG2 spheroids were embedded in a
hydrogel scaffold and then bioprinted on a liver-on-a-chip device. Those spheroids further
grew for 30 days under microfluidic conditions, maintained biomarker expression and,
importantly, recapitulated toxicity of acetaminophen [126]. Further, HepG2 spheroids were
cultured in a microfluidic device mimicking shear stress and an oxygen gradient similar to
the in vivo situation. Those spheroids showed high levels of albumin and urea synthesis
as well as MRP2 expression. Additionally, expression levels of most drug-metabolizing,
phase I and phase II enzymes were at least 20-fold higher than in 2D cultured HepG2
cells [127]. Others directly compared functions of conventional HepG2 spheroids with
HepG2 spheroids cultured in a microfluidic device. The latter showed higher albumin
and urea synthesis capacities as well as higher Pgp expression [128]. More specialized
microfluidic bioreactors are designed for real-time monitoring of oxygen consumption and
lactate production. In such devices, HepG2 cells were embedded in a collagen I matrix
together with oxygen sensor beads. Cells could be cultured for up to 30 days and proved to
be suitable for toxicological analysis as shown by testing hepatotoxic compounds, including
acetaminophen, amiodarone and troglitazone [116,118,119].

Co-culture of HepG2 spheroids with non-parenchymal cells on microfluidic liver-on-
a-chip devices resulted in cell polarization as shown by MRP2 expression. Albumin and
urea synthesis were significantly higher under shear stress than under static conditions,
and CYP1A2 and CYP3A4 activities were increased [129]. Bioprinting was used to create
structured spheroids consisting of HepG2 and endothelial cells to mimic vascularization.
The structured and perfused spheroids displayed stable urea synthesis over 10 days, and
albumin synthesis increased over this culture time [130].

It must be noted that these studies mainly focused on the development of such 3D
culture systems and only a few of them used hepatotoxic compounds to test the utility
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of those models for toxicological analyses. HepG2 cells might be well suited for the
establishment of such systems, but due to their low drug-metabolizing enzyme expression
even in 3D cultures, other cell models should be preferred for compound development and
DILI prediction.

3.2.3. Perfused Bioreactors with HepaRG Cells

There are few studies on HepaRG cells in perfused bioreactors. It was shown that
the expression of the basolateral uptake transporter OATP1B1 was significantly lower
in bioreactor cultured HepaRG cells than in pHHs under same conditions. In contrast,
CYP3A4 expression was comparable between HepaRG and pHHs in perfused bioreactor
cultures [131]. Culture of HepaRG cells in microfluidic plates resulted in good viability
and stable polarization patterns for 14 days [132,133] as well as stable albumin production
and response to acetaminophen treatment [132].

Upon co-culture with macrophages, endothelial and stellate cells, CYP3A4 protein
expression and albumin and urea secretion were significantly increased, MRP2 expression
could be maintained, and cellular viability upon treatment with hepatotoxic compounds
was observed in real time by measuring oxygen consumption [134].

As HepaRG cells are a well-studied tool for toxicological analyses, it can be expected
that with the further development of perfused bioreactors, more data using HepaRG in
such systems will be generated.

3.2.4. Perfused Bioreactors with iPSC-Derived and Upcyte Hepatocytes

Similar to HepaRG, only a few studies used iPSC-heps in perfused bioreactors. In
a hollow-fiber bioreactor, iPSC-heps produced more albumin than 3D spheroid or 2D
cultured counterparts, but urea production was even lower than in 2D culture. CYP1A2
and CYP3A4 activities were elevated, but still significantly lower than in pHHSs [99].

An interesting approach showed that it is possible to perform the iPSC differentiation
procedure directly on a microfluidic chip system. Starting from day 20 of the differentiation
procedure, albumin and CYP3A4 mRNA and protein expression levels were increasing.
Of note, those levels were even higher in perfused than in static conditions. Glycogen
storage, albumin and urea synthesis were stable for up to 7 weeks of culture, and the
model was responsive to acetaminophen treatment [135]. Another approach consisted of
the co-culture of iPSC-heps with endothelial cells and macrophages on a microfluidic liver-
on-a-chip model. Albumin and urea synthesis were stable over a culture time of 2 weeks,
and CYP3A4 activity levels increased over time. Further, 159 compounds were tested on
this system showing that it is suitable for high-throughput screens, but sensitivities and
specificities were unfortunately not calculated [136]. To date, there are no published data
on upcyte or other primary-like hepatocytes in perfused bioreactors.

In summary, both the cell models and the 3D culture techniques described here need a
lot of improvement. Future studies need to show if and how such models can be of value
for toxicological testing.

4. Conclusions and Outlook

Most hepatotoxicity studies on liver 3D models use spheroids of primary human
hepatocytes and data suggest that this system can accurately and stably predict DILI for
a large number of compounds. Consequently, this culture model can be seen as the gold
standard when it comes to recapitulation of human liver characteristics in vitro with the
aim of performing hepatotoxicity studies. Using material from patients or donors also
allows researchers to study distinct genotypes or phenotypes. This is of great importance
when distinct hepatic phenotypes are required to study different toxicity mechanisms and
should be considered when choosing an appropriate model for specific research questions.
Most likely, the largest advantage of 3D culture of pHHs is the long-term maintenance of
primary characteristics over several weeks; thus, allowing not only acute toxicity testing
but also long-term and repeated-dose hepatotoxicity studies. Phase I and phase II enzyme
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expression and activity as well as cellular polarization can be maintained over several
weeks of 3D culture. The culture model also allows for the study of different mechanisms
of hepatotoxicity.

The utility of HepG2 cells for such purposes remains questionable as hepatic functions
remain at a low basal level, also apparent in 3D culture. In contrast, HepaRG cells benefit
from 3D cultures by maintaining or improving their primary characteristics. Data for
iPSC-heps and upcyte/primary-like cells are still scarce and more research is needed to get
a clearer picture on how suitable those models are for toxicological studies.

The data presented here allow for the conclusion that both pHHs and HepaRG
spheroids are suitable for predicting hepatotoxicity and also allow for the determination
of different toxicity mechanisms such as fibrosis, mitochondrial dysfunction, cholestasis
or steatosis. It should be noted that co-culture of hepatocytes with non-parenchymal cells
might have additional benefits.

Among the perfused bioreactor systems, large-scale hollow-fiber reactors can be
neglected for toxicity testing due to their large format. Miniaturized microfluidic liver-on-a-
chip systems are an emerging technology with many advantages including the possibility
of mimicking liver zonation and co-culture with NPCs, but they are often difficult to handle,
expensive, and not always suited for high-throughput screens. Further, comprehensive
studies on their suitability for predicting DILI are still lacking.

Similar to liver-on-a-chip models, bioprinting methods also seem to be promising
emerging technologies. Importantly, bioprinting can both be used for creating liver-like
tissues in static models similar to spheroid cultures, as well as for creating 3D liver tissues
on perfused bioreactors. However, data on bioprinted liver tissues are still scare and future
studies need to show their suitability for toxicological analyses, also in high throughput.

Table 2 gives an overview of the characteristics of different 3D culture systems for
toxicity testing using distinct cell types.

Table 2. Main characteristics of hepatic 3D culture techniques for in vitro toxicological analyses.

Ease of Use Long-Term Maintenance Suitability for DILI Compatible with High
of Hepatic Properties Prediction Throughput Screening
Spheroids
pHHSs ++ +++ +++ ++
HepG2 +++ + + +++
HepaRG +1 ++ +++ o+
iPSC-heps +1 +2 ++
upcytes ++ n.d. n.d. ++
Perfused Bioreactors
pHHSs + +++ +++ +
HepG2 ++ + n.d. ++
HepaRG +1 ++ n.d. ++
iPSC-heps +1 +2 n.d. +
upcytes +3 n.d. n.d. +3

1 Differentiation procedure required; 2 More fetal-like than adult expression patterns; 3 no data available, hypothesized assessment. pHHs:
primary human hepatocytes; iPSC-heps: induced pluripotent stem-cell-derived hepatocytes; upcytes: upcyte or primary-like hepatocytes.
Qualitative assessment: (+): poor; (++): moderate; (+++): good; n.d.: not enough data available.

Liver spheroid cultures of pHHs and HepaRG cells offer a reliable, robust, and repro-
ducible tool for studying hepatotoxicity and predicting DILI in vitro. Alternative cell types
such as iPSC-heps or upcyte hepatocytes might gain relevance in the future. In addition,
emerging technologies in relation to 3D liver in vitro systems are promising and further
developments and breakthroughs in the field can be expected. In-depth characterization
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and comprehensive benchmarking of any novel 3D liver culture method for toxicological
testing is urgently needed to gain relevance at an early stage of drug development.
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