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When we look at something and think: it is not reachable as a cloud in the sky,
we should realize that this something can become our sail one day.

(In this thesis, something refers to a bioartificial liver and safer medicines)
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Introduction

Acute liver failure (ALF) is the clinical manifestation of severe and sudden hepatic
injury of various origins leading to the development of hepatic encephalopathy, systemic
inflammation and multi-organ failure (Bernal et al., 2010). Although rare, ALF poses an
urgent problem due to the high mortality rate associated with this illness. The causes of ALF
might vary from viral infections and drugs to inherited disorders. To date, liver transplantation
is the only effective treatment available for ALF patients. However, orthotopic transplantation
is limited by the shortage of liver donors. Several extracorporeal devices based on
incorporated absorption and filtration systems have been used in the clinic as detoxification
and support therapy for patients with ALF. However, even though some patients show
improvement, overall these artificial liver devices are unable to significantly reduce mortality
(Fuhrmann et al., 2011, Kramer and Kodras, 2011, Krisperet al., 2011). This is due to the fact
that these artificial liver systems lack the proper metabolic, synthetic and detoxification
functions of the liver, for which liver cells are needed. Therefore, cell-based liver therapy
including creation of a bioartificial liver (BAL) have been proposed as an alternative approach
to whole liver transplantation, or as a temporary solution, reducing the mortality rate of
patients on the waiting list. A BAL can be designed and used as an extracorporeal device or as
a transplantable construct.
Evolving progress in tissue engineering in the past decade has brought us closer to the
development of a BAL. So far, several extracorporeal BAL models have been proposed and
some of them have been used in the clinic (Pless, 2010, Demetriou et al., 2004, Chamuleau et
al., 2006). Some of the tested BALs showed limited improvements in certain clinical
parameters, such as ammonia and total bilirubin concentrations or neurological state.
Unfortunately, the improvement in survival was not possible to assess due to the small patient
group size and the orthotopic liver transplantation received by some of the patients.
All clinically tested BALs so far used hepatocytes of xenogeneic origin (primary
porcine hepatocytes) or human hepatoma-derived cell line (C3A) (Chamuleau et al., 2006,
van de Kerkhove et al., 2004, Pless, 2007). Even though no cases of zoonosis, virus
transmission or tumor development have been reported, these BALs still pose risks, which
might be detected only in later stages of clinical trials where hundreds to thousands of patients
are involved. In addition, many challenging tasks, such as finding the ideal cell source, the
implementation of a bile removal component, and inclusion of all of the various liver cell
13
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types in a BAL, still remain. Therefore, a lot of attention has been given recently to
developing 3D liver tissue constructs with improved liver functions and bioreactor support
systems (McKenzie et al., 2008).
The liver is the central organ for metabolism and elimination of many endogenous and
exogenous compounds. Therefore, and because of its location between the intestine and the
systemic circulation, it is the organ with the highest exposure to toxicants (Lee and Senior,
2005). Drug- induced liver injury (DILI) is the second main cause of ALF worldwide and is
the first main cause of liver failure in the USA and Europe (Bernal et al., 2010). Moreover,
DILI is a major cause of drug failure during clinical trials or drug withdrawal from the market
(Yang et al., 2013). DILI can be classified as intrinsic or idiosyncratic hepatotoxicity. The
former is regarded as predictable, relatively common and dose-dependent with a short latency
(Verma and Kaplowitz, 2009). These types of reactions are usually predicted in preclinical
studies and during clinical trials. Idiosyncratic DILI, on the other hand, is rare, usually does
not show a classical dose-dependency and the onset of the injury might vary from 1 week to 1
year (Hussaini and Farrington, 2007). It occurs only in a small fraction of the patients
(<1:10,000) and, therefore, is usually not identified during clinical trials that are limited to a
few thousand participants (Navarro and Senior, 2006). Intrinsic DILI usually results from
direct toxicity of the drug or its metabolites, whereas idiosyncratic DILI is of an as yet
undefined nature and often involves immunological responses.
DILI can manifest itself with various features and can involve different toxicological
pathways, with drug-induced cholestatic injury being one of them. Drug-induced cholestasis
(DIC) is characterized by an impaired bile flow, which is a result of drug effects on
hepatocytes directly or on biliary epithelial cells, causing so-called ductular injury. DIC is the
leading manifestation of DILI and numerous drugs have been identified as potentially
cholestatic compounds (Qiu et al., 2016). One of the most common causes of DIC is the
inhibition of the bile salt export pump (BSEP) on the apical side of hepatocytes (Yang et al.,
2013) and an Adverse Outcome Pathway has been proposed based on this mechanism
(Vinken et al., 2013). However, very often patients present a mixed pattern of injury: a
combination of acute hepatitis, necrosis and cholestasis (Verma and Kaplowitz, 2009). Due to
the complexity of the cholestatic injury, its low frequency, and often idiosyncratic nature, and
the absence of highly predictive biomarkers to diagnose it, the occurrence of DIC is often
only reported after drug approval for registration (Kaplowitz, 2005, Padda et al., 2011).
Currently available in vivo animal models have not been always powerful and
predictive enough to predict liver toxicity in humans during the drug development process. In
14
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general, they lack sufficient predictivity for human absorption, metabolism, distribution and
the toxicity in in vivo experiments. Therefore, many efforts have been made to select reliable
biomarkers and develop predictive in vitro models, preferably based on human cells to detect
hepatotoxic effects as early as possible in the drug-development process. Tissue engineering
technologies aim to create models that reconstruct the anatomy and physiology of the liver in
vitro and which can be further used in regenerative medicine as well as in xenobiotic toxicity
testing. Besides cell-based models for drug toxicity testing, tissue-based models will also be
discussed in this chapter, such as precision- cut liver slices (PCLS), stressing advantages and
disadvantages of these models as well as points for improvement.

3D liver models in tissue engineering
Since BAL devices aim to temporarily (extracorporeal devices) or permanently
(transplantable constructs) take over the metabolic and excretory functions of the liver, the
requirements for their functional capabilities are high. However, until now there is no
consensus in the BAL community as to what functions or characteristics are considered to be
the most important for a BAL (van Wenum et al., 2014).

Source of hepatocytes for tissue engineering
The biggest challenge in the development of the BAL is to develop a safe, readily
available and highly functional source of human hepatocytes (Nibourg et al., 2012). Primary
human hepatocytes (PHH) are considered to be the ideal candidate for BAL development with
respect to their functions and human origin. However, their limited availability, lack of
proliferation capacity in vitro and relatively rapid loss of function in in vitro culture limit their
utility in BAL development (van Wenum et al., 2014, Ulvestad et al., 2013, Al Battah et al.,
2011). Nevertheless, progress has been made by coculturing hepatocytes with nonparenchymal cells (NPC) in 3D culture systems for longer period of time with better
maintenance of function (Kostadinova et al., 2013). Hepatocyte cell lines such as HepaRG
and HepG2 have been used in a BAL, however, up to now they express liver functions at
much lower levels than freshly isolated PHH (van Wenum et al., 2014). Stem cells are
currently considered as a potential, infinite source for generation of various cell types.
Moreover, they could be derived from the patient’s own cells, thereby overcoming the need
15
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for the life-long use of immunosuppressant drugs. However, this is only possible for patients
with progressive chronic liver diseases, since the generation of patient-specific iPSChepatocytes takes at least 6 weeks and, therefore, not suitable for patients with ALF.
Hepatocyte-like cells have been derived from different stem cell sources, each of which has
its advantages and limitations (Nibourg et al., 2012, Al Battah et al., 2011, Behbahan et al.,
2011). Embryonic stem cells (ESCs) have the favorable property of self-renewal, and can
differentiate into different lineages, including hepatocytes. However, ethical barriers
associated with these cells encouraged scientists to search for alternative sources of human
stem cells. Induced pluripotent stem cells (iPSCs) share many similar characteristics with
ESCs, but avoid ethical issues surrounding the ESCs use. On the other hand, potential
tumorigenicity is still considered an obstacle for the clinical application of these cells (Li et
al., 2011, Tang et al., 2011). However, continuous advancement in the technology has
substantially reduced the risk of iPSCs cells and clinical application of iPSC-derived somatic
cells is expected in the near future. Adult (multipotent) stem cells were suggested to be nononcogenic and were extensively studied with respect to their ability to differentiate into
hepatocyte-like cells. Mesenchymal stem cells (MSCs) derived from adipose tissue (ADSCs)
appear to be the most accessible source of adult stem cells. However, the differentiation and
functionality of ADSC-derived hepatocytes still need to be improved before they can be used
for BAL development (Lue et al., 2010). iPSCs and adult MSCs can be used to generate
autologous therapies, minimizing or even eliminating problems associated with immune
rejections after transplantation.

Optimization of cell differentiation and culture
Currently, there are numerous protocols available describing the generation of
hepatocyte-like cells from iPSCs. However, some of these protocols were shown to be
inefficient and cell differentiation appeared to be inadequate; cells were not sufficiently
mature for future therapeutic application. Moreover, the majority of iPSC-derived hepatocytes
are poorly characterized and often without proper benchmark (Song et al., 2009, Iwamuro et
al., 2012, Takayama et al., 2012, Luni et al., 2016, Giobbe et al., 2015). Therefore, new
techniques to improve the generation of hepatic cells from stem cells have been sought and
applied, such as co-cultivation of hepatocytes with NPC, and culturing cells in 3D structures.
For example, it was shown that 3D configuration not only promotes iPSCs hepatic
differentiation, but also improves their metabolic and synthesis functions (Gieseck et al.,
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2014). NPC are known to contribute directly to various liver functions and they were also
Yang et al., 2013). Though hepatocytes have been co-cultivated with different liver NPC, the
introduction of all liver cell types with good functionality to the BAL remains still one of the
biggest challenges. In Chapter 2 an extensive overview on the advances in the use of NPC in a
BAL is presented.
In order to be incorporated into a BAL, the cells should be seeded on a scaffold that
serves not only to fulfill a supportive role and promote cell functions, but also makes the use
of a BAL easier. Today, numerous biomaterials for scaffold development are available on the
market (synthetic, natural, decellularized matrices and hydrogels), each of which has its
advantages and disadvantages (Lee and Cho, 2012).
Extracorporeal BAL devices need to be perfused with patient plasma, and therefore,
should have channel-like structures to allow sufficient contact of plasma components with
cells in the BAL. Flow of medium was shown to be beneficial for hepatic differentiation and
maturation of stem cells. For example, ESC-derived hepatocytes exhibit higher metabolic and
synthesis functions when cultured in a perfused bioreactor than in 2D static cultures (Miki et
al., 2011). However, only a few studies so far have tried to differentiate iPSCs in the BAL
bioreactor directly under flow. Hepatic differentiation and maturation of iPSCs directly in the
3D bioreactor may offer great advantages, such as overcoming the need to harvest the total
amount of cells needed for the BAL from 2D cultures and loading into a 3D bioreactor, which
is considered to be a delicate and laborious step, with a risk of losing cells and cell viability.
Resemblance of the BAL structure with in vivo liver architecture is still a main
challenge in liver engineering. The use of microfluidic systems enables direct manipulation of
cell loading to help overcome problems such as random positioning of the various cell types
and low cell density in the device (Schütte et al., 2011, Larkin et al., 2013, Kasuya et al.,
2012). For example, the application of bioprinting technologies allows the construction of 3D
biomimetic liver models with precise cell positioning of hepatocytes, endothelial cells and
mesenchymal cells in the scaffold, mimicing the liver architecture to a large extent. In this
study, no flow was applied to the system and thus zonation was not achieved. The degree of
differentiation, although somewhat better than in 2D, was not comparable to fresh tissue (Ma
et al., 2016b). Moreover, it became possible to include automatically and selectively only
viable cells during construction of liver units, while dead cells were not engrafted into the
system (Schütte et al., 2011). This capability is particularly useful when cryopreserved cells
are used for BAL development.
17
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To conclude, achievements in the generation of hepatic-like cells from stem cells and
bioreactor designs brought us one step closer to the construction of functional liver tissue for a
BAL. However, the functionality of the stem-cell derived hepatocytes has not yet reached yet
liver in vivo levels and, therefore, improvements in the differentiation protocols have to be
made before these cells can be successfully used in the clinic. Moreover, challenges such as
finding new sources of NPC for BAL development and their incorporation into the BAL are
not fully resolved yet, and should be addressed more in the future. An extracorporeal BAL
that exhibits all liver functions on levels comparable to the human liver in vivo would be
useful not only in the clinic, but also in drug discovery and toxicity testing (Lin et al., 2015,
Dash et al., 2009).

3D liver models in toxicology
As has been mentioned before, one of the most important characteristics that liver
models for tissue engineering or toxicity testing should have is the presence of wellfunctioning hepatocytes. However, it has been recognized that not only the biotransformation
by liver metabolic enzymes contributes to the onset and progression of drug-induced adverse
effects, but also a polarized localization of liver transporters and the presence of NPC.
Ideally, in vitro liver models should reconstruct the anatomy and physiology of the
liver as closely as possible. 3D liver models better simulate in vivo physiological environment
than 2D cell cultures (Fitzgerald et al., 2015, Soldatow et al., 2013). In Table 1, we
summarized the most important characteristics that an in vitro liver model for toxicity testing
should possess. So far, only two 3D liver models come close to fulfilling these criteria: the
liver-on-a-chip model and PCLS.

Cell-based liver-on-a-chip models
Organ-on-a-chip technologies have been proposed as a new generation of in vitro
models for drug candidate screening in the preclinical phase of drug development. Liver-on-achip models, defined here as 3D microfluidic cell culture systems that aim to mimic closely
the anatomy, physiology and functionality of the liver, are gaining increasing attention as in
vitro alternatives for in vivo testing. The chips on which cells are seeded are mostly made
from optically transparent polymers and usually contain channels the size of which ranges
between 50-500 µm. They can contain monocultures of hepatocytes, 2D or 3D co-cultures of
18
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Structural aspects

Multicellularity

3D structure
Flow

Human cell source
Integration of biosensors

Physiological fluid to tissue
ratio
Functional aspects

Drug metabolism activity
Transporter expression

Liver zonation

Long term viability
Requirements for
application in drug
testing

High sensitivity
High specificity
Affordable and easy to
handle

Possibility for high
throughput drug screening

Non-parenchymal liver cells are
important for numerous hepatic
functions and are involved in druginduced adverse outcome pathways
3D cell structure mimics the in vivo
situation better and improves functions
of hepatocytes
Flow mimics the in vivo situation better
and improves functions of hepatocytes
and EC in vitro, and in single pass mode
removes waste products, and allows in
vivo-like concentration profiles
Human cells predict human toxicity
better
Integration of biosensors allows precise
monitoring of intracellular and
extracellular events involved in drug
toxicity.
Physiological fluid to tissue ratio helps
to establish physiological concentration
gradients between cells and medium
Metabolic activity levels similar to those
in liver in vivo are crucial for a reliable
toxicity prediction
Expression of transporters at similar
levels and localization as in vivo is
crucial for a reliable estimation of the
actual drug exposure
Liver zonation is important to identify
primary target areas for toxicity in the
liver and to reflect the balance between
toxification and detoxification of drugs
Essential for drug-induced toxicities that
require prolonged drug exposure
Systems should be able to identify all the
potential toxic candidates
Systems should preferably produce no
false positive results
In order to be used in a routine drug
testing, liver chip systems should be
affordable to the majority of
pharmaceutical companies and CROs
and not require highly specialized
experts
To allow fast analysis of multiple
candidates
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Introduction
hepatocytes with several other NPC or other stromal cells, hepatocyte spheroids or organoids
formed by mono- or co-cultures.
Up to now, although there is consensus that liver functions and particularly
biotransformation and transport functions as well as toxic responses should be reflected as
close to in vivo as possible and be stable preferably for several days up to weeks, there is still
discussion on how to reach this. The presence of hepatocytes and NPC of human origin, the
mimicking of liver microarchitecture, proper oxygenation and the introduction of flow of
medium are generally accepted now as important features.
The main challenge is the use of fully functional human cells for toxicity testing, since
animal primary cells, or human cell lines like HepG2 or HepaRG, make the extrapolation of
the obtained results to the human in vivo situation hazardous. This is due to the speciesspecific differences in metabolism and transport of drugs, in the case of animal cells, and the
low/absent metabolic and transport activity of some of the enzymes and transporters, when
using human cell lines. PHH are considered as the gold standard, although the maintenance of
their metabolic competence during culture is one of the big hurdles (Godoy et al., 2013).
However recent advantages in co-culturing with NPC and application of 3D and flow
conditions have resulted in major improvements. The availability of fresh human liver tissue
as source for PHH is still limited, but the quality of cryopreserved cells is currently
improving. The use of hiPSC-derived hepatocytes with improved differentiation grade and
hepatic functions is expected in the near future and will solve the existing problem of the
shortage of human hepatocytes. There is consensus that NPC are essential for proper liver
functionality, and they are known to be involved in many types of adverse effects in the liver.
The source of these cells was mainly freshly isolated cells, but their differentiation from
hiPSC is emerging. Standardization and validation of the hiPSC differentiation protocols for
hepatocytes and NPC will help to provide a steady supply of well characterized (co)cultures.
Perfusion of the liver chips not only mimics the dynamic flow environment in the liver
in vivo and stimulates hepatocyte function, but it also may improve toxicity prediction of
drugs (Prot et al., 2012, Prill et al., 2016) and provide control over exposure to the toxin and
removal of waste products. The application of flow to the chip in single-pass mode also would
allow time-dependent variations in the concentration of the toxic compound to be tested,
thereby mimicking a repeated oral dose exposure. This represents one of the most challenging
issues in safety assessment using in vitro predictive toxicology. In cultures without flow or
with recirculating flow, the concentration of the drug under study is only known at the start of
the experiment, and its decrease in concentration during culture is not controlled and seldom
20
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registered. Moreover, in those situations there is no removal of waste products and
excreted into the bile. These compounds may accumulate in static cultures over time, possibly
to toxic levels. Direct connection of LC-MS or IM-MS to the single pass flow system makes it
possible to perform on-line metabolism and proteomics biomarker analysis. Changes in
metabolic and signaling activities of the cells may also be tracked in time, which is of
importance when unstable toxic metabolites are formed. However, nowadays non-flow-based
liver models also show promising long-term viability and functionality and are technically
much less complicated, which offers higher chances for application in high-throughput
screening.
Liver-on-a-chip systems have been shown to be able to predict the clearance and
toxicity of certain drugs in line with in vivo clearance and toxicity data, and to correctly reveal
their mechanisms of action (Usta et al., 2015, Khetani et al., 2015). However, the levels of
sensitivity and specificity with respect to classifying drugs as liver toxins still need to be
improved. Specificity of conventional culture models used by pharmaceutical companies to
test drug toxicity is usually high (>95%); the sensitivity, however, is not higher than 50%.
Inclusion of NPC to the cultures significantly improves the sensitivity of toxicity, reaching
70-75% (Khetani et al., 2015). The currently achieved sensitivity of 75% might seem
sufficient for initial drug screening at the early phase of preclinical studies. However, drug
candidates entering late stages of preclinical trials and clinical trials should be characterized
with higher sensitivity, using models with better predictivity to minimize potential health risks
and unnecessary costs.
It is recognized that initiation and progression of liver injury is a dynamic process and
cannot be properly characterized using endpoint measurements only. Most of the in vivo and
in vitro studies provide little information on the kinetics of the biological response and
therefore might miss important information on a drug’s mechanism of action. Liver-on-a-chip
technologies either with or without flow, on the other hand, can implement and provide direct
in situ real-time monitoring of many cell parameters. For example, incorporation of
fluorescent biosensors and live-cell 3D imaging allow direct assessment of cell morphology
and behavior throughout the study (Hutson et al., 2016). Furthermore, electrochemical sensors
coupled to the bioreactors provide more information on the functional status of cells or
specific organelles, such as mitochondria and could provide real-time monitoring of oxygen
uptake (Prill et al., 2016). Overall, the readout of the existing systems can include a broad
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range of techniques, such as imaging, biochemical and physical assays, which enable the
detection of early signs of toxicity.
Drug-drug interaction is one of the important concerns during the drug development
process, as well as in the clinic. The suitability of liver-on-a-chip models for recapitulation of
the in vivo drug-drug interactions has been shown recently (Ma et al., 2016a).
So far, only in vivo animal or human models can cover all aspects of the disposition of
a drug in the body, starting from absorption and metabolism in the gastrointestinal (GI) track,
biotransformation in the liver, systemic exposure and elimination by the kidney and the GI
track. Development of a multi-organ chip for long-term culture might open a great possibility
to perform repeated dose studies in vitro. Advances in the field of microengineering allow the
construction and integration of multi-organ chips to a human-on-a-chip, stressing the
importance of different organ interactions in drug-induced toxicity. Interaction between
intestine and liver co-cultured in a chip was shown for nanoparticle uptake and toxicity (Esch
et al., 2014). Maschmeyer et al. developed a four-organ-chip that includes intestine, liver, skin
and kidney tissue connected to each other in a dynamic manner. It was possible to maintain
the system viable and functional for 28 days (time required for repeated dose toxicity studies
according to the guidelines) (Maschmeyer et al., 2015). However, no toxicity studies have
been performed yet to further validate this model.
The current liver-on-a-chip systems still exhibit some shortcomings. One of them is
the use of polydimethylsiloxane (PDMS) scaffolds for most of the models, which is
hydrophobic and adsorbs/absorbs lipophilic compounds and their metabolites, leading to the
misinterpretation of the exposure and thus the test results. However, recently polymer
materials, such as parylene, or polycarbonate have been proposed and used in a liver-on-achip production, which will eliminate the unspecific binding of molecules to silicone
materials such as PDMS (Esch et al., 2016). In addition, high costs of the current chip models
and their relative complexity limit their use in a high-throughput setting (Materne et al.,
2013). Nevertheless, despite numerous obstacles on the way to the design of an ideal liver-ona-chip model, significant progress has been made towards the development of non-PDMS
pumpless systems based on primary human cells, which are somewhat less complicated and
less expensive for a broad use in high-throughput drug screening, but are not fully
characterized yet (Esch et al., 2016).
Even though some toxicity screening of certain model drugs have been performed,
none of the systems has been fully validated with respect to toxicity prediction (Usta et al.,
2015, Bale et al., 2014, Shintu et al., 2012). Before a liver-on-a-chip system is accepted by
22
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the regulatory authorities as an alternative for animal experiments and can be used for routine
will need to be standardized. This is because many technical aspects can influence the cell
biology and response to the drug, such as culture duration, flow rate, cell density, scaffold
material and fluid to tissue ratio (Shintu et al., 2012). It has also been recognized that in
addition to the characterization of phase I and phase II enzymatic activities, transporter
activities have to be present and fully described. This is a crucial aspect, since transporters not
only determine the actual drug exposure, but also can be a direct target of drug toxicity.
The next step is to fully characterize existing human liver-on-a-chip systems and to
determine their predictive capabilities for clinical outcomes based on the correlation between
in vitro data, and available patient information and information from clinical studies. Models
that are more predictive and efficient, widely available and less expensive would be of great
value for the prediction of toxicity, and would represent an appropriate alternative to animal
testing.

Precision-cut liver slices
PCLS represent a miniaturized liver that preserves its 3D architecture and cell
composition. PCLS have been proven as a functional and predictive model in many
physiological and toxicological studies (Vickers and Fisher, 2013, de Graaf et al., 2010, de
Graaf et al., 2007, Olinga and Schuppan, 2013). Freshly obtained PCLS exhibit metabolic
functions comparable to those in vivo and, therefore, can be reliably used for drug clearance
and toxicity testing (de Graaf et al., 2007, Elferink et al., 2011). Moreover, the presence of
NPC makes it possible to study pathological mechanisms that require the involvement of
these cell types. For example, Kupffer cell-mediated response to lipopolysaccharide (LPS)
exposure is found in PCLS (Olinga et al., 2001). In addition, mouse and human PCLS have
been used to study idiosyncratic DILI where inflammation is a contributing factor (Hadi et al.,
2012, Hadi et al., 2013).
Physiological, polarized transporter expression on hepatocytes in PCLS makes this
model suitable for studies where transporter function and location play a crucial role in
toxicity onset and progression. For example, the development of drug-induced cholestasis
involves BSEP inhibition on the apical side of the hepatocyte membrane and disturbances in
secretion of bile acids (BA) from the hepatocytes to the bile canaliculi. Therefore, models that
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drug toxicity screening in pharmaceutical industry, the requirements for this in vitro model

Introduction
do not reconstruct liver canalicular structure and polarized expression of the transporters
would not be able to reproduce this pathological process.
Recently, a perfused system for PCLS culture which mimics blood flow in vivo has
been developed by van Midwoud et al. (van Midwoud et al., 2010a). Even though the flow
did not seem to improve the loss of liver metabolic function, it allowed the detection of shortlived metabolites produced by the liver that were directly measured in the outflow medium
using HPLC (van Midwoud et al., 2011). Moreover, coupling the perfused biochip system
with an HPLC (or LC-MS) allows direct in-time measurements of metabolites or proteins
produced by the liver. Furthermore, similar to the organ-on-a-chip technologies, it is possible
to combine different organs together on one chip to study organ interactions. Thus, by directly
connecting a microchamber with a liver slice to another microchamber with an intestinal slice,
it was possible to recreate intestine-liver cross-talk (van Midwoud et al., 2010b).
The use of human PCLS opens a great possibility to test drug toxicity directly on
human tissue. This not only increases the predictivity of the model, but also eliminates
unnecessary animal-to-human extrapolation steps and greatly reduces animal use. For
example, a newly developed non-toxic analog of acetaminophen (APAP) was shown to be
non-toxic in mouse PCLS, but toxic in rat and human PCLS, stressing the importance of using
human tissue for toxicity testing (Hadi et al., 2013).
One of the disadvantages of this model is the short functional viability of PCLS in
culture. Even though fresh PCLS contain the whole range of phase I and phase II metabolic
enzymes, as well as transporters, and their viability can be maintained for several days
(Vickers et al., 2011, Vickers et al., 2004), the activity of phase I metabolic enzymes has been
shown to drop already after 24 hours of incubation (de Graaf et al., 2010, Catania et al.,
2003). Moreover, necrosis still occurs after 48-72h of incubation (Soldatow et al., 2013,
Lerche-Langrand and Toutain, 2000). Furthermore, hardly any data are available on the
maintenance of the morphological integrity and viability of various NPC cell types in the
slices during prolonged incubation. Given that NPC might play a significant role in toxicity
development, their presence and function in the culture are crucial for the interpretation of the
data obtained.
Because the decline in metabolic function during 24 h is limited, it does not prevent
the use of PCLS in acute toxicity studies. However, their utilisation in (sub)chronic toxicity
studies might result in acquired data that are not fully representative of the in vivo situation,
since the toxicity of a drug often directly depends on its biotransformation. Therefore, before
being able to reliably use this model in prolonged toxicity testing, the maintenance of PCLS
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morphological integrity and function needs to be prolonged and fully characterized. One of
growth factors and compounds necessary to support liver functions, as is already applied in
long term cultures of PHH and for maturation of stem-cell derived hepatocytes.
However, even if we could find the proper culture conditions for PCLS to represent
almost all characteristics that an in vitro liver model should possess, they cannot be used in
high-throughput settings due to the limited availability of fresh human liver tissue for
research. Moreover, human PCLS are not readily available in industrial settings and to date,
cryopreservation methods have not been successful.

Scope of the thesis
Recent development in the field of in vitro 3D liver tissue engineering and progress in
microfluidic techniques bring us closer to the goal of creating a “liver in the lab” that
represents the functions of the liver in vivo. Using human 3D liver models opens a great
possibility to study drug toxicity in the human liver without using human volunteers. It could
enable the transplantation of human-based liver constructs to patients without the need of
donors, with ultimately the possibility to make use of the patient’s own stem cells.
However, in order to improve and establish new applications for existing 3D liver
models in research, in the clinic or in pharmaceutical industry, more optimization and
validation is required. In this thesis, we aim to optimize existing 3D liver models for tissue
engineering and toxicology. We address the functionality of the optimized 3D liver models
and their suitability for application in a BAL for future clinical use as well as for acute and
(sub)chronic toxicity studies, focusing on drug-induced cholestasis. The clinical validation of
the engineered BAL described in Chapter 3 is beyond the scope of this thesis.
In Chapter 2 we discuss the recent achievements in 3D liver tissue engineering for
BAL development as well as existing challenges on the road to the development of a BAL for
transplantation. We describe such essential issues as multicellularity of the developed BAL
and recreation of vascular and biliary network structures, as well as liver zonation. We also
discuss removal of bile from the BAL system, a problem that has not been solved yet.
In Chapter 3 we describe the possibility of the hepatic differentiation of hiPSCderived definitive endoderm cells directly in a perfused bioreactor. This would facilitate the
use of this system in the clinic as an extracorporeal BAL, or in drug research as a model for
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toxicity testing. We characterized the differentiated cells using a wide range of liver markers
on the mRNA, protein and functional levels, and compared their performance with that of
fresh human PCLS. The model of human PCLS is the closest model to the human liver in vivo
with respect to functional activities, which is considered as an advantage over previously
published studies. These usually have not benchmarked the observed characteristics of the
differentiated cells, or have used an inadequate benchmark (e.g. cultured human hepatocytes
for 48-72h) that has lost functional activity. This has lead to overestimation of the functions of
stem cell-derived hepatocytes with sometimes as much as two orders of magnitude.
The research described in Chapter 4 and 5 aimed to prolong the viability and
functionality of rat and human PCLS up to 5 days using different types of media, which
would extend the application of PCLS for subchronic toxicity testing. Moreover, we
characterize the morphological changes that occur in slices during prolonged incubation and
describe changes in tissue architecture that have never been reported before. We assess the
stability of metabolic enzyme activities, synthesis functions and the expression of genes
responsible for xenobiotic metabolism and transport in human PCLS during 5 days of
incubation.
In Chapter 6, we tested whether PCLS can be used to study drug-induced cholestasis.
The relevance and predictivity of this model was assessed by evaluating the potential of
known cholestatic compounds to cause cholestasis by disturbing the BA homeostasis ex vivo.
The cholestatic injury is evaluated using several biomarkers of cholestatic liver injury.
In Chapter 7 we summarize and discuss the findings of the research presented in this
thesis. We present future perspectives on the use of 3D liver models not only as models for
drug toxicity screening or in the BAL setting, but also as biological liver models that can be
used to unravel physiological mechanisms involved in liver function or pathological
mechanisms involved in liver injury development and progression.
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Abstract
Over the past years the progress in the development of a bioartificial liver (BAL) as an
extracorporeal device or as a tissue engineered transplantable organ has been immense.
However, many important BAL characteristics that are necessary to meet clinical demands,
have not been sufficiently addressed. This review describes the existing challenges in the
development of a BAL for clinical applications, highlighting multicellularity and sinusoidal
microarchitecture as crucial BAL characteristics to fulfill various liver functions. We define
currently available sources of non-parenchymal liver cells, such as endothelial cells,
cholangiocytes and macrophages, used in BAL development. Also, we discuss the recent
studies on the reconstruction of the complex liver sinusoid microarchitecture using various
liver cell types. Moreover, we highlight some other aspects of a BAL, such as liver zonation
and formation of a vascular as well as biliary network for an adequate delivery,
biotransformation and removal of substrates and waste products. Finally, the benefits of a
multicellular BAL for the pharmaceutical industry are briefly described as well.
Keywords: hepatocytes, non-parenchymal liver cells, bioreactor, coculture, bile.

Challenges on the road to a multicellular bioartificial liver

1. Introduction
Acute liver failure (ALF) and acute-on-chronic liver failure (ACLF) are severe
clinical syndromes with a very high mortality rate. To date, liver transplantation is the only
effective treatment for patients with end-stage liver disease. However, orthotopic
transplantation is limited by the shortage of liver donors, and many patients die while on the
including the use of an artificial liver. However, even though artificial liver support systems
were effective in eliminating at least some of the toxic metabolites from the blood of the
patients, they do not fulfill the vital liver functions such as metabolism and synthesis (Yang et
al., 2013). An alternative approach to these artificial liver support systems or even as
replacement for a whole liver transplantation could be a cell-based bioartificial liver (BAL).
Many studies have been published on the development of a BAL, but to date there is
no consensus about the features that a BAL should possess to sufficiently replace the liver
functions in a patient with ALF or ACLF. BALs were originally developed to support patients
with severe liver disease while waiting for liver transplantation or regeneration of their own
organ. However, over the past few years the focus of the research has extended to new in vitro
BAL applications, such as drug development and disease modelling, where some of the
clinically important BAL characteristics are less important (Messner et al., 2013, van Wenum
et al., 2014, Dash et al., 2009). Table 1 summarizes the liver functions and technical aspects
that are considered essential for a clinical BAL.
In this review, we address the original ideas of BAL development, as well as existing
challenges on the road to development of a BAL for liver replacement. Some previously
published reviews discussed the different sources of human hepatocytes for application in a
BAL (van Wenum et al., 2014, Nibourg et al., 2012, Allen et al., 2001). However, it is wellknown that the non-parenchymal cells (NPC) in the liver, such as the Kupffer cells (KC),
endothelial cells (EC), hepatic stellate cells (HSC), fibroblasts (FB) and bile duct epithelial
cell or cholangiocytes (BEC), also play important roles in liver function. Therefore, in this
review we aim to identify the sources of NPC currently available and the possible benefits of
coculture NPC with hepatocytes in a BAL. Moreover, we highlight some of the crucial
aspects of a BAL necessary for an adequate representation of the important liver functions,
such as mimicking a specific liver vascular and biliary network for adequate delivery and
removal of substrates and waste products. Finally, this review describes the milestones
achieved up to now in the development of a BAL.

35

Chapter II

waiting list. Several approaches have been tried to support patients on the waiting list,
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Technical aspects

Functional aspects

Important for the delivery of nutrients and removal of waste products, as well
as for the engraftment of the transplant after transplantation.
Important for the hepatocyte metabolic functions
Important for the removal of xenobiotic metabolites and bile components
(often toxic)

Vascularization

Sufficient oxygen supply

Bile removal component

Immunological responses, elimination of particles and bacteria

Anti-inflammatory and other
defense mechanisms

Important for the preservation of liver cell phenotypes

Synthesis of protein such as albumin and clotting factors can be compensated
by their exogenous administration. Synthesis of lipoproteins cannot be
replaced so far.

Protein synthesis

Preservation of liver
microarchitecture and liver
zonation

Toxic xenobiotics can contribute to the disease severity if not metabolized.

Xenobiotic metabolism

Important for liver functions and preservation of liver cell phenotypes.

Bilirubin is a neurotoxin and should be eliminated with bile. Bile acids and
cholesterol can contribute do disease severity.

Elimination of bile components

Multicellularity

Ammonia is a neurotoxin, which should be detoxified by liver preferably via
urea cycle.

Ammonia detoxification

Table 1. The list of essential functional and technical aspects of BAL.
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2. Cell composition of a BAL: cocultures
It is well understood that hepatocyte monocultures fail to represent the physiological
microarchitecture of the liver. Moreover, the rapid loss of hepatocyte functions in
monocultures in vitro is associated not only with a loss of interaction between neighboring
hepatocytes, but also with insufficient or even lack of interaction between hepatocytes and the
including sinusoidal endothelial cells (SEC), KC, HSC, BEC and FB, comprise only ca. 15%
of the liver mass but represent ca. 40 % of the total cell number (Wong et al., 2011). Since all
these NPC play important roles in several liver functions, the recreation of the hepatic
complex structure and cell positioning in bioreactors is an important requirement for BAL
development. Thus, focus has been given to incorporation of multiple cell types into the liver
culture, a controlled environment and flow to perfuse the culture systems (Dash et al., 2009,
Vu et al., 2014).
Numerous studies have shown an improvement in functionality of hepatocytes when
cocultured with NPC, due to improved heterotypic cell-cell interactions as well as paracrine
effects (Cohen et al., 2015). In addition, every hepatic cell type plays an important role in the
realization of the liver functions, including metabolism, synthesis, detoxification and immune
responses. Table 2 summarizes the most recent reports in the literature on human hepatocyte
cocultures with various types of NPC for BAL application, indicating the type of cells and the
functional tests used, the microarchitecture and flow conditions applied, and the in vivo model
tested with the engineered transplantable organ if applicable.
The mesenchymal liver cells (HSC, FB) account for a large part of the NPC and play a
vital role in liver physiology and regeneration, taking part in ECM synthesis and fibrosis
development as a reaction to hepatocyte injury. They influence the proliferation,
differentiation and morphogenesis of other liver cell types, including hepatocytes (Malik et
al., 2002). In vitro, FB, HSC or mesenchymal stem cells (MSC) were shown to increase
albumin and urea secretion by hepatocytes as well as to stimulate cytochrome P450 activity
(Wong et al., 2011, Yamada et al., 2012, Fitzpatrick et al., 2015). Moreover, HSC play an
important role in the formation of tight cell-cell interactions and self-organization of
hepatocytes (Wong et al., 2011).
KC are the liver resident macrophages and are crucial for an adequate response to liver
damage and are involved in immune responses. Therefore, the presence of KC in hepatocyte
cultures appeared crucial for the induction of inflammatory responses (Messner et al., 2013,
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extracellular matrix (ECM) as well as other cell types (Salerno et al., 2011). The NPC,
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Sarkar et al., 2015, Esch et al., 2015). Moreover, they play an important role in vivo in the
clearance of bacteria and small particles such as liposomes and other nanoparticles.
The presence of SEC with their fenestrations is one of the main requirements for a
transplantable BAL. For a BAL to be transplanted in vivo, quick revascularization with blood
vessels is an essential factor for successful engraftment and survival of the transplanted cell
mass (Du et al., 2014). For in vitro BAL systems, the establishment of a channeled scaffold
helps to overcome mass exchange limitations and increases the survival of the cultured cells
(Pekor et al., 2015, No et al., 2014). Therefore, recent studies have been focused on
mimicking in vivo conditions by both incorporating EC to the hepatocyte culture and by
providing continuous flow of media (Table 2). Different types of EC, such as human
umbilical vein endothelial cells (HUVEC), immortalized human EC, induced pluripotent stem
cell (iPSC)-derived EC (iPSC-EC), embryonic stem cell (ESC)-derived EC or primary SEC
were successfully introduced into the liver culture systems. Self-formation of vascularized
tissue was observed when human primary hepatocytes (PH) were cultured with HUVEC.
HUVEC started sprouting inside the tissue already after two days of culture. Moreover,
coculturing of PH with EC not only maintained the phenotype and polarization of
hepatocytes, but also improved the production of albumin, urea synthesis and drug
biotransformation compared with PH in monoculture (Salerno et al., 2011, Enomoto et al.,
2014, Kim and Rajagopalan, 2010). EC in general are known to produce several growth
factors and ECM components, which are important for survival and proliferation of
hepatocytes. The cooperation of hepatocytes and HUVEC or bovine carotid artery EC in vitro
leads to an increase in secretion of ECM proteins by EC and their deposition between
hepatocyte layers and EC, mimicking a space of Disse in vivo (Salerno et al., 2011, Kim et
al., 2012). The study of Takebe et al, in which iPSC-derived hepatocytes were cocultured
with HUVEC and human mesenchymal cells, highlights the importance of heterotypic liver
cell cultures for the formation of a liver-like organ in vitro (Takebe et al., 2013). iPSC- EC
have been also shown to prolong the survival of hepatocytes and enhance their function (Du et
al., 2014). Furthermore, the presence of HUVEC or iPSC-EC in a tissue engineered
transplantable organ with human hepatocytes implanted into partly hepatectomized mice
facilitated the formation of anastomosis between the mouse and graft blood vessels in the host
tissue, which was demonstrated by the presence of human albumin in the mouse serum (Du et
al., 2014, Takebe et al., 2013).
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Human fetal
liver total cell
population
HUVEC

Mesenchymal
cells and
HUVEC
FB, HSC and
KC
KC and EC

BEC

Human
placental
mesenchymal
stem cells
(MSC)
HUVEC and
mesenchymal
cells

Human fetal
liver total cell
population
PH

PH

PH

PH

Hepatomaderived C3A
cells

iPSC-derived
human
hepatocytes

iPSC-derived
human hepatic
endoderm cells

EC

KC

PH

PH

NPC

Hepatocytes

3D: multicomponent
hydrogel fibers

3D spheroids for
transplantation

3D: woven capillary
membrane bioreactor
3D: microsphere

3D: macroporous
polymer scaffold
3D: spheroids

3D: synthetic and
biodegradable
membranes
3D structures

3D: Liver Chip platform
(CNBio Innovations,
UK)
3D: hollow fiber-based
bioreactor

Liver microarchitecture

- (in vitro)
+ (in vivo)

- (in vitro)
+ (in vivo)

+

+

-

+

-

-

+

+
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Higher albumin production,
stimulation of liver regeneration
after transplantation, better
hepatic maturation of iPSC,
improved construct
vascularization after
transplantation
Higher albumin production,
improved construct
vascularization after
transplantation

Synthesis in vivo: albumin, AAT
Metabolism: CYP450 activity

Synthesis in vivo: albumin

Higher albumin production,
improved CYP1A2 activity

Higher albumin production

No comparison to monocultures

No comparison to monocultures

Higher albumin and urea
production, improved drug
biotransformation
Higher albumin production

No comparison to monocultures

Benefits of co-cultures for
hepatocyte function
No comparison to monocultures

Synthesis: albumin, urea
Metabolism: CYP450 activity

Synthesis: albumin, urea
Metabolism: CYP450 activity
Synthesis: albumin, glycogen
Metabolism: CYP450 activity
Synthesis: albumin

Synthesis: albumin

Synthesis: albumin
Metabolism: glucose
consumption, lactate production
Synthesis: albumin, urea
Metabolism: CYP450 activity

Synthesis: albumin, urea.
Metabolism: CYP3A activity

Functional tests

Table 2. Heterotypic human liver cell cultures developed for drug testing or clinical application.

Mouse
hepatectomy
model

Du et al.,
2014

Takebe et
al., 2013

Mouse model

-

-

-

Esch et al.,
2015
Messner et
al., 2013
Auth et al.,
1998
Yang et al.,
2013

Enomoto et
al., 2014

Salerno et
al., 2011

Pekor et al.,
2015

Sarkar et
al., 2015

Reference

-

-

-

-

-

Transplantation
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Cocultures of hepatocytes with BEC were shown to have a beneficial effect on both
cell types. BEC are epithelial cells that form the bile ducts and are responsible for intrahepatic
bile acid and water resorption from the primary bile in the liver (Kamiya and Chikada, 2015).
Hepatocytes and BEC have a common precursor, hepatoblasts, which can differentiate into
both cell types (Kamiya and Chikada, 2015, Dianat et al., 2014, De Assuncao et al., 2015).
Hepatocytes were shown to enhance the ability of BEC to form bile ducts (Auth et al., 2001),
whereas hepatocytes secreted more albumin when cocultured with BEC (Auth et al., 1998).
Soto-Gutierrez et al. showed that coculturing mouse hepatocytes with human immortalized
BEC, EC and HSC cell lines stimulated the formation of bile ducts and sinusoid-like
structures in liver organoids and improved hepatocyte metabolic function in comparison with
hepatocyte monocultures. Moreover, they demonstrated that implanted liver organoids
engrafted successfully into the liver of 50% hepatectomized mice (Soto-Gutierrez et al.,
2010).

3. Sources of non-parenchymal liver cells for BAL development
Generation of hepatocytes from various sources and their possible use in tissue
engineering has been extensively discussed in many reviews, whereas the origin of NPC has
received much less attention (van Wenum et al., 2014, Nibourg et al., 2012). In this section,
the available sources of NPC for liver engineering are reviewed. We do not cover the use of
adult primary human NPC due to their limited availability and viability in vitro. Up to date,
only one study showed good viability of human primary NPC up to 77 days in in vitro
coculture (Kostadinova et al., 2013). The use of human immortalized cell lines of EC, HSC
and BEC has been described in a mouse transplant model (Soto-Gutierrez et al., 2010).
However the application of virally transfected cells is considered as imposing too high a risk
for uncontrolled cell proliferation and carcinogenesis after BAL treatment or in vivo BAL
transplantation. Nevertheless, the incorporation of immortalized cells in a BAL for in vitro
research applications remains an interesting option.
Endothelial cells
In order to generate tissues for transplantation, vascularization of engineered
constructs should be successfully achieved. The failure of engrafts to connect to the central
vascular network after transplantation will ultimately lead to the death of the transplanted
cells.
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Although mature EC can be procured from patient blood vessels, poor proliferation in
vitro, rapid de-differentiation and limited availability limit their possible clinical use
considerably (Ordovás et al., 2013, Wong et al., 2012, Kane et al., 2011). Even though
HUVEC is still the most widely used type of EC in experimental liver engineering, the limited
availability of these cells will hamper the future application in BAL used for liver
replacement therapy. Therefore, more attention has recently been given to stem cell-derived
ESC and iPSC, bone marrow mesenchymal stem cells (BM-MSC) and adipose-derived stem
cells (ADSC).
ESC and iPSC-derived endothelial cells
Generation of EC that are similar to their in vivo counterparts is a key requirement for
a successful differentiation protocol. Table 3 summarizes the criteria used to characterize
ESC- or iPSC-derived EC, including assessment of morphological features of the generated
cells, their gene expression profile and the outcome of functional tests. Vascular regeneration
properties of ESC-EC and iPSC-EC have been demonstrated in several in vivo animal models
(Wong et al., 2012, Li et al., 2011, Jalil et al., 2011, Park et al., 2013). In addition to
contributing directly to the formation of a vascular network, ESC-EC and iPSC-EC display
paracrine effects via secretion of angiogenic cytokines and growth factors, which can promote
host angiogenesis after transplantation (Jalil et al., 2011). The gene expression variance
between the EC populations derived from ESC and iPSC appeared to be very similar (Li et
al., 2011,White et al., 2013). Notably, the expression of specific endothelial genes by ESCEC and iPSC-EC was similar to those of HUVEC and primary human microvascular
endothelial cells, with the exception of Nos3 and vWF genes (Li et al., 2011, White et al.,
2013).
The generation of autologous iPSC resolves the immunologic and ethical concerns
associated with ESC (Jalil et al., 2011). However, the risk of tumor development due to the
viral induction process in iPSC production raised some doubts as to their safe clinical
application (Wong et al., 2012, Li et al., 2011). Therefore, several non-viral methods of
pluripotency induction have recently been introduced, such as non-integrating episomal vector
systems, transposons or recombinant peptides, resulting in successful differentiation of EC
from ESC and iPSC (Kane et al., 2011).
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EC. To date, vascular cells have been successfully derived from different sources, including
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Table 3. Criteria used for characterization of differentiated endothelial cells (Wong et al., 2012, Li et al., 2011,
Jalil et al., 2011).

Criteria
1

Morphological features

2

Gene/protein expression
levels

3

Functional tests

Description
Elongated shape, tube structure, tight cell-cell
junctions, confluent cell monolayer with little or no
cellular overlap
VEGF, bFGF, SDF-1, CD31, CD31, eNOS, vWF,
VEGFC, VEGFA, VCAM-1, Flk1, PECAM-1,
VEGFR-2, F8, PDGF, ANG-1
LDL uptake, endothelial tube formation in in vitro
Matrigel test and in vivo Matrigel plug model,
endogenous NO production, EC activation by TNF-α

Mesenchymal stem cell (MSC)-derived endothelial-like cells
The ability of MSC to secrete a variety of angiogenic growth factors and cytokines,
and therefore promote vascularization, has been well studied (Matsuda et al., 2013, Nauta et
al., 2013). Moreover, it was shown that BM-MSC can differentiate into EC. However, due to
the limited availability of BM-MSC and the risk of donor-site morbidity, adipose tissue has
been considered as an alternative abundant source of MSC for EC generation (Culmes et al.,
2013).
ADSC were differentiated into EC following exposure to VEGF and FGF (Culmes et
al., 2013, Kim et al., 2003). Generated ADSC-EC were able not only to contribute to
neovascularization through paracrine pathways, but also to integrate into the host vessels
(Matsuda et al., 2013, Kim et al., 2003). Additionally, induction of epigenetic changes in
ADSC using non-viral methods resulted in improved endothelial differentiation (Nauta et al.,
2013, Culmes et al., 2013).
In summary, endothelial-like cells have been obtained from several human stem cell
sources such as ESC, iPSC, BM-MSC and ADSC. They express endothelial markers, perform
endothelial functions and are capable of forming vessels, nevertheless, they fail to reproduce
the fenestrated liver sinusoidal endothelium. Liver SEC are highly specialized, with numerous
fenestrae, which play an important role in the exchange of molecules between the lumen of
the sinusoids and the hepatocytes (Ordovás et al., 2013). It has been shown that the loss of
these fenestrae leads to disturbance in liver functions and triggers pathological processes
(Braet and Wisse, 2002, Fraser et al., 1995). In addition, the closed endothelium does not
allow the free penetration of proteins and the selective scavenging of proteins and other
molecules, which is one of the important characteristics of SEC. All studies described in the
first section of this review used the classical closed EC, with the exception of studies where
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primary rat SEC were used to reproduce the liver architecture in vitro. It still needs to be
investigated whether HUVEC or stem-cell derived EC can undergo fenestration during longterm culture with other liver cell types in vitro or after in vivo transplantation.
Cholangiocytes
Recently it became possible to generate cholangiocytes from stem cells, from the
immortalization (Dianat et al., 2014, De Assuncao et al., 2015, Soto-Gutierrez et al., 2010,
Liu et al., 2013).
It has been shown that the generated cholangiocytes express biliary markers, such as
CK19, CK7, CFTR, HNF6, SOX9, ASBT and AQP1, have developed calcium signaling
pathways and form primary cilia. Moreover, they form cyst and ductular-like structures with a
defined apical/basal polarity (Kamiya and Chikada, 2015, Dianat et al., 2014, De Assuncao et
al., 2015, Liu et al., 2013). Recently, it was demonstrated that iPSC-derived cholangiocytes
successfully engrafted into the host liver and formed new duct-like structures (De Assuncao et
al., 2015).
Macrophages
The use of primary blood-monocyte derived macrophages in tissue engineering is
limited due to the large amount of donor blood required for their production. Therefore,
several protocols have been recently proposed to generate macrophages (Mφ) from ESC and
iPSC. These generated macrophages expressed Mφ specific markers, such as CD14, CD68,
CD163 and LOX1, and were able to produce cytokines. Their morphological features
resemble those of primary Mφ (van Wilgenburg et al., 2013, Yeung et al., 2015). Moreover, it
was possible to reproduce host-pathogen interactions: stem cell-derived Mφ were able to
recognize and actively phagocytose bacterial particles and to stimulate immune responses
(Yeung et al., 2015).
None of the studies however tried to generate tissue-specific macrophages, such as
liver KC, but it was hypothesized that coculture of stem-cell derived Mφ with hepatocytes
might stimulate their differentiation towards KC (van Wilgenburg et al., 2013), as was shown
before with bone marrow cells cocultured with hepatocytes (Takezawa et al., 1995). KC are
distinctively different from other resident macrophages, exhibiting nonspecific endocytic
activity and high peroxidase activity, which are crucial to fulfill the function as a barrier for
toxicants and pathogens (Movita et al., 2012).
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HepaRG hepatoma cell line, from fetal or adult liver stem/progenitor cells and by
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In summary, NPC have been generated from various sources. iPSC, however, open a
great possibility to generate both parenchymal as well as non-parenchymal cells from the
same donor and even from ALF patients themselves, representing therefore the most
promising cell source for BAL development.

4. Reconstruction of the liver microarchitecture in vitro for application in a
BAL
The liver has a complex architecture and performs numerous functions. It consists of
numerous lobules or acini, which form the smallest functional unit of the liver, each of which
contains numerous cord-like structures of hepatocytes between the terminal portal veins and
central veins. These cords are separated from each other by the liver sinusoids (Yamada et al.,
2012). Liver sinusoids possess a highly organized anatomy, where hepatocytes are separated
from the SEC by the so-called space of Disse, filled with ECM, where the HSC are located.
The KC are located in the lumen of the blood vessels and penetrate through the endothelial
layer into the space of Disse. The apical sides of the hepatocytes form the bile canaliculi,
which are essential for removal of bile from the hepatocytes into the bile ductules, and which
are separated from the space of Disse by tight junctions and desmosomes. Thus, the
polarization of hepatocytes in a liver construct is crucial for a proper hepatic function (Cast et
al., 2015).
Many challenges lay ahead when trying to develop a BAL with a proper
microarchitecture. In the first place the inclusion of the different cell types in the
physiological ratio and their positioning within the liver construct is crucial. For example,
many studies have shown that failure to reconstruct heterotypic cell interactions and the
complex liver architecture in vitro leads to the rapid de-differentiation of both hepatocytes and
NPC (Kim and Rajagopalan, 2010, Ordovás et al., 2013, Larkin et al., 2013). In the second
place, formation of the proper microstructure of the liver sinusoids in vitro has been proven to
be beneficial for the preservation of the phenotype and function of the cells (Kim and
Rajagopalan, 2010, Ordovás et al., 2013). Thirdly, to obtain a proper cell density for each of
the cell types in the bioreactor is a challenge for BAL development. This latter issue can be
overcome by controlled close cell positioning in vitro (Yamada et al., 2012, Kasuya and
Tanishita, 2012). In addition, the formation of a closed biliary tree, which allows the removal
of the excreted bile contents from the BAL, is an important hurdle that has not been solved up
to now. In all existing models of BAL the molecules that leave the hepatocytes via the
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canalicular side are excreted into the perfusion medium, thereby entering the general
bloodstream.
Moreover, the creation of a vascular network is a necessary requirement for an
engineered transplantable organ development (Du et al., 2014), which can be achieved either
in vitro or after tissue transplantation in vivo. Failure to create a proper vascular architecture
in the transplanted constructs has been shown to result in a poor transplant survival and
construction of vascularized tissue, including pre-vascularization-based techniques and
vasculogenesis and/or angiogenesis-based techniques (Hasan et al., 2014). Pre-vascularization
allows the immediate perfusion of the liver constructs, whereas the stimulation of
neovascularization is time consuming. The combination of the two methods is likely to be an
advantageous approach for fast and successful tissue vascularization in vitro or in vivo.
Self-organization of the seeded cells in vitro has been shown to be difficult to achieve
(Kasuya et al., 2012). For example, hepatocytes cultured in spheroids preserve their
polarization and form liver structures, such as bile canaliculi. However, the NPC were
distributed randomly in the spheroids or cluster together at the surface without any obvious
sinusoid structure (Lu et al., 2005). So far, the reconstruction of liver sinusoids in vitro
without any cell manipulation has only been achieved by using primary parenchymal cells and
NPC obtained from the same rat (No et al., 2014). Therefore, the development of methods
that allow easy and fast cell positioning in vitro has drawn recent attention of researches
around the world.
Table 4 summarizes recent studies on the reconstruction of the complex liver
microarchitecture in vitro, which used different cells types and fabrication methods (Table 4,
Figure 1). The assembly of packed hepatic cords has been achieved by using different
approaches, including microporous membranes, dielectrophoretic forces, hydrogel fibers or
the application of laminar flows in microfluidic devices. Generated hepatic cords allow
efficient oxygen and molecule exchange between the hepatocytes and the perfusion fluid due
to a short diffusion length, and these cords can be effectively employed in BAL devices
(Yamada et al., 2012). The reproduction of a more complex sinusoid structure is an important
criterion for BAL development. For instance, detoxification of various molecules by the liver
directly relies on the particle scavenging by SEC and KC, biotransformation by hepatocytes
and excretion of waste products and processed toxins to the bile ductules or back to the blood
circulation (Ordovás et al., 2013).
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function (Du et al., 2014-7, Cast et al., 2015). Several methods have been proposed for the
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Another method used in biomedical engineering to isolate the ECM and provide cells
with an excellent natural environment for the in vitro growth is decellularization. Recently, it
was shown for the first time that decellularization of human livers that are not suitable for
transplantation is possible (Mazza et al., 2015). Moreover, decellularized human matrix was
repopulated with different types of human liver cell lines, which showed good engraftment
and proliferation rates. Furthermore, each of the different liver cell types migrated in a
specific way, which resulted in a self-organization of the cells inside the scaffold. However,
simultaneous repopulation of the decellularized liver with various cell types has not been
tested yet.
One of the liver-specific characteristics is the different oxygen tension across the
lobule from the portal triad to the central vein. This oxygen gradient is known to influence the
so-called liver zonation and the gradient of hepatocyte metabolic activities along the hepatic
lobule (Ordovás et al., 2013, Cast et al., 2015). Metabolic zonation is important for both
optimal liver function and metabolic homeostasis (Gebhardt and Matz-Soja, 2014). Even
though this hepatic feature has not been fully introduced in any of the BAL development
processes, several attempts have been made to design a bioreactor with a continuous oxygen
gradient across the BAL (Allen et al., 2003, Sato et al., 2014). For example, Sato et al.
developed a microdevice that reproduces the hepatic lobule microenvironment by establishing
a controlled oxygen gradient within the device. Moreover, a recent modelling study by
Davidson et al. showed that it is possible to establish an equal distribution of the periportal
(zone 1), pericentral (zone 2) and perivenous (zone 3) zones within a BAL device, which
contains a clinically relevant amount of cells (10 billion), by balancing the flow rate of the
patient plasma, the number of cells in the bioreactor and the number of hepatocyte layers
around each hollow fiber (Davidson et al., 2012). The need of reproduction of the oxygen
gradient in a tissue engineered transplantable organ before transplantation, however, can be
disputed, since a proper connection of the transplanted tissue to the host vessels may already
result in liver zonation in vivo later on.
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Hepatocyte monolayers are stacked on top
of each other using a porous PLGA
membrane. Membrane is completely
degraded after 20 days of culture.

Hepatocytes

Hepatocytes,
EC

Assembly of liver
cords using
microporous
poly(d,l-lactideco-glycolide)
(PLGA)
membrane

Assembly of liver
cords using
hydrogel fibers

Hepatocytes and EC are encapsulated into
different fiber domains with EC inside the
construct surrounded by hepatocyte layers.

Hepatocytes are sandwiched by 3T3 in
microfluidic channels using laminar flow of
cell-containing sodium alginate solutions.
Hepatic cords can be easily recovered by
the enzymatic digestion of alginate matrix.
Continuously perfused.

Hepatocytes
3T3
(fibroblasts)

Microfabrication
of hepatic cords

Dielecrophoretic forces trap hepatocytes on
top of an ECM-covered platform. EC
assemble onto the adherent hepatocytes
forming a sinusoid-like structure.
Continuously perfused.

Principle

Hepatocytes,
EC

Type of cells

Assembly of liver
sinusoid by
electrophoresis

Table continues on the next page →

Hepatic
cord
structures
in vitro

Description

Table 4. Microdevice-based approaches to mimic the liver architecture in vitro.

Kasuya et al., 2012
Figure 1C

Formation of double-layered
hepatocyte cords using
degradable porous membrane as
a scaffold
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Du et al., 2014
Figure 1D

Yamada et al.,
2012
Figure 1B

The use of laminar flow for cell
seeding: no complicated cell
manipulations are necessary.

Successful implantation of liver
cords to mice.

Schütte et al., 2011
Figure 1A

References/
Figure

Use of dielectrophoretic force
for tissue self-assembly.
Self-controlled selection of
viable cells.

Novelty

Challenges on the road to a multicellular bioartificial liver

47

48

Retained
3D liver
structure

Space of
Disse in
vitro

Reconstruction of
liver sinusoids
using transwell
tissue plates
Decellularization
of the human liver

Mimicking a
space of Disse by
using a
polyelectrolyte
multilayer
Simple sandwich
culture to recreate
space of Disse
Recreating space
of Disse by using
a polyelectrolyte
multilayer and
various liver cell
types
Microporous
membrane-based
structure to mimic
liver sinusoids

Description

Hepatocytes and EC are separated by
microporous PLGA membrane. After EC
seeding, HSC residing in micropores migrate
towards EC to organize a sinusoid-like
structure.
Hepatocytes and EC are seeded on the
opposite sides of a microporous membrane in a
6-transwell tissue culture plates

Hepatocytes,
EC, HSC

Hepatocytes
or HSC, or
EC

Hepatocyte-, HSC- or EC-human cell lines are
seeded on decellularized human liver.

Hepatocytes are separated from EC and KC by
a multilayer of chitosan and hyaluronic acid.

Hepatocytes,
SEC, KC

Hepatocytes,
SEC or EC

EC are cultured on top of a monolayer of
hepatocytes.

Hepatocytes and SEC monolayers are
separated by a multilayer of chitosan and
hyaluronic acid.

Principle

Hepatocytes,
EC

Type of
cells
Hepatocytes,
SEC

Table 4. Microdevice-based approaches to mimic the liver architecture in vitro.

Mazza et al.,
2015

Kang et al.,
2013
Figure 1H

A transwell membrane is used to
mimic space of Disse.
First study using human liver for
decellularization.

Kasuya and
Tanishita, 2012
Figure 1G

Larkin et al.,
2013
Figure 1F

Kim et al., 2012
Figure 1E

References/
Figure
Kim and
Rajagopalan,
2010

The establishment of an in vivolike cell physiological complex
that includes hepatocytes, EC and
HSC.

Self-formation of a space filled
with ECM between hepatocytes
and EC.
Precise positioning of different
cell types on microscale platform.
Improved liver microstructure in
comparison with earlier models
demonstrated by Kim et al.

One of the first studies showing
the maintenance of SEC
phenotype in vitro
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Figure 1.. Schematic viiew of microd
device-based aapproaches to mimic the liv
ver architecturre in vitro.

5. Elim
mination of bile fro
om a BAL
L
T
The formattion of bilee and its eelimination from hepaatocytes aree strictly regulated
r
processees. Synthessized and amidated
a
biile acids ass well as th
hose taken up from th
he blood
stream aare excretedd via efflux
x pumps to the bile can
naliculi which merge iinto bile du
ucts. The
failure tto secret bille acids into
o the bile duucts or to reemove them
m from the bbile ducts, results
r
in
their rettention in hepatocytes
h
s, which ulttimately caan lead to cholestasis,
c
cell apoptosis and
necrosiss (Hofmannn, 1999). Moreover,
M
exxcretion of metabolitess of xenobiootics via th
he bile is
an impoortant detoxxification rou
ute (Kim annd Rajagopaalan, 2010, Li and Chiaang, 2014).
A
An importaant challengee that arisess during thee developmeent of a bilee drainage system in
a BAL iis the polarrization of hepatocytes
h
and their position
p
in the bioreacto
tor. In the liiver, bile
canalicuuli are form
med by meaans of tightt junctions between heepatocytes ((Kim et al.., 2012).
This strructure prevvents the blo
ood on one side of the hepatocytes to mix wiith bile on the
t other
side and vice verssa. The speecific apicaal and basaal localizatiion of the various traansporter
proteinss defines thee uptake and
d excretion of molecules.
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Not many of the recently designed bioreactors for clinical use included a bile removal
component. Bioreactors without a bile removing component showed their efficiency in
ammonia detoxification, albumin synthesis and xenobiotic metabolism when perfused with
patient plasma (Yu et al., 2014, Zhang et al., 2014). Nevertheless, insufficient bilirubin
removal from the perfused plasma has been reported in one of the studies (Yu et al., 2014).
Therefore, several (bio)artificial devices implemented one of the detoxifying units, such as
albumin dialysis (MELS, Germany; MARS, Sweden), choarcoal column (TECA-HALSS,
China; HBAL, China; HepatAssist, USA) or fractionated plasma separation (Promotheus,
Germany) in order to eliminate albumin-binding toxins (van de Kerkhove et al., 2004, Pless,
2007, Fuhrmann et al., 2011). But even though several artificial and bioartificial liver devices
demonstrated elimination of bilirubin and bile acids from patient plasma, the level of removal
amounted to only 15-37%, and the clearance efficiency of albumin-binding substances is still
considered to be relatively low (van de Kerkhove et al., 2004, Krisper et al., 2011). Moreover,
low protein-bound toxins that are eliminated via bile, such as bilirubin glucuronide or phase 2
metabolites of drugs will not be sufficiently removed from the patient body using albumin
dialysis. And it remains to be established to which extent the elimination of hydrophilic
conjugated metabolites can be taken over by urinary excretion.
The elimination of bile from a BAL itself remains one of the biggest challenges.
Without a proper bile removal system, toxic components of bile produced by the cells in the
bioreactor such as bile salts, bilirubin and cholesterol, as well as detoxified xenobiotic
metabolites will stay in the BAL system, and may potentially damage the liver cells, or they
will be mixed with patient plasma, which will lead to systemic exposure and toxicity. Current
BAL bioreactors with or without a prominent sinusoid structure do not allow for controlling
the release of bile and toxins to the perfusate circulation. Albumin dialysis of the patient
blood before entering the BAL partly helps to remove bile acids, bilirubin and other albumin
binding substances from the patient blood, and biliary compounds excreted by the cells in the
BAL could be partly removed by a second albumin column at the outflow of the BAL.

6. Effects of plasma of ALF or ACLF patients on BAL function
Another major challenge in the development of an extracorporeal or transplantable
BAL (detailed description of which is beyond the scope of this review) is the toxicity of the
plasma of the patient with ALF or ACLF on the biocomponents of the BAL. Increase in the
number of necrotic cells and elevated leakage of hepatic enzymes were apparent already after
50
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a few hours of exposure of a BAL to the patient plasma (Yu et al., 2014, Zhang et al., 2014).
No data are available on the effect of ACLF plasma on the cells in a BAL. Even though the
study with the HepaRG-AMC-BAL did not show a decrease in several liver functions of
HepaRG cells after 6 hour-exposure to plasma of a rat with ALF, it nevertheless revealed a
decrease in many hepatic transcript levels (Nibourg et al., 2013). This indicates that the liver
functions may still decrease after prolonged exposure to ALF plasma. However, the latest
induction increased the survival rate of pigs up to 87.5 % compared to 12.5% in the nontreated ALF group (Shi et al., 2016). This suggests that a short-time exposure of a BAL to
patient plasma might already be enough to support patients, while diminishing the risk of ALF
or ACLF plasma toxic effects on BAL biocomponents.

7. The use of a multicellular BAL for drug toxicity testing
The development of a heterocellular BAL can be beneficial not only for clinical use,
but also in drug development processes. Many in vitro models for liver toxicity testing include
only hepatocytes. However, various liver toxicity mechanisms require the presence of cell
types other than hepatocytes, and therefore cannot be properly predicted by monocultures.
In the liver, KC play an important role not only in the normal physiology and
pathological processes in the liver, but also in drug-induced liver injury (DILI) (Ganey and
Roth, 2001, Roberts et al., 2007). Inflammatory reactions can dramatically increase the
sensitivity to xenobiotic exposure (Messner et al., 2013, Roberts et al., 2007, Hadi et al.,
2012). Moreover, hepatocyte cocultures with KC have been successfully used to test and
investigate DILI-inducing compounds, anti-inflammatory compounds or compounds which
cause idiosyncratic DILI (Sarkar et al., 2015, Kostadinova et al., 2013) and they were shown
to reliably predict DILI in vivo (Tukov et al., 2006).
EC are in direct contact with the blood circulation in vivo and therefore they are often
a primary target for many toxins (McCuskey, 2008). For instance, SEC have been shown to
be an early target for acetaminophen toxicity prior to parenchymal cells. The degree of
microvasculature damage predicts the severity and progression of hepatocyte injury
(McCuskey, 2006). Moreover, SEC participate in drug metabolism and waste metabolite
elimination (Kim and Rajagopalan, 2010), and they play a protective role in liver injury by
inhibiting inflammation processes in the liver (Miller et al., 2010).
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study of Shi et al. on pigs showed that 3 hours of BAL treatment on the first day after the ALF
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Drug-induced cholestasis is one the most severe manifestations of DILI. Some models
have been developed to predict drug-induced cholestasis, based on hepatocyte sandwich
monocultures (Chatterjee et al., 2014). These models do not take into account that the
cholangiocytes, which express many transporters involved in biliary excretion, regulate the reuptake of bile acids, water and other components from the primary bile produced by the
hepatocytes (Kamiya and Chikada, 2015, Pauli-Magnus and Meier, 2006). Drug-induced
cholangiocyte toxicity can lead to the progression of cholestasis, chronic cholangiopathies and
primary biliary fibrosis and cirrhosis (Padda et al., 2011). Therefore, in vitro liver models that
do not include cholangiocytes fail to predict some types of drug-induced cholestasis.
Moreover, cholangiocytes can play a role both in drug toxicity and detoxification of drugs via
intrahepatic shunting (Dianat et al., 2014, Pauli-Magnus and Meier, 2006).
HSC and FB are known to play a role in liver injury and particularly in the
development of fibrosis. Therefore, models that include these cell types can be used to study
the effects of pro-fibrotic and anti-fibrotic compounds (Starokozhko et al., 2015, Westra et
al., 2014).

8. Summary
The use of a BAL is a promising approach to support patients with severe liver injury
who are waiting for transplantation or undergoing recovery. Current BAL systems differ in
their cell composition and bioreactor design. However, only a few of them incorporated liver
cells other than hepatocytes and even fewer managed to reconstitute a complex liver sinusoid
microarchitecture. In addition, none of the multicellular BALs have entered clinical trials.
Notable progress has been made in generating NPC from different sources, including
ESC, iPSC and MSC. As yet, however, many challenges still exist on the road to clinical
application of a BAL, such as proper tissue vascularization, bile removal and oxygen delivery
within the construct. Bile elimination from a BAL is one of the problems that has not been
solved so far and no satisfying solutions have been proposed or reported in the literature.
More efforts should be made to address the non-parenchymal component of BAL, the tissue
arrangement in a precise sinusoidal structure and the removal of bile. Such a multicellular
BAL will not only be beneficial for patients with fulminant liver failure, but may also be
beneficial for the pharmaceutical industry as improved model for toxicity prediction.
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Abstract
Hepatic differentiation of hiPSCs under flow conditions in a 3D scaffold is expected to be a
major step forward for construction of bio artificial livers. Therefore, the aims of this study
were to induce hepatic differentiation of hiPSCs under perfusion conditions and to perform
functional comparisons with fresh human precision cut liver slices (hPCLS), an excellent
benchmark for the human liver in vivo. The majority of the mRNA expression of CYP
isoenzymes and transporters and the tested CYP activities, phase II metabolism, and albumin,
urea and bile acid synthesis in the hiPSC derived cells reached values that overlap those of
hPCLS, which indicates for the first time a high degree of hepatic differentiation. Flow based
differentiation compared to static differentiation had strong positive effect on phase II
metabolism, suppressed AFP expression but resulted in slightly lower activity of some of the
phase I metabolism enzymes. Gene expression data indicates that hiPSCs differentiated into
both hepatic and biliary directions. In conclusion, the hiPSC differentiated under flow
conditions express a wide spectrum of liver functions at levels comparable to hPCLS and
show excellent perspectives to be further developed to a bioartificial liver system used for
toxicity testing or as a liver support device for patients in the clinic.

Keywords: hepatic differentiation, bioartificial liver, stem cells
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Introduction
Even though fully matured primary human hepatocytes (PHH) exhibit all the specific
liver functions, their limited availability and loss of liver specific functions during culturing in
vitro are still the major limitations for their application in a bioartificial liver (BAL) (Ordovás
et al., 2013, Mizumoto et al., 2012). Therefore, porcine primary hepatocytes and carcinoma
cell lines (HepG2, HepG2/C3A and HepaRG) have been widely employed in liver
engineering (Nibourg et al., 2012, Palakkan et al., 2013, Schwartz et al., 2014). The
drawbacks of these cells are however the risk of zoonotic diseases, immunological responses,
Palakkan et al., 2013).
Stem cells, especially human induced pluripotent stem cells (hiPSCs), have therefore
received great attention during the past years for liver tissue engineering (Ordovás et al.,
2013, Nibourg et al., 2012). hiPSCs represent a potentially unlimited cell source for a largescale production of hepatocytes required for BAL development. Furthermore, the use of the
patients’ own hiPSCs may allow for personalized treatment and thereby avoiding
immunological reactions. Although hiPSC-derived hepatocyte-like cells have been shown to
have certain liver-specific phenotypic characteristics and exhibit many of the liver specific
functions (Song et al., 2009, Chen et al., 2012, Gieseck et al., 2014, Si-Tayeb et al., 2010),
most of these functions are expressed at levels several magnitudes lower than in fresh liver
tissue or freshly isolated human hepatocytes

(Ulvestad et al., 2013) suggesting that

improvements in the differentiation protocols are still warranted.
In most of these studies the induced pluripotent stem cell-derived hepatocyte-like cells
were obtained by maturation in 2D cultures, and the cells are loaded in a bioreactor only after
maturation. Hepatic differentiation and maturation directly in the 3D bioreactor may offer
great advantages such as overcoming the need to harvest the total amount of cells needed for
the BAL from the 2D culture and loading in a 3D bioreactor. However, relatively few studies
have investigated the hepatic differentiation of stem cells directly in a 3D perfusion bioreactor
or BAL using embryonic stem cells (Sivertsson et al., 2013, Miki et al., 2011, Schmelzer et
al., 2010, Fonsato et al., 2010, Pekor et al., 2015, Wang et al., 2012), and only two of them
used hiPSCs (Luni et al., 2016, Giobbe et al., 2015). Flow of the medium was shown to have
beneficial effects on hepatic differentiation of ESC and fetal liver cells and to improve liver
functions of ESC-derived hepatocytes (Schmelzer et al., 2010, Pekor et al., 2015, Lu et al.,
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tumor formation or poor liver specific functions compared to PHH (Nibourg et al., 2012,
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2015, Yu et al., 2014).

Even simple recirculation of medium in a rotating bioreactor

improved the function of the differentiated hepatocyte-like cells (Fonsato et al., 2010, Wang
et al., 2012). The flow may not only physically influence the cells by creating flow forces, but
it also may improve mass as well as gas transfer between the cells and the medium, and
promote the removal of waste products (Pekor et al., 2015, Yu et al., 2014). However, in
another study perfusion inhibited adipogenic differentiation of adipose derived stem cells
possibly by washing away auto- or paracrine factors (Hemmingsen et al., 2013).
A limitation of many studies is the absence of a proper benchmark to evaluate whether
the cells are fully differentiated with respect to the expression levels of liver specific markers
and liver functions of the generated hepatocytes. For example, many studies have not used a
benchmark at all while others have used PHH cultured in vitro for 2 days or more (Song et al.,
2009, Iwamuro et al., 2012, Takayama et al., 2012). However, it is known that PHH cultured
beyond 24-48 hours rapidly lose their phenotype and liver-specific functions, and using these
cells as a benchmark results therefore in an overestimation of the maturation level of the stem
cell derived hepatocytes (Ulvestad et al., 2013). By contrast, fresh human precision-cut liver
slices (hPCLS) contain hepatocytes in their natural 3D tissue-matrix configuration, in contact
to the other liver cell types, and retain expression as well as activity of phase I and phase II
metabolic enzymes at levels comparable to the in vivo situation (Elferink et al., 2011, de
Graaf et al., 2007). Therefore, hPCLS can be considered the gold standard for assessing the
maturation of stem-cell derived hepatocytes into fully differentiated hepatocytes.
Here, we differentiate hiPSC-derived definitive endoderm (DE) cells into hepatocytes
in situ in a perfusion bioreactor system. Hepatic differentiation and functionality of hiPSCderived hepatocytes were assessed using fresh hPCLS as benchmark for ex vivo liver, and 2D
static cultures were used to compare differentiation efficacy in 2D static and 3D flow systems.

Material and Methods
Differentiation of hiPSC-DE cells into hepatocytes under static conditions and flow
conditions.
Human iPS-derived definitive endoderm (DE) cells (Cellartis® Definitive Endoderm
ChiPSC18, Cat. No. Y10040) derived from human dermal fibroblasts, authenticated using
STR and mycoplasma free according to qPCR (see further information about this cell line on
http://www.clontech.com) were cultured and differentiated into hepatocytes for 25 days
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according to the suppliers’ recommendations in the Cellartis® Hepatocyte Differentiation Kit
(Cat. No. Y30050), see Figure 1E. Briefly, the cell culture surface (cell culture plates or
scaffold) was coated with Hepatocyte Coating (from Cellartis Hepatocyte Differentiation Kit,
Cat. No. Y30050) at 37°C for 1-2 days and subsequently washed with Phosphate buffered
saline solution (PBS, 10 mM Na phosphate in 0.9% NaCl, pH 7.4). DE cells were thawed and
seeded in Hepatocyte Thawing and Seeding Medium at an initial density of 2.5 x 106
cells/scaffold and for the static references 1.5 x 105 cells/cm2 in 24 well plate format (using
polystyrene well plates or corresponding PDMS coated well plates, see below) in 1 ml of
medium. The DE cells were differentiated in Hepatocyte Thawing and Seeding Medium for 2
days at 37°C, before changing to Hepatocyte Progenitor Medium for another 5 days of
Maturation Medium for 4 days to immature hepatocytes and finally matured in Hepatocyte
Maintenance Medium for another 14 days of culture to mature hepatocytes. In the static
cultures, the medium was exchanged every 2-3 days.
Scaffolds fabrication and perfusion cell differentiation culture
Polydimethylsiloxane (PDMS) was chosen instead of hydrogels as scaffold material to
due to its biocompatibility and structural stability enabling production of liter-sized scaffolds
(Mohanty et al., 2015, 2016). Random porous scaffolds (Figure 1Ci, Cii) were fabricated
from PDMS by using salt leaching techniques similar to that described previously (Yuen et
al., 2011). Hexagonal combined structured/porous scaffolds (Figure 1Ciii, Civ) were made
using a sacrificial mold with hexagonal pattern fabricated by 3D printing using commercially
available water dissolvable polyvinyl alcohol (PVA) (MakerBot, USA) and packed with salt
crystals as described in (Mohanty et al., 2015). The scaffolds were treated with oxygen
plasma (125 W, 13.5 MHz, 50 sccm, and 40 millitorr) to render their surfaces hydrophilic and
sterilized by autoclaving. They were coated with Hepatocyte coating (from Cellartis
Hepatocyte Differentiation Kit, Cat. No. Y30050) by centrifugation at 300 x g for 5 minutes
and then left overnight at 37°C. The scaffolds were subsequently washed with PBS
centrifugation at 300 x g for 5 minutes and then left in a media at 37 °C for 2h prior to being
used to experiments.
A self-sustained perfusion system with 16 parallel reactors was constructed (Figure
1A, B) holding PDMS scaffolds. The scaffold bioreactor array, glass vials, caps and PTFE
tubing were sterilized by autoclaving before assembling in a laminar flow bench. 0.5 M
NaOH was flushed throughout the system to ensure a sterile fluidic path. The system was
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differentiation to hepatoblasts. The cells were then differentiated further in Hepatocyte
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subsequently flushed with sterile water and then with culture medium. Coated scaffolds were
placed in cylindrical holes in a custom built tray. 2.5 x 106 freshly thawed DE cells in 30 μL
of Hepatocyte Thawing and Seeding Medium was pipetted into each scaffold and cells were
allowed to adhere for 3h at 37 °C under 95% air/5% CO2. The seeding tray was inverted as
well as placed vertically in four different positions to allow the cells to distribute throughout
the scaffolds during the 3h. The scaffolds were then placed in the 4×4 bioreactor array of the
fluidic platform, and media was perfused through the scaffolds at flow rates of either 1 or
5μL/min. The entire system was incubated at 37 °C under 95%air/5% CO2. Cells were
cultured and differentiated for 25 days.
Human liver tissue
Human liver material was obtained from liver tissue of 10 individual patients,
remaining as surgical waste after reduced liver transplantation patients, from liver tissue
donated after cardiac death but not suitable for transplantation due to the age or from patients
undergoing hepatectomy for the removal of carcinoma. The experimental protocols were
approved by the Medical Ethical Committee of the University Center Groningen.
hPCLS were prepared as described previously by de Graaf et al. (de Graaf et al.,
2010). The hPCLS were made about 200µm thick and had 5 mg wet weight. In order to
remove cell debris and to restore function, hPCLS were pre-incubated in the incubator
(Panasonic, USA) for 1 hour at 37ºC in a 12-well plate filled with 1.3 ml of Williams’
Medium E (Gibco, USA) saturated with 80%O2/5%CO2 while gently shaking 90 cycles per
minute.
Static hPCLS culture. After pre-incubation, slices were transferred individually to a 12-well
plate filled with 1.3 ml of Hepatocyte Maintenance Medium (from Cellartis® Hepatocyte Diff
Kit (Cat. No. Y30050) saturated with 80%O2/5CO2 and supplemented with 50 µg/ml
gentamycin (Invitrogen). Plates were gently shaking 90 cycles per minute in the incubator at
37ºC.
hPCLS culture under flow condition. After pre-incubation, slices were transferred individually
into small micro-chambers of PDMS biochips. The fabrication process of the biochip, as well
as a schematic view of the biochip set-up was extensively described before (van Midwoud et
al., 2010). Slices were embedded in MatrigelTM (BD Biosciences, Bedford, MA, USA) as
described previously and the biochips were perfused with 2 times diluted Hepatocyte
Maintenance Medium from Cellartis® Hepatocyte Diff Kit supplemented with 50 µg/ml
gentamycin at 10µl/min flow in a humidified incubation chamber saturated with a mixture of
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95%O2/5%CO2 as described in detail before (van Midwoud et al., 2011b). Viability of hPCLS
was assessed by analysis of ATP content and morphological examination after 0h and 24 h.
More details are provided in Supplementary materials.
Imaging and confocal microscopy
Phase contrast images of 2D flow cultures and fluorescence based imaging of the
scaffolds were acquired by a Zeiss Axio Observer as described in details in Supplementary
materials. Confocal acquisitions of the scaffolds were performed using a Zeiss LSM 700
module in the Axio Imager M2 upright microscope using a 40x/1.20 W Korr C-Apo

Functional characterization of hiPSC-derived hepatocytes and hPCLS
Phase I metabolism. To test the activities of several different CYP isoenzymes, hPCLS and
cells in perfused and static systems were exposed for 1-3 hours to a drug cocktail containing
10µM phenacetin (CYP1A), 10µM bupropion (CYP2B6), 50µM mephenytoin (CYP2C19),
10µM diclofenac (CYP2C9), 10µM bufuralol (CYP2D6) and 5µM midazolam (CYP3A) in
Hepatocyte Maintenance Medium without phenol red and supplemented with 2mM Lglutamine and antibiotics (50 µg/ml gentamycin for hPCLS and 0.1% penicillin and
streptavidin for cells. Medium was collected and stored at -80°C until further analysis.
Metabolite concentrations were measured at Pharmacelsus (Germany) by LC/MS according to
in house protocols. The metabolite production was normalized per milligram protein and per
hour.
Phase II metabolism. For Phase II metabolism studies, hPCLS and cells in perfused systems
or in static condition were exposed to 100µM of 7-hydroxycoumarin (7-HC) (Sigma-Aldrich,
St.Louis, MO, USA) for 1-3 hours. Medium was collected at outlet tubes or from the
incubation medium and stored at -20°C until further analysis, using 7-HC, 7-HC-G and 7-HCS as standards. The metabolite production was normalized per milligram protein and per hour.
Gene expression
Total cellular RNA from cells or PCLS was purified by using the RNeasy Micro kit
(Qiagen, 74004) or using Maxwell 16 LEV simplyRNA Tissue Kit (Promega, USA)
respectively. The RNA was converted to cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, 4374966) and quantitative real time PCR was
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objective. More details are provided in Supplementary materials.
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conducted using the TaqMan® Gene Expression Assays (Applied Biosystems 4331182). More
details are provided in Supplementary Materials.
Statistical analysis
Four independent experiments were performed with 4 batches of DE cells from one
donor, and hPCLS from 7 different human donors. Since the number of donor livers for slices
and number of donors for stem cells are limited, and inter-individual variations are large in
the human population, we conclude on the differentiation of the cells by comparing the range
of expression or activity rather than the mean or median values.
Additional Methods can be found in Supplementary materials.

Results
Differentiation of definitive endoderm cells into hepatocyte-like cells under 3D flow
condition.
Differentiation of hiPSC-derived DE cells into hepatocytes was performed in perfused
3D bioreactors with highly porous 3D PDMS scaffolds and for comparison in conventional
2D cultures in polystyrene (PS) wells or PDMS coated wells. Frozen DE cells were seeded at
a density of 2.5 x 106 cells per scaffold and differentiated into hepatocytes as illustrated in
Figure 1E. Differentiation under flow on 2D surface showed very good morphology of
differentiated cells, provided that the amount of differentiation factors was reduced by 50%,
since 100% differentiation factor concentration results in poor cell adhesion during flow
(Supplementary Figure 1). Cells differentiated on PS and PDMS respectively under static
conditions showed similar morphology (Supplementary Figure 2). It was not possible to
obtain bright field images of the cells in the 3D scaffold due to the poor optical characteristics
of the scaffold.
The cells adhered typically in clusters in the scaffolds (Figure 1Di, Dii) at a relatively
low overall final cell density (200.000-300.000 cells/scaffold) as determined by visual
inspection (Supplementary Figure 3) and measurement of protein content (Supplementary
Figure 4) in the scaffold. As DE cells and differentiated hepatocytes adhere well to PDMS
(Supplementary figure 3), the relatively low number of adhering cells to the scaffold is likely
due to difficulties to seed the cells in the scaffolds although seeding was performed by
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densitiees were probbably higherr.

Figure 1. Differentiatiion of iPSC in
n scaffolds unnder perfusion
n. A. Design of
o the perfusioon system. B.. Image of
s
drivin
ng 16-channells. C. PDMS scaffold witth random poores (C.i and C.ii) and
assembled perfusion system
C.iii and C.iv). D.i, D.ii C
Confocal micro
oscopy imagees of iPSCS dderived hepattocyte like
hexagonaal channels (C
cells. Bllue is nucleus (DAPI) and red is actin sttaining. E. Scchematic overrview of the eexperimental process
p
of
differentiiation of DE cells
c
to maturee hepatocytes.

Figure 2.. hPCLS at 0hh (A) and 24h (B) of incubaation (Haemato
oxylin & eosin staining). Sccale bar: 200µ
µm.
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Differentiation of hiPSC-derived DE cells loaded in the scaffolds was performed at a
flow rate of 1 μl/min (exchange rate every 50 minutes) and 5 μL/min (exchange rate every 10
minutes). It was calculated that in both flow regimens, shear forces were very low (1.1e-4
dyn/cm2, or less, Supplementary Figure 6 and 7). Furthermore, the exchange rate of once per
10 minutes was shown to be compatible with differentiation into hepatocytes in 2D flow
cultures (Supplementary Figure 1) and has previously shown to support differentiation of
adipose derived stem cells into adipocytes using conditioned medium (Hemmingsen et al.,
2013).
Comparison of gene expression of hepatocyte markers of human iPSC-derived
hepatocytes and hPCLS
We investigated the hepatic differentiation of hiPSC-derived DE cells in the 3D
scaffold at two different flow rates, 1 µL/min and 5 µL/min, and in two different scaffold
designs (Figure 1C), and compared the results with cells differentiated under static 2D
conditions in standard polystyrene (PS) well plates or in well plates coated with a PDMS
layer. hPCLS were used as a benchmark for cells differentiated in the scaffold under
perfusion. hPCLS were prepared from 10 individual livers of human donors, aged 20-73 year
(60% female) as described (de Graaf et al., 2010). Due to the limited amount of liver material,
not every test was performed on all donor livers. The morphological appearance and ATP

content of the hPCLS after a preincubation of 1 hour to restore ATP levels (0h) and after 24h
of incubation, indicated that the slices were viable. ATP levels were 9.7±1.3 pmol/µg protein
and 8.24±0.76 pmol/µg protein at 0h and 24h respectively (mean±SEM). Morphology showed
intact liver tissue at 0h and after 24 h of incubation (Figure 2).
The gene expression of the liver-specific genes of the cells differentiated under the
conditions outlined above and the hPCLS is depicted in Figure 3. A summary based on
classification of gene expression into broader groups is presented in Figure 4.
When comparing the differentiated cells in static cultures on PS with hPCLS, most of
the CYP genes, the expression of the epithelial biliary cell markers (CK7, BGP) and the drug
transporter ABCB1 (multidrug resistance protein, P-gp) in the cells was in the range of that
seen in hPCLS. Large differences in gene expression were observed for the genes CAR, ALB
and BSEP, which were clearly under expressed in differentiated cells compared to hPCLS.
These three genes were, however, higher expressed in differentiated cells than in the DE cells
(Figure 3 and 4). Furthermore, the differentiated cells showed higher expression of AFP and
HNF4a than the hPCLS. The differentiated cells on PS therefore had a mixed phenotype,
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expressiion in cells on PDMS and
a PS resppectively (Fiigure 3 and 4).

Figure 33. Expressionn of differentt hepatic gennes by DE cells
c
cultured and differenntiated underr different
conditionns. Data are given for each individual saample to appreciate the varriation within each conditio
on and the
overlap bbetween the different
d
cond
ditions. Resullts are from four
f
independ
dent differentiiation experim
ments and
seven donnors. Due to poor RNA yiield, some geenes where on
nly analyzed in
i two (P-gp)) or three (CK
K7, BSEP,
BGP) of tthe cultures.

F
Flow moduulated the geene expressiion of differrentiated ceells only to a small exteent, with
5 µl/minn performinng slightly better
b
than 1 µl/min forr CYP 3A4 and 2B6. FFlow also mo
odulated
the ALB
B and AFP expression
n; the ALB expression was suppreessed by floow compareed to the
correspoonding statiic cultures. The AFP exxpression was
w lowest in cells expoosed to the 5 µl/min
perfusioon compareed to static and
a perfusiion with 1 µl/min,
µ
but did not ressult in the very
v
low
levels oobserved in hPCLS
h
(Fig
gure 3 and 44).
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Figure 44. Summary of
o the comparrison of the ggene expressio
on levels betw
ween the diffeerentiated cells and the
hPSLC as benchmark from Fig 3. The
T different ggrades of colo
or in the chart represent thee gene expresssion levels
B
all
in the hiiPSC-derived hepatocytes relative to tthe gene expression levelss in hPCLS as follows: Black:
individuaal data of the cells
c
are higheer than those iin hPCLS. Daark grey: the individual dataa of the cells are higher
than or inn the higher raange of those of hPCLS. M iddle grey: alll data of the cells are in thee same range as
a those of
hPCLS. L
Light grey: thhe individual data of the ccells are loweer than or in the
t lower rannge of those of
o hPCLS.
White: alll individual data of the cells are lower thhan those of th
he hPCLS.
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Figure 55. Phase I metabolite
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Figure 66. Production of 7-hydroxy
ycoumarin gluucuronide (HC
C-G) (left pan
nel) and 7-hyddrocycoumariine sulfate
(HC-S) (rright panel) from
f
7-hydrox
xycoumarin bby hiPSC-deriived hepatocy
ytes and hPCL
LS cultured in
n static or
under floow conditionss. The individual values aare expressed
d as pmol/h/m
mg protein. R
Results are from
fr
three
independdent differentiaation experiments and sevenn donors).

Albuminn and urea production
p
A
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y the hiPSC
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was in the lower range of that
of hPCL
LS (Figure 7A).
7
No diffference wass observed between
b
thee two types of scaffolds at both
flow rattes or betweeen static an
nd perfusionn cultures.

Figure 7. Albumin (A
A) and urea ( B)
B production by hiPSC-derived hepatoccytes and hPC
CLS cultured in
i static or
ual data valuees are expressed as ng/h/m
mg protein forr albumin and
d μg/h/mg
under floow conditions. The individu
protein foor urea. Resultts are from thrree independeent of differen
ntiation experim
ments and sevven donors.
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Figure 88. Bile acid prroduction by hiPSC-deriveed hepatocytes and human PCLS culturred in static conditions.
c
Data are eexpressed as pmol/h/mg
p
pro
otein. Graph rrepresents mean values ± SE
EM.

Discu
ussion
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differentiated cells. Moreover, we found that DE cells can be successfully differentiated into
hepatocyte-like cells in a 3D scaffold in a bioreactor under flow conditions, to a similar or
only slightly better differentiation grade than under static 2D conditions, especially with
respect to phase II sulfation activity and a lower AFP expression, which can make the
production of a BAL easier and more effective in the future.
hiPSC derived cells differentiated under flow in a 3D bioreactor resulted in a BAL
model with overlapping phase I metabolism (except for CYP2B6) and similar or higher phase
II metabolism, compared to fresh human liver slices. Urea production was present in the
hiPSC but was below or in the lower range of the hPCLS. However, the capacity of urea
production in the BAL from ammonia from extrahepatic sources was not assessed since no
ammonia was added to the medium and, further studies with exposure to extracellular
ammonia are needed to show the ability of the cells to detoxify ammonia, which is important
for patients with liver diseases where high concentrations of neurotoxic ammonia are
detected. Bile acid production by hiPSC-derived hepatocytes was on the same level as in fresh
tissue slices. The gene expression of P-gp in hiPSC-derived hepatocytes was shown to be
higher than in hPCLS, which is remarkable as a 10-20 fold lower expression in differentiated
hiPSC compared to human hepatocytes was found by Lu et al. (Lu et al., 2015). However, the
gene expression of BSEP in the differentiated cells was lower than in the hPCLS. Similar to
hPCLS, the hiPSC derived cells expressed both CK-7 and BGP indicating that the hiPSC
derived cells are a mixture of both hepatocytes and biliary epithelial cells (BEC). This
bipotent differentiation potential of iPSC-derived hepatic progenitor cells was also found
previously (Yanagida et al., 2013). The albumin secretion of stem cell-derived hepatocytes
achieved here is similar to hiPSC-derived hepatocytes (Gieseck et al., 2014) or 10-100 fold
higher than in human ESC-derived hepatocytes (Miki et al., 2011) and 3-40 fold higher than
mouse iPSC-derived hepatocytes (Iwamuro et al., 2012), but lower than in fresh tissue slices.
Although the mRNA expression was high for HNF4a indicating hepatic differentiation and
low for CYP3A7, which is a fetal enzyme with low expression in the adult liver, the relatively
high expression of the fetal protein AFP indicates that maturation of the cells is not fully
complete. This has also been observed by others (Chen et al., 2012, Gieseck et al., 2014,
Iwamuro et al., 2012, Kim et al., 2015), and it needs to be addressed how relevant this is for
the functioning of the BAL in patients who need liver support or for toxicity testing. Taken
together, these results show overall that hiPSC differentiated under static conditions as well as
under flow in a scaffold have liver functions close to those in fresh human liver tissue. The
significant improvements with respect to liver functions of the differentiated cells presented
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here compared to other studies could be due to better differentiation protocols, resulting in a
favorable balance of paracrine or autocrine factors affecting differentiation, whereas the
difference between the cells differentiated under 2D static and 3D perfusion conditions could
be ascribed to better nutrient delivery and waste removal.
Most studies have used PHH cultured in vitro for 1-3 days as benchmark for hepatic
activity (Gieseck et al., 2014, Ulvestad et al., 2013, Lu et al., 2015, Takayama et al., 2012).
Because PHH functions decrease rapidly and drastically (10-1000 fold after 48h culture)
during in vitro culture (Ulvestad et al., 2013), using these PHH as standard tends to
overestimate the metabolic function of hiPSC-derived hepatocytes. Therefore, the comparison
of those data with our study is difficult. Moreover, comparison of the metabolic activity data
experimental conditions used are largely different. Fresh human PCLS, on the other hand,
show similar metabolic activity as the fresh PHH and give a good representation of liver
functions in vivo (Asplund et al., 2016). The only published study which used fresh
hepatocytes as a control is the study of Ulvestad et al. (Ulvestad et al., 2013). Comparison of
the results of that study with our data shows that the CYP3A, CYP2C9 and CYP1A activities
of hiPSC-derived hepatocytes in our study were ten to several hundred fold higher than those
of the iPSC-derived hepatocytes in the study of Ulvestad et al. We were the first to measure
phase II metabolism in hiPSC and found that glucuronidation was comparable to PCLS but
sulfation was remarkably higher after differentiation under flow, which requires further
studies.
The gene expression of CYP-enzymes and their activity varied notably between donor
livers, which is very well known in the human population, which is among others a result of
polymorphisms and induction by environmental and physiological factors. For example,
CYP1A2, CYP2D6, CYP2C9, CYP2C19, CYP2B6 and CYP3A4 are known to be important
polymorphic and highly inducible enzymes in human (Zhou et al., 2009). With this in mind it
is noteworthy that the gene expression and enzyme activities in hiPSC derived cells
overlapped in most cases with a few discrepancies noted below. For example, the CYP3A5
gene was higher expressed in hiPSC-derived hepatocytes compared to hPCLS, whereas
CYP3A4 gene expression only reached up to the lower range of human livers (Figure 3).
However, as CYP3A4 and 3A5 have strongly overlapping specificities (Emoto and Iwasaki,
2006), it may explain why the total CYP3A metabolism of midazolam was similar in hiPSCderived hepatocytes and hPCLS (Figure 5). Although, the gene expression of CYP2B6 in the
differentiated cells was in the lower range of hPCLS possibly due to low CAR expression, the
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between different studies is further hampered by the fact that the substrate concentrations and
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activity of this enzyme was at least 10 times lower in hiPSC-derived hepatocytes than in
hPCLS indicating a post transcriptional regulation. Future research will be focused to improve
also the as yet under expressed CAR mediated pathway.
We found a limited influence of the flow rate on the hepatic differentiation of hiPSC
in the BAL, as 5µL/min flow resulted in a somewhat better hepatocyte differentiation and
maturation than the 1µL/min flow. This might be explained by the better nutrient and oxygen
supply and removal of waste metabolites at the higher flow rate. Also the type of scaffold had
no obvious impact on the differentiation.
In conclusion, most of the drug metabolism enzyme activities of the developed hiPSCbased BAL were in the same order of magnitude as in the fresh human tissue, which is an
important achievement in liver tissue engineering and for future applications in drug
metabolism and toxicity testing. A limitation of the present study is that besides hepatocytes
and biliary epithelial cells, which were present in the developed BAL according to gene
expression profiling, no non-parenchymal cells are present yet. Although no toxicity studies
have been done yet, for future toxicity tests it is necessary to also add these other liver cell
types to better represent the liver functions by the BAL. Moreover, future experiments with
more donor individuals for both iPSC and PCLS will help to better estimate the variation in
the population as well as the robustness of the differentiation protocol. Finally, future studies
should show the BAL’s detoxification capacities for human serum.
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Supplementary materials
Description of perfusion system
A schematic of the perfusion culture system and fluidic/air circuit is illustrated in
Figure 1. The main components of the system include an array of 4×4 bioreactors for culture
of cells, vials and vial trays for storage of culture media and waste and peristaltic pumps and
motors for perfusion of media. All parts are secured onto a single platform. Four 8-channel
micropumps (previously described (Skafte-Pedersen et al., 2009, Sabourin et al., 2013)) that
generate pulsatile flow are included in the system, controlled by motors and controllers from
different flow rates in a single experiment. The pumps allow flow rates of sub-µl/min to
approximately 90 µl/min (Sabourin et al., 2013). The fluidic circuit is formed by the pumps,
bioreactor array and media storage vials that are connected using polytetrafluoroethylene
(PTFE) tubing (inner diameter of 0.8 mm) (BOLA 1818-10, Bohlender GmbH, Germany).
Inlet and outlet vials are coupled with PTFE tubing and supplied with air supplemented with
5% CO2 through a sterile filter. To avoid the formation of gas bubbles in the microfluidic
network, an overpressure of 30 kPa is put on the flow system during its operation. All
components are mounted onto a base platform for portability and user-friendly handling. The
entire system can be placed in an incubator for cell culture experiments.
Design of the bioreactor array
The bioreactor array allows culture of 16 cylindrical 3D constructs having thicknesses
of 5 mm and diameters of 6 mm (Figure 1C). The bioreactors are designed with conical inlets
and outlets for uniform delivery of media through the pores of a scaffold in the cylindrical
cavity (Okkels et al., 2010, Patrachari et al., 2012). Additionally, the conical inlet geometry
gives rise to lower shear stress in the areas of the scaffold close to the inlet as assessed from a
finite element study of the flow profile within two bioreactor designs as discussed in
following sections. Silicone tubes (having inner diameter of 1.8 mm and 1 cm in height) are
press fit to the ports of the bioreactor (inner diameter of 1 mm and outer diameter of 2 mm)
and serve as connectors between the bioreactor and the rest of the perfusion network.
The 4×4 bioreactor array was implemented in an easily exchangeable single device.
The upper plate of the device (having dimensions of 100 x 100 x 5 mm3) incorporates the
outlet ports for waste removal from each bioreactor. The lower plate (with dimensions of 100
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the Lego Mindstorm (Lego, Billund, Denmark) kit. This allows culturing of cells at four

3D liver models in tissue engineering
x 100 x 10 mm3) incorporates 4×4 cylindrical chambers (each with a diameter of 6 mm and
height of 5 mm) for housing scaffolds and inlet ports for perfusion of media into the
chambers. The two parts of the array are secured together using screws with a custom
designed polydimethylsiloxane (PDMS) gasket (having a thickness of 1 mm) placed between
them in order to ensure a tight seal and form a leak proof system. The gasket was designed
such that it incorporated a raised lip (0.5 mm high) around each bioreactor array.
Fabrication
The two parts of the bioreactor array were fabricated by micromilling the required
features into polycarbonate substrates. The gasket was fabricated by moulding of PDMS in a
custom milled polycarbonate mould. Vial trays capable of housing 32 vials (16 for holding
cell culture media and 16 for storage of the waste media), were fabricated in 5 mm sheets of
polymethylmethacrylate (PMMA) using a CO2 laser cutter (Epilog Mini 18 Laser, CO 80403,
USA).
Viability determination of hPCLS
ATP content of hPCLS was assessed according to the manufacturer’s protocol of the
ATP Bioluminescence Assay Kit CLS II (Roche, Mannheim, Germany) in a black 96-well
plate in the Lucyl luminometer (Anthos, Durham, NC) using a standard ATP calibration
curve. The ATP content was normalized for protein content of the hPCLS as described below.
Morphology was assessed on 4 μm sections of formaldehyde fixated, paraffin-embedded
slices, stained with hematoxylin and eosin according to the described protocol (de Graaf et al.,
2010).
Protein Content of hPCLS and iPSC-derived hepatocytes in the scaffold
The pellet left from homogenized ATP samples was used to determine the protein
content of hPCLS using the Bio-Rad DC Protein Assay (Bio-Rad, Munich, Germany) as
described before using bovine serum albumin for the standard curve (Starokozhko et al.,
2015). Protein content of cells in the scaffold was measured according to the manufacturer
instructions of Pierce® BCA Protein Assay Kit (cat. no. 23227) after protein extraction by an
over-night incubation of the scaffold in 0.2 M NaOH. More information is found in
Supplementary Figure 4.
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Gene expression analysis
Total cellular RNA was purified by using the RNeasy Micro kit (Qiagen, 74004).
Differentiated cells were lysed directly in the scaffold in the bioreactor using the lysis buffer
provided in the Qiagen RNeasy Micro kit. The lysate was collected in microtubes and purified
according to manufacturer’s instructions (Qiagen, 12/2007). Total RNA from the hPCLS was
isolated using Maxwell 16 LEV simplyRNA Tissue Kit (Promega, USA). The RNA was
converted to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, 4374966) according to the manufacturer’s instructions (06/2010). Quantitative
real time PCR was conducted using the TaqMan® Gene Expression Assays (Applied
Biosystems 4331182), ALB (albumin) ID: Hs00910225_m1, AFP (alpha-fetoprotein) ID:
ID: Hs00241417_m1, CYP3A7 ID: Hs00426361_m1, HNF4A (hepatocyte nuclear factor-4alpha) ID: Hs00230853_m1, NR1I3 (CAR, constitutive androstane receptor) ID:
Hs00231959_m1, ABCB11 (BSEP, Bile Salt Export Pump) ID: Hs00184824_m1, ABCB1
(P-gp, permeability glycoprotein) ID: Hs00184500_m1,

and KRT7 (cytokeratin-7) ID:

Hs00559840_m1), TaqMan® Gene Expression Master mix (Applied Biosystems, 4370048)
and RNase-free water according to the manufacturer’s instructions (Applied Biosystems
11/2010). The respective Ct values obtained after analysis in a Chroma4 real time PCR
machine (MJ Research, the program run at 50ºC for 2 minutes, 95 ºC for 10 minutes and 40
cycles of 15 sec at 95 ºC and 1 minute at 60 ºC) were normalized to the Ct value of CREBBP
(CREB-binding protein) ID: Hs00231733_m1. CREBBP has been shown to be a good
candidate to use for normalization since the gene expression does not change significantly
during differentiation (Synnergren et al., 2007). The gene expression is presented as data
points using the formula: 2-∆Ct.
Imaging
Phase contrast images of 2D flow cultures were acquired by a Zeiss Axio Observer.
Z1 microscope equipped with a 10x/0.3 Plan-Neofluar objective, and a Zeiss Axiocam MRm
B/W camera. A scan of each cell culture chamber was recorded with an exposure time of
5msec. All images were acquired with a z-stack of 5 image planes (6 µm between each image
plane). The images were processed by applying the AxioVision Extended Focus module on
the z-stacks to obtain the best focused image, stitching the individual images together and
finally converting the stitched images to one image.
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Hs00173490_m1, CYP2B6 ID: Hs04183483_g1, CYP3A4 ID: Hs00604506_m1, CYP3A5
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Fluorescence based imaging of a cross section of the scaffold was carried out at day 22
of the cell culture differentiation. Scaffolds were sectioned longitudinally (along the axis of
flow). Each scaffold was stained with either Höechst for showing cell distribution or Calcein
AM for live cell imaging. Non-fluorescent Calcein AM is converted to highly fluorescent
Calcein by intracellular esterase activity and stains viable cells green. Cells were imaged
using an inverted microscope (Zeiss Axio Observer) using the appropriate excitation lights
and filters.
Confocal microscopy
Scaffolds were sectioned longitudinally (along the axis of flow) on day 22 of the cell
culture differentiation. Each sample was fixed in 3% paraformaldehyde (in PBS) for 10
minutes and permeabilized with Triton X-100 for 5 minutes. Subsequently, they were stained
for 30 minutes with either Höechst 33342 (Invitrogen) for labeling the cell nuclei as well as
Phalloidin (F432, Invitrogen) for labeling the F-actin. Confocal acquisitions were performed
using a Zeiss LSM 700 module in the Axio Imager M2 upright microscope using a 40x/1.20
W Korr C-Apo objective. The confocal settings were as follows, section thickness 0.8 µm,
pixel dwell 0.79 µs, pixel size 145 nm, optimal Z section number determined by the confocal
software. To eliminate any possible cross-talk between channels, images were collected with
a sequential scan, using the following laser lines and mirror settings: 488(30%) 495-560nm;
555(30%) 605-700nm.
Albumin synthesis
Albumin production was measured using the Human Albumin ELISA kit (Bethyl
Laboratories, Mongomery, USA) according to the supplier’s recommendations. In brief,
medium was collected from the well plate (static conditions) after 24 of incubation or at the
outlet tubes (perfused systems) for 24 hours from both differentiated cell and hPCLS cultures
and stored at -20°C until analysis. Samples were diluted if necessary and human albumin was
used to prepare a calibration curve. The amount of albumin was calculated based on a
standard curve generated as a 4-parameter curve fit. Values are expressed as ng albumin
produced per hour, per milligram total protein.
Bile acid production
Total bile acid (TBA) content was measured using the Total Bile Acid kit (Diazyme
Laboratories, Poway, CA, USA) in medium after 24 h incubation (static cultures) or 24 h
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Supplem
mentary Figu
ure 1. Effectt of concenttration of siignaling facttors on cell morphology
y at flow
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ns. Left paneels: low magn
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Right panels high
h
magnifications. DE ccells were culltured and
differentiiated at 2D floow conditionss in a chambeer having dim
mensions of 1.5
5 mm (w) x 6 mm (l) x 0.5 mm (h).
The conccentration of signaling
s
facto
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u
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nditions or
½ the noormal concenttration but oth
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rates, 2500 nL/min or 500
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dium in the enntire chamberr every 20
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minutes. Phasee contrast imaages acquired at day 25. Th
he shown imaages are a reppresentative arrea of one
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c
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Supplem
mentary Figurre 2. Cell morrphology of d
differentiating
g cells at stattic conditionss. Phase contraast images
were acquuired at day 9,
9 15, and 19. The cell morrphology was very similar between
b
the PPDMS scaffold material
and the P
PS conventionaal surface substrate, althouggh some largeer cells were observed on PD
DMS.

Supplem
mentary figurre 3. Microsco
opy imaging of hiPSC-derrived DE cellss cultured andd hepatic diffferentiated
inside a pporous scaffoold at perfusio
on conditions:: Image at daay 22 after ceell seeding off the middle of
o a crosssectionedd scaffold. A)) Scan of entiire cross-secti
tioned scaffold showing ceell distributionn. Höechst sttained cell
nuclei in blue color. B)) Close-up vieew of cell disttribution with Höechst stain
ned cell nucleii. The homogeeneus blue
fields in tthe image are likely not cells but reflectioons within thee scaffold. Th
he fluorescencce image is meerged with
a phase contrast imagee of the scaffolld. C) Calceinn-AM live-staiined cells in green.
g
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Supplementary figure 4. Determination of protein content in the BAL. DE cells were loaded into the BAL as
and two different flow conditions), where prepared and cultured for one week. Scaffolds with cells were
perfused with Dulbecco’s Phosphate Buffered Saline with MgCl2 and CaCl2 (Sigma D8662) for 30 min to
remove protein containing medium and then transferred to an 1.5 mL Eppendorf tube with 0.5 mL 0.2M NaOH.
To enhance distribution of NaOH within the scaffold, the tubes were vortexed for 30 seconds three times with 10
minutes incubation between each vortex. The tubes were incubated over night at 4°C. To enhance the release of
cell material from the scaffold into the NaOH, the tube was again vortexed for 3 X 30 seconds with 10 minutes
incubation between each vortex, and then centrifuged at 500 x g for 5 minutes. The supernatant was diluted 1:1
with milliQ water to 0.1M NaOH. The protein content was measured by the use of the Pierce® BCA Protein
Assay Kit (cat. no. 23227) according to the supplier’s microplate procedure. The absorbance was read at 570 nm
and protein calculated based on a standard curve for bovine serum albumin. The results showed that the variance
between the same type of scaffold was limited. If it is assumed that 0.1 mg protein corresponds to 100.000 cells
(Anders Aspegren, personal observations), each BAL contains about 200.000-270.000 cells. This corresponds
well with theoretical calculations that there can be a maximum of about 600,000-1,000,000 cells per BAL (see
Supplementary figure 6).
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Supplem
mentary figuree 5. Theoreticcal calculationns of the surfa
face area of a scaffold. Twoo estimates were
w
made:
Estimatee 1 was based on an idealizzed network oof cubes that are
a connected and then surrrounded by PD
DMS. The
calculatioon involved trrying to find out
o how manyy salt cubes th
hat can fit into
o the volume oof the scaffold
d and then
calculate the surface area
a
by takin
ng the numbeer of salt partticles multipliied by the tootal surface of one salt
particle. The side of a salt cube iss approximateely 0.35 mm as determineed by scanninng electron microscopy
m
investigattions (Canali et al., 2015). The distance to the next saalt particle is estimated to bbe 0.1 mm (can also be
larger) m
meaning that a salt crystal takes up aboout 0.45*0.45*
*0.45= 0.091125 mm3 incl
cluding the su
urrounding
PDMS. T
The cylinder volume
v
(Figu
ure 1C) is r2**pi*h=3*3*pii*5=141mm3. 141/0.0911225= 1556 partticles. The
surface aarea of a salt particle is 0.3
35*0.35*6=0..735 mm2. 15
556*0.735= 11.39 cm2. Hoowever becausse the salt
crystals nneed to touch each other in
n order to form
m a network, some of the area
a is lost. Inn the idealised
d situation,
each cubee looses aboutt 1.5 sides in surface
s
area ass it shares that area with oth
her salt crystaals. Therefore the area is
estimatedd to be 11.39**9/12=8.5 cm
m2

In Estim ate 2 we useed the measured porosity (ddetermined to
o be 65%)

(Canali eet al., 2015) of
o a random sccaffold as inpput parameter and calculateed the numberr of salt moleecules that
could fit iinto pores witth a total volum
me of 0.65 muultiplied by th
he scaffold vollume: r2*pi*hh*0.65=3*3*pi*5*0.65=
92 mm3. Volume of saalt particle is 0.35*0.35*0.335mm3=0.042
2875mm3. Number of salt pparticles in sccaffold are
mber of paarticles multtiplied by the surface
92/0.0428875=2145 particles. Num

of each salt
s
cube

(6*0.35*00.35mm2=0.735mm2) = tottal surface vollume: 1577 mm
m 2=15.8 cm2. However, juust as in the caase above,
some of tthe sides of the cubes are sh
hared betweenn each sugar cu
ube. Using thee estimate am
move, it is sugg
gested that
the surfacce area is 15..8 cm2*9/12= 11.85 cm2. IIn this case, the
t surface arrea is estimateed to be abou
ut 12 cm2,
which is close to Estim
mate 1 of 11.3
39 cm2. For s implicity we estimate the surface
s
of a sccaffold to 10 cm
c 2 (1000
mm2).
s
of one side of the cuuboidal cell. A 20 µm x
The numbber of cells fittting the scafffold is proporttional to the surface
20 μm ceell surface willl result in a th
heoretical cell limit of 1000//(0.02*0.02)=
=2.5 million ceells per scaffo
old. This is
given thaat the cell surfface area is thee same in the 3D scaffold as
a on the 2D batch
b
culture ((compare figu
ure 1D and
suplemenntary figure 3)). Typically 80
0,000-100,0000 iPSC-differeentiated hepattocytes can bee harvested peer cm2 cell
culture diish indicating that the maximal total cell number in thee scaffold is between 800,0000-1,000,000 cells.
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Supplem
mentary figuree 6. Evaluation of shear streess acting on the
t 3D scaffolld at the microoscale
Velocity profile (a) annd pressure gradient
g
(b) w
within the bio
oreactor as well as in the 3D scaffold. Different
L simulationss were perform
med to calculaate the shear stress
s
that cells sense withiin the 3D scaaffold. The
COMSOL
first analyysis was madde at the macrro scale, evaluuating the vellocity field an
nd pressure grradient in the reactor as
The domaain region outtside the scafffold was modeeled by using the incompressible Navier--stokes equatiion, which
describess how the vellocity, pressurre, temperatuure and densitty of a movin
ng fluid are rrelated and in
nclude the
effects off viscosity on the flow.
∙
∙

p

F

0

(11)
(22)

where ρ iis fluid densitty (kg∙m-3), u is the fluid veelocity (m∙s-1), η is viscosity (Pa∙s), p is the pressure (Pa),
(
F the
volume fo
force (N), and

d del (nabla) ooperator.
the standard

The regioon containing the porous sccaffold was m
modeled by ussing the Darcy-Brinkman eequation, assu
uming that
the scaffoold has uniform
m microarchittecture and cyylindrical porees.
(33)
0

(44)

o the porouss medium (Paa∙s), us is the fluid velocityy (m∙s-1), p iss the fluid
where μ is the effectivve viscosity of
pressure ((Pa) and κ is the
t permeabiliity of the poroous scaffold (m
m2).
A flow raate of 3.3 µl/m
min was appliied to the inleet, the boundarry condition at
a the outlet w
was set at zero
o pressure,
and the nno slip boundaary conditions were used aloong the walls of the model.
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(a)

(b)

Supplem
mentary figuree 7.
Velocity profile (a) annd shear stresss (b) profile inside of a single
s
channel having a poore diameter of 200μm
s
The model showss that with a pore
p
diameter of 200μm thee shear stress acting on
within the 3D porous scaffold.
m-2, which is beyond
b
the shhear stress lim
mit that leads hepatocytes
h
too death. To ev
valuate the
the wall iis 1.2∙10-5N∙m
magnitudde of the shearr stress acting on the walls oof the porous channels with
hin the 3D scaaffold, an anallysis at the
micro-scaale was assesssed.
If we coonsidered the scaffold as a cylindrical structure wiith interconneected channells with differrent pores
diameterss, the flow rate for a single channel is desscribed by thee Fanning equaation:
∆

(55)

where μ iis the medium
m viscosity and
d L and Di aree the channel length
l
(that is the scaffold hheight), and th
he channel
diameter respectively and
a ∆P is the total pressuree drop. The to
otal pressure drop
d
was evalluated in the analysis
a
at
the macrro-scale, and the mean porre diameter w
was evaluated
d experimentaally and it waas found to be
b 200μm
(Mohantyy et al, 2016) The single ch
hannel was moodeled with th
he equation (1
1) and (2), by using as inpu
ut the flow
rate calcuulated with thee equation (5)). For a channnel having the diameter of 200μm,
2
the shhear stress actting on the
walls, whhich corresponnd to the domaain where the cells formed focal adhesion
ns, is approxim
mately 1.2∙10-5N∙m-2.
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Abstract
Precision-cut liver slices (PCLS) are an ex vivo model for metabolism and toxicity studies.
However, hardly any data are available on the maintenance of the morphological integrity of
the various cell types in the slices during prolonged incubation. Therefore, our aims were to
characterize morphological and functional changes in rat PCLS during five days of incubation
in a rich medium, RegeneMed®, and a standard medium, Williams’ Medium E. Although all
cell types in the slices remain viable, profound changes in morphology were observed, which
were more prominent in RegeneMed®. Slices underwent notable fibrosis, bile duct
proliferation and fat deposition. Slice thickness increased, while slice diameter decreased,
possibly indicating cell migration. An increase in proliferation of parenchymal and nonparenchymal cells (NPCs) was observed. Glycogen, albumin and Cyp3a1 contents were
maintained albeit to a different level in two media. In conclusion, both hepatocytes and NPCs
remain viable and functional, enabling five-day toxicity studies. Tissue remodeling, cell
migration and formation of a new capsule-like cell lining around slices are evident after 3-4
days. The differences in effects between media emphasize the importance of media selection
and of the recognition of morphological changes occurring in PCLS, when interpreting results
from toxicological or pharmacological studies.
Keywords: precision-cut liver slices, prolonged incubation

Prolonged incubation of rat PCLS

Introduction
During the drug-development process, many signs of toxicity go unnoticed due to the
absence of good predictive models and specific toxicity biomarkers. As a result, liver toxicity
is a major problem in drug development. Therefore, there is interest in developing reliable
liver models for early detection of toxic effects of drugs. Since in vivo methods imply the use
of a large number of animals, during the past decades more attention has been given to design
and validate alternative models for drug toxicity testing that lead to reduction and eventually
replacement of animal use. In addition to the widely used cultures of freshly isolated cells or
cell lines, precision-cut liver slices (PCLS) were developed as an ex vivo model, which has
already been proven to be functional and efficient in numerous metabolism and toxicity
studies (de Graaf et al., 2007; Elferink et al., 2008; Hadi et al., 2012; Parrish et al., 1995).
The main advantage of this model above cell lines is that all liver cell types are present in
a major advantage, as it is well known that also the non-parenchymal cells, such as Kupffer
cells (KCs) and hepatic stellate cells (HSCs), in the liver may contribute considerably to the
toxic effects of drugs. Following injury, KCs are activated by pro-inflammatory signals. They
are the primary cells engaged in inflammatory responses and promote the repair and
regeneration of injured tissue (Roberts et al., 2007). Activated KCs release different
fibrogenic cytokines such as tumor necrosis factor alpha (TNF-α), platelet-derived growth
factor (PDGF), and transforming growth factor (TGF-β) which induce the activation of HSCs
leading to the synthesis and deposition of connective tissue (Zhou et al., 2014).
There is a major restriction, however, related to this model. The use of PCLS was long
time limited by their relatively short viability (1-2 days), as reported in many studies (Catania
et al., 2003; de Graaf et al., 2010; Goethals et al., 1990; Lerche-Langrand & Toutain, 2000).
Formation of necrotic areas occurred in slices incubated beyond 48h and metabolic activities
decreased (Hashemi et al., 1999; Lerche-Langrand & Toutain, 2000; Price et al., 1998;
Soldatow et al., 2013; Toutain et al., 1998). Even though several research labs managed to
keep PCLS viable for more than 72 hours (Catania et al., 2007; Martin et al., 2002; Vickers
et al., 2004), hardly any data are available on the maintenance of the morphological integrity
of the various cell types in the slices during prolonged incubation, which hamper the
interpretation of the data obtained.

91

Chapter IV

their original tissue-matrix configuration (de Graaf et al., 2007; Soldatow et al., 2013). This is
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There are several factors, which could affect the longevity of the tissue and cell
morphology, including oxygen concentration (Halliwell, 2014; Toutain et al., 1998), pH,
temperature and composition of the incubation medium (Chan et al., 2002; Chan et al., 2003;
Iyer et al., 2010). Medium composition not only affects the viability of primary rat
hepatocytes, but also has a direct effect on their functionality and sensitivity to xenobiotic
exposure (Doostdar et al., 1988; Elaut et al., 2005). The majority of media intended for in
vitro liver preparations are designed specifically for culturing hepatocytes and biliary
epithelial cells, neglecting other non-parenchymal liver cells (NPCs). NPCs were shown to be
subject to necrosis during PCLS incubation, leading to the disruption of cell heterogeneity
possibly as a result of inappropriate medium composition (Toutain et al., 1998). No extensive
studies have been published to our knowledge demonstrating the influence of different types
of media on rat PCLS viability, cell type composition, morphology and function during
prolonged incubation. Therefore, we aimed to investigate the effect of prolonged (up to 5
days) incubation in two different media on the viability of the different cell types in rat PCLS
cultures. Williams’ Medium E (WME) was chosen as an example of a standard cell culture
medium that is commonly used for PCLS incubation, but its effects on PCLS, however, have
never been fully characterized during prolonged incubation (Duryee et al., 2014; Jetten et al.,
2014; Westra et al., 2014). As second medium, we selected the enriched RegeneMed®
medium, which has been initially designed and used to culture primary hepatocytes together
with NPCs, such as KCs, HSCs, vascular endothelial cells and bile duct epithelial cells
(BECs) (Kostadinova et al., 2013). We characterized the morphological and functional
changes in PCLS during five days (120h) of incubation in these two media using standard
viability tests and (immune)histochemical staining specific for hepatocytes, KCs, HSCs,
BECs as well as for mesenchymal and mesothelial cells.

Material and Methods
Animals. Male Wistar rats were obtained from Charles River (Sulzfeld, Germany). The rats
were housed in a temperature- and humidity-controlled room on a 12 hours light/dark cycle
with food and tap water ad libitum (Harlan Laboratories B.V., Horst, The Netherlands).
Animals were allowed to acclimatize for at least seven days before starting the experiments.
All experiments were approved by the Animal Ethical Committee of the University of
Groningen.
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Excision of rat liver. Under isofluorane/O2 anesthesia, the liver was excised and placed into
the ice-cold University of Wisconsin (UW) organ preservation solution (DuPont Critical Care,
Waukegab, IL) until the start of the slicing procedure.
Preparation and incubation of rat PCLS. PCLS were prepared as described previously by
de Graaf et al. with minor modifications (de Graaf et al., 2010). In brief, 5mm cylindrical
cores of liver tissue were made by using a hollow drill bit. Cores were sliced with a
Krumdieck tissue slicer (Alabama R&D, Munford, AL, USA), which was filled with ice-cold
Krebs-Henseleit buffer supplemented with 25 mM D-glucose (Merck, Darmstadt, Germany),
25 mM NaHCO3 (Merck), 10 mM Hepes (MP Biomedicals, Aurora, OH, USA) and saturated
with a mixture of 95% oxygen and 5% CO2. Rat PCLS (about 200µm thickness and 5 mg wet
weight) were stored in ice-cold UW solution until use. They were pre-incubated in the
incubator (Panasonic, USA) for 1 hour at 37ºC in a 12-well plate filled with 1.3 ml of WME
saturated with 80%O2/5:CO2 while gently shaking 90 times per minute, to restore their
filled with 1.3 ml of two different types of media saturated with 80%O2/5CO2: WME (with Lglutamine, Invitrogen, Paisly, Scotland) supplemented with 25 mM glucose and 50 µg/ml
gentamycin (Invitrogen) or RegeneMed® medium (WME supplemented with RegeneMed®
additives (L3STA), antibiotics (L3MAB) and supplements (L3STS) in ratio 100: 15.1: 1: 2.5
(RegeneMed®, San Diego, CA, USA). Medium was refreshed daily.
ATP and protein content of PCLS. Viability of PCLS incubated in different media was
determined at different time points (24, 48, 72, 96, 120h) by means of the ATP content of the
PCLS as described previously (de Graaf et al., 2010). In brief, after each experimental time
point three replicate slices for each experimental group were collected individually in 1ml of
70% (v/v) ethanol containing 2mM EDTA (pH 10.9) and frozen immediately. Samples were
stored at -80ºC until analysis. After thawing and homogenization using a Mini-BeadBeater 24
(Biospec Products, Bartlesville, USA) the samples were centrifuged at 16,100g for 5 min at
4ºC. The supernatant was diluted 10 times with 0.1 M Tris HCl buffer containing 2mM
EDTA (pH 7.8) and the ATP content was determined by using the ATP Bioluminescence
Assay Kit CLS II (Roche, Mannheim, Germany) in a black 96-well plate Lucyl luminometer
(Anthos, Durham, NC) according to the manufacturer’s protocol using a standard ATP
calibration curve. The pellet of the homogenized samples was used to determine the protein
content of the PCLS. Briefly, the pellet was dissolved in 200µL of 5M NaOH for 30 min at
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function and remove cell debris. Thereafter, slices were transferred to another 12-well plate
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37ºC. After dilution with 800 µL mQ water, the protein content was measured according to
Lowry by using the Bio-Rad DC Protein Assay (Bio-Rad, Munich, Germany) using a bovine
serum albumin calibration curve (Lowry et al., 1951). The absorbance was read at 650 nm
after keeping a plate in the dark for 15 minutes.
LDH leakage. LDH leakage from the slice to the medium was used as a marker of cell
damage. In brief, medium was collected after every experimental time point and stored at 4°C
until analysis. The LDH assay was performed using the Cyto Tox-ONE Homogenous
Membrane Integrity Assay kit (Promega, Madison, USA) according to the manufacturer’s
instructions with slight modifications. Accordingly, 50µL of medium sample was mixed with
50µL of the substrate mix in a black 96-well plate. The reaction was allowed to continue for
10 min, after which the stop reagent was added to the mixture. Fluorescence was read at
excitation 560nm and emission 590nm. The LDH content of the PCLS after 1h pre-incubation
was used as a 100 percent value of LDH content in a slice at the beginning of the incubation.
For that, three slices were collected separately in a tube containing 1.3 ml of fresh medium.
Slices were homogenized and samples centrifuged at 16,100g for 2.5 min. Thereafter the
supernatant was collected and processed in the assay together with the other samples.
Paraffin- and cryosections of PCLS. All experimental groups were subjected to
morphological evaluation. For paraffin imbedding PCLS were collected after each
experimental time points and fixed in 4% formaldehyde in phosphate buffered saline (PBS)
solution for 24 hours at 4ºC and stored until analysis in 70% ethanol at 4ºC. After dehydration
in alcohol and xylene, the slices were embedded in paraffin and sectioned (sections 4µm
thick) perpendicular to the surface of the slice.
To prepare cryosections, fresh PCLS were embedded in KP-cryocompound (Klinipath,
the Netherlands) and frozen in 2-methylbutane (Sigma-Aldrich, Germany) at -80°C. Sections
of 4µm thick were prepared using a CryoStar NX70 cryostat (Thermo Fisher Scientific,
Germany) perpendicular to the surface of the slice.
Morphological assessment. Morphological assessment of PCLS was performed on paraffin
sections, stained with hematoxylin and eosin (Klinipath, the Netherlands) (H&E) as described
previously (de Graaf et al., 2000).
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Thickness scoring. The thickness of the slices was measured using the Image J program
using the H&E stained paraffin sections. Five measures were taken in different areas of each
individual slice and the average value was calculated per slice. The average thickness of three
slices in every experimental group was calculated.
General immunostaining procedure. 4µm paraffin sections were deparaffinized and
rehydrated. Antigen retrieval was performed by incubating sections in citrate buffer (10 mM,
pH = 6) for 20 min at 90ºC, with the exception of desmin and albumin staining where
incubation in 0.1 M Tris-HCl buffer (pH 9) overnight at 80°C was used. Cryosections were
allowed to dry for 30 min at room temperature (RT) prior to aceton (at -20°C for 5 min) or
2% formaldehyde (at RT for 10 min) fixation. Thereafter, the first antibody was applied for 60
min at RT. The concentration of primary antibodies was optimized in pilot experiments.
Endogenous peroxidase activity was inhibited by incubating the sections in 0.3% H2O2
(VWR, Fontenaysous-Bois, France) in methanol for 20 min. Afterwards, the secondary
are shown in Table 1. Normal rat serum (NRS) was added (5%) to the secondary and tertiary
antibodies to block non-specific binding. Antigen-antibody complexes were visualized by
staining with di-aminobenzidine (DAB) chromogen with H2O2 for 20 min or with ImmPact
NovaRed (Vector, Burlingame, USA) for 15 min and counterstained with hematoxylin for 1
min. After the dehydration, slides were covered with a cover slip using Depex (Prolabo,
Leuven, Belgium) and were examined under the microscope.
Oil Red O staining. Lipid (triglyceride) accumulation in PCLS was examined using ORO
staining as described previously by Kinkel et al. with some modifications (Kinkel et al.,
2004). In brief, cryosections were air dried and fixed with 4% formaldehyde/PBS for 10
minutes at room temperature. After that, the sections were immersed in 60% 2-propanol
briefly two times and then stained in ORO solution (0.6 mg ORO powder in 36% 2-propanol)
for 10 minutes. Thereafter, the slides were again briefly dipped in 60% 2-propanol and rinsed
immediately in running tap water. Samples were counterstained in hematoxylin for 1 min
followed by a wash step in running tap water for about 3 min. Finally, sections were covered
with a cover slip using Aquatex (Merk, Damstadt, Germany) and examined under the light
microscope.
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antibody was applied followed by the tertiary antibody (for 30 min each). The antibodies used
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Table 1. The antibodies for the different immunostainings: 1RAMPO (rabbit anti-mouse peroxidase conjugated
antibody, DAKO, Denmark), 2GARPO (goat anti-rabbit peroxidase conjugated antibody, DAKO Denmark),
3
RAGPO (rabbit anti-goat peroxidase conjugated antibody, DAKO, Denmark) on 4paraffin sections or
5
cryosections.
First antibodies

Source/

Company

Dilution

clone

Secondary

Tertiary

Type of

antibodies

antibodies

sections

1

GARPO

2

pf4

Albumin

Mouse/mAb

Santa Cruz

1:50

RAMPO

CD163 (ED2)

Mouse/mAb

AbD SeroTec

1:100

RAMPO

GARPO

cryo5

Collagen-type I

Rabbit/pAb

Rockland

1:200

GARPO

RAGPO3

cryo

Collagen-type III

Goat/pAb

Southern

1:100

RAGPO

GARPO

cryo

Biotech
Cyp3a1

Rabbit/pAb

Chemicon

1:400

GARPO

RAGPO

pf

Cytokeratin-7

Mouse/mAb

Santa Cruz

1:50

RAMPO

GARPO

cryo

Desmin

Mouse/mAb

Sigma-Aldrich/

1:400

RAMPO

GARPO

pf

α-SMA

Mouse/mAb

Sigma-Aldrich

1:1000

RAMPO

GARPO

pf

Vimentin

Mouse/mAb

Dako

1:50

RAMPO

GARPO

pf

Ki-67

Rabbit/pAb

Monosan

1:500

GARPO

RAGPO

cryo

Periodic acid-Schiff staining. Glycogen content of PCLS was determined by the periodic
acid-Schiff (PAS) staining as described previously by Schaart et al. with some modifications
(Schaart et al., 2004). In brief, paraffin sections were deparaffinized and pretreated for 20 min
in 1% periodic acid solution (Sigma, St. Luis, USA). Thereafter, sections were washed in mQwater 3 times and incubated for 20 min in Schiff’s reagent (Sigma, St. Luis, USA).
Afterwards, sections were rinsed in tap water for 10min. Finally, sections were counterstained
with hematoxylin for 5 min and rinsed in tap water for 10min. The sections were dehydrated
and covered with a cover slip using Depex.
Hypoxia staining. Hypoxia staining was performed using the Hypoxyprobe-1 Plus Kit
(Hypoxyprobe, Burlington, USA) according to the manufacturer’s instructions. In brief, PCLS
were incubated with 200µM hypoxyprobe (2-pimonidazole HCl in 0,9% saline water) for 1
hour prior to harvesting. Thereafter, PCLS were fixed in 4% formaldehyde/PBS and
imbedded in paraffin. Paraffin sections of 4µm thickness were deparaffinized and antigens
were retrieved by incubation in citrate buffer (10 mM, pH = 6) for 20 min at 90ºC. After that,
sections were incubated with the first antibody for 60 min at room temperature. Endogenous
peroxidase activity was inhibited by incubation of the sections with 0.3% H2O2 in methanol
for 20 min. Afterwards, the secondary antibody was applied for 30 min. Normal rat serum
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(NRS) (5%) was added to the secondary antibody to block non-specific binding. Antigenantibody complexes were visualized by staining with di-aminobenzidine (DAB) chromogen
with H2O2 for 20 min. Sections were counterstained with hematoxylin for 1 min. Following
dehydration, the slides were covered with a cover slip using Depex and were examined under
the microscope.
Statistics. A minimum of three different rat livers were used for each experiment, using slices
in triplicates from each liver. Morphological scoring of every sample was performed by three
independent researchers using the scale of staining intensity: 0-none, 1-weak, 2-moderate, 3strong, 4-very strong. For each separate staining method, the highest score was assigned to the
section with the strongest staining, and therefore scores cannot be used to compare intensities
of the staining of the different antigens. All samples were randomized and the scoring process
was blind.
Continuous variables are expressed as means ± SEM. Morphological scores are
repeated measures ANOVA with individual rats as random effect. We performed a Tukey
HSD post-hoc test for pairwise comparisons. A p-value of ≤ 0.05 was considered to be
significant. In all graphs the mean values and standard error of the mean (SEM) are shown.

Results
Viability of slices during prolonged incubation
The viability of the PCLS following 120h incubation was assessed by LDH leakage
and ATP content (Fig. 1 a,b). According to the obtained results, slices retained the ability to
synthesize ATP at least up to 120h incubation: the mean value of ATP content in slices
incubated in WME and RegeneMed® after 120h incubation was 13.07 and 9.14 pmol/µg
protein respectively, whereas fresh slices contained 11.19 pmol/µg protein. Slices incubated
in RegeneMed® had a consistently lower ATP level over time compared to WME (p = 0.048).
However, the incubation time had no effect on ATP levels (p>0.05).
We observed an initial decrease in LDH leakage of 9-11% after 24H. Thereafter the
LDH leakage remained relatively stable at 4-6 % per day. The elevated LDH leakage during
the first hours of incubation can be explained by the damage of the outer cell layers during the
slicing and handling procedures. No difference observed in LDH leakage between slices
incubated in WME and RegeneMed® (p >0.05). Remarkably, the protein content of PCLS
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decreaseed graduallly over fivee days of inncubation in
i both med
dia (p<0.0001). Protein
n content
was preeserved betteer in Regen
neMed® thann in WME (p
( <0.001).

Figure1. Viability durring 120 h inccubation indiccated by the ATP
A content (aa), LDH leakaage (b), proteein content
per slice (c) and thicknness (d) of slicce in two diffferent media (WME (black)) and RegeneM
Med® (grey)). The ATP
(pmol/ug protein), the protein content (mg proteinn/slice) and th
he thickness are expressed aas relative vallues to the
control sllices at the beeginning of in
ncubation. Thhe LDH leakaage is expresseed as a percenntage of the total
t
LDH
content inn the slice. Daata represent the average ± SEM of 4-9 experiments (ATP), 3 expeeriments (LDH leakage
and thickkness) and 4-12 experimentss (protein cont
ntent), using 3 PCLS for eacch group in evvery experimen
nt.

Morphoological changes in PC
CLS duringg 120h incu
ubation
T
The viabiliity of PCL
LS followinng incubation up to 120 h wass also asseessed by
histomoorphology (Fig.
(
2). Th
he morphoological evaaluation of fresh slicees showed that the
normal liver archiitecture wass well presserved afterr the slicing
g procedure
re. Upon prrolonged
incubatiion in both media, the slices show
wed a higheer cell density. Hepatoocytes were smaller,
roundedd-off and thheir cytoplaasm appearred more ho
omogenous. Sinusoidss were subsstantially
narroweed after 1200h of incubaation. After 24 h of inccubation thee slices weree surroundeed with a
thin layyer of dead cells, however, no exxtensive neccrosis was observed innside the sllices. At
120h, sslices incubbated in WME
W
cont ained viable hepatocytes withoout distinct lobular
architeccture. Occassional non-sspecificallyy localized small
s
necro
otic areas w
were observeed. With
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time, the PCLS gradually decrease in diameter and increase in thickness (p<0.001), which
was much more pronounced in slices incubated in RegeneMed® medium, (up to 3 fold
increase in thickness), than in WME (up to 1.5 fold) (Fig. 1d, 2 a,b,c) (p for difference
<0.001; p for interaction medium and time <0.001). The increase in thickness in RegeneMed®
was accompanied by the formation of big necrotic regions in the inner part of the tissue.
Moreover, hypoxia staining revealed the development of hypoxic regions inside the slices
incubated in RegeneMed® following 72 hours incubation and longer, that suggests insufficient
oxygen delivery to the inner part of the thickened slices (Fig. 2f). Nevertheless, a part of the
tissue surrounding the necrotic region contained viable hepatocytes. A few mitotic figures
were observed in the slices, revealing regeneration. This process was more pronounced in
slices incubated in RegeneMed® medium than in WME.
Cell proliferation
Ki-67 staining revealed an increase in proliferation rate of different cell types, both
specific cell types, such as fibroblasts, HSCs, KCs and BECs (Fig. 3).
The outer cell lining
Remarkably, the formation of a cell lining/border around the slices incubated for 72h
in RegeneMed® was observed. The lining consisted of slightly flattened cells. Such lining was
also observed around slices incubated in WME, although less prominent and only after 96h of
incubation.
The newly formed cell lining closely resembled the Glisson’s capsule of the liver,
which consists of a single layer of mesothelial cells. To identify the nature of the newly
formed outer cell lining, sections from the slices incubated for 120h in the two media were
immunostained with antibodies raised against desmin and vimentin, which are classical
mesenchymal cell markers (Cassiman et al., 2002), and antibodies against MHC class II
molecules, which are known to be well expressed by mesothelial cells and some epithelial
cells (Mutsaers, 2002; Rose, 2001; Valle et al., 1995).

99

Chapter IV

parenchymal and NPCs in both media, which was further confirmed by immunostaining for
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Figure 2. Cross-sectioons of PCLS at
a 0h (a) and iincubated 120
0h in WME (b
b) or RegeneM
Med® (c). Secttions were
stained w
with hematoxyylin-eosin. Arrrows indicatee necrotic zones/areas. Hy
ypoxia staininng performed on PCLS
incubatedd for 24 (d) and
a 120h (e) in WME or 120h in Reg
geneMed® (f). Representattive images are
a shown.
Arrows inndicate hypoxxic zones. For a, b, c bar = 2200µm. For d,, e, f bar = 100
0µm.

Figure 3. Ki-67 staininng on cross-sections of PC
CLS at 0h (a) and
a incubated
d 120h in WM
ME (b). Arrow
ws indicate
me was seen in
i slices incub
ubated in RegeeneMed® (results not show
wn). Staining of
o the bile
dividing cells. The sam
K-7) on slices at 0h (c) and incubated 96hh in Regenem
med® (d). Pictu
ures are similaar for slices incubated in
ducts (CK
WME (noot shown). ED
D2 (Kupffer ceells) staining oon PCLS at 0h (e) and incu
ubated in WM
ME for 120h (ff). Pictures
are similaar for RegeneM
Med® (not sho
own). Bar = 1 00µm.
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IIndeed, som
me flattened
d cells of tthe outer laayer stained
d positivelyy for vimen
ntin and
MHC cclass II. Fuurthermore, single MH
HC class II - positive cells
c
and nuumerous vim
mentin c
to thee outer cell lining. Onlly a few ceells of the outer
o
cell
positivee cells weree observed close
lining sstained posiitively for desmin
d
at 120h of inccubation. Remarkably,
R
, more cellls of the
newly fformed lininng were dessmin-positivve at 72h of incubation
n in some oof the sectio
ons (Fig.

Figure 44. Staining forr MHC class II (a), viment
ntin (b) of thee outer cell lin
ning in PCLSS incubated fo
or 120h in
Med® and for desmin
d
on PC
CLS incubatedd for 72h (c) or
o 120h (d) in RegeneMed®®. The same was
w seen in
RegeneM
slices inccubated in WM
ME. Bar=100µ
µm.

IIn order to compare
c
thee immunohiistochemicaal expressio
on profiles oof the newly
y formed
cell liniing with thee mesothelial cells of tthe Glisson
n’s capsule, we perform
med the sam
me set of
immunoostainings on
o sections containing
c
nnormal rat liver capsulle. The resuults indicatee that the
mesotheelial lining of the capssule showedd the same staining fo
or vimentin,, desmin an
nd MHC
class II as the newlly formed lining (data ffor the liverr capsule is not shown) .
pment of fiibrosis
Develop
T
The developpment and severity
s
of ffibrosis in PCLS
P
follow
wing five daays of incub
bation in
the two media was assessed in
n this study.. According
gly, collagen
n I and colllagen III dep
position,
as well as proliferaation and acctivation off hepatic steellate cells and
a fibroblaasts were evaluated
by imm
munostainingg. Collagen I and III arre generally
y considered
d as major E
ECM protein
ns in the
fibrogennic process. Moreover, it was shoown that th
heir depositiion in the lliver tissue changes
notably from the eaarly to the laate stage off fibrosis (Chen et al., 2014).
2
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Figure 55. Collagen IIII staining on
n cross-sectioons of PCLS at 0h (a) an
nd incubated 120h in WM
ME (b) or
RegeneM
Med® (c). Pictuures are similaar for Collagenn I (not shown
n). Immunostaining for α-SSMA on PCLS
S at 0h (d)
and incubbated in RegeeneMed® (e) or WME (f) for 120h. Deesmin staining
g performed oon PCLS at 0h
0 (g) and
incubatedd for 120h in RegeneMed® (h, i). Picturees show the portal
p
area (d, g), the area w
with extensivee bile duct
proliferattion (f, i) and a necrotic zon
ne (e, h). For aa, b, c: bar = 200µm.
2
For d,, e, g, h: bar = 100µm. For f, i: bar =
50µm.

T
The immunnostaining fo
or α-SMA rrevealed an increase in
n the numbeer of myofib
broblasts
followinng 120h off incubation in comparrison with non-incubat
n
ed slices. Inn 0h slices,, desmin
and α-S
SMA-positivve cells werre noted onlly around th
he hepatic artery
a
and pportal vein. With
W the
developpment of fibbrosis, we observed
o
a cconsiderablle increase in
i the intennsity of α-SMA and
desmin staining in the portal area
a with prroliferating bile ducts. The
T appearaance of α-S
SMA and
desmin positive cells
c
was also
a
seen at later tim
me points in the par
arenchyma between
hepatoccytes and in the necroticc areas (Figg. 5).
F
Furthermore, it was shown
s
thatt collagen I and collaagen III deeposition in
ncreased
significaantly follow
wing 120h of incubatiion irrespecctively of the
t medium
m type (p=0
0.02 and
p<0.0011 respectiveely, Fig. 5, Fig.
F 6). In nnon-incubateed slices collagen I andd III deposition was
observeed predominnantly aroun
nd the porttal vein, bile ducts and
d hepatic veein, and only a few
very thiin collagen fibers were observed inn some areaas of the parrenchyma. A
After the prrolonged
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incubatiion, collageen accumullation in thhe parenchy
yma becam
me more int
ntensive: daark thick
fibers w
were well visible between hepatoccytes (Fig. 5). Collageen depositioon was prev
valent in
portal aand periporrtal areas, which wass accompan
nied by a 20-fold inccrease in bile
b
duct
proliferaation after 120
1 hours of
o incubationn compared
d to the 0h control
c
(P<00.001, Fig 3c
3 and d,
Fig. 6).
IIn this studdy, the proliferation annd activatio
on of Kupfffer cells waas assessed by ED2
immunoostaining. Accordingly
A
y, the staininng intensity
y increased significantlly when co
omparing
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120 houurs of incubation to 0h control in bboth media (p<0.001,
(
Fig.
F 3e and ff, 6).

Figure 6.. Quantificatioon of the stain
ning of Collaggen I, III and fat deposition
n in PCLS folllowing 120h incubation
i
in WME
E or RegeneM
Med® and of ED2 and Cyp
yp3a1 expression in PCLS over 120h iincubation in WME or
Med®; The num
mber of bile ducts in slicees incubated for
f 0, 24, 48 or 120 h in W
WME or Reg
geneMed®.
RegeneM
Collagen I and III, ED
D2, ORO and Cyp3a1
C
data eexpressed as a score (0-4). The scoring iis based on qu
uantitative
A numbers arre expressed as
a median
comparisons of staininng intensities using a randoomized blindeed method. All
n every experriment.
(with inteerquartile rangge) of 3-4 experiments, usinng 3 PCLS forr each group in

Lipid h
homeostasiss
A
Along withh fibrosis developmentt, also lipid
d accumulattion took pplace in liver slices
during pprolonged inncubation. Fat
F dropletss of variouss sizes were detected inn slices incu
ubated in
WME w
without parrticular zon
nal localizaation. In sliices incubaated in ReggeneMed®, fat was
primarilly depositedd in the inn
ner necroticc part, wheereas hepato
ocytes in thhe outer ceell layers
103

3D liver m
models in toxicology
t
showedd low fat conntent. Incub
bation over time resultted in a sign
nificant inccrease in fatt content
(p=0.0002), and waas more pro
onounced inn slices inccubated in RegeneMed
R
d® medium
m than in
WME (pp=0.0469, Fig.
F 6, 7).

Figure 77. ORO (fat) staining on cross-sectionns of PCLS at 0h (a) and incubated 120h in WM
ME (b) or
RegeneM
Med® (c). Bar = 100µm.

Figure 8.. Albumin staiining on crosss-sections of P
PCLS at 0h (a) and incubateed 120h in WM
ME (b) or Reg
geneMed®
(c). PAS
S (glycogen) staining on cross-sectionss of PCLS at
a 0h (d) and
d incubated 120h in WM
ME (e) or
RegeneM
Med® (f). Cypp3a1 staining on cross-secttions of PCLS at 0h (g) and
a incubatedd 120h in WM
ME (h) or
RegeneM
Med® (i).For a,, b, c bar = 50µm; for d, e, f bar=200µm, for g, h, I barr=100µm.
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Functional characterization of PCLS.
Albumin expression by hepatocytes is a commonly used parameter to characterize
their function. Hepatocytes in freshly fixed slices highly expressed albumin (Fig. 8a). Staining
was rather homogenously distributed over the slice. Some parts of the slices revealed patchy
distribution of albumin. After 5 days of incubation in WME immunohistochemistry staining
revealed patchy albumin distribution: some cells were negative, while others showed high
albumin expression. Slices incubated in RegeneMed® contained fewer positive cells after 5
days of incubation than slices incubated in WME. Most of the intact hepatocytes in the outer
cell layers were negative (Fig. 8b and c).
In normal conditions with constant oxygen and nutrient supply, glycogen is stored in
hepatocytes and serves as a secondary energy source. Slices fixed at 0h showed high
homogeneous glycogen deposition (Fig. 8d). Following incubation, glycogen levels decreased
significantly in slices incubated in WME (<10% of cells were positive at 120h), showing
patchy localization of the glycogen. In slices incubated in RegeneMed® medium glycogen
whereas the inner necrotic part of the slices did not show any PAS-positive staining (Fig. 8e
and f).
Finally, it was demonstrated that the expression levels of Cyp3a1, the main Cyp3a
form in rat liver (Martignoni et al., 2006), was still preserved after 5 days of incubation.
Cyp3a1 expression dropped following 24 hours by approximately 50-60 % in both media, but
these levels were well preserved during 5 days of incubation (Fig. 6, 8). A decrease in
expression levels was found to be significant over time (p<0.001) with no medium effect (Fig.
6).

Discussion
The PCLS model is widely used nowadays to study xenobiotic metabolism and
toxicity (de Graaf et al., 2007; Groothuis et al., 2014; Vickers & Fisher, 2013). However,
most studies have been performed for 24-48 hours and no extensive studies have been done to
characterize morphological changes observed in the liver slices during prolonged culture time.
In this study, we examined the morphological changes in PCLS, including both parenchymal
and non-parenchymal cell markers, during 5 days of incubation and compared the effect of
two different media on slice viability and morphology ex vivo.
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levels were shown to be preserved longer and better, mostly in the outer layers of hepatocytes,
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Viability of the various cell types in the slices during prolonged incubation in two
different media.
The viability of all cell types in the slices was preserved during 5 days of incubation in
both media, which was reflected in ATP content and LDH leakage. However, slices incubated
in WME preserved higher ATP levels compared to those in RegeneMed® medium. These
lower ATP levels in slices incubated in RegeneMed® medium may be explained by the
formation of the large necrotic regions in the inner part of the slices. KCs, BECs, HSCs and
fibroblasts remained present during incubation of the slices and were able to proliferate,
indicating their viability.
Morphological changes in the PCLS following prolonged incubation in two different
media.
During prolonged incubation, slices underwent notable tissue remodeling. For
example, PCLS increased in thickness and decreased in diameter, which was accompanied by
a profound loss of proteins. Slices incubated in RegeneMed® were affected more in
comparison with WME: the increase in thickness was shown to be 2.5 times higher in
RegeneMed® than in WME. The protein content of the slices decreased gradually during
incubation. Previous studies reported the drop in protein content of rat slices up to 53-76% of
0h levels following 3 days of incubation (Price et al., 1998; Toutain et al., 1998). In our study,
the protein content of the slices was preserved by 50 and 62% at 72h and by 23 and 35% at
120h for WME and RegeneMed® respectively. This decrease in the slice protein content can
be explained by the detachment of outer cells at the beginning of incubation prior to the
capsule formation, as well as by induction of autophagy later on. Autophagy has been shown
to contribute significantly to the development of fibrosis, playing both a profibrogenic role
(activation of HSCs) and a protective role (activation of cyto-protective mechanisms in
hepatocytes and anti-inflammatory processes in KCs) (Bhogal & Afford, 2013; Cursio et al.,
2015; Mallat et al., 2014; Song et al., 2014). Moreover, the observed increase in number of
hepatocytes per area during incubation suggests the ongoing autophagic processes in the
tissue (Fig. 2 a,b,c).
Hampered oxygen and nutrient diffusion through the increased number of cell layers
in slices incubated in RegeneMed® is the likely cause of the formation of hypoxic and
necrotic zones inside the slices. In slices incubated in WME where the increase in thickness
was about 1.5 fold, only occasional necrotic areas were seen without any zone specificity. The
reason and exact mechanism of these changes in configuration is not clear. Gradual increase
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in slice thickness and gradual decrease in diameter in time rule out that folding of the slices is
responsible for this. Ki-67 revealed an increase in proliferation of the different cell types.
However, it is unlikely that this proliferation is solely responsible for such a rapid slice
thickening. Therefore, we speculate that the cells are moving inside the slice during
incubation, leading to the observed configurational changes. Collective cell migration has
been shown to play a role in embryonic development and tissue regeneration (Friedl &
Gilmour, 2009; Ilina & Friedl, 2009; Lange & Fabry, 2013; Vasilyev et al., 2009). During the
reported collective cell migration, cells move as a group, preserving their cell-cell junctions
and polarity. For example, this process has been observed in zebrafish embryogenesis
(primodium migration and nephron formation), carcinogenesis (cell migration in colorectal
carcinoma, breast cancer, fibrosarcoma etc.), as well as wound healing (skin and corneal
epithelium regeneration). Configurational changes observed in the slices might be an
adaptation response to the physical stress provided during continuous shaking of the
incubation plates, or to release of EGF or TNFα, as liver epithelial cell migration was shown
proliferation and liver regeneration (Bade & Feindler, 1988; Geimer & Bade, 1991; Natarajan
et al., 2007).
In addition to the changes in size and shape, the formation of a new cell lining was
observed around the slices following 72-96h of incubation. Therefore, we wanted to
investigate the nature of this newly formed cell lining around the slices after the prolonged
incubation, which to our knowledge has not been described before. Morphological
examination of the outer cell lining and the mesothelial lining of the Glisson’s capsule
revealed a close resemblance. Both linings are formed with a monolayer of elongated
flattened cells with a central round or oval nucleus, which rest on the basement membrane.
Mesothelial cells are cells with an intermediate character between epithelial and mesenchymal
cells, exhibiting properties and expressing markers of both cell types (Chau & Hastie, 2012;
Li, 2013). In our study, it was shown that the mesothelial layer of the Glisson’s capsule was
positive for vimentin and MHC class II, and occasionally positive for desmin, which is in
accordance with the literature data (Ijzer et al., 2006; Valle et al., 1995). The cell monolayer
around the PCLS after prolonged incubation showed a similar immunohistochemical
expression profile as the mesothelial lining of Glisson’s capsule. Therefore we speculated that
this cell lining is of mesothelial nature, since it shows both epithelial characteristics
(formation of a monolayer structure) and mesenchymal characteristics (positive staining for
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to be influenced by these growth factors, which are critical regulators in hepatocyte
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vimentin), as well as positive staining for MHC class II molecules, which are usually well
expressed on mesothelial cells.
In order to understand the origin of the formed cell lining, we hypothesize that the cell
lining is related to mesothelium. The origin of regenerative mesothelial cells is still unknown,
but several hypotheses have been proposed, including transformation of serosal macrophages,
centripetal migration of mesothelial cells, exfoliation of cells from adjacent sites and
transformation from mesenchymal precursors (Mutsaers, 2002). Since there is no parietal
environment in our system and no mesothelium is presents in the PCLS, the first three
hypothesis can be ruled out. On the other hand, transformation of the mesenchymal cells
inside the slice into the mesothelial cells seems to be possible. This mesenchymal-epithelial
transition (MET) hypothesis was described already earlier (Lewis, 1923) and found support in
the recent in vivo study in rats (Nishioka et al., 2008). In the latter study, a new layer of
flattened vimentin-positive spindle-shaped cells cells, which morphologically resemble
mesothelial cells, was formed on the liver surface 5 days after the removal of peritoneum. The
role of MET in tissue regeneration received much attention recently (Michelotti et al., 2013;
Yang et al., 2008). However, even though there are findings supporting this transition, this
subject remains highly controversial (Chau & Hastie, 2012; Xie & Diehl, 2013).
The question may arise whether the cell lining might be formed by fibroblasts, since it
was shown before that MHC class II expression can be induced in fibroblasts (Boots et al.,
1994; Rose, 2001). However, fibroblasts do not form monolayers and are not restricted by a
polarizing attachment to a basal lamina on one side (Acton, 2013), as was observed in this
study in PCLS. Moreover, a decrease in the number of the desmin-positive cells on the
surface of the slices from 3 to 5 days of incubation, suggests the gradual loss of the
mesenchymal characteristics by the outer cells.
The migration of ED-2 positive cells towards the slice surface was observed in this
study. The same phenomenon was described previously during the process of mesothelial
healing (Nishioka et al., 2008). It was suggested that the recruited macrophages are ultimately
replaced by the mesothelial-like cells and they play a key role in the stimulation of fibroblasts
migration to the wound (DiZerega et al., 1997).
The formation of a capsule-like cell lining around the PCLS during prolonged
incubation in both media might function as a protective barrier to the slices, shielding them
from the environment and/or microorganism invasion. Moreover, the newly formed cell
capsule might influence the transport of fluids and nutrients, as well as initiation of
inflammation responses.
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Changes in lobular liver structure were accompanied with an increase in proliferation
of mesenchymal cells and bile ducts. In addition, the development of fibrosis was observed in
PCLS with the gradual increase in collagen deposition over 5 days, in line with previous
observations by us (van de Bovenkamp et al., 2008; Westra et al., 2014) and others (Vickers
et al., 2004). In vivo, the pattern of fibrosis depends on the etiology of the injury.
Hepatotoxins usually trigger the development of centrolobular fibrosis, associated with
activation of HSCs, whereas in case of bile duct obstruction, the development of portal
fibrosis with the extensive bile duct proliferation can be observed which primary involves
activation and proliferation of portal fibroblasts (PFs) (Bataller & Brenner, 2005; Guyot,
2007a; Guyot, 2007b). In the PCLS model, we observed changes distinctive for the bile duct
ligation model, such as bile duct proliferation and extensive extracellular matrix deposition in
the portal areas (Clouzeau-Girard et al., 2006). Formation of new bile ducts was observed not
only in the portal areas, but in other areas as well. The increase in the number of bile ducts
can be viewed as a compensatory mechanism to facilitate the elimination of bile, which might
A significant increase in the number of α-SMA-positive cells in the areas of bile duct
proliferation indicates the differentiation of PFs towards myofibroblasts (MFs). These
observations are in line with the described earlier “ductular reaction”, where bile duct
proliferation act as a “pacemaker” in the development of fibrosis (Burt & MacSween, 1993;
Yoshioka et al., 2005). It is known that BECs produce cytokines, which stimulate fibroblasts
proliferation and differentiation towards MFs leading to the deposition of extracellular matrix
in portal areas (Guyot et al., 2007). Besides proliferation and differentiation of PFs towards
MFs, an activation of HSCs was observed, that was supported by an increase in the intensity
of vimentin, desmin and α-SMA staining (Kara et al., 2009). Also the Collagen I and collagen
III data are in line with the findings of the desmin and α-SMA staining, as collagen deposition
prevailed in the areas of bile duct proliferation. However, at the late stage of incubation,
collagen deposition increased dramatically in the parenchyma as well. The differences in
PCLS remodeling observed in two different media were well reflected in the prevalence of
collagen deposition in different slice areas. Accordingly, deposition of collagen in slices
incubated in WME medium was predominant in areas with bile duct proliferation. Whereas,
in PCLS incubated in RegeneMed® medium excessive collagen deposition was concentrated
in the outer cell ring containing intact hepatocytes. It is important to stress that collagen
deposition is known to be involved not only in fibrotic liver diseases, but also in adaptive and
beneficial processes, such as liver regeneration (Yamamoto et al., 1995).
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be hindered by the formation of a new cell lining around the slice.
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As a result of the thickening of the slices incubated in RegeneMed® medium, the inner
areas of the slices became hypoxic, probably due to the limited oxygen diffusion. The band of
hypoxic cells in the inner part of the slices was observed already after 72 hours of incubation.
Slices incubated in WME did not increase in thickness to the extent that could prevent oxygen
to reach the inner cell layers. A small hypoxic area was observed in one liver slice only at
120h of incubation in WME. Hypoxia can play a role in fibrosis development and
progression, as hypoxic stress stimulates the over-expression of HIF-1α, which can lead to
HSC/MF migration and activation by regulating different signaling pathways (Zhan et al.,
2015). In line with this hypothesis, the increased number of α-SMA and desmin-positive cells
were localized in the hypoxic/necrotic regions in the inner part of the slices incubated in
RegeneMed®.
Another process observed in the PCLS during prolonged incubation is accumulation of
fat in the hepatocytes. Under normal conditions, mitochondrial β-oxidation is the primary way
for the removal of fatty acids (FA). The disturbance of this process due to, for example,
oxidative stress can lead to the development of liver steatosis (Nassir & Ibdah, 2014; Oliveira
et al., 2006; Vickers et al., 2006; Wei et al., 2008). High oxygen tension, which is crucial for
the slice viability, can result in slight oxidative stress and an increase in ROS production
(Martin et al., 2002). This can ultimately trigger the pathological cascade of fat accumulation.
Furthermore, the activation of Kupffer cells that was observed in our study, may have
contributed to the fat accumulation by inducing the TNF-α and IL-β pathways (Suzuki et al.,
2014; Wei et al., 2008).
The high content of glucose in culture media (25mM in WME) could have contributed
to fat accumulation in the slices. During excessive energy supply, increased hepatic malonylCoA levels suppress FA oxidation and at the same time stimulate their de novo synthesis (Wei
et al., 2008). In addition, high glucose levels can stimulate the HSC proliferation and collagen
I production via MAP kinase pathway activation by ROS (Sugimoto, 2005). A significant
accumulation of fat observed in the hypoxic/ necrotic regions of the slices incubated in
RegeneMed® can be explained by the influence of HIFs on lipid metabolism and fatty liver
formation, which was shown previously (Suzuki et al., 2014). It was reported that HIF-2
increases cellular lipid deposition. This process primary involves an impairment of FA β–
oxidation and an increase in lipid storage capacity.
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Functional characterization of PCLS incubated in two different media.
The decrease in the activity of drug metabolizing enzymes is one of the main
limitations in the use of hepatocyte cultures for metabolism and toxicity studies. Depending
on the culture conditions, the Cyp activity in cultured hepatocytes dramatically decreases to
very low levels in 24-48 h cultures whereas the activity is somewhat better preserved in
sandwich cultures. A decrease in Cyp metabolism in PCLS ex vivo was already described
before (Price et al., 1998; Toutain et al., 1998) but the decrease is not as rapid as in cultured
hepatocytes. After an initial drop of Cyp3a1 expression by hepatocytes during first 24h of
incubation, the expression remains stable for up to five days in both media. These findings
give support to PCLS as a model for prolonged drug metabolism and toxicity studies. Further
studies are currently in progress to measure the functionality of the expressed metabolic
enzymes.
Glycogen content in slices incubated in WME decreased substantially over time,
which can be explained by the absence of insulin in the medium, which facilitates the uptake
preserved better, particularly in the outer layers of healthy hepatocytes. However, the decrease
in glycogen content in rat liver slices during incubation was described before, even in the
presence of insulin (Toutain et al., 1998).
Albumin content of the slices dropped significantly over five days of incubation in
both media. However, a larger amount of hepatocytes expressing albumin were detected in
slices incubated in WME compared to RegeneMed®. Future studies will elucidate to what
extent the slices still produce and excrete albumin after 5 days of incubation.
Conclusions
In conclusion, we showed that all cell types in the slices remain viable over 5 days of
incubation. However, during this period, slices undergo substantial tissue remodeling,
accompanied by the development of fibrosis, bile duct proliferation and fat deposition. Due to
the extensive collagen deposition, we suggest that prolonged incubation of PCLS can be used
as a fibrosis model to study fibrosis development and test possible antifibrotic treatments.
Importantly, the presence and viability of NPCs was maintained over five days of
incubation, which supports the use of PCLS for five-day toxicity studies. Interestingly, cell
migration can take place ex vivo and formation of a new capsule-like cell lining was observed
following prolonged PCLS incubation, which to our knowledge have not been reported
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of glucose to the slices. In RegeneMed® medium, which contains insulin, glycogen was

3D liver models in toxicology
before. The precise molecular mechanism that triggers and propagates formation of this cell
lining requires further investigation, but MET may be involved.
Finally, the observed changes in slice viability, morphology and function were
quantitatively different in the two media, WME and RegeneMed®, indicating that a more rich
medium does not necessarily result in improved viability and function of rat PCLS. Our
results emphasize the importance of media selection for any given study with tissue slices.
Moreover, changes occurring in PCLS ex vivo have to be taken into account when interpreting
the obtained results from toxicological or pharmacological studies.
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Abstract
Human precision-cut liver slices (hPCLS) are a valuable ex vivo model that can be used in
toxicological studies. However, a rapid decline in metabolic enzyme activity limits their use
in studies that require a prolonged xenobiotic exposure. Therefore, we characterized the
viability, morphological and functional changes in hPCLS during 5 days of incubation in two
media developed for long term culture of hepatocytes: RegeneMed® and Cellartis®, and
subsequently compared it with WME. Maintenance of phase I and II metabolism was studied
both on gene expression as well as functional level. Moreover, we performed transcriptomics
analysis of the gene expression using microarrays and focused on the expression of genes
involved in drug metabolism, transport and toxicity. We showed that hPCLS retain their
viability and functionality during 5 days of incubation, with the best results obtained with
Cellartis® medium. Albumin synthesis as well as the activity and gene expression of phase I
and II metabolic enzymes did not decline during 120 h incubation in Cellartis® medium, with
CYP2C9 activity as the only exception. Moreover, gene expression changes in hPCLS during
incubation were limited and mostly related to cytoskeleton remodeling, fibrosis and moderate
oxidative stress. The expression of genes involved in drug transport, which is an important
factor in determining the intracellular xenobiotic exposure, was also unchanged. Therefore,
we conclude that hPCLS cultured in Cellartis® medium, are a valuable human ex vivo model
for toxicological and pharmacological studies that can be used for studies that require
prolonged xenobiotic exposure.

Keywords: human precision-cult liver slices, metabolism, drug transport, transcriptomics,
prolonged incubation
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Introduction
In the past decades, development of new toxicity models that reduce or replace animal
use gained much scientific interest. These methods include 2D and 3D cultures of freshly
isolated cells, differentiated stem cells or cell lines, either in monoculture or in co-cultures.
Currently, it is generally assumed that 3D co-culture models reflect organ functions more
closely than 2D monocultures. Precision-cut liver slices (PCLS) have already shown to be a
functional and efficient liver model in various pharmacological and toxicological studies (de
Graaf et al. 2007; de Graaf et al. 2010; Elferink et al. 2008; Vickers and Fisher 2013). For
example, PCLS have been widely used to study metabolic pathways of xenobiotics, to obtain
kinetic data on metabolism and transport, or to study drug-drug interactions related to
inhibition or induction of various metabolic enzymes (de Graaf et al. 2006; Lake and Price
2013; Olinga et al. 2008; Pfeiffer and Metzler 2004). In addition, many 3D liver models have
been developed, including hepatocytes mono-cultures and co-culture systems with
hepatocytes and non-parenchymal liver cells (Bell et al. 2016; Godoy et al. 2013). The main
advantage of the PCLS model above the other 3D liver models is the presence of all liver cells
types in their natural relative ratio and tissue-matrix configuration, allowing cell-cell and cellmatrix interactions, with all vital liver functions represented (de Graaf et al. 2007; Soldatow
identification of pharmacological and toxicological mechanisms relevant for human exposure
(Vickers and Fisher 2013).
The toxicity of a xenobiotic compound often directly depends on its biotransformation,
which leads to detoxification or toxification of the parent compound. Therefore, presence and
maintenance of the activity of the metabolic enzymes as well as transporter proteins, that
transport the parent compound as well as metabolites in and out of the cells, is a key
requirement for an in vitro liver model from a toxicological point of view (Lerche-Langrand
and Toutain 2000). Even though fresh PCLS contain the whole range of phase I and phase II
metabolic enzymes and their viability can be maintained for several days (Vickers et al. 2004,
2011), the decline in xenobiotic metabolizing enzyme activities in culture, although not as
rapid as in isolated hepatocytes in conventional 2D cultures, is still a major restriction (de
Graaf et al. 2010; Ioannides 2013; Lake and Price 2013; Lerche-Langrand and Toutain 2000,
Vickers et al. 2011). Although this decline does not prevent the use of PCLS in cytochrome
P450 induction studies or acute toxicity studies, their use in (sub)chronic toxicology studies,
however, may yield data that are not representative of the in vivo situation (Ioannides 2013;
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et al. 2013). Moreover, the use of human PCLS (hPCLS) enables a direct in vitro
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Lake and Price 2013). Thus, optimization of PCLS metabolic functions in culture is an
important factor for toxicological studies that require a prolonged drug exposure (Lake and
Price 2013; Olinga and Schuppan 2013).
Improved viability and functionality of the slices can be achieved by improving
culture conditions such as medium composition (Olinga et al. 1997; Starokozhko et al. 2015).
For example, a recent study on rat PCLS showed that the medium composition has a large
impact on tissue viability and functions following 5 days of incubation (Starokozhko et al.
2015). It is generally known that for a proper prediction of drug disposition and toxicity, it is
very important to use human cells or tissues because of large species differences in these
functions (Hadi et al. 2013). However, full maintenance of these functions for more than 1-2
days has not yet been achieved in hPCLS (Renwick et al. 2000; VandenBranden et al. 1998,
Vickers et al. 2011). Therefore, the aim of this study was to extend the functional viability of
hPCLS to 5 days of incubation by investigating the stability of metabolic enzyme activities,
synthesis functions, as well as the expression of the genes responsible for xenobiotic
metabolism and transport in hPCLS during prolonged incubation in three different culture
media. Williams’ Medium E (WME) was chosen as a standard cell culture medium that is
commonly used for PCLS incubation (Duryee et al. 2014; Jetten et al. 2014; Westra et al.
2014b). As a second medium we chose RegeneMed®, which was designed and used for longterm culture of primary human liver cells (Kostadinova et al. 2013) and which we tested on
rat PCLS before (Starokozhko et al. 2015). As a third medium, we tested Cellartis®
Hepatocyte Maintenance Medium (Takara Bio Europe AB), which was originally designed as
maintenance medium for induced pluripotent stem cell-derived hepatocytes, to maintain
viability, differentiation and liver functions. We characterized the viability, morphological
and functional changes (albumin synthesis) in hPCLS during 5 days of incubation.
Maintenance of phase I and II metabolism was studied both on gene expression as well as
functional level. Moreover, we performed transcriptomics analysis of the gene expression
using microarrays and focused on the expression of genes involved in drug metabolism,
transport and toxicity, oxidative stress and fibrogenesis.

Material and Methods
Human livers. Human liver material was obtained from the healthy parts of liver tissue of 5
individual patients, undergoing hepatectomy for the removal of carcinoma, from donor liver
tissue after reduced size liver transplantation or from liver tissue donated after cardiac death
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but not suitable for transplantation (See Table 4 for details, Supplementary materials). The
experimental protocols were approved by the Medical Ethical Committee of the University
Medical Center Groningen.
Preparation and incubation of human PCLS. hPCLS were prepared as described
previously by de Graaf et al. with minor modifications (de Graaf et al. 2010). hPCLS of 5mm
in diameter and approximately 5 mg wet weight were used in this study. Slices were preincubated for 1 h at 37 ºC in a 12-well plate filled with 1.3 ml of WME (Gibco, Life
Technology) saturated with 80% O2/5% CO2 while gently shaking 90 times per minute.
Thereafter, they were transferred to another 12-well plate filled with 1.3 ml of three different
media saturated with 80%O2/5CO2: WME (with L-glutamine, Invitrogen, Paisly, Scotland)
supplemented with 25 mM glucose and 50 µg/ml gentamycin (Invitrogen), RegeneMed®
medium: WME supplemented with RegeneMed® additives (L3STA), antibiotics (L3MAB)
and supplements (L3STS) in ratio 100: 15.1: 1: 2.5 (RegeneMed®, San Diego, CA, USA) or
Cellartis® Hepatocyte Maintenance Medium: WME supplemented with Cellartis® Hepatocyte
Maintenance Medium Supplements (Cat.no. Y30051, Takara Bio Europe AB, Gothenburg,
Sweden) and 50 mg/ml gentamycin. PCLS were incubated for 5 days with medium being

ATP and protein content of hPCLS. Viability of hPCLS was determined at different time
points (0, 24, 48, 72, 96, 120 h) by means of the ATP content of the hPCLS as described
previously using the ATP Bioluminescence Assay Kit CLS II (Roche, Mannheim, Germany)
(de Graaf et al. 2010). Protein content of the hPCLS was measured according to Lowry by
using the Bio-Rad DC Protein Assay (Bio-Rad, Munich, Germany) using a bovine serum
albumin calibration curve (Lowry et al. 1951) as previously described (Starokozhko et al.
2015).
Paraffin sections of hPCLS. hPCLS were collected after each experimental time point and
fixed in 4 % formaldehyde in phosphate buffered saline (PBS) solution for 24 hours at 4 ºC
and stored until analysis in 70 % ethanol at 4 ºC. After dehydration in alcohol and xylene, the
slices were embedded in paraffin and sectioned (sections 4 µm thick) perpendicular to the
surface of the slice.
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Morphological assessment. Morphological assessment of hPCLS was performed on paraffin
sections, stained with hematoxylin and eosin (Klinipath, the Netherlands) (H&E) as described
previously (de Graaf et al. 2000).
Periodic Acid-Schiff staining (PAS) and Sirius Red staining. The glycogen content of
hPCLS was determined by the periodic acid-Schiff (PAS) staining as described previously by
Schaart et al. (Schaart et al. 2004); with some modifications as described before (Starokozhko
et al. 2015). Staining for fibrillary collagen was performed on 4 µm paraffin sections using
picrosirius red (Sigma, Gillingham, UK). In brief, slices were deparaffinized and stained in
picrosirius red dye (0.1 % picric acid). Thereafter, sections were washed two times in
acidified water (5 ml/L glacial acid), dehydrated and embedded in Depex.
Functional characterization of hPCLS
Phase I and II metabolism
To test the activities of different CYP isoenzymes, hPCLS were incubated for 3 hours with a
drug cocktail containing 10µM phenacetin (CYP1A), 10µM bupropion (CYP2B6), 50µM
mephenytoin (CYP2C19), 10µM diclofenac (CYP2C9), 10µM bufuralol (CYP2D6) and 5µM
midazolam (CYP3A) in medium without phenol red. Medium was collected and stored at
−80°C until further analysis. Metabolite concentrations were measured by Pharmacelsus
(Germany) by LC/MS according to in house protocols. The metabolite production was
normalized per milligram protein and per hour.
To assess both phase I and II metabolism, hPCLS were incubated with 100 µM 7ethoxycoumarin (7-EC) for 3 hours. 7-EC is metabolized first to 7-hydroxycoumarin (7-HC)
by Cytochrome P450, which further undergoes glucuronidation (7-hydroxycoumaringlucuronide (7-HC-G)) and sulfation (7-hydroxycoumarin-sulfate (7-HC-S). Furthermore, to
measure directly phase II metabolism activity, hPCLS were exposed directly to 100 µM of 7HC (Sigma-Aldrich, St.Louis, MO, USA) for 3 hours. Medium was collected and stored at 20°C until further analysis by HPLC as described before (de Kanter et al. 2004), using 7-EC,
7-HC, 7-HC-G and 7-HC-S as standards. The metabolite production was normalized per
milligram protein and per hour.
Albumin production. Albumin production was measured using the Human Albumin ELISA
kit (Bethyl Laboratories, Mongomery, USA) according to the supplier’s protocol. In brief,
medium was collected every day and stored at −20°C until analysis. Samples were diluted if
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necessary. The amount of albumin was calculated based on a standard curve of human
albumin generated as a 4-parameter curve fit. Values are expressed as ng albumin produced
per hour, per milligram total protein.
RNA isolation. RNA was isolated from slices incubated for 120 hr and the 0 hr (control)
samples. RNA isolation was performed using the Maxwell® 16 LEV Total RNA purification
kit (Promega, The Netherlands) with Maxwell® 16 LEV Instrument. Immediately after
isolation, the RNA quality was assessed by measuring the 260/230 and 260/280 ratios, and the
concentration was measured with the ND-1000 spectrophotometer (Fisher Scientific,
Landsmeer, The Netherlands). The quality (RIN value) and quantity of the RNA were further
determined by high-throughput Caliper GX LabChip RNA kit (Caliper) before the RNA
amplification.
Amplification, labeling and hybridization of RNA samples. Ambion Illumina Total Prep
RNA kit was used to transcribe 300 ng RNA to cRNA according to the manufacturer’s
instructions. A total of 750 ng of cRNA was hybridized at 58 °C for 16 h to the Illumina
HumanHT-12 v4 Expression BeadChips (Illumina, San Diego, CA, USA). BeadChips were

Preprocessing of gene expression data. GenomeStudio software (Illumina) was used to
generate raw expression values from the IDAT files. The ArrayAnalysis web service was used
for further preprocessing the data, which uses the package ‘lumi’, for the R

software

environment (R Foundation for Statistical Computing, Vienna, Austria) (Eijssen et al. 2013).
Raw gene expression data were background-corrected (bgAdjust), variance-stabilized (VST)
and normalized by quantile normalization. Differentially expressed genes in slices incubated
for 120 hr with Cellartis® medium versus the control slices (0 hr) were identified using the
moderated t test in the ‘limma’ package of the R software environment (Ritchie et al. 2015).
Genes that are regulated with a criterion of fold change of 1.5 (≤ or ≥1.5), and FDRcorrected p value ≤0.05 (Benjamini and Hochberg method) were chosen for pathway analysis.
Gene expression pattern analysis. Gene expression pattern analysis of the data was
performed by GEDI software (default settings) and metagene (set of genes whose expression
change similarly in the incubated samples compared to control samples) signature of each
sample is represented in a grid of 26*25 tiles; each of the tiles contains genes that are highly
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correlated with each other (Eichler et al. 2003). The tiles are arranged such that each tile is
also correlated with the adjacent tiles. Thus, it allows a global first-level analysis of the
transcriptomic changes due to incubation.
Pathway analysis. Pathway analysis (canonical metabolic and signalling pathways) was
performed

to

identify

the

significantly

regulated

pathways

using

QIAGEN’s

Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood City, California, USA). The
annotations of the genes related to metabolism, transport and toxicity processes such as
fibrosis and stress response genes were retrieved from the Ingenuity knowledgebase.
Statistics. Three to four different human livers were used for each experiment, using slices in
triplicates from each liver. Statistical testing was performed with two way repeated measures
ANOVA with the individual human as random effect. We performed a Tukey HSD post-hoc
test for pairwise comparisons. A p-value of ≤ 0.05 was considered to be significant. In all
graphs the mean values and standard error of the mean (SEM) are shown. All statistical
analysis was performed using R version 3.2.2 (R Foundation for Statistical Computing,
Vienna, Austria).

Results
Viability
The viability of the hPCLS during incubation for 120 h was assessed by ATP content
(Fig. 1A). hPCLS incubated in RegeneMed® and Cellartis® medium maintained the ATP
level at least up to 120h of incubation. However, ATP content in hPCLS incubated in WME
decreased significantly over time (p = 0.03). The protein content remained constant in slices
incubated in RegeneMed® during 5 days of incubation, whereas it increased somewhat in
slices incubated in Cellartis® (p=0.04) and significantly decreased in slices incubated in
WME (p=0.005).
Morphological examination of hPCLS
The viability of hPCLS following incubation up to 120 h was also assessed by
histomorphology (Fig.2). After the slicing procedure, hPCLS had normal tissue architecture
with all liver cell types present. Following prolonged incubation in WME, substantial necrotic
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RegeneMed® or Cellartis® increased during incubation (Fig. 2). Moreover, the formation of a
new cell layer was observed during prolonged incubation of hPCLS in RegeneMed® and
Cellartis®, which was positive for vimentin (Fig. 2 E and F).
Sirius red staining revealed an increased collagen deposition in slices incubated in all
three media. In non-incubated slices, collagen was deposited mainly around the portal vein,
bile ducts and hepatic vein, and only a few very thin collagen fibers were observed in some
areas of the parenchyma. In slices incubated in Cellartis® medium, collagen fibers in the
parenchyma became thicker and more visible. Moreover, occasional nodes of collagen were
observed, which were mostly located in the portal area (Fig. 3. 1D). These changes were
substantially more pronounced in slices incubated in RegeneMed®, where large nodes of
collagen located in the portal areas, as well as in the parenchyma were observed (Fig. 3. 1C).
Slices incubated in WME also showed an increase in collagen deposition in the parenchyma
(Fig. 3. 1B).
Slices fixed at 0 h showed high and homogeneous glycogen deposition. Following 5
days of incubation in RegeneMed® and Cellartis® , but not in WME, hPCLS maintained the
ability to synthesize and deposit glycogen, which indicates an adequate oxygen as well as
nutrient supply and good energy balance during incubation. An intensive glycogen deposition
in the areas where large vacuoles in hepatocytes were seen, indicates that those vacuoles are
filled with glycogen. hPCLS incubated in WME did not contain glycogen after 5 days of
incubation (Fig. 3. 2A-2D).
Phase I and phase II metabolism
The activities of metabolic enzymes in hPCLS from different donors showed large
inter-individual variation as expected based on well-described variations in the human
population due to disease conditions, exposure to other drugs and food components and
polymorphisms in drug metabolizing enzymes. Therefore, metabolite production levels at
different days during incubation are expressed as relative to the value of the fresh hPCLS of
the corresponding liver.
The incubation time had different effects on metabolic enzymes in hPCLS incubated
in the different media. Overall, the three media differed significantly in their effect on the
activity of most of the tested CYP isoforms (CYP2C19: p<0.01, CYP1A: p<0.001, CYP2D6:
p<0.001, CYP2B6: p<0.01). In WME the activity of CYP2D6, CYP2B6 and CYP3A at 120h
in hPCLS was lower compared to 3h value, whereas the activities of CYP2C9, CYP2C19 and
CYP1A remained constant. In RegeneMed® the activity of four of the CYP isoforms declined
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Figure 3. Cross-sectioons of hPCLS at 0h (A) annd incubated 120h
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of which 57.5 % were upregulated. In order to investigate the stability of hPCLS during
incubation with respect to expression of genes related to xenobiotic metabolism and drug
transport, we listed the significantly regulated genes involved in phase I and II metabolism as
well as in drug transport. Moreover, pathway analysis showed that the majority of pathways
related to liver damage such as cholestasis, steatosis, apoptosis, necrosis or mitochondria
damage were not up- or down-regulated in hPCLS after 5 days of incubation in Cellartis®
medium. Some pathways, however, were shown to be differentially regulated, among which
oxidative stress and fibrosis. Therefore, we listed the differentially expressed genes involved
in oxidative stress and fibrosis development in Table 2 and 3. The list of top 20 significantly
regulated pathways is given in supplementary Figure 7.
Phase I and II metabolism
Table I shows the genes involved in drug metabolism and its regulation that were
significantly regulated after 5 days of incubation. The gene expression of many of the phase I
metabolism enzymes was stable in hPCLS during 5 days of incubation. Remarkably, CYPs
known to play an important role in drug metabolism, such as CYP1A1, CYP1A2, CYP3A4,
CYP2B6, CYP2C9, CYP2C19 and CYP2C8 were upregulated during incubation.
Monooxygenases (FMO) or glutathione peroxidase were not affected after 5 days of
incubation. Among the aldehyde dehydrogenases, ALDH1A1, ALDH3A2 and ALDH8A1
were upregulated after 5 days and among the alcohol dehydrogenases only ADH5 was
upregulated, while all other ALDH’s and ADH’s were unchanged. Some of the genes coding
for phase II metabolism enzymes were upregulated after 5 days of incubation, such as
gluthatione S-transferases (GST’s) and UGT’s. SULTs, methyltransferases (MTs) and Nacetyltransferases (NATs, with the exception of NAT8) were not regulated. Most of the
transcription factors involved in the regulation of drug metabolizing enzymes, such as PXR,
CAR, GR, FXR were unchanged, only AhR was somewhat downregulated (1.7 fold).
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Table 1. Significantly regulated genes involved in phase I and phase II metabolism and metabolism signaling.

Gene symbol
ADH5
AHR
ALDH1A1

Fold
change
1.6
-1.7
4.0

Alcohol Dehydrogenase 5 (Class III)
Aryl Hydrocarbon Receptor
Aldehyde Dehydrogenase 1 Family, Member
A1
Aldehyde Dehydrogenase 3 Family, Member
A2
Aldehyde dehydrogenase 8 Family, Member
A1
Calcium/Calmodulin-Dependent Protein
Kinase II Beta
Carboxylesterase 2
Cbp/P300-Interacting Transactivator, With
Glu/Asp-Rich Carboxy-Terminal Domain, 2
Cytochrome P450, Family 1, Subfamily A,
Polypeptide 1
Cytochrome P450, Family 1, Subfamily A,
Polypeptide 2
Cytochrome P450, Family 1, Subfamily B,
Polypeptide 1
Cytochrome P450, Family 24, Subfamily A,
Polypeptide 1
Cytochrome P450, Family 26, Subfamily A,
Polypeptide 1
Cytochrome P450, Family 26, Subfamily B,
Polypeptide 1
Cytochrome P450, Family 2, Subfamily A,
Polypeptide 6
Cytochrome P450, Family 2, Subfamily B,
Polypeptide 6
Cytochrome P450, Family 2, Subfamily C,
Polypeptide 18
Cytochrome P450, Family 2, Subfamily C,
Polypeptide 19
Cytochrome P450, Family 2, Subfamily C,
Polypeptide 8
Cytochrome P450, Family 2, Subfamily C,
Polypeptide 9
Cytochrome P450, Family 3, Subfamily A,
Polypeptide 4
Eukaryotic Translation Initiation Factor 2Alpha Kinase 3
Fas Cell Surface Death Receptor
Growth Arrest And DNA-Damage-Inducible,
Beta
Glutathione S-Transferase Alpha 1

P value
0.037
0.046
0.009

ALDH3A2

3.5

0.008

ALDH8A1

2.2

0.047

CAMK2B

-3.3

0.046

CES2
CITED2

2.4
4.1

0.043
0.029

CYP1A1

136.6

0.0002

CYP1A2

11.1

0.019

CYP1B1

14.1

0.006

CYP24A1

30.2

0.0005

CYP26A1

4.7

0.017

CYP26B1

2.9

0.033

CYP2A6

10.3

0.041

CYP2B6

2.9

0.037

CYP2C18

4.0

0.017

CYP2C19

6.0

0.046

CYP2C8

2.6

0.041

CYP2C9

4.0

0.043

CYP3A4

11.7

0.047

EIF2AK3

-1.8

0.047

FAS
GADD45B

2.8
-11.0

0.021
0.011

GSTA1

20.4

0.044
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Gene title

Gene symbol

Glutathione S-Transferase Alpha 2
Glutathione S-Transferase Alpha 3
Glutathione S-Transferase Alpha 5
Glutathione S-Transferase Mu 4
Glutathione S-Transferase Omega 1
Microsomal Glutathione S-Transferase 1
Microsomal Glutathione S-Transferase 3
N-Acetyltransferase 8
Nuclear Receptor Coactivator 7
N-Deacetylase/N-Sulfotransferase
(Heparan
Glucosaminyl) 2
Nuclear Factor I/X
NAD(P)H Dehydrogenase, Quinone 1
Phosphoenolpyruvate Carboxykinase 2
Peroxisome Proliferator-Activated Receptor
Gamma, Coactivator 1 Alpha
Protein Phosphatase 2, Regulatory Subunit A,
Beta
Retinoic Acid Receptor, Alpha
Related RAS Viral (R-Ras) Oncogene
Homolog 2
Retinoid X Receptor, Gamma
Sp1 Transcription Factor
SRC Proto-Oncogene, Non-Receptor Tyrosine
Kinase
Ubiquitin Carboxyl-Terminal Esterase L1
(Ubiquitin Thiolesterase)
UDP Glucuronosyltransferase 1 Family,
Polypeptide A1
UDP Glucuronosyltransferase 1 Family,
Polypeptide A3
UDP Glucuronosyltransferase 1 Family,
Polypeptide A4
UDP Glucuronosyltransferase 1 Family,
Polypeptide A6
UDP Glucuronosyltransferase 2 Family,
Polypeptide A3
UDP Glucuronosyltransferase 2 Family,
Polypeptide B11
UDP Glucuronosyltransferase 2 Family,
Polypeptide B15
UDP Glucuronosyltransferase 2 Family,
Polypeptide B17
UDP Glucuronosyltransferase 2 Family,
Polypeptide B4
UDP Glucuronosyltransferase 2 Family,
Polypeptide B7
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P value

GSTA2
GSTA3
GSTA5
GSTM4
GSTO1
MGST1
MGST3
NAT8
NCOA7
NDST2

Fold
change
30.9
1.8
8.9
2.0
3.6
4.1
1.8
8.2
-2.0
-1.9

NFIX
NQO1
PCK2
PPARGC1A

-2.3
10.4
4.3
-3.7

0.047
0.0006
0.024
0.021

PPP2R1B

-5.3

0.027

RARA
RRAS2

-2.7
2.2

0.030
0.039

RXRG
SP1
SRC

-2.3
-1.9
2.8

0.049
0.047
0.024

UCHL1

4.6

0.01

UGT1A1

17.9

0.008

UGT1A3

3.0

0.037

UGT1A4

7.8

0.021

UGT1A6

10.2

0.024

UGT2A3

6.4

0.01

UGT2B11

4.4

0.011

UGT2B15

11.0

0.011

UGT2B17

7.3

0.012

UGT2B4

4.1

0.019

UGT2B7

2.2

0.033

0.019
0.035
0.047
0.029
0.017
0.014
0.034
0.008
0.039
0.035
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Table 2. Significantly regulated genes involved in oxidative stress response.

Gene title
Actin, Beta
Actin Gamma 1
Aldo-Keto Reductase Family 7, Member A3
(Aflatoxin Aldehyde Reductase)
Activating Transcription Factor 4
Carbonyl Reductase 1
Chemokine (C-C Motif) Ligand 5
DnaJ (Hsp40) Homolog, Subfamily B, Member 11
DnaJ (Hsp40) Homolog, Subfamily C, Member 12
DnaJ (Hsp40) Homolog, Subfamily C, Member 3
Ferritin, Heavy Polypeptide 1
Glutathione Synthetase
3-Hydroxyacyl-CoA Dehydratase 3
Interleukin 10
Peroxiredoxin 2
Peroxiredoxin 3
Signal Transducer And Activator Of Transcription
3 (Acute-Phase Response Factor)
Thioredoxin

Gene
symbol
ACTB

Fold
change
2.5

P value
0.029

ACTG1
AKR7A3

2.2
4.0

0.017
0.039

ATF4
CBR1
CCL5
DNAJB11
DNAJC12
DNAJC3
FTH1
GSS
HACD3
IL10
PRDX2
PRDX3
STAT3

-2.7
2.1
-2.0
-3.4
-3.8
-2.0
3.0
1.9
2.6
-1.8
1.7
2.7
-2.0

0.018
0.023
0.044
0.012
0.027
0.043
0.046
0.041
0.009
0.042
0.042
0.024
0.036

TXN

2.6

0.043

Drug uptake (SLC’s) and excretion (MDR’s and MRP’s) transporters are important
determinants for the intracellular exposure to drugs and their metabolites. The expression of
the genes coding for the main human drug transporters (MRP’s and SLC’s) were unchanged
after 5 days of incubation, with the exception of MRP5, which was slightly (1.7 fold)
upregulated. The changes in expression of other transporters, not directly involved in drug
transport, were limited. For example the expression of ABCA1, responsible for the efflux of
cholesterol, and SLC27A5, responsible for fatty acid transport, was moderately (2-3 fold)
downregulated, whereas the expression of ATP2C1, responsible for calcium transport, was
moderately (2.7 fold) upregulated (Table 5, Supplementary materials).
Oxidative stress
During incubation, a limited number of genes involved in oxidative stress response
was regulated (Table 2). The 2-4 fold upregulation of aldo-keto reductase AKR7A3 (involved
in the detoxification of aldehydes and ketones), carbonyl reductase CBR1 (involved in the
detoxification of carbonyl compounds, such as quinones, prostaglandins, and various
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xenobiotics), glutathione synthetase GSS (involved in glutathione synthesis, an important
antioxidant), peroxiredoxin PRDX2 and PRDX3 (antioxidant enzymes which reduce
hydrogen peroxide and alkyl hydroperoxides) and thioredoxin TXN (involved in many redox
reactions) indicates that slices undergo some moderate oxidative stress and respond by
upregulating defense mechanisms. However, some stress markers, such as CCL5, IL10 and
STAT3 were downregulated after 5 days of incubation.
Table 3. Significantly regulated genes involved in fibrosis development

Gene title

Gene
symbol
BMP And Activin Membrane-Bound Inhibitor
BAMBI
Collagen, Type XVI, Alpha 1
COL16A1
Collagen, Type I, Alpha 1
COL1A1
Collagen, Type I, Alpha 2
COL1A2
Collagen, Type III, Alpha 1
COL3A1
Collagen, Type VI, Alpha 3
COL6A3
Decorin
DCN
Fibronectin 1
FN1
Interferon (Alpha, Beta And Omega) Receptor 1
IFNAR1
Insulin-Like Growth Factor 1 (Somatomedin C)
IGF1
Insulin-Like Growth Factor 2
IGF2
Insulin-Like Growth Factor Binding Protein 6
IGFBP6
Interleukin 4 Receptor
IL4R
Lipopolysaccharide Binding Protein
LBP
Leptin
LEP
Lectin, Galactoside-Binding, Soluble, 3
LGALS3
Lumican
LUM
SMAD Family Member 4
SMAD4
Signal Transducer And Activator Of Transcription STAT1
1, 91kDa
Synovial Apoptosis Inhibitor 1, Synoviolin
SYVN1
Transforming Growth Factor, Alpha
TGFA
Transforming Growth Factor, Beta Receptor II
TGFBR2
Vitronectin
VTN

Fold
change
2.0
2.1
12.3
9.1
8.7
7.2
2.3
1.9
-2.2
-3.4
-3.2
1.8
-3.8
-1.7
-1.9
3.5
6.4
1.6
-2.0

P value
0.037
0.041
0.006
0.015
0.021
0.006
0.038
0.025
0.041
0.039
0.017
0.026
0.019
0.037
0.039
0.017
0.022
0.048
0.041

-1.9
2.2
2.4
-1.7

0.026
0.021
0.035
0.047

Fibrosis
Pathway analysis showed that some of the genes involved in fibrosis development
were regulated after 5 days of incubation. For example, collagen genes COL16A1, COL1A1,
COL3A1, COL6A3, FN1, decorin and lumican were shown to be up-regulated after 5 days
(Table 3). COL’s and FN1 are responsible for collagen and fibronectin synthesis respectively,
while decorin and lumican play a role in collagen fibril assembly. Moreover, several genes
involved in TGF-signaling pathways, such as BAMBI, SMAD4, TGFA and TGFBR2, were
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moderately upregulated. These findings are in line with the morphological observation of an
increase in collagen deposition in slices after 5 days of incubation.

Discussion
PCLS have been extensively used for drug toxicity studies and are considered to most
closely represent the original liver, retaining all the liver cells in their natural environment.
Moreover, the use of hPCLS makes it possible to avoid extrapolation steps from animal-tohuman studies, since it is recognized that results obtained from animal-based models cannot
be directly extrapolated to humans, due to among others the differences in metabolism and
transport of xenobiotics (Chu et al. 2013; Karthikeyan et al. 2016).
The viability of hPCLS was preserved during 5 days of incubation in Cellartis® and
RegeneMed® medium, but not in WME, which was different compared to our previous
studies on rat PCLS, where slices incubated in WME retained their viability during prolonged
incubation similar to slices incubated in RegeneMed®. hPCLS incubated in WME decreased
in protein content following incubation, likely due to the decline in their viability and cell
death. hPCLS incubated in RegeneMed®, however, maintained their protein content during
incubation, whereas the protein content in slices incubated in Cellartis® medium gradually
proliferation. Cell proliferation can also be responsible for the observed ca. 20-40% increase
in thickness of the slices during incubation in RegeneMed® and Cellartis® medium, which
was far less than previously observed in rat PCLS (Starokozhko et al. 2015). Even though the
slices increased in thickness during incubation, the oxygen penetration to the inner cell layers
was sufficient, since no necrotic/hypoxic bands of cells were seen in the inner part of the
slices. Only occasional necrotic areas were observed in hPCLS cultured in Cellartis® and
RegeneMed® medium, whereas slices incubated in WME had large necrotic regions with
pycnotic nuclei. The formation of a new cell layer around the slices during culture has been
already described before for rat PCLS by us (Starokozhko et al. 2015). This newly formed
cells layer in hPCLS was positive for vimentin indicating the mesenchymal origin of these
cells.
The hPCLS incubated in RegeneMed® and Cellartis® medium showed good
maintenance of glucose homeostasis and albumin synthesis, whereas the slices in WME
partially lost these capacities, which can at least partly be explained by the absence of insulin
in WME, whereas both the other media contain insulin.
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increased somewhat during incubation, which might indicate protein synthesis and/or cell
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Biotransformation in the liver can lead to detoxification or toxification of a drug and
liver transporters can increase or reduce the actual intracellular exposure to a xenobiotic.
Therefore, the expression and functionality of metabolic enzymes and transporters in the
human in vitro model at the levels comparable to in vivo values is an important requirement
for toxicity studies. The stability of expression of genes involved in drug metabolism and
transport, as well as stress and toxicity responses have been characterized up to 24h in hPCLS
culture before (Elferink et al. 2011). However, the stability of these genes and, importantly,
the activity of phase I and II metabolic enzymes during prolonged hPCLS culture has never
been fully investigated. This is an particularly important requirement for toxicity studies that
require prolonged exposure to the drug. Therefore, we characterized the changes in phase I
and II metabolic enzymes both on gene expression and functional levels. Moreover, we
assessed the changes in hPCLS viability, morphology and functionality following 5 days of
incubation in 3 different media.
Here, for the first time, the stability of the activity of liver enzymes involved in drug
metabolism was achieved during prolonged 5 days incubation in hPCLS. Earlier studies
showed a progressive decrease in CYP apoprotein levels and activity levels during 72h
incubation (Renwick et al. 2000). In our study the activity of the tested CYP isoforms were
stable in Cellartis® Hepatocyte Maintenance medium, with a slight decrease of CYP2C9 as
the only exception. Glucuronidation and sulfation rates also remained stable in hPCLS
incubated in Cellartis® Hepatocyte Maintenance medium during 5 days. The activity of
various phase I and phase II metabolic enzymes in hPCLS cultured in WME or RegeneMed®
medium, however, declined in time. Metabolism of 7EC increased over time in slices
incubated in Cellartis® Hepatocyte Maintenance medium, which is in line with the
upregulation of CYP1A2, one of the enzymes responsible for 7-EC oxidation (Yamazaki et al.
1996). The significant upregulation of CYP1A activity has to be taken into account during
toxicity studies which involve this isoenzyme, since it might lead to over- or underestimation
of toxicity of a tested drug depending whether its oxidation by CYP1A leads to toxification or
detoxification of a parent compound respectively.
Transcriptomics analysis of hPCSL incubated in Cellartis® medium showed that
transcriptional effects were only observed in a smaller fraction of the global transcriptome
(704 genes out of 31000), and the changes in gene expression of phase I and II metabolic
enzymes and drug transporters were limited. Among the CYPs, 13 isoforms were upregulated
and none of the CYPs were downregulated in hPCLS after 5 days of incubation. This is a
major achievement as previously down-regulation of CYP expression was reported during
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prolonged incubation (Vickers et al. 2011). As the expression of PXR and AhR is not
changed, the significant upregulation of the PXR and AhR signaling pathways, which is based
on the upregulation of the CYP enzymes, might be due to either the presence or increased
activity of co-regulators. The slight decline in CYP2C9 activity is not in line with the 4-fold
increase in CYP2C9 gene expression. A decreased activity of the NADPH-cytochrome P450
reductase is unlikely to be the cause of this discrepancy, as the other Cytochrome P450
isoenzymes show constant or even increased activity. The expression of phase II metabolic
enzymes was upregulated (UGTs and GSTs) or unchanged (SULTs, NATs, MTs) after 5
days. None of the phase II metabolism enzymes were downregulated during incubation. Also
the increased expression of the UGTs did not result in increased enzyme activity. It cannot be
excluded that the synthesis of the co-substrate is a rate-limiting factor for conjugation.
Moreover, the expression of all the main drug transporters remained constant during 5 days of
incubation, indicating that the exposure of the cells to the drugs and metabolites is
representative for the in vivo situation.
Most of the pathways known to be involved in liver toxicity were unchanged in
hPCLS during 5 days of incubation, with the exception of liver fibrosis and oxidative stress.
Oxidative stress in PCLS is a known response to the slicing procedure and culture conditions,
in particular, the high oxygen tension (Martin et al. 2002). In our study, the regulation of
the other hand, upregulation of antioxidant and other detoxification pathways indicates that
the natural defense mechanisms can be activated in hPCLS during prolonged incubation. The
development of fibrosis in hPCLS during incubation was reflected both in collagen
deposition, as well as in upregulation of genes involved in fibrogenic pathways, such as COLs
and FN1. These findings are in line with our previous studies on liver slices incubated in
WME, which described the suitability of hPCLS to study the effects and toxicity of
antifibrotic drugs (van de Bovenkamp et al. 2008; Westra et al. 2014a).
Our findings that Cellartis® Hepatocyte Maintenance medium maintains high
metabolic functionality and viability of hPCLS for 5 days suggests that this medium prevents
the de-differentiation which occurs in hPCLS in the commonly used culture medium like
WME, which is characterized by a rapid loss of functionality, possibly by lack of specific
differentiation signaling molecules. Interestingly, Cellartis® Hepatocyte Maintenance medium
was initially developed for culturing hepatocytes derived from human pluripotent stem cells.
In stem-cell derived hepatocytes it promotes a mature hepatocyte phenotype, e.g., expression
of adult drug metabolizing enzymes such as CYP2C9 and CYP3A4 in stem cell-derived
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genes involved in oxidative stress pathways was slight or moderate (fold induction <4). On
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hepatocytes from day 21 after start of differentiation and onwards (Ghosheh et al. 2016 ),
without the presence of specific PXR or CAR inducers. Further studies are currently
performed to test whether hPCLS can be maintained for longer than 5 days in
Cellartis® Hepatocyte Maintenance medium which would open up for long-term use of
hPCLS. In addition, it would be interesting to attempt to adjust the medium composition in a
way that leads to a somewhat lower CYP1A activity and thus a more balanced CYP activity
profile.
In conclusion, we showed that hPCLS retain their viability and functionality during 5
days of incubation. The type of incubation medium influences liver viability, morphology and
functions, with the best results shown with Cellartis® Hepatocyte Maintenance medium.
Synthesis functions, activity and gene expression of phase I and II metabolic enzymes did not
decline during 120 h incubation in Cellartis® medium, with the CYP2C9 activity as the only
exception. Moreover, gene expression changes in hPCLS during incubation were limited and
mostly related to the cytoskeleton remodeling, fibrosis and moderate oxidative stress, whereas
other pathways involved in liver toxicity were not regulated. The expression of genes
involved in drug transport was also unchanged during 5 days, which is an important factor
that determines the final intracellular xenobiotic exposure. Taken together, we conclude that
hPCLS are a valuable human in vitro model for toxicological and pharmacological studies and
can be used for studies that require prolonged xenobiotic exposure. Moreover, the use of
human slices enables direct identification of toxicological effects of drugs relevant for human,
thereby reducing experimental animal use and facilitating animal to human extrapolation
steps.
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Supplementary materials
Table 4. Human liver donor characteristics.

Number Type of liver
Gender
1
Reduced size liver transplantation
female
2
Hepatectomy for the removal of male
carcinoma
3
Reduced size liver transplantation
female
4
Donated after cardiac death
male
5
Reduced size liver transplantation
male

Age
63
64
20
71
54

Table 5. Significantly regulated genes transporters.

Gene symbol

ATP-Binding Cassette, Sub-Family
A (ABC1), Member 1
ATP-Binding Cassette, Sub-Family
B (MDR/TAP), Member 10
ATP-Binding Cassette, Sub-Family
C (CFTR/MRP), Member 5
ATPase, Ca++ Transporting, Type
2C, Member 1
ATPase,
H+
Transporting,
Lysosomal 9kDa, V0 Subunit E1
Solute Carrier Family 1 (Glial High
Affinity Glutamate Transporter),
Member 2
Solute Carrier Family 27 (Fatty
Acid Transporter), Member 5

P value

ABCA1

Fold
change
-2.0

ABCB10

2.2

0.023

1.7

0.049

ATP2C1

2.7

0.019

ATP6V0E1

1.7

0.049

ABCC5

Protein
name

MRP5

0.019

SLC1A2

GLT1EAAT2

-3.1

0.01

SLC27A5

FATP5

-3.2

0.036
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Abstract
Drug-induced cholestasis (DIC) is one of the leading manifestations of drug-induced
liver injury (DILI). As the underlying mechanisms for DIC is not fully known and specific
and predictive biomarkers and preclinical models are lacking, the occurrence of DIC is often
only reported when the drug has been approved for registration. Therefore, in vitro models
that predict the cholestatic potential of drug candidates and provide insight in the mechanism
of DIC are highly needed. We investigated the application of rat precision-cut liver slices
(PCLS) to predict DIC, using several biomarkers of cholestasis: hepatocyte viability,
intracellular accumulation of total as well as individual bile acids and changes in the
expression of genes known to play a role in cholestasis. Rat PCLS exposed to the cholestatic
drugs chlorpromazine, cyclosporine A and glibenclamide for 48h in the presence of a
physiological bile acid (BA) mix reflected various changes associated with cholestasis, such
as decrease in hepatocyte viability, accumulation and changes in the composition of BA and
changes in the gene expression of Fxr, Bsep and Ntcp. The toxicity of the drugs was
correlated with the accumulation of BA, and especially DCA and CDCA and their conjugates,
but to a different extent for different drugs, indicating that BA toxicity is not the only cause
for the toxicity of cholestatic drugs. Moreover, our study supports the use of several
biomarkers to test drugs for DIC. In conclusion, our results indicate that PCLS may represent
a physiological and valuable model to identify cholestatic drugs and provide insight into the
mechanisms underlying DILI.
Keywords: drug-induced cholestasis, precision-cut liver slices, bile acids, drug-induced liver
injury

Rat PCLS predict drug‐induced cholestatic injury

Introduction
Drug-induced liver injury (DILI) is one of the main reasons of drugs being excluded
during the drug-development process or withdrawn from the market (Yang et al. 2013).
Therefore, many efforts have been made to select reliable biomarkers and develop predictive
in vitro models to detect hepatotoxic effects as early as possible in the drug-development
process.
Drug-induced cholestasis (DIC) is the leading and one of the most severe
manifestations of DILI (Qiu et al. 2016). Cholestasis is characterized by a reduction in bile
flow and can be caused by a variety of intra- or extrahepatic mechanisms. Numerous drugs
have been identified as a potentially cholestatic compound. And even though drugs undergo a
screening for inducing cholestatic disorders in the pre-clinical and clinical phases, in many
cases the occurrence of DIC is only being reported when the drug has been approved for
registration and is administrated to thousands of patients. This is due to the fact that exact
underlying mechanisms for DIC are not clear yet, hampering the validation of predictive
biomarkers. At this moment there are no specific, highly predictive biomarkers for DIC
(Padda et al. 2011). Elevations in the systemic blood levels of liver enzymes (such as alkaline
phosphatase (ALP) and gamma-glutamyl transpeptidase (GGT)), bilirubin and bile acid (BA)
are the most commonly used biomarkers in the clinic to identify cholestatic injury (Padda et
al. 2011; Schadt et al. 2016; Yang et al. 2013). However, elevation in ALP and GGT are also
observed during other liver diseases and their elevation during intrahepatic cholestasis
sometimes is minor. Also, an elevation in circulating BA concentration is not always
asymptomatic cholestasis with respect to BA, where elevation in the enzymes is the only
symptom (Padda et al. 2011).
One of the most common causes of drug-induced cholestasis is the inhibition of the
bile salt export pump (ABCB11 or BSEP) (Yang et al. 2013). BSEP is responsible for the
excretion of the recirculated as well as newly synthesized BA from the hepatocytes into the
bile canaliculi. Therefore, the inhibition of this transporter leads to the accumulation of BA in
hepatocytes, which is believed to be one of the main causes of the hepatotoxicity observed
during cholestasis.
Prediction of cholestatic side effects of drugs relies mainly on animal experiments
using the same biomarkers as described for patients, with the same drawbacks. Moreover,
these in vivo experiments do not provide any mechanistic insight, but do cause high animal
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associated with DILI (Rodrigues et al. 2014), and, on the other hand, some drugs cause
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discomfort. Thus, in vitro tests with high predictive value that also provide insight in the
mechanism are highly needed. Some in vitro models have been developed to predict druginduced cholestasis, based on hepatocyte sandwich monocultures (Chatterjee et al. 2014a;
Chatterjee et al. 2014b; Oorts et al. 2016). However, the decrease in drug metabolizing
enzyme activities and the variation in the expression of drug transporters during culture,
affects the predictively and reliability of this model. Moreover, when cell viability is used as
read-out parameter for DIC, it should be realized that various liver toxicity mechanisms
require the presence of other cell types besides hepatocytes, and therefore cannot be properly
predicted by monocultures. It has been recognized that drug-induced cholestasis is a
multifactorial process, where cholestasis might be a primary as well as a secondary event
leading to hepatotoxicity (Rodrigues et al. 2014). These are so called mixed cholestatic and
hepatocellular injuries, where various liver cell types are involved (Padda et al. 2011; Schadt
et al. 2016). Furthermore, bile acid homeostasis itself is a complex process that involves not
only hepatocytes, but also other cell types, for example, cholangiocytes. Therefore, models
that include various liver cell types would be of added value.
Precision-cut liver slices (PCLS) have been recognized as a reliable and predictive ex
vivo model for many toxicological and pharmacological studies (de Graaf et al. 2010; Vickers
and Fisher 2013). Advantages of this model include the presence of all liver cell types in their
natural environment and physiological polarized expression of membrane transporters.
Previous studies have shown that transcriptomics analysis of PCLS exposed to various
cholestatic drugs can be used to detect liver toxicity processes associated with cholestasis
(Szalowska et al. 2013; Vatakuti et al. 2016). However, the direct measurement of total
intracellular bile acid concentrations has not been successfully performed, even though it
might be an important biomarker in predicting drug-bile acid interactions (Yang et al. 2013).
Therefore, in the present study we aimed to investigate whether PCLS can be used to predict
DIC, using several biomarkers of cholestasis such as hepatocyte viability, intracellular
accumulation of bile acids and changes in the expression of genes known to play a role in
cholestasis. For that, we exposed rat PCLS to different concentrations of three well-known
cholestatic drugs: chlorpromazine (CP), cyclosporine A (CS) and glibenclamide (GB), in the
presence of a physiological concentration of a bile acid mix mimicking the bile acid
concentration and composition in the rat portal vein. The addition of BA to the medium is
essential to allow BA to reach toxic intracellular levels upon BSEP inhibition, especially
when BA-induced toxicity is an endpoint. Several recent studies on sandwich-cultured
hepatocytes (SCH) showed that it was only possible to detect toxicity of cholestatic drugs,
146

Rat PCLS predict drug‐induced cholestatic injury
when BA were added to the culture medium (Chatterjee et al. 2014b; Ogimura et al. 2011).
The relevance and predictivity of PCLS for DIC was shown by assessing the potential of the
compounds to cause cholestasis ex vivo by disturbing the BA homeostasis and by
demonstrating a correlation between BA accumulation and viability.

Materials and Methods
Animals. Male Wistar rats were obtained from Charles River (Sulzfeld, Germany). The rats
were housed in a temperature- and humidity-controlled room on a 12 hours light/dark cycle
with food and tap water ad libitum (Harlan Laboratories B.V., Horst, The Netherlands). The
rats were allowed to acclimatize for at least seven days before starting the experiments. All
experiments were started between 9.00 and 10.00 am in order to avoid influence of diurnal
rhythm. All experiments were approved by the Animal Ethical Committee of the University
of Groningen.
Excision of rat liver. The liver was excised under isofluorane/O2 anesthesia and placed into
ice-cold University of Wisconsin (UW) organ preservation solution (DuPont Critical Care,
Waukegab, IL) until use.
Preparation and incubation of rat PCLS. PCLS were prepared as described previously by
de Graaf et al. with minor modifications (de Graaf et al. 2010). In brief, PCLS of 5mm in
diameter and approximately 5 mg wet weight were used in this study. To get rid of cell debris
37 ºC in a 12-well plate filled with 1.3 ml of WME (Life Technology) saturated with 80%
O2/5% CO2 and supplemented with 25 mM glucose and 50 µg/ml gentamycin (Invitrogen),
while gently shaking 90 times per minute. Afterwards, PCLS were transferred to another 12well plate filled with 1.3 ml of medium with or without the 60μM bile acid mix (composition
of BA mix is given in Table 1) in combination with CP [18, 27 or 36 μM], CS [1, 3 or 5 μM],
GB [120, 150 or 180 μM] or the solvent DMSO (concentration during incubation ≤0.5%) and
incubated for 48h. Medium was refreshed after 24h of incubation with medium containing the
same initial drug concentration.
ATP and protein content of PCLS. Viability of PCLS was determined after 48h incubation
by means of the ATP content as described previously using the ATP Bioluminescence Assay
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and to restore ATP levels after the slicing procedure, the slices were pre-incubated for 1h at
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Kit CLS II (Roche, Mannheim, Germany) (de Graaf et al. 2010). Protein content of the
hPCLS was measured according to Lowry by using the Bio-Rad DC Protein Assay (Bio-Rad,
Munich, Germany) using a bovine serum albumin calibration curve (Lowry et al. 1951) as
described (Starokozhko et al. 2015).
LDH leakage. LDH leakage from the slice to the medium was used as a marker of cell
damage. In brief, medium was collected after 24 and 48h incubation, and stored at 4°C until
analysis (maximum 1 week). The LDH assay was performed using the Cyto Tox-ONE
Homogenous Membrane Integrity Assay kit (Promega, Madison, USA) according to the
manufacturer’s instructions with slight modifications. In brief, 50µL of medium sample was
mixed with 50µL of the substrate mix in a black 96-well plate. The plate was kept for 10 min
in the dark and the stop reagent was added afterwards to the mixture. Fluorescence was read
immediately at excitation 560nm and emission 590nm.
Table 1. Composition of rat bile acid mix.

Composition of bile acids

Final concentration in the incubation
medium (μM)

Cholic acid (CA)

33.24

Chenodeoxycholic acid (CDCA)

1.62

Deoxycholic acid (DCA)

0.88

Lithocholic acid (LCA)

0.04

Glycocholic acid (GCA)

0.63

Taurocholic acid (TCA)

8.92

Ursodeoxycholic acid (UDCA)

0.55

Taurochenodeoxycholic acid (TCDCA)

1.55

Taurohyodeoxycholic acid (THDCA)

6.37

Hyodeoxycholic acid (HDCA)

5.33

Glycoursodeoxycholic acid (GUDCA)

0.11

Taurodeoxycholic acid (TDCA)

0.68

Total bile acid assay (TBA). It is expected that in PCLS a part of the total BA pool resides in
bile canaliculi. Therefore, in order to measure the intracellular concentration of bile acids in

148

Rat PCLS predict drug‐induced cholestatic injury
the slices, an extra washing step to empty the bile canaliculi was performed before collecting
PCLS for the TBA analysis.
After 48h of incubation, the PCLS were transferred to another 12-well plate containing
1.3ml of Ca2+-free and Mg2+-free Hank’s Balanced Salt Solution (HBSS) (Life Technology)
saturated with 90% O2/5% CO2, supplemented with 5 mM EGTA (Titriplex VI, Merck,
Germany) and were incubated for 1h at 4°C while gently shaking 90 times per minute. Pilot
experiments showed that the concentration of BA in the slices gradually decreased during
washing up to 2h in Ca2+-free and Mg2+-free HBSS with EGTA, with a minimum after 1 h,
suggesting that a part of the BA resided in bile canaliculi formed by tight hepatocyte junctions
that are sensitive to Ca2+-depletion, which can be released after 1h incubation in Ca2+ and
Mg2+-free conditions. Therefore, a washing step of 1 hour in Ca2+-free and Mg2+-free HBSS
with EGTA was chosen as the most optimal. After this washing step, the slices were collected
and stored in -80°C until analysis. In those experimental groups where bile acids were not
added to the medium, 3 slices were pooled together for the analysis, as the bile acid content of
one slice was below the detection limit. In experimental groups with the addition of bile acids
to the medium, individual slices were collected in separate 1.5ml Eppendorf tubes. Collected
PCLS were homogenized for 45 seconds in 450μL of 70% methanol and centrifuged for 15
min at 15°C and 13000rpm. The supernatant (350μL) was collected to a new Eppendorf tube
and the pellet was used for further protein analysis. The TBA concentration in the sample was
measured using Total Bile Acids Assay Kit (Diazyme, USA) according to the manufacturer
instructions with slight modifications. The collected supernatant was evaporated at 35°C
using the CentriVap Concentrator (Labconco, USA) and the formed sample pellet containing
thawing, 5μL of the sample was mixed with 135μL of the Reagent 1 in a clear 96-well plate
and incubated in the dark at 37°C for 3min. Subsequently, 45μL of Reagent 2 was added to
each well and the absorbance was read at 37°C after 5 and 30 min at 405nm. TBA
concentration in the sample was calculated using the equation provided in the kit using
conjugated cholic acid as a standard.
Determination of individual bile acid concentrations by LC/MS. The concentration of
DCA and CDCA, TDCA, GDCA, TCDCA, GCDCA. TCA and GCA were determined via
LC-MS/MS in the same samples as used for the TBA assay and in appropriate calibration
samples, using an Acquity UPLC system (Waters, Milford, MA, USA) coupled to a Xevo
TQ-S (Waters) triple quadropole mass spectrometer. The compounds were separated using a
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bile acids was reconstituted in 70μL of Milli-Q water and stored at -20°C until analysis. After
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Zorbax Eclipse Plus C18 analytical column (Rapid Resolution HD 1.8 μm; 50 × 2.1 mm,
Agilent, USA). The elution gradient was as follows: 0 min 30% B; 2-2.5 min 80% B; and
2.6-4 min 30% B. Solvent A consisted of 0.1% formic acid in water and Solvent B consisted
of 0.1% formic acid in acetonitrile. The column temperature was set at 40°C, and the flow
rate was 500µl/min. The effluent from the UPLC was passed directly into the electrospray ion
source. Negative electrospray ionization was achieved using nitrogen as a desolvation gas
with ionization voltage at 3.0 kVolt. The source temperature was set at 500°C and argon was
used as collision gas. Detection of the bile acids was based on isolation of the deprotonated
molecular ion, [M - H]- after which MS/MS fragmentations and multi reaction monitoring
(MRM) were carried out. The following MRM transitions were used: for TDCA and TCDCA
m/z 498.1(parent ion) to m/z 498.1 and 80.2 (both product ions), for GDCA m/z 448.3(parent
ion) to m/z 448.3 and 74.0 (both product ions), for GCDCA m/z 448.3(parent ion) to m/z
386.8 and 74.0 (both product ions), for DCA m/z 391.2(parent ion) to m/z 391.2 and 345.0
(both product ions), for CDCA m/z 391.2(parent ion) to m/z 391.2 and 373.2 (both product
ions), for TCA m/z 514.1(parent ion) to m/z 514.1 and 80.2 (both product ions), for GCA m/z
464.2 (parent ion) to m/z 464.2 and 73.9 (both product ions).
RNA isolation and cDNA synthesis
RNA isolation from the slices was performed using the Maxwell® 16 LEV Total RNA
purification kit (Promega, The Netherlands) with a Maxwell® 16 LEV Instrument. After
isolation, the RNA quality fulfilled the criteria of a 260/280 ratio of ~2 and 260/230 ratio of
2.0-2.2. The concentration was measured using the ND-100 spectrophotometer (Fisher
Scientific, The Netherlands). TaqMan reverse Transcription Reagents Kits (Applied
Biosystems, Foster City, CA) was used to generate cDNA from RNA. cDNA was generated
in the Eppendorf mastercycler (Hamburg, Germany) with the gradient at 20°C for 10 minutes,
42°C for 30 minutes, 20°C for 12 minutes, 99°C for 5 minutes and 20°C for 5 minutes. RTPCR was used to determine relative Bsep, Fxr and Ntcp mRNA expression levels. Primers
used:

Bsep,

5’-

TGGAAAGGAATGGTGATGGG

-3’(F),

3’-

CAGAAGGCCAGTGCATAACAGA -5’(R); Fxr: 5’- CCAACCTGGGTTTCTACCC -3’(F),
3’- CACACAGCTCATCCCCTTT -5’(R); Ntcp; 5’-CTCCTCTACATGATTTTCCAGCTTG
-3’(F), 3’- CGTCGACGTTCGTTCCTTTTCTTG -5’(R). RT-PCR was performed using
SYBR Green with the ABI Prism 7900HT sequence detection system with 1 cycle of 10
mintes at 95°C, 40 cycles of 15 seconds at 95°C and 25 seconds at 60°C, with a dissociation
stage (15 seconds at 95°C, 60°C and 95°C). Sample Ct values were normalized using Gapdh
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PCLS aafter 48h (Fiig. 1 a,b,c). However, LDH leakage increased
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H leakage from PCLS to inncubation med
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gs, in absencee (grey bars) or presence (black bars) oof BA. ATP content is
48 h incuubation with different drug
expressedd in absolute values. LDH leakage is exxpressed as reelative valuess to the controol without BA
A. Graphs
representt the mean valuues ± SEM off 4-5 experimeents, using 3 PCLS
P
for each
h group in eveery experimen
nt.
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Table 2. Concentration and absolute amount of eight different BA in PCLS incubated for 48 hours with the
solvent DMSO or one of the cholestatic drugs CP36, CS5, GB180 ATP in the presence of BA. Data are
expressed in absolute values. Table represents mean values ± SD (% of total) of 10-11 experiments for DMSO
group and 3-5 experiments for drug-treated groups, using 3 PCLS for each group in every experiment.
pmol/mg protein
DCA
CDCA
GDCA
GCDCA
TDCA
TCDCA
TCA
GCA
Total

DMSO+BA
1.4 ± 1.3
(0.8%)
0.3 ± 0.7
(0.1%)
20.2 ± 11.8
(8.5%)
6.6 ± 3.8
(2.9%)
13.5 ± 7.0
(6.0%)
4.9 ± 3.3
(2.2%)
41.4 ± 23.1
(16.5%)
156.5 ± 73.9
(63.0%)
245.0 ± 118.3
(100%)

CP36+BA
3.9 ± 2.8
(0.6%)
4.0 ± 5.1
(0.5%)
80.8 ± 4.7
(15.5%)
60.7 ± 13.4
(10.7%)
83.8 ± 1.5
(16.3%)
60.2 ± 14.2
(10.4%)
64.5 ± 16.0
(12.1%)
180.3 ± 45.4
(33.8%)
538.1 ± 93.4
(100%)

CS 5+BA
7.5 ± 8.3
(1.3%)
8.1 ± 10.8
(1.1%)
61.1 ± 38.3
(9.4%)
28.4 ± 24.9
(4.7%)
38.6 ± 23
(6.2%)
29.0 ± 28.9
(4.3%)
90.2 ± 42.7
(14.4%)
364.3 ± 149.5
(58.6%)
627.2 ± 260.5
(100%)

GB 180+BA
5.7 ± 8.3
(1%)
6.7 ± 11.0
(1.2%)
82.0 ± 23.0
(6.7%)
16.2 ± 9.0
(1.8%)
56.2 ± 15.6
(5.1%)
30.3 ± 28.3
(4.2%)
235.8 ± 69.2
(13.8%)
1275.6 ± 454.7
(66.2%)
1708.5 ± 448.1
(100%)

Exposure of PCLS to CS5 or GB180 in the absence of BA lead to a small increase in
the cumulative concentration of the tested BA (Fig. 2c). Surprisingly, the cumulative
concentration of the eight tested BA in PCLS after CP36-treatment was lower compared to
the non-treated control (Fig. 2c). However, this phenomenon was not shown with the
measurement of TBA concentration, where the concentration of TBA in PCLS was slightly
higher in CP36-treated group compared to the control. No major changes occurred in the
relative abundance of the different BA upon PCLS exposure to CP36, CS5 or GB180 alone.
Gene expression
Changes in the expression of genes known to be involved in cholestasis, such as Bsep,
Ntcp and Fxr have been investigated. Ntcp is responsible for the basolateral uptake of bile
acids, whereas Bsep is responsible for their efflux to the bile canaliculi on the apical side of
hepatocytes. BA significantly decreased Ntcp expression to 60% in PCLS after 48h of
incubation. This effect of BA on Ntcp expression is known and has been described before.
Ntcp gene expression in PCLS was significantly and strongly decreased to ca. 10% of the
value of the controls after incubation with CP36, CS5 and GB180 treatment alone and was not
further decreased in the presence of BA (Fig. 4a). Bsep expression showed some variation
between and within experimental groups, and was significantly decreased in the drug alone154
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treated groups wheen all experriments weere taken altogether, bu
ut not in thhe groups drug+BA
d
(Fig. 4bb).

Figure 4. Gene expressison of Bsep,, Ntcp and Fxxr normalized to the housek
keeping gene Gapdh. Data expressed
mpared to thee 48h controll without BA
A. Graphs rep
present mean values ± SE
EM of 3-4
as relativve values com
experimeents, using 3 PCLS
P
for each group in everry experimentt.

F
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conjugaation and transport. In our study, Fxr expresssion was significantlyy downregu
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20% in PCLS incuubated with the BA miix for 48h, with a furth
her strongerr decrease in
i PCLS
treated w
with CP, CS
S or GB (Fiig. 4c), withh no differen
nce between
n with or wiithout BA.
Correlaation analyysis
T
The decrease in viabillity of PCL
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with BA
A correlated with an increase inn intracellullar levels of
o BA, wheereas no sig
gnificant

Figure 55. Correlationn between AT
TP and TBA content of PCLS
P
treated with CP (a),, CS (b) or GB
G (c) in
combinattion with BA. Graphs represent mean vallues ± SEM off 4-5 experiments, using 3 PPCLS for each
h group in
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correlattion was obsserved in th
he GB-treateed groups (F
Fig. 5).
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with cholestasis using mouse and human liver tissue (Szalowska et al. 2013; Vatakuti et al.
2016). Here we show for the first time that these drugs are more toxic in the presence of BA
in rat PCLS and induce changes in the intracellular bile acid concentration and composition.
The presence of BA in their physiological concentrations and ratios may increase the
validity of an in vitro model for DIC studies. For example, incubation of mouse PCLS with
cholestatic drugs alone did not result in the elevation in intracellular BA concentration
(Szalowska et al. 2013). Moreover, in our study we showed that without the addition of BA,
PCLS excreted most of them during incubation, whereas the incubation of PCLS with the BA
mix resulted in the maintenance of the physiological concentrations of BA in PCLS after 48 h
of incubation. The observed shift to glycine conjugates after the incubation with the BA mix
might be due to the small difference between the composition of the BA mix (which was
based on the portal vein BA concentrations) and tissue values, as well as the more active
production of glycine conjugates of BA during incubation compared to the production of
tauroconjugates. This higher production of glycine conjugates might be explained by the
higher substrate availability of glycine compared to the taurine precursor (L-cysteine) in the
medium (http://www.thermofisher.com) (Penttilä 1990). In addition, a shift between taurine
and glycine conjugation was also found before in rats fed diet with different supplements
(Park et al. 1999).
The secondary bile acids, such as DCA and LCA, are considered to be the most toxic
BA due to their lipohilicity, and therefore are important in the progression of bile acidinduced hepatic injury (Li and Chiang 2011; Schadt et al. 2016; Yang et al. 2013). However,
they are not produced in the liver but formed in the intestinal track by anaerobic and/or
aerobic bacteria (Alnouti 2009). Since in vitro liver models usually do not include the liverintestine interaction part, the addition of these secondary BA to the BA mix is necessary to
study the effects of these toxic BA and the shifts in ratios of certain BA during cholestasis.
High concentrations of CP, CS and GB in combination with the BA mix decreased the
viability of PCLS, which correlated for CP and CS with the increase in the intracellular
concentrations of BA. The increase in the total concentration of BA upon the exposure to
cholestatic drugs as well as changes in the fractions of the eight most prevalent BA in the
body has been analyzed. We showed that all three cholestatic drugs CP, CS and GB caused a
dose-dependent increase in BA in PCLS, but this resulted in different profiles of accumulated
BA. For example, CP-treatment increased the relative abundance of CDCA and its conjugates
GCDCA and TCDCA, as well as DCA conjugates GDCA and TDCA, whereas the abundance
of GCA and TCA was decreased. CS and GB, on the other hand, did not significantly change
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the composition of the BA pool with respect to CA and CDCA conjugates, but the relative
abundance of CDCA itself and that of the secondary BA DCA were increased. DCA and
CDCA are known to be more toxic than the other measured BA due to their lipophilicity and
therefore, the increase in their intracellular concentration in PCLS treated with cholestatic
drugs, might at least partly be responsible for the toxicity observed. The differences in the
composition of the intracellular BA pool following the exposure to different cholestatic drugs
may be explained by the different abilities of the individual drugs to inhibit the BSEPmediated transport of certain BA (Yang et al. 2013).
In this study, we did not find a threshold value of the intracellular concentration of
TBA above which the viability of PCLS decreases. Different drugs decreased PCLS viability
at different intracellular levels of BA, showing some variability also within their own group.
This data might indicate that the toxicity depends not on the elevation in the total BA, but
more likely is attributed to the increase in the concentration and relative abundance of certain
toxic BA, such as LCA, DCA and its conjugates and CDCA. We have shown the increase in
the relative abundance of DCA, DCA conjugates and CDCA upon the treatment with toxic
concentrations of cholestatic drugs. However, in order to show the correlation between the
viability of PCLS and the increase in the concentration of these BA (with the possibility to
find a threshold value), further analysis with various concentrations of drugs needs to be
performed.
Previous studies on SCH demonstrated higher toxicity of CS and GB in the presence
than in the absence of BA. In our study, CS concentrations that led to the decrease in viability
and increase in intracellular BA concentrations were 2-3 folds lower (Chatterjee et al. 2014b;
values of CP and GB in the presence of BA were similar to (for CP) or 1.5-3 folds higher (for
GB) than those in rat SCH (Chatterjee et al. 2014b; Ogimura et al. 2011). Nevertheless, none
of these studies measured BA accumulation in hepatocytes to confirm BA-dependent
hepatotoxicity. Even though Ansede et al. showed the possibility to study intracellular
accumulation of BA upon CS and GB treatment in SCH, further studies using other toxicity
parameters to test BA-dependent toxicity have not been performed (Ansede et al. 2010).
Elevated BA levels are considered to be one of the key triggers in DILI development.
However, in many cases, altered transporter functions coincide with other mechanisms of
cytotoxicity and liver injury. The ability of BA to trigger cytotoxic effects has been shown in
various studies (Attili et al. 1986; Palmeira and Rolo 2004; Rolo et al. 2000; Woolbright et al.
2015). For example, certain BA were shown to impair mitochondrial function by altering the
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transmembrane potential and mitochondrial permeability transition (Rolo et al. 2000).
Moreover, a recent study on primary human hepatocytes (PHH) showed that exposure of PHH
to high concentration of GCDCA leads to necrosis. However, the BA concentrations used in
this study far exceeded the serum concentrations measured in cholestatic patients (Woolbright
et al. 2015). Serum BA values are not always representative for the intracellular BA
concentrations, since they represent the net effect of the uptake of BA into hepatocytes, which
can be also inhibited without cholestasis, and the basolateral efflux of BA due to high
intracellular concentrations during cholestasis.
In our study, low non-toxic doses of cholestatic drugs moderately increased the
intracellular BA concentration in PCLS, possibly indicating inhibition of the excretion of BA
by BSEP. However, high doses of drugs are likely to provoke various other toxicological
mechanisms aside BSEP inhibition that contribute to the overall toxicity observed. For
example, high doses of CP, CS and GB without the presence of BA in the medium slightly
decreased ATP levels and increased LDH leakage in PCLS, which cannot be explained by the
small increase in intracellular BA levels as they are still far below the physiological levels,
represented by the t=0 samples and the values at 48h incubation with BA (Fig 2c,d).
Therefore, while there are indications that BSEP inhibition and as a consequence BA
accumulation are important players in DILI initiation, the progression of liver injury likely
also involves other key adverse events that lead to the disturbance of the normal cell
physiology.
FXR is a member of the nuclear receptor subfamily and is directly involved in BA
homeostasis (Claudel et al. 2005; Modica et al. 2010; Schadt et al. 2016). It was reported that
FXR regulates both bile acid synthesis and transport. For example, activation of FXR by BA
leads to the downregulation of CYP7A1 and CYP8B1 involved in BA synthesis (Li and
Chiang 2011; Schadt et al. 2016). Moreover, activation of Fxr by an intracellular increase in
BA concentration suppresses the hepatic influx transporters Ntcp and Oatp and upregulates
the major bile acid efflux transporter BSEP. This downstream cascade of responses is playing
a protective role and directed on the reduction of intracellular BA concentration and, as a
result, prevention of the bile acid-induced cytotoxicity.
Incubation of PCLS with the BA mix resulted in the slight downregulation of Fxr
gene. This may be due to the increased levels of GDCA as it was shown that GDCA
decreased the expression of FXR in human cholangiocarcinoma cells in vitro (Dai et al.
2011). Moreover, induced expression of human and mouse FXR by FXR agonists GW4064
and CDCA was reversed by LCA or GDCA (Dai et al. 2011; Yu et al. 2002). The secondary
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BA, DCA and LCA, have a higher affinity to the FXR receptor than, for example CDCA, that
increases the expression of FXR and activates it (Dai et al. 2011; Paumgartner et al. 2004; Yu
et al. 2002). In our study, the concentration of DCA and its conjugates in PCLS incubated
with the BA mix was more than 100 fold higher than in the control slices without the addition
of BA that might explain the difference in Fxr expression and activation between the two
groups. This also indicates that the regulation of Fxr expression and its target genes depends
on a defined balanced of agonists and antagonists in the milieu.
Exposure of PCLS to CP, CS or GB resulted in a very strong downregulation of Fxr,
which is in line with previous studies on mouse and human PCLS that demonstrated FXR
downregulation by cholestatic compounds (Szalowska et al. 2013; Vatakuti et al. 2016).
Regulation of FXR in hepatocytes and enterocytes is a complex process of a multifactorial
nature that can be also influenced by other factors not directly involved in bile acid
homeostasis. For example, a given drug can directly disrupt Fxr function or can influence its
expression indirectly by triggering inflammatory and cytotoxic processes in the liver
(Rodrigues et al. 2014; Szalowska et al. 2013). Various cholestatic drugs, including CP and
CS, have been shown to cause ER stress, oxidative stress, apoptosis, trigger inflammatory
responses and influence β-oxidation in the liver (Anthérieu et al. 2013; Szalowska et al.
2015). These pathological processes, in turn, can lead to the downregulation of FXR, as well
as other nuclear receptors (Szalowska et al. 2013). Moreover, the concentration of secondary
BA DCA and its conjugates increased 3 to 5 folds in PCLS treated with cholestatic drugs that
might have further contributed to FXR downregulation.
The Ntcp expression in rat PCLS treated with the BA mix was 40% lower compared to
that BA negatively regulate NTCP expression. The effects of BA on NTCP are thought to be
mediated via FXR stimulation and, as a result, SHP pathway activation (Modica et al. 2010;
Schadt et al. 2016). Furthermore, BA can increase SHP stability by inhibiting its proteasomal
degradation in an extracellular signal-regulated kinase (ERK)-dependent manner (Miao et al.
2009). In our study Ntcp downregulation by the BA mix could be of Fxr dependent- or
independent manner, since Fxr expression was also downregulated in the BA-treated group
compared to the non-treated control. The Ntcp expression was shown to be regulated also via
other signaling pathways involving transcription factors, such as HNF4α, HNF3β, HNF1α or
the glucocorticoid receptor (Kosters and Karpen 2008; Matsubara et al. 2012). Moreover,
Ntcp expression in the non-treated control, on the other hand, could have been upregulated
due to the low concentrations of BA present in the system. All tested cholestatic drugs
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induced a downregulation of Ntcp expression, which can be considered as an adaptive
response to the increase in intracellular concentration of BA. Moreover, the three drugs
themselves were found to downregulate Ntcp in the absence of BA.
Inhibition of BSEP is thought to play a crucial role in drug-induced cholestasis
(Vinken et al. 2013; Yang et al. 2013). Cholestatic drugs can directly inhibit BSEP activity by
binding to the transporter protein in a competitive manner (Kosters and Karpen 2008; PauliMagnus and Meier 2006; Stieger 2010). Some previous studies have shown that cholestatic
drugs may also reduce the expression of BSEP mRNA in mouse and human PCLS
(Szalowska et al. 2013; Vatakuti et al. 2016), whereas another study on rats did not reveal any
changes in Bsep expression after CS and sirolimus treatment (Bramow et al. 2001). In our
study BSEP expression was reduced in slices treated with CP (with or without BA mix) or
CS-alone. GB treatment, however, did not result in any significant changes in BSEP mRNA
levels. Moreover, it is thought that genetic polymorphism in the expression of BSEP or
mutations in this transporter increase the risk of the development of DIC and is associated
with idiosyncratic cholestatic episodes in some of the patients taking a potentially cholestatic
drug (Chalasani and Björnsson, 2010).
In summary, we showed that rat PCLS exposed to cholestatic drugs in the presence of
a physiological BA mix reflect various changes associated with cholestasis, such as decrease
in hepatocyte viability, accumulation of BA and changes in the expression of genes known to
play a role in cholestasis. Therefore, we believe that PCLS represent a physiological and
valuable model to identify potential cholestatic compounds and elucidate mechanisms
underlying DIC and DILI. The toxicity of cholestatic drugs was correlated with the
accumulation of BA, and especially DCA and CDCA and their conjugates, but to a different
extent for the different drugs, indicating that BA toxicity is not the only cause for the toxicity
of cholestatic drugs. This study was performed with rat PCLS and, therefore, needs to be
further verified with human PCLS, to avoid species-specific differences with respect to the
cholestatic action of the tested compounds. Moreover, our study supports the use of a
combination of several biomarkers to identify the cholestatic potential of a drug, since every
one of them apart might not be sufficiently predictive or specific.
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Bioarrtificial liver:
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a futu
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Acute liver failure (AL
LF) is a woorldwide problem and severe illneess, with orrthotopic
liver traansplantation as the onlly availablee treatment. Due to the steadily inccreasing num
mbers of
patientss requiring liver replaccement therrapies and the
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unmet clinical neeed for nov
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alternatiives propossed is to usee a bioartificcial liver (B
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opic liver
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L as supporrt therapy), or to cure patients
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(BAL foor transplanntation).

Figure 1. Graph show
ws the lack off donor organns for patientss on the waitiing list for tra
ransplantation, which is
every
year.
Dataa
are
takken
from the
USA
A’s
organ
increasingg
donation statistics
(http://ww
ww.organdonoor.gov/about/d
data.html). *** Data includee deceased and
d living donors
rs.
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One of the most important prerequisites for either an extracorporeal BAL or a BAL for
transplantation is adequate functional capacities. Both types of BAL should be able to fulfill
all vital liver functions, such as metabolism, detoxification and synthesis (van Wenum et al.,
2014). Even though currently available extracorporeal BALs exhibit some of the liver
functions and improve certain clinical parameters in patients, their functions are still below
those in vivo and the improvement in survival of the patients has not been confirmed
(Chamuleau et al., 2006). Moreover, most of the BALs applied up to now contain porcine
hepatocytes or human hepatoma cell lines as biological cell component. This rises certain
concerns regarding their safe use in the clinic. The use of isolated human hepatocytes from
donors is hampered by the lack of sufficient availability and of loss of function in the BAL.
The use of human induced pluripotent stem cells (hiPSC) as a hepatocyte source
seems to be the most promising option. Even though induction of pluripotency is mostly done
nowadays by viral transduction and therefore poses risks of tumorigenicity, new viral-free
methods of pluripotency induction are available and might lead to the production of safer
hiPSC (Kane et al., 2011). Numerous studies have successfully differentiated hiPSC into
hepatocyte-like cells. However, even though stem cell-derived hepatocytes express liver
specific markers and exhibit some of the liver functions, the level of their functionality is
often not assessed critically. For example, many studies use primary human hepatocytes
(PHH) cultured for 48-72h as benchmark to characterize their hepatocyte-like cells (Song et
al., 2009, Iwamuro et al., 2012, Takayama et al., 2012). Taking into account that PHH lose
their functionality quite rapidly during culture, the obtained comparative results from iPSCderived hepatocytes are likely to be highly overestimated (Ulvestad et al., 2013). It is also
difficult to compare the differentiation grade and liver functions of the hepatocyte-like cells
obtained by the different research groups due to the incomplete description of methods and
data, which are often only presented as relative values to cells with unknown functionality or
even without any comparison but just based on immunohistochemical data (Giobbe et al.,
2015, Luni et al., 2016, Lu et al., 2015, Gieseck et al., 2014). Therefore, in our study we have
performed hepatic differentiation of hiPSC and assessed their differentiation grade and
functionality using fresh human precision-cut liver slices (hPCLS). The model of hPCLS
represent a mini model of the liver in vivo and when used freshly, is the closest model to the
human liver with respect to functional activities. Hence, the results obtained are credible and
give a fair assessment of the functionality of the hiPSC-derived hepatocytes.
Moreover, the hepatic differentiation of hiPSC was induced directly in a 3D bioreactor
under flow conditions. This format was chosen because it will facilitate the development and
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future use of the BAL, since it does not require the sensitive step of harvesting matured
hepatocytes from the classical 2D differentiation systems and transferring them to the
bioreactor. In Chapter 3, we performed an extensive characterization of hiPSC-derived
hepatocytes using hPCLS as benchmark. We showed a high grade of hepatic differentiation
and adequate functional levels of the derived hepatocytes. Activities of the major drug
metabolism enzymes in the human liver, such as CYP3A4/5, CYP1A, CYP2C19 and
CYP2C9, were on similar levels to those obtained in hPCLS. This is a great achievement in
liver tissue engineering, since the expression of a proper activity of Phase I metabolic
enzymes has always been a challenge and these high functional levels of stem-cell derived
liver cells in a BAL have not been achieved before. Phase II metabolism enzymes that are
often responsible for detoxification of metabolites produced in Phase I were functioning on
similar or higher levels compared to the hPCLS. They are known not only to be involved in
xenobiotic detoxification, but also in detoxification of endogenous compounds such as for
example bile acids, the concentration of which is usually increased in patients with liver
diseases (Woolbright et al., 2015, Alnouti, 2009, Pazzi et al., 2002). Therefore, the high
activity of sulfotransferases in the BAL might be beneficial and facilitate detoxification of
bile acids and their removal via urine.
Cells in the BAL secreted albumin and urea in somewhat lower amounts compared to
hPCLS. Insufficiency in albumin secretion is not a major concern in BAL development, since
this protein can be easily administrated exogenously. Whether this also reflects a lower
synthesis rate of other proteins such as coagulation factors remains to be studied, but also
these factors can be administered to the patient separately. Urea production capacity might be
underestimated in our study since we did not add ammonia (one of the main substrates for
urea synthesis) to the incubation medium. Ammonia is a neurotoxin and, therefore, its
detoxification is crucial for patients with ALF to avoid the development of encephalopathy.
Ammonia detoxification can be accomplished via the urea cycle or by glutamine synthesis
in the brain and as a result, hyperexcitation due to decreased GABA synthesis from glutamate
(Kosenko et al., 2003, Brambilla et al., 2003). Therefore, urea synthesis is an essential route
of ammonia detoxification. In our study, we demonstrated that the urea cycle is active,
however, further experiments are needed to show its efficiency in ammonia detoxification.
The differentiation of hiPSC in the BAL was bidirectional: towards hepatocytes and
cholangiocytes. This can be beneficial for BAL development since, as we describe in
Chapter 2, inclusion of various cell types is necessary for the liver to fulfill its functions.
167

Discussion

(van Wenum et al., 2014). The latter route can lead, however, to ATP and glutamate depletion

Discussion
Further studies are needed to address the question whether the produced cholangiocytes can
facilitate the formation of a biliary tree for bile elimination from the BAL.
Unlike previous studies that showed a beneficial influence of flow on differentiation
and function of stem-cell derived hepatocytes (Lu J et al., 2015, Yu et al., 2014), in our study,
the results obtained from the experiments under flow or in static cultures produced similarly
differentiated cells. This might be due to the optimization of the hepatic differentiation
protocol applied in this work that resulted in the generation of well-functioning hepatocytes
even in 2D static conditions. Flow, however, might still be beneficial when endothelial cells
are introduced to the scaffold and formation of a vascular network is intended.
High Alpha Foetoprotein (AFP) expression and low CAR expression indicate,
however, that the hepatic maturation of hiPSC is not complete and further optimization on the
differentiation medium or culture conditions are needed to improve it. Nevertheless, we
achieved the generation of well-functioning hepatocytes from hiPSC, the first and one of the
most important steps in BAL development.
Most of the requirements for an extracorporeal BAL and a BAL for transplantation are
similar. Some of them, however, might be desirable for an extracorporeal BAL, but are
crucial for a BAL for transplantation. For example, as we describe in Chapter 2, formation of
a vascular network defines the success of liver construct engraftment (Du et al., 2014, Cast et
al., 2015) and therefore is crucial for a transplantable BAL, whereas in the extracorporeal
BAL a proper cell-formed vasculature can be substituted by 3D-printed artificial channels
(Hasan et al., 2014, Ma et al., 2016), as we also showed in Chapter 3. These artificial
channels are sufficient for perfusion with patient plasma. However, the presence of functional
endothelial cells might still be necessary. Also, separate bile collection and elimination from
the BAL is still a challenge. We have suggested the use of extra detoxification units at the
inlet and the outlet of extracorporeal BAL as they might be useful to minimize harmful effects
of bile components on cells in the BAL. They could also prevent the return of toxic
components produced by the BAL to the patient’s blood circulation. BAL for transplantation,
on the other hand, will have to have inner structures that allow separate collection of bile and
these structures will have to be connected to the patient’s common bile duct.
One of the important BAL characteristics and the focus of Chapter 2 is the BAL
multicellularity. So far, none of the BALs have managed to incorporate all the liver cell types
and none of the available multicellular BALs have been tested in the clinic. Non-parenchymal
liver cells (NPC) are not passive inhabitants of the liver, but play important roles in fulfilling
168

Discussion
its functions (Malik et al., 2002). For example, Kupffer cells are necessary to initiate the
inflammatory and immune responses, whereas hepatic stellate cells and fibroblasts are
directly involved in liver regeneration. Co-culture of hepatocytes with NPC was shown to be
beneficial in many studies (Cohen et al., 2015). They did not only help to preserve hepatocyte
differentiation, but also improved their functions in vitro. Inclusion of NPC in a BAL is
hampered not only by technical difficulties in co-culturing of different cell types, but also by
the absence of a proper and infinite source of these cells. Nowadays it is possible to generate
macrophages and endothelial cells from stem cells (Li et al., 2011, van Wilgenburg et al.,
2013). However, the generated endothelial cells did not possess liver-specific fenestrae and
the generated macrophages did not express all Kupffer cell specific characteristics. Whether
these characteristics can be acquired during the co-culture with hepatocytes still needs to be
established.
Every organ’s architecture is unique and is crucial for the organ to fulfill its functions.
Therefore, cells in a multicellular BAL should preferably be well positioned to mimic the
liver architecture, instead of randomly organized. Even though many techniques have been
applied to recreate the complex liver structure in vitro, as described in Chapter 2, all of them
have been done on the microscale. For the production of a BAL that consists of billions of
cells, the protocols will have to be scaled up and optimized.
A BAL that includes iPSC-derived cells will be particularly useful also in
toxicological studies, especially since they can be made with hiPSC-derived hepatocytes from
a large number of donors. This will allow the variation in the human population to be
represented and will significantly increase the possibility to detect idiosyncratic drug-induced
liver injuries, one of the biggest challenges in the drug development process prior to clinical
trials.

Drug-induced liver injury (DILI) remains the leading cause of ALF in developed
countries (Bernal et al., 2010). It is also one of the main causes for withdrawal of drugs from
the market or for drugs to be withheld from clinical trials, despite the advantages in drug
development processes and the availability of various in vitro and animal models for drug
screening. This is because animal models do not always predict toxicity for human correctly
due to species-specific differences in drug metabolism and disposition. Moreover, existing in
vitro animal- or human-based models do not always represent the in vivo situation correctly
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due to the lack of functionality or complexity. Overall, drug development is currently
hampered by several problems:
‐

Animal to human and in vitro to in vivo extrapolations

‐

Simplicity of the majority of liver in vitro models

‐

Absence of highly predictive and specific biomarkers
Even though it is generally expected that the use of human tissue or cells will become

the best model for prediction of toxicity in human, the limited availability of human tissue
material still leaves the necessity to use animal-based in vitro models. The evolvement in the
field of stem cell research now makes it possible to obtain almost any type of human somatic
cells in unlimited amounts from hiPSC, which has the potential to contribute significantly to
the reduction of animal use (Ordovás et al., 2013). The hiPSC-based models, however, still
need to be fully characterized and standardized before they can be used in drug-toxicity
screenings.
The onset and progression of liver injury is a dynamic process, where multiple cell
types play a role. For example, it was shown that NPC, such as endothelial cells, Kupffer cells
and cholangiocytes play a crucial role in drug-induced liver injuries (Ganey and Roth, 2001,
Mccuskey, 2008, Padda et al., 2011). Extracellular matrix (ECM) is an important attribute in
in vitro liver cell cultures, since it provides a structural framework and helps to maintain the
hepatocyte differentiation state (Sellaro et al., 2009). Therefore, it is recognized that more
complex in vitro liver models that contain various liver cell types, extracellular matrix and
represent the liver architecture in vivo at least to a certain extent, are needed to reliably predict
drug-induced toxicity and improve the preclinical phase of the drug development process.
Liver models which represent the liver in vivo most closely are liver-on-a-chip and
PCLS. Even though liver-on-a-chip technology is still in its early phase of development and
not many toxicity studies have been done to validate this model, its effectiveness in toxicity
prediction has already been demonstrated (Usta et al., 2015). Implementation of various
biosensors to organ-on-a-chip platforms that monitor even the smallest changes in the cell
environment will give a unique possibility to study the interaction between the drug and tissue
on a molecular level. Moreover, alteration in tissue physiological functions would be
monitored, leading to the registration of all elements involved in adverse outcome pathways
(Bhatia and Ingber, 2014). PCLS, on the other hand, are a validated model for many
toxicological and pharmacological studies (de Graaf et al., 2007, Elferink et al., 2008). They
contain different cell types in their natural architecture with intact cell-cell and cell-matrix
contacts. The main limitation of PCLS is their limited viability in vitro and decline in the
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activity of metabolic enzymes (in particular phase I) already after 24 hours (Catania et al.,
2003, de Graaf et al., 2010, Lerche-Langrand and Toutain, 2000). Therefore, the use of this
model is limited to acute toxicity studies. In this thesis, we extended the application of PCLS
by prolonging their viability and functionality up to 5 days using enriched culture media.
Since human material is scarce, many preliminary studies have to be done using animal liver
tissue. Hence, in this thesis we reviewed both animal-derived PCLS (rat PCLS) and human
PCLS.

Optimization of the PCLS model
In Chapter 4 and 5 we showed that PCLS can remain viable for up to 5 days and that
medium composition has crucial effects on the maintenance of liver-specific functions and
morphological integrity. Moreover, we observed species-specific effects of the medium on
slice behavior. For example, rat PCLS incubated in RegeneMed® underwent substantial
morphological changes, such as considerable thickening of the slice and formation of necrotic
regions in the inner cell layers of the slice, whereas in this medium the increase in thickness
and occurrence of necrotic regions in human PCLS were minor. Also, conventionally used
WME medium showed good results on rat PCLS viability, but not on human PCLS, where
slice viability dropped already after 48h of incubation in WME. In Chapter 4, we showed
that NPC remain viable and functional in rat PCLS after 5 days of incubation. This is an
important achievement, as it has been shown that NPC are directly involved in the toxicity or
pharmacological effects of several compounds (Westra et al., 2014, Hadi et al., 2013). We
observed substantial fibrosis in rat PCLS after 5 days of incubation, whereas in human PCLS
it was less pronounced. The development of fibrosis in PCLS during culture has been
described before, and can be used as a model to study effects of antifibrotic drugs (Westra et
al., 2014).
Interestingly, after 5 days of incubation, a new cell layer was formed around both
mesothelial and mesenchymal markers, we suggested that mesenchymal to epithelial
transition takes place (Nishioka et al., 2008). This newly formed capsule can have a protective
function and is possibly a response to the mechanical stress during plate shaking. However, it
should be taken into account when designing and interpreting kinetic experiments, since the
capsule might interfere with the uptake of compounds from the medium and their excretion
from the slice.
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The production of glycogen (rat and human) and albumin (human) was better
preserved in PCLS incubated in enriched media compared to WME. This indicates the
necessity to include substances in media that are present in physiological fluids in vivo, such
as, for example, insulin, to maintain liver functions ex vivo for longer periods of time.
In Chapter 5, we showed for the first time that human PCLS can remain functional
for a prolonged time. Thus, the activity and the expression of Phase I and Phase II
metabolism, as well as transporters involved in drug transport, did not decrease over 5 days of
culture in Cellartis® medium. This is a major achievement, since none of the previously
published studies managed to keep slices not only viable, but also fully functional with
respect to drug metabolism during prolonged incubation. It was shown before that DILI often
requires more than 24h to develop (Hadi et al., 2012). This stresses the importance of fully
functional metabolic enzymes, transporters and NPC in the in vitro liver models over
prolonged periods to avoid obtaining data that are not representative for the in vivo situation.
Transcriptomics analysis on human PCLS showed that only two pathways involved in liver
toxicity were significantly regulated after 5 days of incubation: liver fibrosis and oxidative
stress. The upregulation of genes involved in fibrosis supports the morphological finding on
collagen deposition and stresses again the suitability of human PCLS to test antifibrotic drugs.
As was mentioned before, we observed significant differences in the effects of
different media on PCLS. Unfortunately, the composition of the enriched media is not
publicly available and, therefore, limits the possibility to explain the observed effects.
Therefore, in order to obtain better insight into the optimal composition it would be helpful if
the medium composition is explicitly described.

Application of the PCLS model to study drug-induced cholestasis
Mouse and human PCLS have been already shown to be useful and predictive in
studying gene expression changes associated with cholestatic injury (Szalowska et al., 2013,
Vatakuti et al., 2016). However, direct changes in the intracellular bile acid (BA) pool have
not been investigated in in vitro experimental settings. For example, Szalowksa et al. did not
add additional BA to the incubation medium of mouse PCLS and, therefore, did not observe
any changes in the BA content in the slices upon the exposure to cholestatic drugs (Szalowska
et al., 2013). As we showed in Chapter 6, the addition of BA to the incubation medium is
crucial to keep a physiological balance of BA in PCLS during incubation and to detect
intracellular accumulation of BA. Even though we observed similar changes in the expression
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of genes involved in cholestasis in groups with or without BA, the accumulation of BA and
the decrease in slice viability could only be detected in the groups where BA were added to
the medium. These data are in line with previously shown results on sandwich-cultured
hepatocytes (SCH), where the toxicity of cholestatic drugs was significantly increased in the
presence of BA (Chatterjee et al., 2014, Ogimura et al., 2011, Oorts et al., 2016). The BA
accumulation in SCH, however, has not been measured in these studies. Here, we have shown
that in order to measure the real intracellular concentration of BA in PCLS, it is necessary to
remove the BA from the bile canaliculi by a washing step in Ca2+-free buffer. This technique
will also allow the measurement of the excretion rate of BA by hepatocytes into the canaliculi
in the future.
In Chapter 6, we not only demonstrated the possibility to recreate ex vivo the increase
in total BA concentration upon drug exposure, but also to detect the shift in the absolute
abundance of the individual BA. For example, we showed that the concentration and absolute
abundance of the lipophilic and toxic BA, such as DCA and CDCA, as well as their
conjugates, increases in PCLS treated with the well-known cholestatic drugs, chlorpromazine,
glibenclamide or cyclosporine A. The analysis of serum profiles of circulating BA was shown
to be useful in distinguishing between various hepatic diseases in human, including biliary
tract disease where serum concentrations of DCA, TCA and UDCA were significantly
elevated (Sugita et al., 2015). In addition, serum GCDCA and TCA were shown to be
elevated in patients with cholestatic liver injury (Woolbright et al., 2015). This indicates that
profiling specific BA might help in diagnosing cholestatic liver injury. However, serum
concentrations of BA do not always reflect the changes in the intracellular BA pool that
eventually defines the degree of hepatocyte injury. Biopsies of the liver of patients with
cholestasis are only taken in special cases due to the invasiveness of the procedure. However,
they are never used to determine BA concentrations, but they are used for histopathology.
Nevertheless, identification of the intracellular increase in total as well as individual BA
induced cholestasis (DIC). Our data suggest that it is not the increase in the total BA
concentration that is responsible for the observed toxicity, but more likely the increase in
some specific individual BA, such as CDCA, DCA and their conjugates, since no toxicity
threshold was found for the total BA concentration. In order to support this assumption,
profiling of intracellular BA pool needs to be done for several concentrations of tested drugs,
from non-toxic to toxic doses.
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The difficulty in detecting potential cholestatic drug candidates lies in the uncertainty
about the mechanisms behind the development of DIC and the absence of predictive
biomarkers. Earlier studies showed that the inhibition of bile salt export pump (BSEP) by
drugs plays a major role in the onset of cholestasis. However, recent evidence suggests that
DIC is a multifactorial process, where BSEP inhibition might be a single element in a chain of
pathological events (Schadt et al., 2016). Moreover, it has been suggested that processes other
than BSEP inhibition can lead to disturbances in BA homeostasis in the liver. Examples of
such processes include interference with intracellular trafficking of transporters via
modulation of kinases, or inhibition of transporters that mediate phospholipid flux via the
canalicular membrane, such as MDR3 or ATP8B1 (Rodrigues et al., 2014). The increase in
hepatic BA might be a primary cause for liver injury initiation as well as a secondary event
following hepatocyte damage (Schadt et al., 2016). The slight decrease in viability in PCLS
treated with the drugs without BA in our study, and the concomitant upregulation of toxicity
pathways associated with inflammation and oxidative stress observed by others (Szalowska et
al., 2013), suggest that besides BA-mediated toxicity, these drugs induce multiple
pathological cascades that define eventually overall damage.
Since this study was done using animal tissue and species differences in response to
cholestatic drugs have been already reported before (Chatterjee et al., 2014), our findings will
need to be confirmed using human PCLS to improve the prediction for human.

Introducing new players in drug-induced cholestasis
As was mentioned before, the exact molecular mechanisms involved in cholestatic
liver injury are not fully elucidated. Given that PCLS contain all liver cell types in their
natural environment and transporter expression, they represent an ideal ex vivo model to study
possible molecular pathological events involved in the development of cholestasis. Various
transporters are known to be involved in bile acid homeostasis and bile formation, such as
aquaporins. Aquaporins (AQPs) are membrane channels, which can be divided into two
groups: the orthodox or classical AQPs and the aquaglyceroporins. The orthodox or classical
AQPs are primarily water selective and transport water across the cell membrane in response
to osmotic gradients. Aquaglyceroporins transport water and small uncharged solutes, such as
glycerol and urea (Gregoire et al., 2015). The distribution of the different aquaporins in the
liver is shown in Figure 2. Since the expression of AQPs by the different liver cells differ
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the progression of cholestatic injury. Thus, cytokines (e.g. IL-6) secreted by Kupffer cells
were shown to abrogate cholestatic liver injury in rat shortly after bile duct ligation (Gehring
et al., 2006). AQP3 inhibition in peritoneal macrophages resulted in their impaired migration,
phagocytosis and energy metabolism (Zhu et al., 2011). However, whether AQP3 is playing a
role in Kupffer cell functions has never been investigated. Also, AQP9 was shown to be
regulated in DIC and obstructive cholestasis in the rat (Lehmann et al., 2008, Hirode et al.,
2009, Calamita et al., 2008). Moreover, AQP7 was included in the Cholestasis signature
patent (US 7396645 B1) as a biomarker for cholestatic liver injury. However, even though
some data are available on the regulation of AQP9 and AQP7 in cholestasis, their contribution
to the development and progression of cholestatic injury is unclear. It is also not clear whether
aquaglyceroporins are active players in the development of cholestasis or whether they are a
downstream target of concomitant pathological processes in cholestasis (Calamita et al.,
2008).
Therefore, we performed some preliminary studies aiming to see whether inhibition of
aquaglyceroporins in rat and human PCLS can lead to the aggravation of drug-induced
cholestatic liver injury. We treated rat and human PCLS with Auphen, a blocker for AQP3,
AQP7 and AQP9 (Martins et al., 2013, Martins et al., 2012, de Almeida et al., 2014) and
different concentrations of chlorpromazine in the presence or absence of BA. We performed
the experiments in the presence or absence of glycerol, a substrate for aquaglyceroporins that
was shown to be important for cell viability and function (Zhu et al., 2011). PCLS incubated
without Auphen or glycerol were used as control groups. The results are shown in Figure 3.
Auphen itself was not toxic for rat or human PCLS at a concentration of 10 µM after
48h of incubation. However, Auphen seemed to aggravate the toxicity of CP36 alone,
CP18+BA and CP 36+BA in human PCLS but not in rat (Figure 3B). However, due to the
small sample size and high variation between the donor livers, the differences were not
significant. Glycerol addition did not seem to have an effect on CP toxicity in human or rat
PCLS (Figure 3A &B), suggesting that glycerol is a secondary energy source for the liver and
deprivation from it does not enhance susceptibility of hepatocytes to toxic effects of
xenobiotics. Also, it suggests the involvement of water rather than glycerol transport in
toxicity development.
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Concluding remarks and future perspectives
In this thesis, we have optimized and characterized existing 3D liver models, and
shown their functionality and suitability for future clinical use or toxicity studies. In order to
advance existing liver models even more, several possibilities for future research are
discussed here.
In the studies described in this thesis we showed the possibility to develop a BAL with
hiPSC-derived hepatocytes with liver functions that are close to those in vivo. However, in
order to develop it further to a transplantable BAL or as a model for toxicity studies, other
liver cell types should be incorporated. Therefore, future research should be focused on the
generation of functional NPC and their incorporation into the BAL. For example, in our BAL
model, endothelial cells, Kupffer cells and Stellate cells can be seeded in the 3D-printed
hexagonal and random channels, closely mimicking the liver microarchitecture. Preliminary
data already showed that endothelial cells loaded into the scaffold align to the hexagonal
channels forming tube-like structures (Mohanty et al. unpublished observations). Another
essential factor for a transplantable BAL is scaffold biodegradability. So far, most of the BAL
studies have been performed with non-degradable scaffolds that provide good support for the
seeded cells but are not suitable for transplantation. To our knowledge, none of the available
biodegradable scaffolds has been tried in liver tissue transplantation yet. However,
repopulation of decellularized human livers (that are not suitable for transplantation as such)
with hiPSC-derived hepatocytes and possibly NPC cells might be a good solution for the
existing problem with the scaffold design and mimicking in vivo liver architecture, and might
be tried in the future. We believe that the use of safer hiPSC (reprogrammed using non-viral
techniques) and generation of matured hepatocytes using the protocol described in this thesis
opens great possibilities and gives good prognosis for stem cell- based BAL to be introduced
to the clinic in the near future.
We have shown good performance of the BAL with respect to metabolic functions
using 7 model compounds, and therefore the next step would be to test whether the BAL can
predict toxicity of drugs and can be used in drug screening during the drug-development
process. The effect of perfusion with human plasma should also be investigated. The human
liver-on-a-chip model is considered to be a better match for human and is expected to improve
the preclinical developmental phase. Moreover, modern organ-on-a-chip technology with
medium flow allows in vitro testing of the involvement of different organs in toxicity
development. For example, apart from the liver itself, the intestine and the gut microbiome, as
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well as the kidneys, are known to affect the systemic availability of drugs and their toxicity.
Therefore, platforms that include several organ compartments would be of great value
(Maschmeyer et al., 2015, Esch et al., 2016). The next step is to obtain readily available wellfunctioning organ grafts, since so far either primary human cells or human cell lines were
used for construction of human-on-a-chip. These cells have poor availability or do not have
fully representative functionality compared to their in vivo counterparts.
We have shown that the viability and functionality of liver slices can be greatly
improved by using enriched media. We have prolonged rat and human PCLS viability and
functionality up to five days, showing that even longer incubation times can be tested in the
future. Medium can be further improved by optimizing the composition. A more-than-100fold upregulation of CYP1A1 was detected in human PCLS after incubation with Cellartis®
medium, which could hamper the interpretation of the results obtained in clearance and
toxicity studies. Moreover, future studies will focus on the validation of long-term cultured
PCLS for subchronic toxicity studies.
We obtained some evidence that BSEP inhibition and the resulting increase in
intracellular concentration of total bile acids might not be the only major player in the
development of cholestatic liver injury. More research thus needs to be done to find whether
the increase in individual bile acids or development of oxidative stress and mitochondrial
damage correlates better with the observed decrease in hepatocyte viability after the exposure
to cholestatic drugs. Recent studies also showed the involvement of other transporters such as
aquaporins in the progression of cholestasis, Therefore, changes in their expression and
activity following the exposure to cholestatic drugs might help to unravel new molecular
pathways involved in DIC.
One of the biggest criticisms made about all preclinical models is the use of doses that
are often much higher than therapeutic doses of the tested drugs. However, this problem has
not been properly addressed or solved yet, and the reasons for such big differences in
physiologically relevant 3D liver models might improve the correlation between the results
obtained with concentrations used in in vitro models and in the clinic.
Another important aspect that in our opinion should be addressed in the near future is
the standardization and validation of the in vitro 3D liver models. This will help speed up the
approval of these models for regulatory purposes.
In conclusion, the results of this thesis show a very good potential of the in vitro 3D
liver models to be used in tissue engineering and toxicology. The use of human ex vivo and in
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concentrations have not been explained either. The use of human material and more
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vitro liver models is fully compliant with 3R’s requirements and has an excellent potential to
replace animal studies in the drug development process in the near future.
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De vooruitgang in de ontwikkeling van 3D-levermodellen vergroot de mogelijkheden
voor het bestuderen van fysiologische en pathologische processen op moleculair niveau in
vitro, doordat de omstandigheden de in vivo-omgeving beter nabootsen dan conventionele
2D-levermodellen. Onderzoek heeft uitgewezen dat 3D-levermodellen gebaseerd op cel- of
weefselkweek betrouwbaarder zijn en een groter voorspellend vermogen hebben voor de
farmacologie en toxicologie voor mens in vivo, dan in vivo-modellen in dieren. In dit
proefschrift hebben we nieuwe en bestaande 3D-levermodellen gekarakteriseerd en verbeterd
voor toepassingen in de toxicologie, en voor het genereren van leverweefsel voor mogelijk
toekomstig gebruik in de kliniek.

Bioartificiële lever: het verleden, heden en toekomst
De bioartificiële lever (BAL) is voorgesteld als een toekomstig alternatief voor
orthotopische levertransplantatie. Een van de meest belangrijke vereisten voor een
extracorporale BAL of een BAL voor transplantatie is adequate functionele capaciteit. Op dit
moment lijkt het gebruik van humane geïnduceerde pluripotente stamcellen (hiPSC) als een
bron voor hepatocyten de meest veelbelovende optie. In Hoofdstuk 3 hebben we hepatische
differentiatie van hiPSC uitgevoerd, en de mate van differentiate en functionaliteit onderzocht
en vergeleken met precies-gesneden plakjes humaan leverweefsel (humane precision-cut liver
slices (hPCLS) die als beste model voor de humane lever worden gezien. De hepatische
differentiatie van hiPSC is geïnduceerd op directe wijze in een 3D-bioreactor met continue
doorstroming van medium, hetgeen de ontwikkeling en toekomstig gebruik van de BAL zal
faciliteren, omdat het hierdoor niet meer nodig is om de gevoelige stap van het oogsten van
volwassen hepatocyten en het verplaatsen naar de bioreactor uit te voeren, zoals bij klassieke
2D-differentiatiesystemen wel het geval is.
We hebben een hoge mate van hepatische differentiatie en adequaat functioneel niveau
laten zien in de ontwikkelde hepatocyten, zowel in condities met permanente vloeistofstroom
als onder statische condities. De activiteit van de belangrijkste enzymen die medicijnen
metaboliseren in de menselijke lever waren op hetzelfde niveau (de meeste van de geteste
Fase I en II-enzymen) of hoger (een van de Fase II-enzymen) vergeleken met die verkregen
van hPCLS. Cellen in de BAL produceerden albumine en urea in aanzienlijke hoeveelheden,
maar wel in iets lagere hoeveelheden in vergelijking met hPCLS. Galzuren werden in
vergelijkbare hoeveelheden geproduceerd in vergelijking met hPCLS. We kunnen
concluderen dat we goedfunctionerende hepatocyten hebben weten te genereren vanuit hiPSC,
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en dat is de eerste en een van de meest belangrijke stappen in de ontwikkeling van een BAL.
We verwachten dat een dergelijke BAL, na verdere ontwikkeling, in de toekomst niet alleen
gebruikt kan worden in de kliniek als extracorporale leverondersteuning, maar ook voor
toxicologische studies bij de ontwikkeling van medicijnen.
Een andere belangrijke eigenschap van de BAL en de focus van een
literatuuronderzoek beschreven in Hoofdstuk 2 is multicellulariteit, dat wil zeggen dat de
BAL alle celtypen van de lever bevat. Tot dusver is men er nog niet in geslaagd om alle
soorten levercellen in een BAL op te nemen, en geen van de beschikbare multicellulaire
BALs is tot nu toe getest in de kliniek. Niet-parenchymale levercellen (NPC) zijn geen
passieve inhabitanten van de lever, maar spelen een belangrijke rol in de uitvoer van haar
functies (Malik et al., 2002). Ook is aangetoond dat co-cultures van hepatocyten met NPC
beter de leverfuncties kunnen uitvoeren (Cohen et al., 2015): niet alleen hielpen de NPC om
hepatocytdifferentiatie te ondersteunen, maar verbeterden ook hun functie in vitro.
De architectuur van de lever is uniek en cruciaal om haar functies te vervullen.
Daarom zouden zouden cellen in een multicellulaire BAL bij voorkeur zo gepositioneerd
moeten zijn dat zij de architectuur van de lever nabootsen, inclusief het vormen van vasculaire
structuren en netwerken van galgangen, in plaats van willekeurig georganiseerd te zijn.
Alhoewel vele technieken zijn gebruikt om de complexe structuur van de lever in vitro na te
bouwen, zoals beschreven in Hoofdstuk 2, zijn zij tot nu toe alleen nog maar ingezet op
microschaal. Voor de productie van een BAL die bestaat uit miljarden cellen, moeten de
protocollen worden opgeschaald en geoptimaliseerd. Ook is het apart opvangen van gal en
eliminering uit de BAL nog steeds een uitdaging, waar nog geen oplossing voor is gevonden.

Optimalisatie van het PCLS-model
Bestaande humane in vitro-modellen zijn niet altijd representatief voor de humane in
vivo-situatie, door het gebrek aan functionaliteit of complexiteit. Alhoewel de verwachting is
dat het gebruik van menselijke cellen of weefsel een beter model geeft voor het voorspellen
van toxiciteit in mensen vergeleken met diermodellen, zorgt de beperkte beschikbaarheid van
menselijk weefselmateriaal ervoor dat het gebruik van in vitro- en in vivo-diermodellen nog
steeds nodig is. PCLS zijn een gevalideerd model voor vele toxicologische en
farmacologische studies (de Graaf et al., 2007, Elferink et al., 2008). Ze bevatten alle
verschillende leverceltypes in hun natuurlijke omgeving met intacte cel-celinteracties en celmatrixcontact. De belangrijkste limitatie van PCLS is hun beperkte levensvatbaarheid in vitro,
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en afname van activiteit van metabole enzymen (voornamelijk fase 1), al na 24 uur (Catania et
al., 2003, de Graaf et al., 2010, Lerche-Langrand and Toutain, 2000). Daarom is gebruik van
dit model tot nu toe beperkt gebleven tot studies naar acute toxiciteit. In dit proefschrift
hebben we de mogelijkheden voor het gebruik van PCLS uitgebreid door de
levensvatbaarheid en functionaliteit te verlengen tot 5 dagen door gebruik te maken van
verrijkt kweekmedium.
In Hoofdstuk 4 en 5 hebben we laten zien dat PCLS levensvatbaar kunnen blijven tot
5 dagen en dat de samenstelling van het medium van cruciaal belang is voor behoud van
leverspecifieke functies en morfologische integriteit. Ook hebben we de effecten van de
verschillende media op het gedrag van de weefselplakjes van mens en rat bestudeerd en
vergeleken. In Hoofdstuk 4 hebben we laten zien dat NPC levensvatbaar en functioneel
blijven in rat-PCLS na 5 dagen incubatie, wat een belangrijke mijlpaal is aangezien
aangetoond is dat NPC direct betrokken zijn bij de toxiciteit of farmacologische effecten van
verscheidene stoffen (Westra et al., 2014, Hadi et al., 2013). We vonden een substantiële
mate van fibrose in rat-PCLS na 5 dagen incubatie, terwijl het in menselijke PCLS minder
uitgesproken was, zoals aangetoond in Hoofdstuk 5. Interessant is dat na 5 dagen incubatie er
een nieuwe cellijn was gevormd rondom de rat-PCLS, wat in acht genomen moet worden bij
het opzetten en interpreteren van kinetische experimenten, aangezien de capsule mogelijk kan
interfereren met de opname van stoffen uit het medium, en de excretie uit het weefselplakje.
In Hoofdstuk 5 hebben we voor het eerst laten zien dat menselijke PCLS functioneel
kunnen blijven voor langere tijd. De activiteit en expressie van Fase I- en Fase IImetabolisme, net als transporters die betrokken zijn bij het transporteren van medicijnen,
daalde niet gedurende een periode van vijf dagen incubatie in Cellartis®-medium. Dit is een
belangrijke verbetering van de PCLS-technologie, en maakt het een uitstekend model voor
toxiciteit- en metabolismestudies voor de mens. Ook de productie van glycogeen (rat en
humaan) en albumine (humaan) was beter gepreserveerd in PCLS geïncubeerd in verrijkt
medium vergeleken met het standaard kweekmedium Williams Medium E (WME).
Transcriptomics-analyse op humane PCLS toonde aan dat de veranderingen in de expressie
van

genen zeer beperkt was en dat slechts twee routes voor levertoxiciteit significant

gereguleerd zijn na vijf dagen incubatie: leverfibrose en oxidatieve stress. Ook hier zagen we
dat de humane PCLS na 3-5 dagen van incubatie zijn omgeven door een nieuwe cellaag.
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Toepassing van het PCLS-model voor het bestuderen van geneesmiddelgeïnduceerde cholestase
Eerder is al aangetoond door ons en anderen dat muizen- en humane PCLS bruikbaar
zijn voor de voorspelling van veranderingen in genexpressie die zijn geassocieerd met
cholestatische schade (Szalowska et al., 2013, Vatakuti et al., 2016). Directe veranderingen in
de intracellullaire galzuurpool zijn echter tot nu toe nog niet bestudeerd in experimentele in
vitro-omstandigheden. Zoals we hebben laten zien in Hoofdstuk 6 is de toevoeging van een
fysiologisch mengsel van galzuren (GZ) aan het incubatiemedium cruciaal om een
fysiologische balans te behouden van GZ in PCLS gedurende de incubatie, en om
intracellullaire accumulatie van GZ te detecteren. We hebben niet alleen gedemonstreerd dat
het mogelijk is om de toename in totale GZ na blootstelling aan bepaalde geneesmiddelen ex
vivo na te bootsen, maar ook dat we in staat zijn om de verschuiving in de verhouding van de
hoeveelheden van de individuele GZ te detecteren. We hebben bijvoorbeeld laten zien dat de
concentratie en verhouding van de lipofiele en toxische GZ, zoals DCA en CDCA en hun
conjugaten, ten opzichte van de hydrofiele galzouten toenemen in PCLS die behandeld zijn
met bekende cholestatische medicijnen zoals chlorpromazine, glibenclamide of cyclosporine
A. Onze data geven de suggestie dat niet de concentratietoename in totale GZ
verantwoordelijk is voor de geobserveerde toxiciteit, maar dat het aannemelijker is dat dit
wordt veroorzaakt door een of meerdere specifieke GZ, zoals CDCA, DCA of hun
conjugaten, aangezien we geen toxiciteitslimiet vonden voor de totale GZ-concentratie. Ook
de kleine afname in levensvatbaarheid van PCLS behandeld met deze cholestatische
geneesmiddelen in afwezigheid van toegevoegde GZ en de gelijktijdige opregulatie van
toxische routes die geassocieerd zijn met inflammatie en oxidatieve stress zoals door anderen
geobserveerd (Szalowska et al., 2013), doen vermoeden dat naast GZ-gemedieerde toxiciteit,
deze geneesmiddelen meerdere pathologische veranderingen induceren die de mate van
schade bepalen.

Afsluitende opmerkingen
De resultaten in dit proefschrift laten een zeer goed potentieel zien voor het gebruik
van in vitro-3D-levermodellen voor weefselregeneratie voor toepassing in de kliniek en in de
toxicologie. Het gebruik van humane ex vivo- en in vitro-levermodellen dragen bij aan de
beginselen van de 3V’s (Vermindering, Vervanging en Verfijning van proefdiergebruik) en
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kan een uitstekende bijdrage leveren aan het vervangen van dierstudies tijdens het
ontwikkelingsproces van medicijnen in de nabije toekomst.
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