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Abstract

Reproducible measurements of drug uptake, metabolism and toxicity require robustly
functioning hepatic cells with stable, high expression of transporters and metabolic enzymes.
Fulfilling this need are HepaRG™ cells. These widely published, terminally differentiated
hepatocellular carcinoma cells have facilitated numerous studies of uptake, metabolism, and
disposition of drug candidates. In this review, we describe the current uses of HepaRG™ cells
and their position on the market as a hepatic model used by the pharmaceutical, chemical and
cosmetics industries.
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HepaRG™ cells are an easy, convenient, functionally relevant
model for diverse applications traditionally requiring
hepatocyte model systems.
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(especially CYPs). Therefore, a long-lived hepatic model

Why are hepatocyte models
needed?

Although it is crucial to assess the effects of preclinical

that features good proliferation, stable phenotype, low
variability and has the advantage of an abundant supply
would be an extremely useful tool as an alternative to
PHHs. There have been numerous reports of potential
replacements for PHHs but until now no single cell model

drug candidates on the liver, efficient completion of

this step is hindered by the limited, sporadic supply of
primary human hepatocytes (PHHs), the traditionally
used hepatic model system. PHHs have little, if any,
proliferative capacity, a short lifespan and lose their
differentiated functions when cultured even for a few

Table 1.

Characteristics and
applications of HepRG™
cells and other cell lines
(characteristics of HepaRG™
cells are referring to those in
a differentiated state, unless
otherwise specified).

has exhibited a phenotype or functions close enough

to PHHs to be sufficiently predictive'. The origin and
characterization of HepaRG™ cells is reviewed here, along
with their application to metabolism and toxicology

days. There are also large donor-specific variations in
assays (summarized in Table 1).

initial and longer-term functions and enzyme activities

Characteristic HepaRG™ cells Other cell lines

Hepatic-specific markers * Good carbohydrate metabolism, produce albumin, and ¢ Lack a variable and substantial set of liver-specific
eliminate galactose and sorbitol at comparable rates to functions, making them unsuitable as representative of
PHHs. in vivo PHHs.

Express aldolase B (20% of PHH), cytokeratin 8 and 18 and D
hepatocyte-specific antigen, CD26, and E-cadherin (markers

of apical and lateral polarized phenotype), ZO-1 (tight

junctions marker), CD49a, and are p53 competent. .
Poor urea production. .
As with PHHs, HepaRG™ cells are negative for a-fetoprotein.

No aldolase B mRNA in HepG2 cells and albumin and
haptoglobin mRNA levels are much lower than those in
HepaRG™ cells.

Poor urea production.

a-Fetoprotein is highly expressed.

Enzyme characteristics
(See Table 2)

Differentiated HepaRG™ cells retain many drug metabolizing .
enzymes (DMEs) at levels comparable to those in PHH cultures.
¢ CYP2D6 and CYP2C9 polymorphic.

HepG2 cells, although retaining some DMEs, have low
(CYP1A2, CYP2B6) or absent (CYP2C9, CYP2E1 and
CYP3A4) CYP expression apart from foetal forms (CYP1A1
and CYP3A7).

e CYP activities are also low or absent.

DME regulation, transcription
factors and nuclear receptors

The transcription factor, AhR, and nuclear receptors, CAR,
PXR and PPAR, responsible for the regulation of many DMEs
and endogenous compounds are all expressed in high levels

¢ AhR, PXR and PPAR are all expressed in HepG2 cells but
(with the exception of PPAR) are present at much lower
levels than differentiated HepaRG™ cells or PHHs.

in differentiated HepaRG™ cells. ¢ CAR has never been reported to be expressed at high

levels in any other hepatoma cell line.

Drug transporters ¢ Express functional sinusoidal and canalicular transporter .

functions and regulation.

Uptake transporters expression absent except for MDR1,

MRP1, and breast cancer resistance protein, which were

expressed similar levels to PHHs.

e No detectable expression of OATP-C, NTCP, OCT1 or BSEP.

CYP1A2 and CYP3A4 induced in Fa2N4 cells but

not CYP2B6 because they lack CAR. EC, values for
CYP3A4 mRNA induction in Fa2N4 cells by a number of
compounds were ~3-fold lower than in PHHs but the EC,
for rifampicin was 10-fold higher.

e HepG2 cells are not suitable for CYP3A induction

assays due to a lack of many DMEs, many liver-specific
functions and CAR.

Induction of CYPs

CYP activities are readily induced. 0
¢ (Can be used to classify compounds as inducers or non-
inducers of CYP3A4 as well as to predict the extent of

induction in vivo in humans. 2

Cytotoxicity Sensitive to hepatotoxicants whose toxicity is metabolism- .
and/or transporter-dependent.

Suitable for higher throughput screening. .
¢ The only known hepatic model to predict steatosis.

Best model for phospholipidosis.

HepG2 cells fail to detect a number of known
hepatotoxicants due to a lack of DMEs and transporters.
HepG2 cells are poor models for steatosis and
phospholipidosis.

Genotoxicity and o
carcinogenicity

Can be adapted to micronucleus and Comet assays to detect
direct and bioactivated genotoxicants.

* Gene expression analysis correlates well with known in vivo
effects of carcinogens. o

HepG2 cells are more relevant than rodent cell lines but
they still lack bioactivating enzymes, resulting in the
potential for false negative results.

Different HepG2 clones do not give reproducible results
for dietary genotoxins.

Inflammation * Responsive to lipopolysaccaride. .
Express important inflammatory mediators.
Effects of IL-1B on transporter function similar to PHHs.

Represent a good model for sepsis and cholestasis.

HepG2 cells have been used to model nitric oxide

and IL-8 release in response to inflammatory stimuli;
however, the responses may be different from those in
vivo due to low DME activities.

Virus infection ¢ HepaRG™ cells retain functional and efficient signaling .
pathways involved in pro-inflammatory effects.

* Uniquely susceptible to viral infection.

Hepatoma cells, such as HepG2, have a limited use in
viral infection research since they have impaired antiviral
responses.

* Not susceptible to hepatitis B virus infection.

Suitable for 3D culture and use in bioreactors. .
Morphology and DME functions similar to that of PHHs in 3D.

3D bioartificial livers Not suitable for bioreactors due to poor DME and

transporter functions.




Characterization of HepaRG™ cells

Origin of HepaRG™ cells

The HepaRG™ cell line was established from a tumor of a
female patient suffering from chronic hepatitis C
infection and hepatocarcinoma. Although they are likely
to have originated from ductular structures (rather than
mature hepatocytes or bile ducts) associated with
long-term HCV infection, HepaRG™ cells do not contain
any part of the HCV genome or express any HCV protein®
These cells are different from HepG2 cells in that the
latter are derived from hepatoblastoma cells, whereas
HepaRG™ cells are derived from a hepatocarcinoma.
When passaged at low density, they are able to recover
and differentiate into both hepatocytes and biliary
epithelial cells and are thus considered to be progenitor
cells®. HepaRG™ cells do not grow in serum-free medium
and show moderate anchorage-independent growth in
soft agar. When injected into mice, p53-competent
HepaRG™ cells did not form tumours and repopulated
damaged livers in mice, and demonstrated differentiated
hepatocyte functions 6 weeks after implantation®*.

Hepatocyte-like differentiation of

HepaRG™ cells

In vitro, maximum cell differentiation is reached after
2 weeks of exposure to DMSO and 40 to 50% of the
confluent cell population are hepatocyte-like in nature,
with morphology close to that of PHHSs. Differentiated
HepaRG™ cells stop proliferating and retain their
hepatocyte-like features. Genes up-requlated during
differentiation are those related to cell cycle inhibition,
increased susceptibility to apoptosis, innate immunity
and liver-enriched transcripts involved in lipid
homeostasis and drug metabolism®. The expression of
different hepatic nuclear factors (HNFs) involved in
hepatic-specific gene expression changes as the cells
grow and differentiate®. The cells surrounding the
hepatocyte-like cells are biliary epithelial cells.

Although HepaRG™ cells do not produce urea (due to
poor or disturbed nitrogen elimination via the urea cycle),
they are able to requlate carbohydrate metabolism
(glycogenolysis and/or gluconeogenesis), produce lactate
(a product of anaerobic metabolism) and albumin, and
eliminate galactose and sorbitol at comparable rates to
PHHSs. These features, along with the limited
chromosomal rearrangements in these cells, make
HepaRG™ cells much more differentiated than any other
human hepatocyte cell line reported thus far®.

Gene expression profiling has revealed that HepaRG™
cells are remarkably close to certain hepatocyte
populations which have a low expression of several genes
involved in xenobiotic (CYP3A4 and CYP2C9), lipid, and
carbohydrate metabolism’. It is therefore suggested that
HepaRG™ cells behave as a PHH population, and can be
classified as an "average human hepatocyte population.”
However, some drug metabolizing enzymes (DMEs) may
be expressed at different levels than in PHHs and are
sensitive to DMSO (see Figure 2), making direct
comparisons with some drugs not possible.

Expression of drug metabolizing enzymes
(DMEs)

There have been a number of comprehensive analyses of
Phase 1 and 2 DME expression in HepaRG™ cells. A
summary of the DMEs, regulation pathways and
transporter characteristics is shown in Table 2. A
genome-wide gene expression profiles analysis showed
that for most genes encoding phase 1 and 2 DMEs and
drug transporters, the differences between HepaRG™
cells and PHHs were much smaller than between HepG2
cells and PHHs®. The expression of DMEs is greater when
they are cultured for longer times and high densities®.
Moreover, inclusion of 2% DMSO in the culture medium
caused the expression of some DMEs (CYP2B6, CYP2C9,
CYP2E1, CYP3A4, UGT1A1, GSTA4, GSTM1, and GSTA1/A2)
to be increased further, such that the levels were
comparable with those measured in 3 to 5 day cultures
of PHHs (which themselves are only 10 to 60% of the
expression levels in freshly isolated hepatocytes,
depending on the CYP). The expression of the CYP
enzymes is maintained in the differentiated HepaRG™
cells for at least one month when cultured in the
presence of DMS0O%'". Removal of 200 DMSO reverses
the effect; whereby the expression and activities of major
CYPs, especially CYP3A4, decreases significantly'.



Figure 2. HepaRG™ cells
express phase 1 (A.)

and phase 2 (B.) drug
metabolism enzymes at
higher levels than do HepG2
cells. Gene expression
studies were conducted to
measure the transcript levels
of DMEs in HepaRG™ and
HepG2 cells, shown here as a
percentage of the transcript
levels in freshly isolated
PHHSs. (Data from Aninat C.
et al, 2006.%)
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CYP2D6 expression in highly differentiated HepaRG™
cells is less than 10% of PHHs, suggesting this donor is
polymorphic for this CYP'. These cells are also
polymorphic for CYP2C9 which is reflected in the
relatively low CYP2C9-mediated metabolism of
diclofenac and tolbutamide®'. CYP2E1 and CYP1A2
activities are also relatively low in the differentiated
HepaRG™ cells cultured with or without DMSO when
compared with freshly isolated PHHs®'2 The levels of
these CYPs can be increased in HepaRG™ cells without
altering the levels of other highly expressed CYPs (such
as CYP3A4) using a transient transfection method

B. Phase 2 Expression
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involving electroporation, as demonstrated for CYP2E1'™.
CYP4F3B and CYP4A11 are expressed and functional in
HepaRG™ cells'>'¢. Although these are not drug
metabolizing CYPs, they are important to note because
they catalyse @-hydroxylation, a pathway accounting for
5-100% of total fatty acid oxidation". The presence of
these enzymes is especially relevant to the use of these
cells as a model for steatosis (See section entitled
"Drug-induced liver injury").

Table 2. DMEs, transporters
and transcription factors in
HepaRG™ cells and other
cell lines

Characteristic HepaRG™ cells

HepG2 cells

Basal expression
Phase 1 DMEs

Inducibility Basal expression Inducibility

CYP1A1 + v + v
CYP1A2 -l+ v + v
CYP2B6 +++ v + Poor
CYP2C8 + v ND ND
CYP2C9 + (PM) v - ND
CYP2C19 ot v ND ND
CYP2E1 + v - X
CYP3A4 +++ v - X
CYP2D6 + (PM) NI + NI
CYP4F3B/CYP4A11 ++ v ND ND
FMO1/2/3 +++ X ++ X
Aldehyde dehydrogenases +++ ND ND ND
Alcohol dehydrogenases +++ ND ND ND

Phase 2 DMEs

UGT1A1 ot v + ND
GSTM1 ++ ND + ND
GSTA4 +++ ND + ND
GSTA1/A2 ot v + ND
SULT1B1/SULT1E1 +++ X ++ X

NAT1/2 +++ ND ND ND




Characteristic HepaRG™ cells

HepG2 cells

Basal expression

Inducibility Basal expression Inducibility

DME regulation transcription factors

AhR +++ ND ++ ND
CAR ++ ND +/- ND
PXR +++ ND ++ ND
PPARs +++ ND +++ ND
Drug transporters

MRP1/MPR3 +++ ND ND ND
MRP2 ++ ++ v
MDR1 +++ ++ X
MDR3 ++ ND ND ND
BSEP + ND ND ND
BCRP +++ +++ ND
OCT1 +++ - X
OATP1B1/0OATP1B3/0ATP2B1 + ND - ND
OAT2 +++ ND ++ ND
OCT1 +++ ND - X
NTCP ++ + X
PepT1 ++ ND ND ND

Taken from Kanebratt and Andersson (12,19); Hart et al. (8); Wilkening et al. (69) and Gerets et al. (70).
- = absent, + = present at low levels, ++ = present at measureable levels, +++ = present at levels comparable to PHHs,
v = inducible; PM = polymorphic; NI = not inducible in PHHs; ND = Not determined, x = little or no induction measured.

DME activity

Because relevant DMEs are generally expressed and active
in HepaRG™ cells, this model has been successfully used
for studies of enzyme induction and inhibition. A panel of
DME activities in HepaRG™ cells have also been
determined (Table 2)211181920 The |evels of activities
correlate with the expression level of each CYP. A major
difference between HepaRG™ cells and PHHs is that
CYP1A1 is continuously expressed in the former; but is
attributed to the transformed state of HepaRG™ cells
rather than to the presence of biliary cells™. CYP2C19
activity is much higher in differentiated HepaRG™ cells
than PPHs and CYP2C8 and CYP2C9 activities were also
present at levels equivalent to those in PHHs used for
comparison in the study™. Likewise, bupropion
6-hydroxylation (CYP2B6) and testosterone
6B-hydroxylation (CYP3A4) are present in HepaRG™ cells
at levels reported to be present in PHH cultures®™®. In
accordance with the low expression of CYP2A6 and
CYP2E1, metabolism of coumarin and chlorzoxazone was
equally low or lacking. The characterization of Phase 2
DMEs in HepaRG™ cells is relatively limited compared to
that of CYPs. GSTs are expressed at levels comparable to
PHHs (Table 2) and were stable for up to 1 month®'°.
GSTA1/2 and UGT1A1 expression was induced by
omeprazole, phenobarbital and rifampicin in low- and
high-density cultures.

Transcription factors

Any cell model proposed as an alternative to PHHs should
express transcription factors involved in the regulation of
DMEs and transporters. The nuclear receptor, CAR, is
present in HepaRG™ cells and the addition of 290 DMSO
causes CAR to be increased further; which is important
because this nuclear receptor is responsible for
“phenobarbital-like" induction of CYP2B6, an enzyme not
expressed in Fa2N4 and HepG2 cells®*'. FDA compliance
requires that CAR-mediated CYP2B6 induction should be
demonstrated by the hepatic test model?. Other important
transcription factors include AhR, PXR and PPAR, and all
are expressed in high levels in differentiated HepaRG™
cells. In contrast to HepaRG™ cells and PHHs, HepG2 cells
lack or have only low expression of DMEs and express less
than 50% of PHH levels of AhR, CAR and PXR.

Drug transporters

The presence of drug transporters in HepaRG™ cells was
investigated at the mRNA level and compared with the
levels in PHHs and HepG2 cells (Table 2)'2 The expression
of many efflux transporters was equivalent to or higher
than PHHs; whereas mRNA levels of bile salt export pump
were at 5- to 100-fold lower than in PHHs. The expression
levels of the uptake transporters were also 5-fold lower
than in PHHs. In order to achieve significant expression of
some liver-specific transporters (OCT1, OATP-C, NTCP and
BSEP) the HepaRG™ cells had to be grown to confluence.
Functional bile canalicular structures in differentiated
HepaRG™ cells have been demonstrated using fluorescent
substrates®'°.

[¢,]



Applications

Initially, HepaRG™ cells required a number of weeks of
culture to bring them to a differentiated state, which was
considered somewhat of a disadvantage in terms of end
user planning and resources; however, now HepaRG™
cells are available as cryopreserved differentiated cells
(i.e. they are differentiated in 29 DMSO and then frozen
as a suspension). The freeze/thaw process does not alter
their functional activities and the inter-batch
reproducibility is excellent; therefore, these cells are
ready to use in diverse applications. Some of these are
outlined below.

Metabolism studies

PHHSs are the standard by which to measure metabolism,
since they have a full complement of DMEs, cofactors
and transporter proteins®. Hepatoblastoma cell lines
have low or lack important DMEs required and therefore
are poor substitutes for PHHs. The high levels of relevant
DMEs and transporters present in HepaRG™ cells makes
them a much better model than any other cell line
currently available. The relative mRNA content of CYPs in
HepaRG™ cells is similar to that in PHHSs, suggesting that
HepaRG™ cells represent a model which is not
overabundant in a single CYP isoform and therefore
representative of the distribution of CYPs present in
PHHs™. The intrinsic clearance of a number of
compounds in differentiated HepaRG™ cells has been
compared with that in PHHs'224%° In line with basal
CYP3A4 activities, midazolam clearance (CYP3A4) was
much higher in differentiated HepaRG™ cells than PHHs,
but was equivalent in HepaRG™ cells which had been
cultured without DMSO. The clearance of compounds
metabolized by UGTs, CYP1A2, CYP2C19, CYP3A4, and
UGT1A4 in differentiated HepaRG™ cells was comparable
to their clearance in PHHs. While the prediction of in vivo
intrinsic clearance was mostly within 2-fold, there was a
greater under-prediction of more highly cleared
compounds by HepaRG™ cells, although this observation
is also true for PHHs and is thought to be an inherent
feature of cell-based clearance models®. The clearance of
compounds metabolized mainly by CYP2D6 and CYP2A6
was lower in HepaRG™ cells than in PHHs, but correlated
with the lower mRNA expression of the DMEs responsible
for the metabolism of these compounds. The long-term
stability of CYPs in differentiated HepaRG™ cells makes
them a suitable model for metabolism of low clearance
compounds which require at least one day of incubation.

Enzyme inhibition

HepaRG™ cells are unique among hepatocyte cell lines in
that they can be used for CYP inhibition studies, because
they have sufficient levels of DMEs. This is not possible
for cell lines which already have low or no activities.

Early studies showed a very good correlation between the
IC,, values of eight inhibitors of different CYPs in
HepaRG™ cells and PHHs, suggesting that HepaRG™ cells
represent a promising model for this important endpoint™.

Enzyme induction

HepaRG™ cells represent a relevant alternative model for
induction since they express functional transcription
factors involved in the induction of the main CYP
enzymes, as well as good DME activities and transporter
functions®?. Another advantage of a cell model that has
reproducible and marked CYP induction responses is that
the effects of different compounds tested at different
times can be directly compared, and inducers with low
induction responses can be detected, thus avoiding false
negative results.

HepaRG™ cells respond to prototypical inducers of
CYP1A1, CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
and CYP3A4 (Table 2)®'1°, As with PHHs, CYP2D6
activities were not inducible in HepaRG™ cells™. The CYP
induction responses were also shown to be stable over
one month'™. Importantly, responsiveness to prototypical
inducers of CYPs was similar in different passages of
HepaRG™ cells; therefore, large amounts of these cells
can be produced at later passages which retain the same
fold-induction values as earlier passages. The inter-batch
reproducibility in these induction studies was shown to
be very good'™. The known lower level of induction of
CYP2C9 compared with that of CYP3A4 in vivo was also
reflected in HepaRG™ cells (CYP2C9 was induced by
~2-fold and CYP3A4 by 24-fold by rifampicin). CYP3A4
was also inducible by rifampicin in HepaRG™ cells
cultured in conditions resulting in sub-maximal basal
CYP3A4 activities. There was no CYP3A4 induction
response in fully differentiated HepaRG™ cells, most
likely because the basal activities had reached the
maximal level obtainable (a normal phenomenon when
maximum transcription activity is reached)?”. Kanebratt
and Andersson'? recommended the removal of DMSO for
one day to decrease CYP3A4 activities before treatment
with test compounds and prototypical inducers. With
this in mind, HepaRG™ cells which are cultured under
conditions that result in lower basal activities will likely
result in induction responses that are much higher
than in PHHs®.

There are reports of an excellent correlation between the
in vitro and in vivo induction of CYP3A4 selected
compounds. These predictions of in vivo induction were
determined using different calculation models, namely
the AUC/F2 prediction model, the Relative Induction Score
model and the "Relative Factor” model™*%, EC,  values
for CYP3A4 induction in HepaRG™ cells treated with
rifampicin also correlated well with those reported in



PHHs and PXR reporter gene assays®. The time-
dependent inhibition of CYP3A4 could also be monitored
in HepaRG™ cells by measuring the ratio between the
mRNA and activity of this CYP. The prediction model
incorporating opposing effects of induction and
inhibition was developed further using PHHs and
HepaRG™ cells?. Furthermore, these studies underlined
the fact that HepaRG™ cells and PHHs could be used
interchangeably. A method measuring CYP1A2, CYP2B6
and CYP3A4 induction, using a substrate cocktail
incubation for activity and real-time PCR for mRNA
detection, has been described in detail by Andersson®'.
The method for CYP induction using HepaRG™ cells is
currently part of a validation phase at the European
Centre for the Validation of Alternative Methods™.

As with basal activities, the measurement of Phase 2
enzyme induction in HepaRG™ cells and PHHs is still
relatively limited*. Phenobarbital, rifampicin and
omeprazole increased both UGT1A1 and GSTA1/A2
transcripts in differentiated HepaRG™ cells, which was
comparable to the level of induction of these DMEs
measured in PHHs'. Likewise, the levels of induction of
the transporters, MDR1, MRP2 and BCRP, were also much
lower than CYP induction'™ and comparable with the
induction levels measured in PHHs*.

Drug-induced liver injury

The stable metabolic activities in HepaRG™ cells make
them ideal for long-term and repeated dose toxicity
studies in which the toxic effects are metabolism-
dependent and/or only evident after days or weeks'™®, In
addition, the presence of both biliary cells and
hepatocytes provides information as to whether toxicity
is specific to one cell type or whether both are affected.
There have been a number of studies which have shown
that HepaRG™ cells were able to predict drug-induced
liver toxicity in humans due to their unique stable
differentiated functions and ability to mirror in vivo
effects. The toxicity of many compounds has been tested
using rodent models but important species differences in
metabolism and DME regulation result in conclusions
which are not human-specific. For example,
phenobarbital hepatotoxicity is much lower in humans
than in rodents; and reasons for this are related to the
gene expression profile over time, as shown in PHHs and
HepaRG™ cells*®. Moreover, the expression profiles
measured in HepaRG™ cells were comparable to PHHSs,
supporting the use of these cells for dose- and time-
dependent studies. The use of HepaRG™ cells as a model
for cytotoxicity assays has recently been investigated
using a number of compounds. For example, two
hepatotoxicants which require bioactivation are aflatoxin
B, and acetaminophen and the IC_s for these in
HepaRG™ cells were similar to those measured in PHHs®.

Moreover, HepaRG™ cells were sensitive to the cytotoxic
effect of these compounds at concentrations which were
completely non-toxic to HepG2 cells™?. Aflatoxin B,
cytotoxicity was time-dependent and specific to
hepatocyte-like cells in the culture, such that depletion
of ATP did not exceed 60% of the control levels
(equivalent to the percentage of hepatocyte-like cells in
the culture)?. Thus HepaRG™ cells were able to
differentiate between metabolism-dependent effects of
compounds within the same culture. Studies on
HepaRG™ cells treated with acetaminophen showed
these cells demonstrated the key features of toxicity of
this compound, namely marked glutathione depletion,
adduct formation and mitochondrial dysfunction.
Moreover, the release of LDH over time reflected the in
vivo release of aminotransferase activity seen in humans
as a result of acetaminophen overdose®. Other
hepatotoxicants, such as iron citrate, have been shown to
be accumulated in HepaRG™ cells and PHHSs, which only
occurs in cells which have hepatocyte-like phenotypes
(such as the presence of CYP2E1 and 3A4, lipid
metabolism (e.g. fatty acid binding protein 1) and stress
responses (e.g. superoxide dismutase)). Unlike the
HepaRG™ hepatocyte-like cells, the HepaRG™ biliary cells
do not accumulate iron*. In another study, the relative
metabolism-dependent hepatotoxic effects of three
different thiopurines were demonstrated to be similar in
HepaRG™ cells and PHHs*. The sensitivity of both PHHs
and HepaRG™ cells was lower than in rat hepatocytes,
demonstrating a significant species difference in toxicity
and the importance of using a human cell type. However,
the human cell line, HepG2, was insensitive to the
thiopurine, azathioprine, probably due to the lack of GST
activity (mainly GSTM1) which catalyses the first
metabolic step in the bioactivation of this compound*.
HepaRG™ cells have been used to determine the
anti-tumor cytotoxicity of doxorubicin, delivered as free
compound or loaded into nanoparticles*’. The
nanoparticles bypass the chemoresistant effects of
MDR1-mediated efflux of the compound and thus
making the cells more sensitive to toxicity. HepaRG™
cultures have also been shown to be adaptable to higher
throughout cytotoxicity screening .

Until now, there have been no in vitro hepatic models to
predict steatosis (the accumulation of triglycerides)
caused by drugs. However, this process was demonstrated
in HepaRG™ cells treated with a number of
polyunsaturated fatty acids and derivatives, suggesting
that these cells may represent the first model for
steatosis®*. HepaRG™ cells were shown to accumulate
neutral lipids after treatment with the steatogenic drugs,
tetracycline and amiodarone®. Lipid accumulation
increased after repeated dosing with relatively low
concentrations of these drugs for two weeks.



Moreover, there was a direct correlation between lipid
accumulation and levels of mRNA encoding for lipid
synthesis markers in response to steatogenic drugs®.
The in vitro effects shown in HepaRG™ cells were
predictive of the in vivo microvesicular steatosis reported
in patients chronically treated with amiodarone and
tetracycline.

Another mechanism of liver damage is phospholipidosis
(accumulation of phospholipids and formation of
lamellar bodies) and this liver injury has also been shown
to occur in HepaRG™ cells after treatment with
amiodarone'*. The HepaRG™ cells were able to
discriminate between amiodarone which causes steatosis
(after 24 h) and phospholipidosis (evident after 2 weeks)
and tetracycline, which causes steatosis only. Similar to
steatosis, the accumulation of phospholipids was
concomitant with an up-regulation of lipid synthesis
genes (and genes encoding proteins involved in the
formation of vesicles) and was cumulative when the cells
were dosed chronically over 2 weeks with non-cytotoxic
concentrations of this drug. Similar studies using HepG2
cells showed that none of the genes involved in the
formation of droplets were altered after amiodarone
treatment, suggesting that HepG2 cells are poor models
for this liver injury®. It has been suggested that the gene
markers involved in the formation of lamellar bodies and
in the synthesis of phospholipids could represent
potential biomarkers of drug-induced phospholipidosis
in humans'.

HepaRG™ cells have been used to investigate the effect
of "glitazones" and “glitazars" on gene expression profiles
using a whole genome transcriptomic approach. The
first PPARy agonists with the intended therapeutic target
of being antidiabetics were ciglitazone and troglitazone
which were dropped during clinical trials and from the
market, respectively, due to severe liver failure and death.
Subsequent follow-up compounds, rosiglitazone and
pioglitazone, were much less hepatotoxic. The dual
PPARoL and PPARYy agonists, muraglitazar and
tesaglitazar, were not hepatotoxic but they were
cardiotoxic and nephrotoxic. Incubations of
troglitazone, rosiglitazone, muraglitazar and tesaglitazar
with PHHs and HepaRG™ cells showed that troglitazone
was the most toxic, causing loss of ATP, a decrease in
NTCP uptake activity and inducing apoptosis. All four
drugs altered genes regulating lipid, carbohydrate,
xenobiotic and cholesterol metabolism, as well as
inflammation and immunity in PHHs and HepaRG™ cells.
These studies provided a comprehensive assessment of
the effects of these drugs on both PHHs and HepaRG™
cells and demonstrated the relative contribution of
different gene pathways involved in hepatotoxicity.

Genotoxicity and carcinogenicity

There are a number of studies which have focused on the
possibility of using HepaRG™ cells for genotoxicity assays,
since they are able to proliferate and they express
significantly higher levels of DMEs than rodent cell lines
or HepG2 cells. These cells have been developed and
successfully used in the micronucleus and Comet
assays20484950 HepaRG™ cells therefore represent a
promising cell model for the micronucleus test and have
been recommended to be tested for use in this assay by
ECVAM and IWGT workshops®'*2

Phenotypic changes to HepaRG™ cells leading to
malignant cell clones may also provide information on
potential carcinogens®. Whole genome expression analysis
of HepaRG™ cells has been used to identify a set of genes
linked to genotoxic and non-genotoxic compounds®. Using
this technology, HepaRG™ cells may be used as an
alternative to PHHs to discriminate between genotoxic and
non-genotoxic compounds and to provide information on
compound and time dependent effects on cell cycle and
apoptosis signaling pathways.

Transporter studies

The presence and function of important efflux and uptake
transporters, together with the formation of tight
junctions and correct location of canaliculi in cultured
HepaRG™ cells, makes these cells suitable for biliary
secretion studies? These studies were designed to reflect
in vivo-like uptake, metabolism and secretion of both the
parent and metabolites. Although the expression and
activity of sinusoidal drug transporters such as OCT1,
OATPs and NTCP are lower in HepaRG™ cells than in PPHs,
the levels expressed are far higher than other cell lines,
such as HepG2 cells, in which these transporters are low
or lacking®.

Transporters and their inhibition are thought to play a key
role in cholestasis, in which the liver retains compounds
that would normally be excreted into the bile.

There is a lack of a model that can accurately predict the
cholestatic effects of drugs in humans. Chlorpromazine, a
known cholestatic drug, inhibited bile acid efflux in
HepaRG™ cells, resulting in the accumulation of tritiated-
taurocholic acid and oxidative stress (Antherieu et al.,
unpublished). Cholestasis can also be caused by
inflammatory mediators, via down-regulation of
transporters, as described below. Therefore, drugs causing
cholestasis indirectly via inflammation can potentially be
detected using HepaRG™ cells.

Inflammation

The liver plays an important role in sepsis and
subsequent multiple organ failure. Sepsis is accompanied
by a release of lipopolysaccharide (LPS), which
compromises hepatocellular functions by upregulating



Kupffer cell tumor necrosis factor (TNFay), interleukin-18,
(IL-1B), and IL-6 production via the Toll-like receptor-4
and its co-receptor CD14 (which are both expressed in
HepaRG™ cells*). HepaRG™ cells have been shown to be
responsive to LPS and exhibit classical responses of PHHs
to inflammatory stimulation®. Moreover, HepaRG™ cells
are able to differentiate between the B-receptor-specific
modulations of inflammatory responses and provide
important information on the most suitable
catecholamine to use for treatment of sepsis.

Human-specific effects of IL-1B on transporter expression,
function and liver cholestasis have been studied in
HepaRG™ cells and compared with those in PHHs®. The
changes in uptake and efflux transporter profiles in PHHs
were largely mirrored by those in HepaRG™ cells. Notably,
NTCP and BSEP mRNA and protein expression and uptake
of taurocholate were markedly decreased in both cell types
by IL-1, suggesting that this inflammatory mediator
participates in both cholestasis and perturbation of
hepatic detoxification pathways caused in humans.

Viral infections

There is a huge demand for better viral infection models.
Specifically, more information on the processes involved
in virus receptor binding, uptake, and membrane fusion is
needed so that treatments to prevent virus entry into
cells can be developed. Hepatoma cells, such as HepG2,
have a limited use in viral infection research since they
have impaired antiviral responses. Animal models are less
relevant and, for ethical reasons, should be avoided. Until
now, no hepatoma cell line has been shown to be
susceptible to viral infection and support viral
replication. Although Huh-7 cells are used for hepatitis C
virus (HCV) infection and replication they are poorly
differentiated and so do not reflect effects seen in vivo.
By contrast, HepaRG™ cells retain functional and
efficient signalling pathways involved in pro-
inflammatory effects and are susceptible to viral
infection®”. Markers of viral infections, such as IFN-3
and a number of chemokines involved in inflammation
and chemotaxis were strongly induced in HepaRG™ cells
exposed to extracellular stimuli and the appearance of
newly synthesized hepatitis B virus (HBV) transcripts was
demonstrated®*®**°. Modulation of the small surface
protein of the HBV envelope has been shown to interfere
with HBV infections of PHHs and HepaRG™ cells, thus
giving vital information on the mechanisms of infection
and the cell surface receptor®®®’. Studies investigating the
infection of HepaRG™ cells with HCV have provided
information on the mechanisms involved in the
internalization and replication of this virus®. Unlike HBV,
the permissiveness of HepaRG™ cells to HCV is much
lower and not as long-lasting, because HepaRG™ cells

have a strong type | interferon-mediated anti-viral
response*. These findings regarding the permissiveness of
HepaRG™ cells to HBV and HCV infection support the use
of HepaRG™ cells as an important model for viral
hepatitis research.

Drug target identification

HepaRG™ cells have been used in investigations into lipid
metabolism and its regulation by PPARc in order to
identify novel therapeutic targets for dyslipidemia®. In
these studies, expression of the apoA-IV gene was
significantly increased by the compound KRP-101 via
PPARo upregulation in HepaRG™ cells. The therapeutic
relevance was confirmed in vivo, in which dogs treated
with KRP-101 had decreased serum triglyceride levels
and increased serum apoA-IV levels.

3D cultures and bioreactors

HepaRG™ cells have been cultured in three-dimensional
(3D) bioreactors in volumes ranging from 800 mL to 2
mL®&, These cultures were subsequently used for drug
metabolism studies. The morphology of the cells inside
the bioreactor resembled the in vivo arrangement of the
cells and the expression of transporter proteins reflected
appropriate cell polarization. CYP2C9, CYP1A1/2, and
CYP3A4-mediated activities were similar 2 and 17 days
after the cells were differentiated with DMSO, while
CYP2B6 activities increased over this time. The bioreactor
model was also able to demonstrate the CYP3A4 selective
inhibition by ketoconazole (a decrease of 69%) and a
6-fold induction of CYP3A4 and CYP2B6 activities. Both
these inhibitory and induction responses were similar to
those measured in vivo; moreover, all the results from
this study were carried out in one bioreactor, indicating
that sequential experiments can be successfully
conducted using the same dynamic cell model.

HepaRG™ cells have been tested for their application to
bioartificial liver (BAL) models®. A main function of a BAL
model is to remove ammonia via the urea cycle and
conjugation with amino acids, especially glutamine by
glutamine synthetase. HepG2 cells have a limited use in
BAL models because they have such low DME activities
and lack a functional urea cycle®. The low urea production
measured in 2D monolayer cultures of HepaRG™ cells was
improved by preconditioning the BAL with carbamoyl-
glutamate, an analogue of N-acetylglutamate. This
compound activates carbamoylphosphate synthetase,
which is the rate-determining enzyme of the urea cycle
under normal physiological conditions®. HepaRG™ cells
are a promising cell type for use in BAL models; however,
in order to generate a fully effective BAL, the urea cycle
in these cells would have to be improved further®.
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