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ABSTRACT

Effective prediction of human responses to chemical and drug exposure is of critical importance in environmental
toxicology research and drug development. While significant progress has been made to address this challenge using
in vitro liver models, these approaches often fail due to inadequate tissue model functionality. Herein, we describe the
development, optimization, and characterization of a novel three-dimensional (3D) spheroid model using differentiated
HepaRG cells that achieve and maintain physiologically relevant levels of xenobiotic metabolism (CYP1A2, CYP2B6, and
CYP3A4/5). This in vitro model maintains a stable phenotype over multiple weeks in both 96- and 384-well formats, supports
highly reproducible tissue-like architectures and models pharmacologically- and environmentally important hepatic
receptor pathways (ie AhR, CAR, and PXR) analogous to primary human hepatocyte cultures. HepaRG spheroid cultures use
50–100� fewer cells than conventional two dimensional cultures, and enable the identification of metabolically activated
toxicants. Spheroid size, time in culture and culture media composition were important factors affecting basal levels of
xenobiotic metabolism and liver enzyme inducibility with activators of hepatic receptors AhR, CAR and PXR. Repeated
exposure studies showed higher sensitivity than traditional 2D cultures in identifying compounds that cause liver injury
and metabolism-dependent toxicity. This platform combines the well-documented impact of 3D culture configuration for
improved tissue functionality and longevity with the requisite throughput and repeatability needed for year-over-year
toxicology screening.
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INTRODUCTION

The liver is the principal organ for chemical metabolism in
humans. To model liver and chemical-induced effects on hep-
atic molecular pathways, it is essential to develop in vitro liver
models that possess tissue-like functionality. Primary human
hepatocytes (PHHs) are the “gold standard” first choice for pre-
dicting drug metabolism and liver enzyme induction in

humans, and have begun to emerge in importance for toxicol-
ogy research. However, their finite supply, high degree of inter-
donor variability, and limited longevity present significant chal-
lenges to model a broader complement of toxicological response
to chemical exposure. Immortalized cell lines offer alternatives
to PHHs (ie HepG2, Fa2N-4, HuH-7 and Hep3B) and are widely
used in screening assays, but they possess extremely low or
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undetectable levels of major drug/xenobiotic metabolism
enzymes, and a high degree of karyotype abnormalities (Guo
et al., 2011; Wong et al., 2000). Recent technological advances
with “next-generation” in vitro models employing micro-
patterning, extracellular gel matrices, bio-printing, bioreactors,
spheroid generation, microfluidic flow models, and others
approaches have improved longevity and differentiation states
with PHHs and immortalized cell lines (Darnell et al., 2011;
Gunness et al., 2013; Khetani et al., 2013; Leite et al., 2012; Mueller
et al., 2014; Nguyen et al., 2016; Novik et al., 2010; Ramaiahgari
et al., 2014). However, most of these approaches, while promis-
ing, currently lack necessary throughput to assess
concentration-response (and time), or simplicity in design (ie la-
borious steps, increased variation, decreased success rates,
gels/matrices that nonspecifically bind compounds) for predict-
ive toxicology/pharmacology screening.

HepaRG cells derived from human hepatocellular carcinoma
have emerged as a promising alternative to PHHs. These bi-
potent progenitor cells are expanded and differentiated over ap-
proximately 4 weeks into “differentiated” co-cultures of hepato-
cyte- and cholangiocyte-like cells in 2D culture configurations,
(Aninat et al., 2006; Gripon et al., 2002; Guillouzo et al., 2007).
Recent efforts to cryopreserve “fully” differentiated HepaRG
cells have enabled global accessibility that, under appropriate
culture conditions (ie differentiation medium), recover and
maintain drug metabolism activity and hepatocyte functional-
ity (Jackson et al., 2016; Mueller et al., 2014). It is the combination
cell “type” and cell culture configuration (ie cell–cell and cell–
matrix interactions) (Yamada and Cukierman, 2007) that dic-
tates the fidelity and functionality of in vitro liver models.
Ideally, cell types applied in compound screening should have
year-over-year availability with a consistent genetic back-
ground, support a stable highly differentiated tissue-like func-
tionality in multi-well formats (ie 96- and 384-well), and possess
tissue-like responsiveness to compound exposures over mul-
tiple weeks. In recent years, several three-dimensional (3D)
HepaRG models have been reported to better mimic in vivo-like
microenvironments. These models show improved hepatocyte
differentiation, longevity, and functionality compared with 2D
HepaRG cultures (Darnell et al., 2012; Gunness et al., 2013; Leite
et al., 2012). However, to date, these 3D HepaRG models lack suf-
ficient simplicity in design, capacity for medium-throughput
compound screening, characterization of xenobiotic metabol-
ism competence compared with the “gold standard” of PHH sus-
pensions, and characterization of hepatocyte functionality.

Herein, we describe the development of 96- and 384-well 3D
spheroid cultures of HepaRG cells in ultra-low attachment
plates which support spheroidal differentiation in a simple one-
step process. We optimized cell culture conditions to produce
uniform spheroid-like structures and maintain a stable spher-
oid phenotype with high levels of CYP450 enzyme activity for
up to 28 days. These spheroids exhibit several hallmarks of
polarized hepatocyte architecture and functionality.
Pharmacologically important cytochromes P450 enzymatic
activities (CYP1A2, CYP2B6, and CYP3A4/5) were observed to
far-exceed (approximately 10�) levels in sandwich cultures of
PHHs (SC-PHHs) achieving near-median activities observed
across hundreds of donor preparations of PHH suspensions im-
mediately removed/cryopreserved from human liver tissue.
Prototypical activators of AhR, CAR and PXR hepatic receptors
showed liver enzyme induction of associated cytochrome P450
enzymes consistent with a highly functional in vitro liver model
mirroring human liver response to compound exposures.
Compounds that require metabolic activations such as aflatoxin

B1 showed concentration-related cytotoxicity which was atte-
nuated by Inhibition of P450 activities, highlighting the poten-
tial for this system to model metabolism-dependent toxicity.
The stable long-term phenotype of spheroids (>28 days) offers
feasibility for longer term repeated exposure studies. Indeed,
repeated exposures on HepaRG spheroids showed increased
sensitivity in identifying compounds that have potential for
drug induced liver injury (DILI). This novel platform for toxicol-
ogy screening combines physiologically relevant levels of xeno-
biotic metabolism with a high degree of tissue-like architecture,
hepatocyte functionality, and sufficient throughput to study
concentration and time-dependent relationships.

MATERIALS AND METHODS

HepaRG cell culture. For 3D spheroid cultures, cryopreserved dif-
ferentiated HepaRG cells (Triangle Research Labs, Durham NC
which was recently acquired by Lonza, Walkersville, MD) were
thawed and seeded at 1000 cells per well onto round bottom
ultra-low attachment (ULA) plates, (Corning Inc, catalog: 4520
(96-well) or 3830 (384-well), New York, NY) in 50 ml Williams E
medium (ThermoFisher, Waltham, MA) supplemented with in-
duction additive MHPIT (Triangle Research labs, Durham NC).
Initially, seeding density was optimized by adding cell densities
between 1000 and 20 000 cells to the plate and analyzing for
CYP1A2, CYP2B6, and CYP3A4/5 activities and spheroid morph-
ology. One thousand cells per well in 96/384-well plates showed
optimal P450 enzymatic activities and morphologies, which
were subsequently used for the entire study. Culture media
were refreshed every 2–3 days by removing 30 ml (from 50 ml total
medium per well) and adding fresh 30 ml medium using Viaflo
semi-automated liquid handler (Integra Biosciences, Hudson,
NH), and spheroids were maintained for up to 28 days in cul-
ture. All the assays, with exception of immunohistochemical
analysis (Figure 1A), were performed in 384-well plates, both 96/
384 well showed similar morphology and we anticipate no mor-
phological and physiological changes with plate formats. For 2D
monolayer cultures, 100 000 (96-well) or 25 000 (384-well) cells
were seeded per well in collagen-coated plates in Williams E
medium supplemented with MHTAP plating additive (Triangle
Research labs, Durham, NC). After 24 h, media were changed to
induction medium MHPIT as above. PHHs were cultured with a
seeding density of 20 000 cells per well on collagen-coated 384-
well plates. Four-hour post-seeding, media were exchanged and
cells were overlaid with 0.35 mg/ml of Matrigel (Corning, New
York, NY) in maintenance medium comprised of Williams E me-
dium supplemented with 15 mM HEPES (ThermoFisher,
Waltham, MA), 1� ITSþ (Corning, New York, NY), 1� Glutamax
(ThermoFisher, Waltham, MA), 100 nM dexamethasone and
25 U/ml penicillin and 25 mg/ml streptomycin.

HepaRG spheroid size assessment. HepaRG spheroids cultured for
21 days were stained with nuclei dye Hoechst 33342
(ThermoFisher, Waltham, MA) suitable for live cell imaging
assays. Briefly, 10 ng/ml of Hoechst 33342 was prepared in cell
culture medium and added to the spheroids. After 15-min incu-
bation, spheroids were imaged for nuclei and cellular morph-
ology by phase contrast imaging taking 20 Z-sections of each
spheroid using a high content imager, ImageXpress micro
(Molecular Devices, Sunnyvale, CA). A “maximum intensity pro-
jection image” of the spheroid was generated from 20 Z-sections
imaged in the nuclei channel from 384-well plates. This
“maximum intensity projection image” was analyzed with
multi-wavelength cell scoring settings on Metaxpress image
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analysis software (Molecular Devices, Sunnyvale, CA). The ana-
lysis provides numerical value for area of the spheroid.
Diameter was calculated from the area, mean diameter, and SD
of these 384 spheroids was plotted in Figure 2.

Immunohistochemical and immunofluorescent staining. For immuno-
histochemical staining, HepaRG spheroids were collected from
ULA plates into Eppendorf tubes containing 4% formaldehyde,
fixation was performed for 10 min and spheroid suspension was
spun at 1000 rpm for 2 min. The resulting pellet was washed
with phosphate buffered saline (PBS) and embedded in paraffin.
Tissue sections of 3 mm were prepared and stained with hema-
toxylin/eosin, PAS (Periodic acid-Schiff’s reaction) and PAS after
treatment with diastase to remove glycogen.
Immunohistochemical detection of multidrug resistance-
associated protein MRP2 (Abcam, Cambridge, MA; catalog:
ab3373), cytokeratin CK19 (Millipore, Temecula, CA; catalog:
MAB3238), cytochrome P450 enzyme CYP3A4 (Abcam,
Cambridge, MA; catalog: ab135813) and canalicular protein car-
cinoembryonic antigen CEA (Dako, Agilent Pathology Solutions,
Santa Clara, CA; catalog: A0115) was performed.
Immunofluorescent staining was performed on 21-day-old
spheroids for MRP2 (Abcam, Cambridge, MA; catalog: ab3373).
Here, spheroids were collected in Eppendorf tubes, and fixation
was performed as described earlier. Spheroids were washed
twice with PBS and permeabilized with 0.2% of Triton-X for
10 min followed by blocking with 1% BSA in PBST (PBS with 0.2%
Tritox-X). Spheroids were then incubated with anti-MRP2 anti-
body (1:250 dilution in 1% BSA-PBST) overnight at 4 �C. After in-
cubation, spheroids were washed 3 times with PBS and
incubated with secondary antibody Alexa 488 goat anti-mouse
IgG (A11029, ThermoFisher, Waltham, MA) for 1 h followed by
counter staining with Hoechst 33358 (Enzolife Sciences,
Farmingdale, NY). Confocal images were acquired on Zeiss LSM
780 (Zeiss, Oberkochen, Germany).

P450 enzymatic activity assays. HepaRG cells in 2D and 3D config-
urations were assessed for xenobiotic metabolism competence
with in situ metabolism assays using the probe substrates bu-
propion (CYP2B6, 500 mM), phenacetin (CYP1A2, 400 mM) and
midazolam (CYP3A4, 10 mM) as previously described (Jackson
et al., 2016). Supernatants were collected after 60-min incuba-
tions and stored at �80 �C for analysis by LC/MS-MS. Analyses
were performed with an API 5000 triple quadrupole mass spec-
trometer (SCIEX, Concord, Ontario, Canada). The analytical
method used was a modification of protocol described earlier
(Walsky and Obach, 2004). Briefly, 50 ml of incubation medium
samples from each well were transferred to a 96-well plate and

170 ml of 0.1% formic acid in acetonitrile was added along with
10 ml of isotopically labeled internal standard mixture (250 ng
each per milliliter in acetonitrile). Samples were mixed, centri-
fuged (4000 rpm for 5 min) and 100 ml of the supernatant was
transferred to a Waters Acquity 96-well plate and mixed with
100 ml of methanol: water (1:1). Standard curves ranged from 1
to 1000 ng/ml. Standards were prepared by mixing 50 ml of blank
medium with 10 ml of spiking solution of each compound and
extracting the same to the samples. Accuracy of all standards
were within 15% of nominal for all concentrations except at
LOQ (1 ng/ml) where it was within 20% of nominal. Standard
curves were fit using a quadratic equation with 1/� weighting.
Concentration of samples were calculated by using the analyte
peak area/internal standard peak area and using regression
analysis in Analyst 1.6.2 (SCIEX, Concord, Ontario, Canada) to
determine the ng/ml quantities. A complete list of instrumenta-
tion and analysis parameters are described in Supplementary
data 1. Historical cytochromes P450 enzymatic activity data
with PHH suspensions and sandwich cultures across numerous
donor preparations were described previously (Jackson et al.,
2016).

Assessment of hepatobiliary transport in HepaRG cells. A synthetic
fluorescent bile acid analog, cholyl-lysyl-fluorescein, CLF
(Corning, New York, NY) with similar biological activity as
cholyl glycine, was used to determine the hepatobiliary trans-
port activity. HepaRG spheroids were rinsed with 1� Hanks bal-
anced salt solution (ThermoFisher, Waltham, MA) and
incubated with 5 lM CLF and 10 ng/ml of Hoechst 33342 in HBSS
for 15 min. After the incubation period, the cells were washed 3
times with HBSS and imaged live on Zeiss LSM 780 (Zeiss,
Oberkochen, Germany). A series of images were collected across
the Z-plane of the spheroid, and a maximum intensity projec-
tion image was generated using the image processing software
package, Image J (https://imagej.nih.gov/ij/; last accessed June
21, 2017).

P450 induction assays. HepaRG spheroids were cultured for 10 days
in 384-ULA plates. Spheroids were then incubated with 3.16-fold
dilutions of omeprazole, phenobarbital, rifampicin and CITCO
with concentrations starting at 100, 3160, 3.16, and 10 mM, respect-
ively. Williams E medium supplemented with 15 mM HEPES, 1�
ITSþ, 1� Glutamax, 100 nM dexamethasone and 25 U/ml penicillin
and 25 mg/ml streptomycin was used in spheroid cultures for liver
enzyme induction assays. Media with fresh compounds were
changed every 24 h over a 72-h treatment period. After 72 h of ex-
posure, eight spheroids were pooled together and lysed with
Qiazol reagent (Qiagen, Germantown, MD) and RNA was extracted

Figure 1. Morphology of HepaRG spheroids. HepaRG cells seeded at 1000 cells per well form spheroids-like structures. Single spheroid per well in a 384-well plate (A);

size of the spheroid is approximately 191.97 mm (B).
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as per manufacturer’s protocol. High-Capacity cDNA Reverse
Transcription Kit (ThermoFisher, Waltham, MA) was used for
cDNA synthesis using 200 ng of RNA from each sample. Real time
PCR analysis was performed using TaqMan probes and TaqMan
Universal PCR master mix (ThermoFisher, Waltham, MA) with
Quantstudio 7 real-time PCR system (ThermoFisher, Waltham,
MA) according to the manufacturer’s protocol. Briefly, a 10-ml reac-
tion mixture was prepared using 1 ml of cDNA, 5 ml of PCR mix and
4 ml of water. Real-time PCR cycles were 95 �C for 10 min, followed
by 40 cycles of 95 �C (20 s), 60 �C (60 s). TaqMan assay probes

(ThermoFisher, Waltham, MA) used are Hs04183483_g1 (CYP2B6),
Hs00604506_m1 (CYP3A4), Hs02758991_g1 (GAPDH),
Hs00167927_m1 (CYP1A2). mRNA levels of target genes were nor-
malized to housekeeping gene GAPDH. Data are expressed as fold-
change to vehicle control.

Metabolically activated cytotoxicity with aflatoxin B1 and modulation
with P450 inhibitor. HepaRG spheroids (384-well) were exposed to
aflatoxin B1 (Sigma–Aldrich, St. Louis, MO) in concentration-
response at a top concentration of 10 mM with 1.5-fold serial

Figure 2. Immunohistochemical analysis of HepaRG spheroids. HepaRG spheroids stained for H&E (haematoxylin and eosin) stain, PAS (periodic Schiff’s), Poly CEA

(carcinoembryonic antigen), MRP2 transporter, cytokeratin 19 and CYP3A4 (Scale bar 100 mm). Merged image of synthetic bile acid analogue, cholyl-lysyl-fluorescein

(CLF) (green) and nuclei (blue) in HepaRG spheroid (Scale bar 100 mm).
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dilutions down to 200 nM in the presence or absence of pan-
P450 inhibitor 1-aminobenzotriazole (ABT, 1 mM), (Sigma–
Aldrich, St. Louis, MO). Cell viability was assayed using the
CellTiter-Glo (Promega, Madison, WI) assay system to monitor
relative levels of ATP by luminescence using the manufacturer’s
protocol. Luminescence was measured on a CLARIOstar (BMG
LABTECH, Ortenberg, Germany).

Assessment of cytotoxicity. Primary human hepatocytes (Donor:
HU8192, Male, ThermoFisher, Waltham, MA) were cultured for
24 h in 384-well plates prior to compound exposures. HepaRG
cells in 2D confluent monolayer cultures (20 000 cells per well)
and 3D spheroids (1000 cells per well) were cultured for
21 days. Repeated dosing on HepaRG spheroid cultures was
performed between day 21 and day 28 (three doses were
administered at day 22, 24, and 26) and cell viabilities were
assessed on day 28. All the compounds were obtained from
Sigma–Aldrich, St. Louis, MO; concentrations used were shown
in Supplementary Table 5. CellTiter-Glo reagent (Promega,
Madison, WI) was used for analyzing cell viability upon com-
pound exposure following the manufacturer’s protocol.
Luminescence signal was measured on a Clariostar (BMG
Labtech, Ortenberg, Germany) plate reader. Luminescence sig-
nal was directly proportional to total amount of ATP present
in the cells, which was measured as an indicator of cellular
stress/cytotoxicity.

Statistical analysis. Data were normalized and expressed as the
mean 6 SD of three independent experiments, unless otherwise
stated, using Microsoft Excel. Graphs were plotted using
GraphPad Prism 7 (GraphPad software, San Diego, CA).
Significance levels were calculated using GraphPad Prism soft-
ware by performing either an unpaired Student’s t-test or in
case of multiple comparisons a 2-way analysis of variance
(ANOVA) where, *P< 0.05, **P< 0.01, ***P< 0.0001.

RESULTS

HepaRG Cells Form Spheroids in 96/384-Well ULA Plates
HepaRG cells, seeded at a density of 1000 cells per well, in 96/
384-well ULA plate, self-aggregated to form spheroid-like struc-
tures without addition of exogenous ECM components. From
Days 1–3, individual cells appeared to aggregate while reaching
compact spherical units by Day 7 in culture. The diameter of
spheroids across a 384-well plate (Figure 1A) was measured to
be 192 614 mm (Figure 2A). The shape and size of the spheroids
was largely unchanged after Day 7 out to 28 days (cultures were

terminated, but likely viable for much longer). Optimization of
initial cell seeding densities revealed 1000 cells per well to be
ideal for generating organized spherical structure with higher
levels of drug metabolism enzyme activities. Cell numbers
greater than 2000 cells per well, formed aggregates, but dis-
played delayed or aberrant formation of spherically compact
structures with lower drug metabolizing enzyme activities
(Supplementary Figure 2B). This could be due to the formation
of necrotic cores in the center of spheroids with increasing size
as observed in the earlier studies where spheroids above 250
microns lead to hypoxia and necrotic cores (Asthana and
Kisaalita, 2012). Taken together, these results demonstrate that
HepaRG cells effectively and reproducibly form 3D micro-
tissues in 384-well ULA plates in a simple one-step process and
highlights the importance of initial cell seeding densities on
spheroidal architectures and xenobiotic metabolism
competence.

HepaRG Spheroid Differentiation Leads to Tissue-Like Architectures
With Polarized Organization and Function
Hepatocyte cellular polarity and differentiation are lost when
cells are removed from their native in vivo tissue (Levine and
Stockdale, 1985). H&E staining was used to study cellular organ-
ization and morphological features associated with health and
physiological functions of the spheroids. HepaRG spheroids
showed well-organized nuclei and cytoplasm without signs of
necrotic or apoptotic centers.

In vivo, the apical surface of adjacent hepatocytes form a
lumen called “bile canaliculi” into which bile is secreted from
hepatocytes. Hepatocytes are arranged in chords and lumen
from adjacent hepatocytes form bile canalicular networks that
transport bile to bile ducts (Treyer and Musch, 2013). To visual-
ize the extent of modeling these features in HepaRG spheroids,
we stained for multidrug resistance protein 2 (MRP2), a bile
canalicular efflux transporter involved in drug and bile salt/acid
transport (Kullak-Ublick et al., 2002). MRP2 staining revealed ex-
tensive networks of canalicular domains at the apical surface of
HepaRG spheroids (Figs. 2 and 3; Supplementary Movie 3). This
observation was further substantiated by the presence of poly
CEA staining in the luminal regions of the spheroids (Figure 2);
poly CEA binds to glycoprotein-1 on canalicular surfaces. We
later investigated the bile acid transport activity in HepaRG
spheroids by using a synthetic bile acid analogue, cholyl-lysyl-
fluorescein (CLF). CLF is taken up by the organic anion-
transporting polypeptide OATP1B3 present at the basal surface
of hepatocytes and is then excreted into bile canaliculi via MRP2
(de Waart et al., 2010). CLF was found to be localized in the bile

Figure 3. MRP2 localization in HepaRG spheroids. Immunofluorescent staining of MRP2 (green) and nuclei (blue) on HepaRG spheroids (scale bar 100 mm).
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canalicular regions at the luminal surface of the spheroids
(Figure 2B). The tissue-like presence of MRP2, CEA staining, and
live-cell localization of CLF demonstrating functional bile acid
transport activity clearly demonstrates the formation of bile-
canaliculi-like structures and a polarized architecture with 3D
HepaRG spheroids analogous to hepatocytes in vivo.

Cryopreserved HepaRG cells are commercially provided in a
differentiated/cryopreserved form containing both hepatocyte-
and cholangiocyte-like cells (Jackson et al., 2016). HepaRG cells
stained with the cholangiocyte marker CK19 (Day 7 in culture)
appear somewhat localized at periphery of HepaRG spheroids
(data not shown), and becomes more pronounced by Day 21 in
culture and predominantly localized at the “basal” surface of
the spheroid (Figure 2). A similar type of cholangiocyte arrange-
ment at the periphery of the spheroids was recently reported
with PHH co-cultures with nonparenchymal cells (Bell et al.,
2016) suggesting this type of organization is not selective to
HepaRG spheroids.

An important function of hepatocytes in liver is the storage
of glycogen that helps in energy metabolism. Therefore, we
characterized the glycogen storage functionality of 3D HepaRG
spheroids with the periodic acid-Schiff (PAS) stain (Figure 2).
PAS staining revealed extensive staining within HepaRG sphe-
roids consistent with a robust capacity for glycogen storage.

Finally, a hallmark of hepatocyte functionality is the cap-
acity for drug metabolism. CYP3A4 is known as one of the most
pharmacologically important cytochrome P450 enzymes in
human liver (Zanger and Schwab, 2013), We observed pro-
nounced expression of CYP3A4 protein that appeared to be
enriched in the interior of spheroids (Figure 2). These data are
consistent with a high degree of metabolic competence and
support the results with CK19 staining which show hepatocyte-
like cells localized within the interior of HepaRG spheroids
while cholangiocyte-like cells appear predominantly across the
periphery. Taken together, these 3D HepaRG imaging data indi-
cate tissue-like architectures and functionality, and some
unique features specific to these spheroidal configurations of
HepaRG cells consistent with emerging co-culture models of
human liver.

HepaRG Spheroids Exhibit Physiologically Relevant Levels of Drug
Metabolism Activity
Physiological-relevant xenobiotic metabolism functionality is
essential for predicting human drug metabolism and
metabolite-associated toxicities. Near-physiological levels of
xenobiotic metabolism enzymes are present in suspensions of
PHHs directly derived from human liver and immediately used
(or cryopreserved), and represent the “gold standard” of meta-
bolic competence for human drug metabolism prediction.
However, these suspensions of PHHs are short lived (a few
hours) and de-differentiate when cultured in conventional 2D
configurations losing approximately 90% of their initial meta-
bolic competence (Smith et al., 2012) within the initial 1–2 days
in culture. Therefore, we assessed the drug metabolism compe-
tence of HepaRG cells in 2D and 3D spheroid configurations in
context with suspensions and sandwich cultures of PHHs.
Specific activities of three major P450 enzymes (CYP1A2,
CYP2B6 and CYP3A4) important in human drug metabolism
were analyzed. CYP1A2 activity, measured by acetaminophen
formation rates from phenacetin metabolism were
12.9 6 3.98 pmol/min-million cells (Day 21, n¼ 3) with HepaRG
spheroids, whereas 2D HepaRG cultures produced
4.27 6 0.459 pmol/min-million cells (n¼ 3) (Figure 4A). In con-
text, CYP1A2 activity across 52 donor preparations of sandwich
cultured PHHs ranged from 0.072 to 40 pmol/min-million cells
with a median of 4.94 pmol/min-million cells and 25th percent-
ile of 1.89 pmol/min-million cells. Suspension of PHHs repre-
senting P450 activities approximating human liver tissue
ranged from 1 to 349 pmol/min-million cells (212 donor prepara-
tions) with a median of 48 pmol/min-million cells and 25th per-
centile of 24.2 pmol/min-million cells (Figure 4A). These data
confirm that HepaRG spheroids produce physiologically rele-
vant levels of CYP1A2 enzymatic activities that approach the
25th percentile of PHH suspensions (within 2-fold), far-exceed
(>7-fold) levels in sandwich cultures PHHs, and offer a key ad-
vantage over conventional 2D culture methods of HepaRG cells
previously observed to intrinsically produce proportionally
lower levels of CYP1A2 activity compared with CYP2B6 and
CYP3A4/5 activity levels (Jackson et al., 2016).

Figure 4. CYP450 enzyme activity in 2D HepaRG cells, HepaRG spheroids and primary human hepatocytes. LC-MS/MS analysis of metabolite formation rate of acet-

aminophen (CYP1A2); 1-hydroxybupropion (CYP2B6) and 1-hydroxymidazolam (CYP3A4). Data were the mean of three independent experiments (6 SEM) from 10-day

sandwich-cultured 2D HepaRG cells and 21-day cultured 3D HepaRG spheroids. Data from primary suspension cultures were from 212, 137 and 132 individual donor

preparations for CYP1A2, CYP2B6 and CY3A4/5, respectively, and 52 individual donor preparations for 4-day sandwich–cultured primary hepatocytes.
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CYP2B6, another pharmacologically important enzyme, is
highly inducible in response to nuclear receptor activation (CAR
& PXR) in human liver and SC-PHH. HepaRG spheroids produced
high constitutive levels of CYP2B6 activity (formation rates of 1-
hydroxybupropion from bupropion) compared with 2D HepaRG
cultures (14.8 6 7.08 pmol/min-million cells vs
1.93 6 0.0754 pmol/min-million cells) (Figure 4B). CYP2B6 activ-
ity across 52 donor preparations of sandwich-cultured PHHs
ranged from 0.210 to 13.1 pmol/min-million cells with a median
of 2.16 pmol/min-million cells and 25th percentile of 1.06 pmol/
min-million cells, while suspensions of PHHs (137 donor prepa-
rations) ranged from 1.86 to 304 pmol/min-million cells with a
median of 32.1 pmol/min-million cells and 25th percentile of
15.3 pmol/min-million cells. These data demonstrate that 3D
HepaRG spheroids support liver-like CYP2B6 enzymatic activ-
ities superior to 2D cultures of HepaRG or PHHs, and achieve
comparable levels to the 25th percentile of PHH suspensions
(14.7 vs 15.3 pmol/min-million cells) (Figure 4B).

Similarly, CYP3A4/5 activity, measured by formation rates of
1-hydroxymidazolam from midazolam with 3D HepaRG sphe-
roids, far-exceeded 2D HepaRG activity levels (69.4 6 21.1 pmol/
min-million cells vs 6.67 6 0.392 pmol/min-million cell) (Figure
4C). In context, PHH sandwich cultures ranged from 5.5 to
20.1 pmol/min-million cells, while PHH suspensions (132 donor
preparations) ranged from 1.54 to 593 pmol/min-million with a
median of 63.7 pmol/min-million cells and 25th percentile of
28.6 pmol/min-million cells (Figure 4C). These data are consist-
ent with the trends observed with CYP2B6 enzymatic activity
demonstrating robust levels of CYP3A4/5 enzymatic activity
from 3D HepaRG spheroids that are comparable to median PHH
suspension levels (69.4 vs 63.7), far exceed 2D HepaRG and PHHs
(approximately 10-fold), and do not require high concentrations
of DMSO to maintain a high degree of metabolic competence.

Recently, sandwich culture configurations have been sug-
gested as an alternative to high concentrations of DMSO to im-
prove the metabolic competence with HepaRG cells (Aninat
et al., 2006; Jackson et al., 2016). Therefore, we compared the
CYP1A2, CYP2B6, and CYP3A4/5 enzymatic activities of HepaRG
cells in 2D cultures with and without extracellular matrix (ECM)
overlay using various commercially available HepaRG media
supplement types and overlay start times compared with 3D
HepaRG spheroids (Supplementary Figure 2A). Spheroids of
HepaRG cells showed significantly higher activities (>2.6- to 5.8-
fold, P< 0.0001) than all 2D culture conditions. It is notable that
the time-dependent “rebound” of enzymatic activity with 2D
cultures over the course of 10 days was dependent on the com-
mercial source of HepaRG supplementation. It is also important
to note that HepaRG cells optimally formed well-defined spher-
oid-like structures with induction and plating media, while

other supplements recommended for metabolism studies or
plating the cells supported more asymmetrical aggregate-like
HepaRG cultures in the 96- and 384-well ULA plates. Unlike PHH
cultures, HepaRG spheroids are capable of stably maintaining a
high degree of metabolic competence for multiple weeks in 2D
configurations compared with approximately 1 week with PHHs
(Supplementary Figure 2C). This advantage is critical for study-
ing slower-developing chemical–biological interactions and
their quantitative translation to humans.

Hepatic Nuclear Receptor Functionality and Liver Enzyme Induction
With 3D HepaRG Spheroids
A hallmark of highly differentiated hepatocyte functionality in
human liver tissue is the ability to respond to xenobiotic activa-
tion of key receptor signaling pathways that include signaling
through the pregnane X receptor (PXR), constitutive androstane
receptor (CAR), and aryl-hydrocarbon receptor (AhR) to induce
liver enzyme expression in humans (Levy et al., 2015). It is also
known that chronic activation of these hepatic receptors in
rodents can lead to liver tumor formation (Elcombe et al., 2014;
Parkinson, 1996). Finally, it is conceivable that the higher levels
of drug metabolizing activity in HepaRG spheroids simply repre-
sents an induced, “Zone 3”-like metabolic competence akin to
2D HepaRG under high DMSO concentrations. Therefore, we
investigated the functionality of 3D HepaRG spheroids to re-
spond to clinically relevant activators of AhR, CAR, and PXR
hepatic receptor pathways to induce expression of sentinel
gene targets CYP1A2, CYP2B6 and CYP3A4, respectively. These
pathways are effectively modeled with SC-PHHs to predict clin-
ical outcomes for liver enzyme induction in humans and are
required by US FDA during drug development (Chu et al., 2009).
Inducers omeprazole (AhR), phenobarbital (CAR), and rifampicin
(PXR) were evaluated with 3D HepaRG spheroids in
concentration-response as shown in Figure 5. Here, CYP1A2
mRNA content was effectively induced with omeprazole, reach-
ing maximal inducibility of 82.8-fold-over-control with 100 mM
(EC50 value of 16 mM) (Figure 5A). Similarly, a 11.7-fold increase
in CYP3A4 mRNA content was observed with 3.16 mM rifampicin
with an EC50 of 0.41 mM (Figure 5B), which was within the ranges
observed with SC-PHH cultures (Hariparsad et al., 2008; Zhang
et al., 2014) and a 14.6-fold CYP2B6 induction mRNA content
with phenobarbital treatment up to 3.16 mM (Figure 5C). We
have also evaluated CYP2B6 induction using a direct CAR activa-
tor CITCO (Supplementary Figure 4), and observed a
concentration-related induction of approximately 9-fold with
an EC50 of 25.8 nM. Collectively, these data demonstrate 384-
well HepaRG spheroid cultures effectively model hallmark path-
ways AhR, CAR, and PXR analogous to PHH cultures while main-
taining basal metabolic competence. Taken together, the drug

Figure 5. AhR, CAR, PXR induction assay. HepaRG spheroid cultures were treated with Prototypical inducers if AhR (Omeprazole); CAR (Phenobarbital) and PXR

(Rifampin) for 72 h with fresh addition of compound every 24 h. Data were normalized to GAPDH, representative of two independent experiments (6 SD).
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metabolism competence, proficiency to transport CLF into bil-
iary compartments, evidence of tissue-like cellular architec-
tures, and functional hepatic receptor signaling pathways
demonstrates the high degree of tissue-like differentiation and
functionality with these 3D HepaRG spheroids.

HepaRG Spheroids Model Metabolically Activated Cytotoxicity
Many chemicals are either detoxified or converted into toxic
metabolites by xenobiotic metabolizing enzymes. As HepaRG
spheroids exhibited physiologically relevant levels of pharma-
cologically important drug metabolizing activity, we investi-
gated the utility of this model to identify metabolism-
dependent impacts on cell viability. For this, we assessed the
impact of a well-studied mycotoxin aflatoxin B1 known to be
metabolized by CYP3A4 and CYP1A2 to form a toxic metabolite
(AFB1-8,9-exo-epoxide) that binds to DNA and can result in
mutations (Gallagher et al., 1996; Wild and Turner, 2002). Here,
HepaRG spheroids treated with aflatoxin B1 showed a
concentration-dependent cytotoxicity with TC50 of 1.6 mM
(Figure 6). This metabolism-driven cytotoxicity was observed at
a higher potency (lower TC50) in HepaRG spheroids (TC50 of ap-
proximately 1 mM) compared with an earlier study with PHHs
with TC50¼37.6 mM; HepG2 with TC50¼240.5 mM and stem cell-
derived hepatocytes with TC50 ranging from 81.4 to 143.7 mM
(Kang et al., 2016). These results are consistent with the
improved liver-like CYP3A metabolism observed with 3D
HepaRG spheroids. To confirm a role for xenobiotic metabolism
in the observed aflatoxin B1 cytotoxicity, treatment with 1-ABT
(1 mM), a nonspecific irreversible pan-P450 inhibitor (Linder
et al., 2009) was evaluated (Figure 6). The presence of ABT
caused a marked attenuation of aflatoxin B1 cytotoxicity that
was consistent with a P450-activated cytotoxicity. These data,
combined with the observed liver-like levels of xenobiotic me-
tabolism competence, demonstrate that 3D HepaRG spheroids
have potential to effectively model and screen compounds for
potential metabolically activated toxicity.

Chemical Induced Liver Injury Modeling With HepaRG Spheroids
Liver toxicity remains a principle cause of drug attrition during
pharmaceutical drug development (Ostapowicz et al., 2002).
Despite significant advances with in vitro liver models for pre-
dicting human drug metabolism, there are limitations associ-
ated with existing approaches due to limited longevity of

cells/cultures and reduced differentiation (ie metabolic compe-
tence) which fail to model tissue-like biological response to
compound exposures. In this study, HepaRG spheroids were
stable and produced highly differentiated functionality for at
least 28 days (Supplementary Figure 2C). Therefore, we have ini-
tially examined the ability of 3D HepaRG spheroids to model
sensitivity of compounds associated (or not associated) with
drug-induced liver injury (DILI) (Chen et al., 2011; Xu et al., 2008),
and compared these responses with conventional 2D SC-PHHs
and 2D HepaRG cells. As shown in Figure 7, aspirin and gemfi-
brozil were not cytotoxic at any of the concentrations and treat-
ment scenarios examined, consistent with their lack of
association with DILI in humans. In contrast, compounds asso-
ciated with liver injury such as acetaminophen, diclofenac, iso-
niazid, and cyclosporine A produced marked cytotoxicities.
Acetaminophen showed a TC50 of approximately 6.1 mM
(HepaRG spheroids) and approximately 5.8 mM (PHHs) after 24-
h exposures, while repeated exposure of 3D HepaRG spheroids
produced significantly more potent response with TC50 of ap-
proximately 2.9 mM (Figure 7). Similarly, the TC50 of diclofenac
was 820.2 and approximately 1 mM with 24-h exposures com-
pared with 261.8 mM upon repeated exposure on 3D HepaRG
spheroids. Isoniazid and cyclosporine A both produced
concentration-related cytotoxicity (>50%) only in HepaRG sphe-
roids with repeated exposure treatments. The TC50 of cyclospor-
ine A was 1.9 mM (P< 0.001) (Figure 7), which approximated
median therapeutic peak plasma concentrations (Cmax) in
human plasma (0.2 mM) upon repeated exposure on HepaRG
spheroids. TC50 and Cmax values of other compounds are
detailed in Supplementary Table 5.

A useful approach to evaluate the predictivity of in vitro
approaches for human outcomes is “case study” comparisons
with clinically evaluated compounds comparing chemically
similar compound analogues which produce highly varied toxi-
cological effects in humans. We compared hepatotoxic com-
pounds trovafloxacin and troglitazone with their “safer”
analogues levofloxacin and rosiglitazone in 2D HepaRG, 2D
PHHs, and 3D HepaRG spheroids (Figure 7). We observed marked
cytotoxicity with trovafloxacin and troglitazone compared with
their less toxic analogs levofloxacin and rosiglitazone in 3D
HepaRG spheroids with repeated compound exposures over
6 days. TC50 of troglitazone and trovafloxacin are 46.2 and
53.01 mM, respectively, which was approximately 10-fold higher
than human Cmax concentrations (Supplementary Table 5).

DISCUSSION

In vitro models which adequately recapitulate the integrated
physiological characteristics of native tissues are essential for
accurate prediction of chemical-induced adverse effects in
humans. Currently, PHHs are considered a “gold standard” for
in vitro liver models, but their donor-specific variability, finite
supply from individual donors, and rapid loss of hepatocyte
functionality in vitro are major limitations for chemical safety
evaluations. Furthermore, immortalized cell lines show poor
metabolic competence and biological relevance to liver tissue. A
major challenge has been the development of in vitro models
combining tissue-like functionality, xenobiotic metabolism
competency and multiple weeks of longevity in culture with
compatibility for higher-throughput screening assays. To over-
come these challenges, we have developed and initially charac-
terized a novel 3D in vitro liver screening model (384-well
format) utilizing HepaRG cells. These 3D liver models undergo
morphological and functional differentiation over time to form

Figure 6. Metabolism dependent toxicity in HepaRG spheroids. HepaRG spheroid

cultures at day 21 were treated with aflatoxin B1 in the presence and absence of

1 mM 1-Aminobenzotriazole (1-ABT) and cell viability was assessed after 24 h.

Data are the means of three independent experiments 6 SD.
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Figure 7. Assessment of chemical induced toxicity. 24-h period single exposures on 2D HepaRG cells cultured for 10 days (�); 3D HepaRG spheroids cultured for 21 days

(•) and primary human hepatocytes cultured for 24 h (�). Additionally, repeated dosing was performed on 3D HepaRG spheroids at days 22, 24 and 26 (�) and cell viabil-

ity assessed on day 28. Data are presented as the relative percentage cell viability compared with its vehicle-treated controls. Data are the means of three independent

experiments 6 SD.
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spheroid-like structures which exhibit stable (at least 28 days)
hallmarks of hepatocyte functionality including physiologically
relevant drug metabolizing activities, liver enzyme inducibility,
and evidence of biliary excretion functionality.

When seeded onto 384-well ULA plates, HepaRG cells self-
aggregated into a spheroid-like structures. Cell–cell interactions
and junctional signaling play a major role in differentiation and
maintenance of epithelial cell structure and functionality
(Cooper, 2000). The geometry (semi-spherical bottom shape)
and low-binding features allowed cells to remain suspended
which facilitated cell–cell adhesions and interactions over time
resulting in highly differentiated spheroids. HepaRG spheroid
formation has been previously described using hanging drop
methods (Gunness et al., 2013), spinner bioreactors (Leite et al.,
2012), functional polymers (Higuchi et al., 2016). However, unlike
other models, the spheroids described here were generated in a
simple one-step addition of approximately 1000 cells (no gels,
polymers, or spinning) into 384-well plates. This greatly
enhanced ease of use, reproducibility/repeatability, reduced po-
tential for compound binding to exogenous ECM, reduced costs,
and sufficient throughput for compound screening required for
modeling dose- and time-response. One thousand cells per well
gave consistent spheroid sizes (approximately 200 mm), while
numbers>2000 per well formed “dark” areas in their respective
centers consistent with necrotic core formation described previ-
ously (Asthana and Kisaalita, 2012) and reduced P450 enzymatic
activities (Supplementary Figure 2B).

Differentiated HepaRG spheroids showed polarized cellular
morphologies analogous to hepatocytes in vivo. MRP2, apical sur-
face marker located at the bile canalicular regions of hepatocytes,
is involved in detoxification of xenobiotics and inhibited by various
compounds associated with idiosyncratic toxicity (Li et al., 2009;
Saab et al., 2013). MRP2 was extensively expressed along the three-
dimensional structures of HepaRG spheroids in pockets and
channel-like structures Supplementary Movie 3). HepaRG sphe-
roids were also functionally proficient in biliary efflux activity as
evidenced by the canalicular localization of synthetic bile acid ana-
logue cholyl-lysyl-fluorescein (CLF). CLF is a fluorescent imaging
substrate effectively utilized with rat hepatocytes to study biliary
efflux inhibition by drugs and associations with drug-induced liver
injury (Barber et al., 2015). Future efforts using this type of image
based approach could be extended to HepaRG spheroid models.

HepaRG cells differentiate into hepatocyte- and
cholangiocyte-like cell types with approximately 1:1 ratios in 2D
cultures (Cerec et al., 2007). In 3D HepaRG spheroids, hepato-
cytes form the major population, with cholangiocyte-like cells
present at apparently reduced proportions, localized at the per-
ipheral regions of the spheroids (Figure 1). These observations
are consistent with other reports indicating an enrichment for
hepatocyte-like cells in 3D versus 2D configurations (Gunness
et al., 2013; Leite et al., 2012), and peripheral cholangiocyte or-
ganization in spheroids of PHHs co-cultured with nonparenchy-
mal cells (Bell et al., 2016). Interestingly, some reports with
HepaRG spheroids generated with hanging drop and spinner-
bioreactor methods have observed localization of
cholangiocyte-like cells at the core of aggregates/spheroids
(Gunness et al., 2013; Leite et al., 2012). Further studies are
required to understand the temporal dynamics of cellular re-
organization and differentiation in three-dimensional space,
and the impact of biomass, matrices, and culture medium com-
position on cell signaling mechanisms in 3D tissue models.

An important marker of hepatocyte differentiation is the
capacity for xenobiotic metabolism. In this study, we have
“benchmarked” pharmacologically important drug metabolizing

activities across ranges of interindividual variation observed
with suspensions of PHHs reflective of liver tissue levels (and
SC-PHH activities). Observed basal enzymatic activities with 3D
HepaRG spheroids achieved near-median levels to this bench-
mark, and far exceeded 2D formats, regardless of the cell type.
Previous studies have shown 2D HepaRG cultures under 2%
DMSO (Aninat et al., 2006; Cerec et al., 2007; Jackson et al., 2016)
approached these levels. However, high DMSO conditions also
cause cell death (Nibourg et al., 2012), inhibit toxicologically im-
portant CYP2E1, and constitutively induce some P450 expres-
sion and limit further inducibility with hepatic receptor
activators (Aninat et al., 2006). Not surprisingly, high levels of
DMSO during spheroidogenesis resulted in morphological signs
of stress during aggregation and were unable to fully form sym-
metrical/intact spheroids. HepaRG spheroids achieve high lev-
els of metabolic competence without requiring high DMSO
concentrations, yet retaining “Zone-2”-like inducibility (Figure
5) in response to prototypical receptor activators (eg AhR, CAR,
and PXR). The proprietary “induction” medium additive used in
this study was confirmed (personal communication) to contain
low levels of DMSO suitable for inducibility studies.

Liver injury in humans at therapeutic doses often requires
cumulative exposures to manifest clinical signs (Roberts et al.,
2014). HepaRG spheroids maintain physiologically relevant lev-
els of xenobiotic metabolism activity over multiple weeks which
enables investigations of repeated exposure scenarios more re-
flective of human exposures to assess cumulative/slower devel-
oping effects (ie liver injury and pharmacology). HepaRG
spheroid cultures were, in fact, more responsive to liver injury
compounds and metabolically activated toxicants with repeated
exposures. Aflatoxin B1 produced increased sensitivity of 3D
HepaRG spheroids, which was markedly attenuated by pan-
P450 inhibition with 1-ABT. Similar approaches have been
reported previously with PHHs (Li, 2009), and liver microsomal
mixtures to identify metabolically “activated” toxicants in non-
clinical drug discovery (Williams et al., 2003).

A common theme with these initial screening data was a
time-dependent progression of hepatocellular injury with com-
pounds associated with metabolically activated toxicity.
Acetaminophen was another example of a metabolically acti-
vated liver injury compound, producing greater cytotoxicity
with repeated exposure in 3D HepaRG approximately 4.7-fold
than single exposure 2D HepaRG (approximately 2-fold more
potent than single exposures with PHHs). Single exposure acet-
aminophen with HepaRG spheroids resulted in comparably sen-
sitive TC50 (approximately 6.1 mM vs 10.1 mM) relative to
previous observations using a hanging drop method (Gunness
et al., 2013). Interestingly, Gunness et al. (2013) also showed a
sensitivity of 2.7 mM with 5-day “old” spheroids. Further evalua-
tions to study the time course of spheroid maturation and po-
tential to simulate developmental tissue states/susceptibilities
(eg MRP2 localization, cholangiocyte localization to the periph-
ery after 7 days in 3D culture) may reveal opportunities for mod-
eling both “adult” and “developmental” liver. Cyclosporine A
(CsA) was another example of a repeated exposure/time-
dependent cytotoxicant with HepaRG spheroids. CsA is primar-
ily metabolized by CYP3A4/5 in humans (Combalbert et al.,
1989), and undergoes biliary excretion. Cholestasis was reported
in patients taking cyclosporine A (Padda et al., 2011). Further
studies to probe the potential for 3D HepaRG spheroids to model
cholestasis and the role of uptake and efflux transporters in
cyclosporine A-induced damage are warranted.

Two “case study” comparisons of compound analogues with
differential liver injury effects in humans were included in this
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study: troglitazone versus rosiglitazone, and trovafloxacin ver-
sus levofloxacin. Both troglitazone and trovafloxacin were with-
drawn from the market due to acute liver failure (Bertino and
Fish, 2000; Gale, 2001). With 3D HepaRG spheroids, simple cyto-
toxicity assays with repeated exposures were effective in dis-
criminating the liver injurious compounds from their “safer”
analogs. Interestingly, a previous study reported rosiglitazone-
mediated cytotoxicity in HepaRG spheroids (Gunness et al.,
2013). Rosiglitazone is generally thought to be less hepatotoxic
in humans and remains on the market for anti-diabetic treat-
ment (Floyd et al., 2009; Mendes et al., 2015).The fact that single
exposure/time scenarios were less effective in making this dis-
tinction is consistent with a time-dependent progression of
hepatocellular injury that could have been predicted if these
models were available and implemented during drug candidate
selection. Diclofenac, troglitazone and trovafloxacin examined
in this study have each been reported to be associated with im-
mune mediated idiosyncratic toxicity (Beggs et al., 2015; Edling
et al., 2009; Shaw et al., 2009). Even though our model does not
have an immune component, the observed cytotoxicity may re-
veal their initial metabolism mediated cell stress that could
eventually lead to overt toxicity. Further improvement of this
model with co-cultures of immune cells would help investigat-
ing the mechanistic role of inflammation in hepatotoxicity.

In conclusion, this novel HepaRG spheroid model represents a
simple one-step approach for obtaining physiologically relevant
levels of xenobiotic metabolism and hepatocellular functionality
(ie receptor signaling and biliary efflux) in a screening-compatible
384-well format with sufficient longevity and phenotypic stability
(at least 28 days) for repeated dose studies. This model exhibits
several key cellular architectures of liver tissue, was effective in
identifying drug-induced liver injury compounds and distinguish-
ing them from safer “case study” analogues. Further studies are
needed to understand the broader complement of tissue function-
alities and their utility for toxicological research.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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