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Abstract

Chemicals in the systemic circulation can undergo hepatic xenobiotic metabolism, generate metabolites, and exhibit altered toxicity
compared with their parent compounds. This article describes a 2-chamber liver-organ coculture model in a higher-throughput 96-
well format for the determination of toxicity on target tissues in the presence of physiologically relevant human liver metabolism.
This 2-chamber system is a hydrogel formed within each well consisting of a central well (target tissue) and an outer ring-shaped
trough (human liver tissue). The target tissue chamber can be configured to accommodate a three-dimensional (3D) spheroid-shaped
microtissue, or a 2-dimensional (2D) cell monolayer. Culture medium and compounds freely diffuse between the 2 chambers.
Human-differentiated HepaRG liver cells are used to form the 3D human liver microtissues, which displayed robust protein
expression of liver biomarkers (albumin, asialoglycoprotein receptor, Phase I cytochrome P450 [CYP3A4] enzyme, multidrug
resistance-associated protein 2 transporter, and glycogen), and exhibited Phase I/Il enzyme activities over the course of 17 days.
Histological and ultrastructural analyses confirmed that the HepaRG microtissues presented a differentiated hepatocyte phenotype,
including abundant mitochondria, endoplasmic reticulum, and bile canaliculi. Liver microtissue zonation characteristics could be
easily modulated by maturation in different media supplements. Furthermore, our proof-of-concept study demonstrated the efficacy
of this coculture model in evaluating testosterone-mediated androgen receptor responses in the presence of human liver
metabolism. This liver-organ coculture system provides a practical, higher-throughput testing platform for metabolism-dependent
bioactivity assessment of drugs/chemicals to better recapitulate the biological effects and potential toxicity of human exposures.

Keywords: liver metabolism; 3D coculture; toxicity testing; animal alternatives; in vitro testing; HepaRG.

Safety testing in the pharmaceutical, chemical, and consumer
product industries is undergoing a transition from animal-based
testing to human-derived cell models for in vitro testing. This
transition is driven by 3 concurrent trends: (1) the development
of more robust and predictive human in vitro models incorporat-
ing the techniques and capabilities discovered during the ongoing
revolution in biology, (2) a growing recognition of the biological
limitations inherent to using animals to predict human
responses, and (3) increasing concern with the ethics of using
animals as a surrogate test species for humans.

Substantial progress has been made in developing higher-
throughput tests for in vitro toxicity and safety assessments of
these products. These assays have mostly focused on the direct
impact of tested compounds on tissues of interest. However,
chemicals and drugs can circulate to the liver where they
undergo xenobiotic metabolism and generate a spectrum of
metabolites. Although generally acting to de-toxify chemicals,

hepatic metabolism can generate metabolites that are more toxic
than their precursors. In vitro approaches incorporating hepatic
metabolism and target cells that measure cellular responses (eg,
imaging, transcriptomics, activation of stress responses) could
evaluate whether the biotransformation of a chemical would
alter its toxicity, thus guiding its further characterization as a
hazard.

The Alginate Immobilization of Metabolic Enzymes (AIME)
platform was developed as an approach to retrofit existing high-
throughput screening (HTS) assays with hepatic metabolic
competence (Deisenroth et al., 2020). The AIME system consists of
96-well microplate lids containing solid supports attached to algi-
nate encapsulated rat hepatic S9 (hepatic microsomes and post-
mitochondrial supernatant fractions), and this encapsulation
minimizes S9-induced cytotoxicity (Bimboes and Greim, 1976;
Cox et al., 2016). These lids are then immersed in a medium with
NADPH regeneration system (NRS) cocktails that support Phase I
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xenobiotic metabolism, and has demonstrated the efficacy of
including hepatic metabolism in enhancing the in vivo concord-
ance of in vitro results with the rodent uterotrophic bioassay
(Deisenroth et al., 2020). However, the AIME platform presents a
species-dependent cytochrome P450 profile (Ozawa et al., 2000),
and the utilization of S9 fractions fails to recapitulate the nonxe-
nobiotic liver biology (chemical-protein binding, hepatic clear-
ance, etc.) that can have crucial roles in the physiological impact
of parent chemicals and their metabolites on extra-hepatic tis-
sues. We need simple and rapid solutions to address the univer-
sal need to determine if a candidate drug or new chemical
produces active metabolites in the presence of human liver
metabolism, and that the biological impact of the active metabo-
lite can be determined in a way that is compatible with predicting
effects in humans.

Primary human hepatocytes (PHHs) are currently considered
a “gold standard” for in vitro liver models, but their utility for
chemical safety evaluation is severely limited by donor-specific
variability, a finite supply from individual donors, and a rapid
loss of hepatocyte functionality in vitro (Chao et al., 2009; Godoy
et al., 2013; Jackson et al., 2016; Mitaka, 1998; Nyberg et al., 1994;
Ozawa et al., 2000; Parkinson, 1996). 3D human liver models using
human hepatoma HepaRG cells (Gripon et al., 2002) were shown
to exhibit stable hallmarks of hepatocyte functionality lasting up
to 60days in some models (Gunness et al., 2013; Hoekstra et al.,
2013; Jackson et al., 2016; Leite et al.,, 2012; Ramaiahgari et al.,
2017; Takahashi et al.,, 2015; Yokoyama et al., 2018), including
(1) physiologically relevant drug metabolizing activities,
(2) liver enzyme induction, and (3) evidence of biliary excretion
functionality.

Our laboratory has previously developed an agarose hydrogel
system that provides a stable environment for culturing cells as
scaffold-free 3D microtissues with sustained physiological func-
tions over time (Ip et al., 2018, 2022; Leary et al., 2018). In addition,
the agarose hydrogel does not interfere with chemical concentra-
tion through chemical absorption (Ip et al., 2022) unlike other
biocompatible materials including the polymer polydimethylsi-
loxane (PDMS). PDMS, and similar materials used to build
microfluidic devices compatible with cell culture (eg, “organ-on-
a-chip”), tend to adsorb chemicals, altering drug response bioas-
says (van Meer et al., 2017).

Here, we have described and executed a proof-of-concept
study with our 2-chamber liver-organ coculture model in a
higher-throughput 96-well format for the determination of toxic-
ity on target tissues in the presence of physiologically relevant
human liver metabolism. Importantly, this platform is designed
to be scalable, so it can mimic the natural size differences
between liver and other organs and produce sufficient quantities
of metabolites to simulate the in vivo exposure setting. The over-
all goal is to develop and test a simple platform that incorporates
human liver metabolism capable of perturbing a target tissue.

Materials and methods

Fabrication of 2-chamber coculture system in 96-well plate
platform

Molds, designed using computer-assisted design (SolidWorks,
Concord, Massachusetts), consisted of a base platform upon
which lay a series of 6 rows by 8 columns of pegs, with each peg
designed to fit within 1 well of a 96-well plate (ibidi, Grafelfing,
Germany) (Figure 1). Each of the pegs had 2 main components: a
circular ring and a central peg that is either a conical-shaped
micropost or a cylinder that touches the bottom of the well plate

(Figure 1). To form hydrogels, a 2% weight/volume (w/v) molten
agarose solution was made by dissolving sterile agarose (BP160-
500; Fisher Scientific, Waltham, Massachusetts) in sterile
phosphate-buffered saline (PBS) (Gibco 14190). Sterile 2% w/v
molten agarose (135 pl) was pipetted into each well and the mold
was placed on top of the plate with the circular ring and peg sub-
merged in agarose. The molten agarose solution solidified in
8min and the mold was removed. The resulting hydrogel that
formed within each well contained an outer ring-shaped trough
(human liver tissue chamber) with a central well (target tissue
chamber) that is either a conical-shaped well to form a 3D
spheroid-shaped microtissue, or a circular opening at the bottom
of the plate to form a two-dimensional (2D) cell layer. The hydro-
gel was equilibrated with 200pl of serum-free cell culture
medium designed for selected cells supplemented with 1% peni-
cillin/streptomycin for 24h incubating at 37°C with 5% CO,. The
serum-free medium (William E supplemented with 1% Glutamax
and 1% penicillin/streptomycin for HepaRG cells) was exchanged
2 more times with 24 h incubations in between prior to the seed-
ing of cells.

Cell culture

Undifferentiated HepaRG (BioPredic International, Rennes,
France) was thawed and maintained in HepaRG working growth
medium consisting of Williams E medium supplemented with
ADD711 HepaRG growth medium supplement, 1% GlutaMax
(35050061, ThermotFisher), and 1% penicillin/streptomycin (Gibco
15140-122) per manufacturer’s directions. Cells were maintained
in an incubator at a temperature of 37°C at 5% CO,.
Immortalized BHPrE (nontumorigenic human prostate epithe-
lial cells) and BHPrS (benign human prostate stromal cells) cell
lines were a gift from Simon Hayward and generated as described
previously (Franco et al., 2011). BHPrE is genetically labeled with
red fluorescent protein (RFP), and BHPrS is genetically labeled
with enhanced green fluorescent protein (EGFP). Both cell lines
were maintained in DMEM/F-12 GlutaMAX (Gibco 10565-018;
ThermoFisher) supplemented with 1% insulin-transferrin-
selenium-sodium pyruvate (ITS-A, Gibco 51300044), 1% penicil-
lin/streptomycin, 0.4% bovine pituitary extract (129-NZ-5, Cell
Applications, San Diego, California), and 10ng/ml epidermal
growth factor. Medium was changed every 2-3days. Cells were
maintained in an incubator at a temperature of 37°C at 5% CO,.

Culture of fluorescently labeled cells

Immortalized BHPrE-RFP and BHPrS-EGFP prostate cell lines were
passaged as described previously (Franco et al., 2011), and seeded
at 50 000 cells/well into the ring trough. Cells were allowed to
first settle by gravity into the bottom of the ring-shaped trough
for 30 min, then 150 ul of prostate cell medium was added slowly
into each of the wells without disturbing the prostate cells that
have settled into the bottom of the ring-shaped trough. Cells in
plates were placed in an incubator at 37°C with 5% CO,. Cell cul-
ture medium was refreshed every 2-3days by exchanging 100-
150 pl of spent medium with fresh medium. Plates with prostate
cells seeded into the ring trough were imaged 1 or 3days after
cell seeding using the Opera Phenix High Content Screening
System (Perkin Elmer, Waltham, Massachusetts), equipped with
proprietary Synchrony Optics consisting of a Nipkow spinning
microlens disk in conjunction with pinhole disk and 2 sCMOS
cameras. Fluorescent images for each of the 2 fluorescent tags
(RFP and EGFP) were acquired using the 5x air objective (NA 0.16,
HH14000402, PerkinElmer) in conjunction with 2 excitation
lasers: 488nm for EGFP and 561nm for RFP. Confocal z-stacks
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Figure 1. The design and fabrication of the 2-chamber systems (3D-3D and 3D-2D) in a 96-well plate. Left panel shows schematics of the 3D-3D and the
3D-2D 2-chamber systems made out of 2% agarose mold. Both systems consist of an outer ring-shaped trough to culture the 3D liver microtissues. The
3D-3D system has a center conical well for culturing target cells as a 3D microtissue. The 3D-2D system has a center opening to the surface of the 96-
well plate, where target cells can be cultured as a 2D monolayer of cells. The middle panel shows the stainless-steel master molds that are used to
create the agarose 2-chamber systems in the 96-well plates. The fabrication process entails 3 main steps: Step (1) molten sterile 2% agarose is pipetted
into wells; step (2) stainless-steel metal master is inverted into well plate with molten agarose; step (3) once the molten agarose has solidified, the
metal master is removed and serum-free cell culture medium is added into each of the wells. The right panels are the top and cross-sectional
schematic representation of the 3D-2D 2-chamber coculture system in 1 well of a 96-well plate, showing cell culture media covering both chambers,
thus allowing chemical in cell culture media to diffusing through the cell culture media, as well as through the 2% agarose hydrogel. Schematics are

not to scale.

were acquired every 5um to capture the entire 3D microtissue in
the ring-shaped trough. On day 4, medium was removed from
each of the wells except for the volume in the ring trough cham-
ber. Prostate cells alternate to the cell type already seeded into
the ring trough (eg, BHPE-RFP into wells with BHPrS-EGFP 3D
microtissues in the ring trough) were seeded at cell density of
800-1000 cells/well in 10l in the 3D or 2D target chamber. Cells
were allowed to first settle by gravity into the bottom of the 3D or
2D target chamber for 30min, then an additional 150l of pros-
tate cell medium was added slowly into each of the wells. Cell
culture medium was refreshed every 2-3days by exchanging
100-150 pl of spent medium with fresh medium. Plates were
imaged 1, 3, 5, and 7days after cell seeding using the Opera
Phenix, as described earlier in this section.

Culture of AR-CALUX cells

Cells from the stably transfected human osteosarcoma (U20S)
cell line expressing the human AR (BioDetection Systems [BDS],
Amsterdam, the Netherlands) were maintained in DMEM/F-12
supplemented with 10% FCS, 1% NEAAs, 10 units/ml penicillin,
10pg/ml streptomycin, and 0.2mg/ml G418 in an incubator
(37°C, 5% CO,, 100% humidity). The cells were routinely subcul-
tured according to manufacturer’s protocol when reaching 85%-
95% confluency (i, every 3-4days) using trypsin-EDTA
(Sonneveld et al., 2005; van der Burg et al., 2010).

3D liver microtissue formation

NoSpin-differentiated HepaRG cells (NHSPRG; lot: HNS1016;
Lonza, Basel, Switzerland) were thawed and seeded into the ring-
shaped trough of the agarose 2-chamber system at seeding den-
sities ranging from 25 000 to 200 000 cells in 25 ul per well. Cells
were allowed to first settle by gravity for 30min, then 150ul of
Williams E medium supplemented MHTAP HepaRG supplement
(Lonza), 1% GlutaMax (35050061, ThermoFisher), and 1% penicil-
lin/streptomycin (Gibco 15140-122) was added slowly into each of

the wells. Plates with seeded HepaRG cells were then placed atop
an orbital rotator (36rpm, Orbi-Shaker CO,, Benchmark
Scientific, Sayreville, New Jersey) inside an incubator at 37°C
with 5% CO; for the duration of the entire experiment. The cocul-
ture system with HepaRG cells remained atop the orbital rotator
at 36 rpm for all experiments described in this study. The plates
were incubated overnight, where the seeded HepaRG cells
formed 3D human liver tissues. About 100-150 ul of medium was
changed with Williams E medium supplemented with 1 of the 3
HepaRG supplements (MHTAP, MHPIT, or MHMET; Lonza) on day
1 and every 24 or 48h for 3, 6, 10 or 17 days. Throughout this
manuscript, “MHTAP,” “MHPIT,” or “MHMET” will be used as
abbreviations for HepaRG complete medium supplemented with
MHTAP, MHPIT, or MHMET HepaRG supplements, respectively.
Undifferentiated HepaRG cells were passaged and seeded into
agarose molds in the same fashion as the NoSpin HepaRG cells
and formed 3D microtissues as the undifferentiated liver control.

Cross-sectional area analysis

Brightfield images were acquired on the Opera Phenix using the
5x air objective every 30 pm. A maximum projection was built in
Harmony 4.9 (Perkin Elmer) and a pipeline was created to analyze
the area of the microtissues. The pipeline (Supplementary data)
identified objects based on texture and then based on morpho-
logical and position properties eliminated objects that were not
microtissues. Once microtissues were identified, the area was
calculated.

Gene expression analysis

Plates with HepaRG microtissues were quenched on ice and
remained on ice during the tissue collection process. Medium
was removed, and the tissues that remained in the agarose 2-
chamber system were then washed with 3 rounds of ice-cold PBS,
and transferred into 1.5 ml collection tubes with a wide bore pip-
ette tip. Tissues were then centrifuged at 600 x g at 4°C for
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10 min to remove most of the PBS prior snap freezing in liquid N,.
Tissues were stored at —80°C until analysis for the gene expres-
sion of Phase I cytochrome P450 enzymes (CYP1A1, CYP1AZ2,
CYP2B6, CYP2C9, and CYP3A4).

RNA was extracted from frozen tissues with MagMax mirVana
total RNA isolation kit (A27828, ThermoFisher Scientific/Applied
Biosystems, Bedford, Massachusetts) following the man-
ufacturer’s user guide for cells. Frozen tissues were mixed with
200l of lysis buffer by pipetting up and down 5 times, then
transferred to KingFisher Flex 96 Deep-Well Plates (A43075,
ThermoFisher). About 20 ul of binding beads were added to each
lysate. The remaining steps for precipitation, washing, DNase
treatment, and elution were carried out on the KingFisher flex
magnetic particle processor (ThermoFisher).

Premixed TagMan assays were purchased from ThermoFisher
Scientific (4331182, Invitrogen, Carlsbad, California). Probes for
gene of interest (GOI) were labeled with FAM-MGB: CYP1Al
(Hs01054796_g1), CYP1A2 (Hs00167927_m1), CYP2B6
(Hs04183483_g1), CYP2C9 (Hs04260376_m1), and CYP3A4
(Hs00604506_m1); housekeeping gene ACTB (Hs01060665_g1) was
used for normalization of gene expression and was labeled with
VIC-MGB. The Bi-Plex reactions were set up using SuperScript III
Platinum One-Step qRT-PCR kit (11732020, Invitrogen) and per-
formed on a BioRad C1000 Touch Thermal Cycler with CFX-384
optics module (BioRad, Hercules, California). Each 10pl reaction
contains 2 ul of RNA, 5ul of reaction mix, 0.2 pl of SuperScript III
RT/Platinum Taq Mix, 0.5pul of 20x GOI, and Actb assay mix.
cDNA was synthesized for 15min at 50°C, followed by 95°C for
2min, then 40 cycles of 15s at 95°C for denaturation, 30s at 60°C
for annealing and extension. Delta CT was used for calculation of
relative expression for each GOI 2" (Actbcr-GOler), assuming
that the PCR is operating at 100% efficiency, which means the
amount of product doubles perfectly during each cycle for both
GOI and Actb.

Chemical treatments

Phenacetin (P294580; lot: 14-MWC-138-1; Toronto Research
Chemicals, Toronto, Canada), bupropion hydrochloride (B689625;
lot: 12-GHZ-18-1; Toronto Research Chemicals), and verapamil
hydrochloride (V125000; lot: 11-XJZ-55-1; Toronto Research
Chemicals) were first reconstituted in sterile DMSO (Sigma
Aldrich, D2650) at concentrations of 20 to 200mM as stock solu-
tions. To examine chemical metabolism by HepaRG microtissues
in the 2-chamber system, wells with or without HepaRG microtis-
sues with a total volume of 250-300 pl/well were treated with one
of the chemicals in HepaRG medium supplemented with MHPIT
at the following final concentrations and incubation times based
on prior published work (Hoekstra et al., 2013; Jackson et al., 2016;
Ramaiahgari et al., 2017; Tracy et al., 1999; Turpeinen et al., 2009;
Yeo and Yeo, 2001): phenacetin (125 uM for 24 h or 400 uM for 3 h),
bupropion (100 or 200 uM for 24 h, or 400 uM for 3h), verapamil
(20 or 30 uM for 24 h), testosterone (T1500, Sigma Aldrich; 200 uM
for 2h), or 7-ethoxycoumarin (E1379, Sigma Aldrich; 100 pM for
1h). The final DMSO concentration from the chemical treat-
ments was 0.2%. Reactions were quenched by placing plates
directly on ice, and plates remained on ice during the entire
medium and tissue collection. Medium was collected into 1.5ml
tubes, snapped frozen in liquid N,, and stored at —80°C until
analysis by LC-MS/MS. Tissues that remained in the agarose 2-
chamber system were then washed with 3 rounds of ice-cold PBS,
and transferred into 1.5 ml collection tubes with a wide bore pip-
ette tip. Tissues were then centrifuged at 600 x g at 4°C for
10min to remove most of the PBS prior to snap freezing in liquid

N,. Tissues were stored at —80°C until analysis by LC-MS/MS. We
acknowledge that verapamil being both a substrate
(VandenBrink and Isoherranen, 2010), and a moderate inhibitor
(Chen et al.,, 2011; Hanke et al., 2020) of CYP3A4 enzyme could
confound our evaluation of CYP3A4 enzyme function.

Liquid chromatography-mass spectrometry analysis to
evaluate metabolites

Liquid chromatography-mass spectrometry (LC-MS/MS) analyses
were completed in 2 separate sites: (1) Unilever, Sharnbrook,
United Kingdom; and (2) Corteva, Inc., Indianapolis, Indiana.

Unilever

Analytical standards of phenacetin, acetaminophen, bupropion,
hydroxybupropion, verapamil, norverapamil, testosterone, 6p-
hydrotestosterone, 5Sa-dihydrotestosterone, androstenedione,
acetaminophen-da, bupropion-ds hydroxubupropion-ds,
13C,-testosterone, 6B-hydroxytestosterone-ds, and Sa-dihydrotes-
tosterone-ds, were sourced from Merck (UK). Phenacetin-ds was
from Santa Cruz Biotechnology (USA). Verapamil-d; and
Norverapamil-d; were supplied by Toronto Research Chemicals
(Canada). Cell culture medium used to prepare standards and
QCs for LC-MS/MS analysis consisted of 435 ml Eagle’s minimum
essential medium (EMEM) (Gibco, UK), 50ml heat inactivated
fetal bovine serum (Gibco, UK), 5ml r-Glutamine (Sigma, UK),
5ml nonessential amino acids (Gibco, UK), and 5ml penicillin-
streptomycin (10 000 U/ml in normal saline) (Sigma, UK).

To quantify substrate and metabolite concentrations in
medium samples, 50 ul aliquots were mixed with 150 ul of work-
ing internal standard (deuterated analogs of each analyte, speci-
fied below) and centrifuged (3000 rpm for 5min) prior to LC-MS/
MS analysis. For tissue samples, the entire microtissue was quan-
titatively transferred to a homogenizer tube (Precellys CK-14-
2ml) containing ceramic beads. About 150l internal standard
and 100pl 75/25 (%, v/v) acetonitrile/water were added to the
tube which was processed on a Precellys-24 homogenizer in 2
10s bursts of 6400rpm with 30s resting in between bursts to
avoid overheating of samples and equipment. Samples were
cooled on ice, transferred to a suitable tube, centrifuged
(3000 rpm for 10 min), and then analyzed by LC-MS/MS.

LC-MS/MS analysis, to quantify substrate and metabolite con-
centrations in both medium and tissues, was carried out using
either a Waters Xevo TQ-S or Waters Xevo TQ-XS mass spec-
trometer connected to a Waters Acquity UPLC system.
Chromatographic separation was achieved using a Waters
Acquity BEH C18 (50 x 2.1mm, 1.7um particle size) column,
using a gradient from 0.1% formic acid (VWR) in water (Biosolve
Chimie, Dieuze, France.) to acetonitrile with a flow rate of 0.5ml/
min and a column temperature of 40°C. The MS was operated in
positive electrospray mode acquiring specific multiple reaction
monitoring (MRM) mass transitions optimized using analytical
standards.

Phenacetin and acetaminophen were analyzed using a gra-
dient from 100% 0.1% formic acid in water to 100% acetonitrile
between 0.2 and 1.6 min, holding at 100% acetonitrile for a fur-
ther 0.2min before returning to the starting conditions. MRM
mass transitions were as follows: acetaminophen: 152> 110;
acetaminophen-d4: 156 > 114; phenacetin: 180 > 138; and phena-
cetin-ds: 186>143. Calibration standards were prepared in
medium across the range 0.3-300 uM phenacetin and 0.01-10 uM
acetaminophen. The working internal standard solution con-
tained phenacetin-ds and 50 M and acetaminophen-d, at 1uM
in acetonitrile.
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For bupropion and hydroxybupropion, a similar LC gradient
was employed as for phenacetin and acetaminophen, except that
between 0.2 and 1.5min, the composition changed to 50% 0.1%
formic acid in water/50% acetonitrile before reaching 100% ace-
tonitrile at 1.6 min and continuing as before. The MS was set to
analyze MRM mass transitions as follows: bupropion: 240 > 131,
bupropion-des:  249>131; hydroxybupropion 256 >139; and
hydroxybupropion-ds: 262 >139. The calibration ranges were
0.15-150puM bupropion and 0.01-10uM hydroxybupropion in
media. The working internal standard solution contained bupro-
pion-ds and hydroxybupropion-dg each at 0.5 pM in acetonitrile.

Verapamil and norverapamil utilized an identical LC gradient
to that used for bupropion and hydroxybupropion. MRM mass
transitions were verapamil: 455> 165; verapamil-d;: 462 > 165;
norverapamil: 441 > 165; and verapamil-d;: 448 > 165. Calibration
ranges were 0.075-19.5 pM verapamil and 0.006-1.56 pM for nor-
verapamil with a working internal standard solution prepared in
acetonitrile which contained verapamil-d; and norverapamil-d;,
each at 0.005 mM.

For testosterone and metabolites, the LC gradient was held at
10% 0.1% formic acid in water/90% acetonitrile for 0.3 min before
ramping to 100% acetonitrile at 1.5min and holding for 0.3 min,
after which time the composition was returned to the starting
conditions. MRM transitions in positive electrospray ionization
(ESI) were as follows: Testosterone: 289 > 97; 6p-hydroxytestos-
terone: 305 > 269; Sa-dihydrotestosterone: 291 > 255;
androstenedione: 287 >97; 2Cs-testosterone: 292 >100; 6p-
hydroxytestosterone-ds: 308 >272; and 5o-dihydrotestosterone-
ds: 294 > 258. Additionally, although no analytical standard could
be sourced, a speculative MRM was included for testosterone
glucuronide: 465> 279. Calibration ranges were from 0.25nM
(testosterone and androstenedione) or 1.25nM (6B-hydroxytes-
tosterone and Sa-dihydrotestosterone) to 50nM (all analytes). A
working internal standard solution was prepared in acetonitrile
containing 13C,-testosterone, 6B-hydroxytestosterone-ds, and 5Sa-
dihydrotestosterone-ds; each at 1nM.

All calibration standards were analyzed at the beginning and
end of each analytical run and used to construct a calibration
graph of concentration versus peak area ratio (analyte/internal
standard) for each analyte. The concentrations in samples,
standards, QC samples (media fortified with analytes at 3 con-
centrations analyzed in duplicate) and blanks (media only) were
calculated from the calibration graph. For tissue samples,
because calibration standards were prepared in medium, the
concentration measured by LC-MS/MS was in puM (nmols/ml)
based on a 50-ul aliquot. This was converted to nmols per tissue
sample by dividing by 20.

Based on FDA (FDA, 2018) and ICH (ICH, 2022) guidelines,
standards with a measured concentration that deviated from
nominal by >20% were excluded from the calibration with a
maximum of 25% of standards rejected in order for results to be
accepted. Method performance was verified by the analysis of
independently prepared quality control samples prepared in
medium at 3 concentrations and analyzed in duplicate, quanti-
fied against the calibration, with the measured concentration in
at least 4 out of 6 (including at least 1 at each concentration)
being within 20% of nominal. Blank media analyzed with the
samples contained no significant interferences.

Corteva

Sample preparation was done using simple dilution 20 pul of sam-
ple that was diluted into 180 pl of 70/30 acetonitrile (A955, Fisher
Scientific)/water (W64, Fisher Scientific). A calibration curve was
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prepared in matrix and diluted to match the sample preparation.
The limit of quantification for each compound was as follows:
testosterone (standard: T-037, Cerilliant, Round Rock, Texas)
1ng/ml, 6p-hydroxytestosterone (standard: H-059, Cerilliant)
10ng/ml, 7-EC (standard: E1379, Sigma Aldrich) 100ng/ml, 7-HC
(standard: H24003, Sigma Aldrich) 5ng/ml, 7-HC glucuronide
(standard: SC-210617, ChemCruz, Dallas, Texas) 1ng/ml, acet-
aminophen (standard: 1003009, Sigma Aldrich) 5ng/ml, and phe-
nacetin (standard: 77440, Sigma Aldrich) 5ng/ml.

An Agilent 1290 Infinity II ultra-high-performance liquid chro-
matography (UHPLC) instrument was connected to an Agilent
6495A mass spectrometer for LC-MS/MS analysis. The UHPLC sys-
tem consisted of Agilent 1290 Infinity II binary pump, Agilent dual
needle multisampler, and Agilent column compartment. The col-
umn used was a Phenomenex Luna Omega 3 pm Polar C18 100°A,
3 x 100mm, 3pm particle size (00D-4760-Y0, Phenomenex).
Acetonitrile with 0.1% formic acid (LS120, Fisher Scientific) and
water with 0.1% formic acid (LS118, Fisher Scientific) and 0.25 mM
ammonium fluoride (2160211, Sigma Aldrich) were the mobile
phases used. The flow rate was set to 700 ul/min, the autosampler
was set to 10°C, and the injection volume used was 5ul. The sam-
ple analysis used a gradient separation starting at 20% B and
increased to 40% over 10 min and then to 75% over 2 min and then
to 95% over 0.1 min. The gradient was then held at 95% B for 2min
returned to 20% over 0.1min and held for 2 min to equilibrate the
column for the next injection.

The mass spectrometer parameters were optimized for this
analysis using ESI. Nitrogen drying gas was set at 161/min and
250°C. The sheath gas temperature was set to 275°C with a flow
of 121/min. The nebulizer flow rate was optimized to be 60 psi,
and the ion funnel parameters were 100 HRF 80 LRF in both posi-
tive and negative modes. The capillary voltage was set to 5500V
in positive mode and 3000V in negative mode. Nozzle voltage in
positive mode was 2000 and 500V in negative mode. The collision
energies (CE) were optimized for each MRM. All analytes ana-
lyzed in positive mode. The MRMs and CEs used for each analyte
were: testosterone 289.2-108.9 CE24, 6B-hydroxytestosterone
305.2-269.1 CE12, 7-EC 191.1-163.0 CE28, 7-HC 163.0-107.1 CE35,
7-HC Gluc 339.0-163.0 CE12, acetaminophen 152.1-110.0 CE14,
and phenacetin 180.1-110.0 CE 20.

All standards were analyzed at the beginning of the analytical
run after a blank matrix sample. A calibration curve was con-
structed from the analysis of these standards using concentra-
tion versus peak area. A minimum of 5 calibration points were
used for the construction of the calibration curve. The concentra-
tions of the standards, samples, and QC samples were calculated
from the calibration curve.

Standards that deviated by more than 20% were excluded
from the calibration curve, based on FDA (FDA, 2018) and ICH
(ICH, 2022) guidelines. To ensure method performance, a mini-
mum of 2 QC levels prepared independently of the standards in
triplicate were used. The acceptance criteria for the QC samples
that they must be within 20% of the nominal value. At least 1 QC
for each level must be within 20% of nominal and a minimum of
75% of the QCs must pass to ensure the calibration was accurate.
QCs were analyzed throughout the run to ensure the method per-
formance was consistent. Blank matrix and blank diluent sam-
ples were analyzed throughout the run to ensure there were no
interferants or carryover present.

Histology and immunohistochemical analyses

Medium was removed from each well, then 200 pl of 10% neutral
buffered formalin (427098, ThermoFisher) was added to each
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well to fix the HepaRG microtissues for 30 min, followed by 3 10-
min incubations with 200ul of 1x PBS. The PBS was then
removed and replaced with 200l of 70% ethanol per well then
stored at 4°C. The gels were capped with molten but cooled 2%
agarose, embedded in paraffin, sectioned (5pm), stained with
hematoxylin and eosin (H&E) for general morphology. H&E-
stained slides were scanned with the Aperio digital pathology
slide scanner (Leica Biosystems Inc, Buffalo Grove, Illinois) or
with the Olympus VS200 Slide Scanner (Olympus Life Science,
Waltham, Massachusetts) for morphological analysis.

Slides were also immunostained for albumin (ab2406, Abcam,
Cambridge, Massachusetts), asialoglycoprotein receptor (ASGR2)
(no. 13908, SinoBiological, Wayne, Pennsylvania) for glycoprotein
uptake, Phase I cytochrome P450 (CYP3A4) (ab124921, Abcam)
enzyme, and multidrug resistance-associated protein 2 (MRP2)
(Abcam, ab187644) transporter for biliary excretion on a Ventana
Discovery Ultra automated IHC/ISH research slide staining sys-
tem (Roche Diagnostics, Indianapolis, Indiana) and counter-
stained with hematoxylin (no. 760-2021, Roche Diagnostics,
Indianapolis, Indiana). A set of slides were stained using the
Periodic acid-Schiff (PAS) (no. 9162B, Newcomer Supply,
Middleton, Wisconsin) stain with or without diastase (alpha-
amylase) enzyme (no. 1905B, Newcomer Supply). H&E-stained
slides were scanned with an Aperio digital pathology slide scan-
ner (Leica Biosystems Inc, Buffalo Grove, Illinois) or with an
Olympus VS200 Slide Scanner (Olympus Life Science, Waltham,
Massachusetts) for morphological analyses. Immunostained and
PAS-stained slides were mounted with Polymount-Xylene
(Polysciences, Inc., Warrington, Pennsylvania) and a glass cover
slip. Mounted slides were imaged on a Leica DM5000B upright
microscope equipped with a Leica DFC 7000T camera (Leica
Microsystems) using LAS X software (version 3.7.4.23463).

Transmission electron microscopy

Microtissues were fixed in 1ml 3% glutaraldehyde (no. 18436,
Ted Pella, Redding, California) in 100 mM cacodylate buffer (no.
11652, Electron Microscopy Sciences) at room temperature (RT)
for 1h, then stored at 4°C. Microtissues were washed in cacody-
late buffer and post-fixed in 1% osmium textroxide solution (no.
18463, Ted Pella), 0.3g potassium ferricyanide (no. P232-500,
Fisher Scientific) in deionized water. Samples received micro-
wave treatment (150 W x 1 min, 0 W x 1 min-10 cycles) using a
Pelco BioWave and then were placed on a rocker for 35min at RT.
Samples were rinsed in MilliQ water, then 1% uranyl acetate sol-
ution (no. 22400, Electron Microscopy Sciences) was added to
each vial (1ml), and samples were placed on a rocker for 1h in
the dark. Samples were rinsed in MilliQ water and stored at RT
overnight. Samples were dehydrated with a graded ethanol series
at RT with continuous slow rotation at 4°C, and then infiltrated
in a graded series of LR white resin (Polysciences, no. 17411-500)
in ethanol at 4°C with continuous slow rotation. Individual
microtissues were moved to flat-bottomed polyethylene capsules
(TAAB, EMS) and polymerized at 50°C for 3h. These flat-
bottomed blocks were trimmed to a pyramidal shape with a
Leica EM TRIM2, and then faced with a dry diamond knife on a
Leica UC7 ultramicrotome. Thin sections (500 nm thick) made
with a diamond knife on a Leica UC7 ultramicrotome and were
collected onto poly-L lysine coated ITO slides (no. CG-811N-S115,
Delta Technologies, Loveland, Colorado). Slides were observed
and imaged with a ThermoFisher Apreo S scanning electron
microscope.

Human albumin and fibrinogen production

To evaluate human albumin and fibrinogen production by
HepaRG microtissues, medium was collected into 1.5ml protein
LoBind Protein tubes (0030108442, Eppendorf, Hamburg,
Germany) at selected time points, snapped frozen in liquid N,
and stored at —80°C until analysis. Human albumin production
was evaluated using a human albumin ELISA Quantitation Kit
(E80-129; Bethyl, Montgomery, Texas) according to the man-
ufacturer’s protocol. Human fibrinogen production was eval-
uated using a human fibrinogen ELISA kit (ab241383; Abcam,
Cambridge, United Kingdom) according to the manufacturer’s
protocol. Medium samples were first diluted 50-125 folds with
assay reagent prior analysis. Human albumin production per
well was represented in ng/day, or in pg per day per cell based on
the number of cells seeded initially. Human fibrinogen produc-
tion per well was represented in pg per day.

Agarose adsorption

To investigate the potential adsorption of albumin by the agarose
component in our 2-chamber coculture system, human albumin
(ab205808; lot: GR3392999; Abcam, Waltham, Massachusetts)
spiked MHPIT medium was added to wells with or without agar-
ose to achieve a final concentration of 1.8, 3.5, or 6.5ng/ml,
which are within the range of albumin production by our
HepaRG microtissues that have been matured in MHPIT for
10days. Plates were placed in an incubator at 37°C with 5% CO,
for 24h, then medium was collected into 1.5ml tubes, snapped
frozen using liquid N, and stored at —80°C until analysis by
ELISA.

To investigate the potential adsorption of phenacetin by the
agarose in our 2-chamber coculture system, phenacetin
(P294580; lot: 14-MWC-138-1; Toronto Research Chemicals,
Toronto, Canada) spiked MHPIT medium was added to wells with
or without agarose to achieve a final concentration of 125uM.
Plates were placed in an incubator at 37°C with 5% CO, for 24h,
then medium was collected into 1.5ml tubes, snapped frozen
using liquid Nj and stored at —80°C until analysis by LC-MS/MS.

Chemical diffusion

To examine phenacetin and acetaminophen diffusion in the 2-
chamber coculture system, HepaRG microtissues after 10days of
maturation in MHPIT were incubated in phenacetin (final
concentration =125puM) for 1, 4, or 24h. The distance between
the center of the toroid well to the bottom of the center target
well is less than 3mm. The incubation times were selected to
gain a comprehensive understanding of solute distribution over
time in our system, and the theoretical times for glucose to dif-
fuse in solution (approximately 1.3h over 3mm) versus 2% agar-
ose (approximately 1.8h over 3mm) (Lundberg and Kuchel,
1997). Reactions were quenched by placing the plates directly on
ice. Plates remained on ice during the entire medium collection
using 2 different methods: (1) only the top layer of medium
(approximately 75 ul) per well was collected and transferred into
a 1.5ml tube; or (2) all medium including the HepaRG microtis-
sues per well (approximately 165pl) were collected and trans-
ferred into a 1.5-ml tube. The tubes were centrifuged at 600 x g
at 4°C for 10min, then medium was transferred to a new 1.5ml
tube. Tubes with medium were then snapped frozen using liquid
N, and stored at —80°C until analysis by LC-MS/MS.
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Two-chamber coculture system with human liver and AR-
CALUX cells

We investigated the effects of human liver metabolism on
testosterone-mediated activation of the androgen receptor (AR)
by coculturing HepaRG cells as 3D microtissues in the ring-
shaped trough, and the AR-CALUX reporter cells in the 2D target
chamber, in our 2-chamber coculture platform. NoSpin-
differentiated HepaRG cells were thawed and seeded into the
ring-shaped trough of the agarose 2-chamber system at 50 000
cells in 25ul per well, or with just 25 pl media as the no liver
metabolism control, and cultured as described above with con-
stant rotation (36 rpm). About 100-150 pl of medium was changed
with Williams E medium supplemented with MHPIT on day 1 and
every 48h for 10days. About 10days post-seeding of HepaRG
cells, 140 pl medium was removed from each of the wells, with
the remaining media in the central chambers removed by aspira-
tion. About 16 000 U20S AR-CALUX cells were then seeded into
the central chamber of the agarose 2-chamber system in a vol-
ume of 15ul MHPIT media. After 10min of allowing the AR-
CALUX cells to settle to the bottom of the well onto the 2D sur-
face, 140pul of MHPIT media was added into each of the wells,
covering both compartments within a well. Plates were returned
into the incubator and cultured with constant rotation (at
36 rpm) overnight. One day after the seeding of AR-CALUX cells,
100 pl of media per well were replaced 100 ul MHPIT media spiked
with either 10, 30, 100, and 1000 nM testosterone (T), or the no T
vehicle control. The 2-chamber coculture system was incubated
in the presence or absence of T for 24h with constant rotation
(36rpm). After this 24-h incubation, the medium was collected
from each of the wells for LC-MS/MS analysis by Unilever. The
agarose hydrogels with or without the HepaRG 3D tissues were
removed using a pipette tip, leaving only the AR-CALUX cells on
the bottom of the each of the wells. The cells were washed with
150pl of 1:1 PBS: millipore water solution and lysed with 30pl
lysis mix per well (cat. no.. 26; BDS, Amsterdam, The
Netherlands). The plates were placed on a plate shaker at
300rpm for 30 min, then transferred to into the Synergy H1
Hybrid Multimode (HIMM) Microplate Reader (BioTek
Instruments, Inc., Vermont), where 100 pl of the Illuminate mix
(cat. no.: 35; BDS) was automatically added to each well and
luminescence was measured. Five independent studies were exe-
cuted with 6 technical replicates per group.

Statistical analysis

SAS 9.4 software was used for statistical analyses. Data are pre-
sented as mean + SD. N =3-15 per group for all experiments. All
data were first examined for equal variance and for normality
using the Shapiro-Wilk test. Student’s 2-sided t test or 1-way
ANOVA with post hoc Tukey HSD Test, or their nonparametric
equivalents, were used to evaluate the effects of different matu-
ration times and medium supplements on HepaRG 3D microtis-
sues gene expression and functions, as well as the differential
AR-CALUX activation and testosterone metabolism in the pres-
ence or absence of HepaRG 3D microtissues. Statistical signifi-
cance was setatp < .05.

Results
Design and fabrication of the 2-chamber systems (3D-3D
and 3D-2D) in a 96-well plate format

A 2-chamber coculture system in a higher throughput 96-well
format was designed and fabricated for the determination of
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toxicity on target tissues in the presence of physiologically rele-
vant human liver metabolism (Figure 1). The hydrogel system
within a single well consisted of an outer ring-shaped trough to
culture human liver cells as 3D microtissues, and a central well
to house target cells in 2D or 3D.

Two-chamber coculture system was effective in culturing 2
different cell types for live-cell confocal imaging with
minimal cross-over between chambers

We utilized 2 types of fluorescently tagged prostate cells (epithe-
lial cells genetically labeled with RFP; stromal cells genetically
labeled with EGFP) to demonstrate the efficacy of our 2-chamber
coculture system in successfully culturing cells in 2D or 3D in
their respective chambers with minimal cross-over of cell types
over time (Figure 2A), and to illustrate that the 3D microtissues
can be effectively visualized in 3 dimensions using confocal
microscopy. Figures 2B and 2C illustrate that both cell types suc-
cessfully formed 3D tissues in the 3D-3D 2-chamber coculture
system that are stable over time, and with minimal cross-over of
cell types. Figure 2C also shows that the size of the 3D target
microtissue changed with cell seeding density, suggesting the
system’s ability to modulate target size by simply adjusting the
number of cells seeded. When cells were concurrently cultured
as 3D microtissues in the ring-shaped trough and as a 2D mono-
layer (3D-2D coculture system), the cells remained viable over
time. There was little migration of prostate epithelial cells
(Figure 2D of 2 representative wells, 2F—top panels) compared
with prostate stromal cells (Figure 2E of 2 representative wells,
2F—bottom panels) cultured in the 2D target chamber, reflecting
the proliferative and migratory mesenchymal nature of prostate
stromal cells as compared with epithelial cells (Franco et al,
2011). Two-dimensional prostate epithelial cells exhibit more
consistent cell morphology (D—left vs right panels, F—top-left vs
top-right panels) than the 2D prostate stromal cells are highly
variable in size and shape (E—left vs right panels, F—bottom-left
vs bottom-right panels). The microtissues were readily imaged by
confocal microscopy using 5um z-stacks to render reconstructed
microtissues in 3D (Figure 2G).

Optimization of seeding density and cell-to-medium ratio

To engineer a 2-chamber liver-organ coculture model for the
determination of toxicity on target tissues in the presence of
human liver metabolism, the liver compartment of this coculture
system needs to generate human-relevant metabolites in physio-
logically relevant concentrations, and that the target tissues/cells
can be exposed to the metabolites in these relevant concentra-
tions. The current “gold standard” for evaluating human liver
metabolism in vitro is to expose chemicals to PHHs in suspension,
in a cell density of 0.2-1 hepatocyte per nl of medium (Jackson
etal., 2016; Smith et al., 2012).

We examined seeding densities from 25 000 to 200 000 cells/
well to cover a range of cell-to-media ratios from approximately
0.1 to 0.8 cells/nl of medium. Using live-cell brightfield imaging
(Figure 3A), morphological analysis with H&E staining
(Supplementary Figure 1), and evaluating albumin production
using ELISA (Figure 3B). Increasing cell number decreased albu-
min secretion on a per cell basis, thus we concluded that seeding
densities greater than 100 000 cells/well were too high to main-
tain optimal viability and liver function. At seeding densities of
100 000 cells/well or greater, there was a significant decline in
albumin production per cell, and increased cell death seen in
H&E-stained sections. We evaluated the expression of liver bio-
markers (albumin, ASGR2, CYP3A4, MRP2, and glycogen) by
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Figure 2. The 2-chamber systems allow the culture of 2 different cell types isolated within their separate compartments. Experimental timeline for
examining coculture capability of the 2-chamber system (A). Prostate stromal (RFP; yellow) and epithelial (EGFP; green) cells form 3D tissues that are
stable over time with minimal cross-over of cell types (B, C). The size of the 3D spheroid target microtissue can be modulated by changing the number
of cells seeded (C). Prostate stromal and epithelial cells successfully form both 3D tissues and 2D monolayers of cells with minimal cross-over of cell
types (D, E; 2 representative wells). Two-dimensional prostate epithelial cells exhibit consistent cell morphology (D—left vs right panels, F—top-left vs
top-right panels), whereas 2D prostate stromal cells are highly variable in size and shape (E—left vs right panels, F—bottom-left vs bottom-right
panels). Three-dimensional tissues are readily imaged by confocal microscopy in the x, y, and z planes (G).
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Figure 2. Continued.

immunohistochemistry (Supplementary Figure 2), gene expres-
sion (Figure 3C) of 5 hepatic Phase I enzymes (CYP1A1, CYP1A2,
CYP2B6, CYP2C9, and CYP3A4), and metabolic functions of Phase
I/Il enzymes (Figure 3D; CYP1A2: phenacetin — acetaminophen;
CYP3A4: testosterone — 6B-OH-testosterone; CYP1A2 and Phase
IT uridine diphosphate-glucuronosyl transferase [UGT]: 7-ethoxy-
coumarin — 7-hydroxycoumarin glucuronide). The measure-
ment of medium levels of 7-hydroxycoumarin glucuronide (7-
HCG) in 7-ethoxycoumarin (7-EC)-treated HepaRG microtissues
was used to evaluate the combined function of CYP1A2 and UGT
enzymes, where tissues exposed to 7-ethoxycoumarin (7-EC) is
first metabolized to 7-hydroxycoumarin (7-HC) by CYP1A2 (not
measured), and 7-HC is subsequently metabolized to 7-hydroxy-
coumarin glucuronide (7-HCG) by UGT (Sudo et al., 2017). These
results indicated that 50 000 cells/well was an optimal seeding
density for this coculture system, a cell-to-medium ratio of
approximately 0.2 cells/nl. Figure 3E shows live-cell brightfield
images and the cross-sectional area measurements of microtis-
sues (arrows) formed with 50 000 HepaRG cells, which remained
stable and compacted over the course of 17days. Prior work
showed that culturing HepaRG cells in 3D required a minimum
of 10days in culture for recovery/differentiation to reach a steady

Representative Well 2
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state in metabolic functions (Jackson et al., 2016; Ramaiahgari
et al., 2017). Microtissues of 10-day old HepaRG microtissues at
50 000 cells/well were characterized using various liver-relevant
biomarkers (Figure 3F) and transmission electron microscopy
(Figure 3G).

HepaRG 3D microtissue Phase I CYP gene expression, and
Phase I/II enzyme function

We executed a time-course experiment to elucidate how hepatic
Phase I CYP gene expression and metabolic function of HepaRG
microtissues in the 2-chamber system were modulated over
17 days of maturation when cultured in MHPIT. HepaRG cells
were cultured in the ring compartment for 3, 6, 10, or 17 days
prior to tissue collection for RNA extraction (Figure 4A), or to tis-
sue exposure to model compound to evaluate function of
CYP1A2 (Figure 4B), CYP2B6 (Figure 4C), CYP3A4 (Figure 4D), and
the combination of CYP1A2 and UGT enzymes (Figure 4B). The
relative gene expression of Cyp enzymes in day 10 HepaRG micro-
tissues followed a similar pattern as the relative abundance of
CYP enzymes in human hepatic tissues (Pelkonen et al., 2008):
Cyp3A4 > Cyp2c9 > Cypla2 >= Cyp2b6. Maturation time modu-
lated the gene expression of Phase I enzymes; Cyplal and Cypla2
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Figure 3. Optimization of HepaRG seeding densities in 2-chamber systems. Seeding densities of HepaRGs from 25 000 to 200 000 cells per well were
examined in the 2-chamber systems. A, Representative live cell brightfield images showing HepaRG cells forming 3D microtissues during culture in the
2-chamber system for 0, 3, 6, and 10days. B, Graphical representation of total albumin secreted per day (ng) and the corrected secreted albumin per
number of cells initially seeded (pg/d) after 10 days of maturation, showing that increasing cell seeding density decreased albumin secretion on a per
cell basis. C, Decline in hepatic Phase I CYP enzyme gene expression of HepaRG 3D microtissues matured for 10 days when the initial seeding density
increased from 50 000 to 75 000 cells per well. D, Decline in hepatic Phase I/Il enzyme function of HepaRG 3D microtissues matured for 3days
(phenacetin) or 10 days (testosterone; 7-ethoxycoumarin) when the initial seeding density increased from 25 000 or 50 000 to 75 000 cells per well. E,
Representative brightfield images of HepaRG 3D microtissues at an optimal seeding density of 50 000 cells per well-formed stable 3D microtissues
(arrows) that compacted over the course of 17 days, as indicated by the decline in cross-sectional area of the brightfield imaged tissues. F, HepaRG
microtissues (day 10) were formalin-fixed, paraffin-embedded and sectioned for histological analyses. Hematoxylin and eosin (H&E) staining shows
HepaRG cells in 3D microtissues have abundant cytoplasm. Immunohistochemical staining (in brown) reveals tissue expression of albumin,
asialoglycoprotein receptor (ASGR?2) for glycoprotein uptake, Phase I cytochrome P450 (CYP3A4) enzyme, and multidrug resistance-associated protein 2
(MRP2) transporter for biliary excretion. Periodic acid-Schiff (PAS) stain with or without diastase enzyme that breaks down glycogen supports that
HepaRG microtissues synthesize and store glycogen. G, Transmission electron microscopy (scale bar =2 um) showing characteristic features of mature
hepatocytes; the inset is a higher magnification the tight junctional apparatus associated with the bile canaliculus. BC, bile canaliculus; M,
mitochondria; Mv, microvilli; N, nucleus; PM, plasma membrane; TJ, tight junction; UGT, Phase II uridine diphosphate-glucuronosyl transferase; 7-
HCG, 7-hydroxycoumarin glucuronide.
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Figure 3. Continued.

gene expression peaked on day 3, then declined over time.
Cyp2b6 gene expression peaked on day 6, and Cyp2c9 and Cyp3a4
gene expression increased incrementally over the course of
17 days. However, CYP enzyme function did not necessarily cor-
respond with gene expression.

Zonation-like characteristics of HepaRG microtissues can be
modulated by medium conditions

Mature mammalian liver exhibits zonation to maintain optimal
metabolic homeostasis, with general metabolic functions

enhanced in the periportal zone and greater metabolism of drugs
and xenobiotics in the perivenous zone (Lindros, 1997; Oinonen
and Lindros, 1998; Torre et al., 2010). This study demonstrated
that HepaRG microtissues in the 2-chamber system recapitulates
an in vivo-like zonation xenobiotic metabolism simply by matur-
ing in different medium supplements that have varying amounts
of DMSO (MHTAP, 0%; MHPIT, 0.5%; MHMET, 1.67%). HepaRG
microtissues in the 2-chamber system demonstrated increasing
Phase I xenobiotic gene expression (Figure 5A) and enzyme func-
tion (Figure 5B), as well as CYP3A4 protein expression (Figure 5C),
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Figure 4. HepaRG 3D microtissue gene expression and function are dependent on the time of HepaRG maturation. Gene expression relative to
housekeeping gene p-actin (A). Metabolic function (B-D) of hepatic Phase I/Il enzymes in HepaRG 3D microtissues that have matured in the ring trough
for 3, 6, 10, or 17 days. CYP1A2, CYP2B6, CYP3A4, and the combined CYP1A2 + UGT functions were evaluated by incubating HepaRG 3D microtissues
with phenacetin (125 pM for 24 h), bupropion (100 uM for 24 h), verapamil (20 uM for 24 h), testosterone (200 uM for 2 h), or 7-ethoxycoumarin (100 pM for
1h), respectively. Data = mean = SD. Student’s t test and 1-way ANOVA with post hoc Tukey HSD test, or their nonparametric equivalent, were used to
examine statistical significance between maturation days. Bars that do not share the same letters are significantly different (p value < .05). 7-HCG, 7-
hydroxycoumarin glucuronide; UGT, Phase II uridine diphosphate-glucuronosyl transferase.

with increasing DMSO. The opposite pattern is true for the  Agarose did not alter medium constituent concentration or
expression of proteins involved in general metabolism, where chemical diffusion
increasing DMSO decreased total albumin (Figure 5D) and fibri-

; ) For the liver 3D microtissues in the 2-chamber system to effec-
nogen (Figure 5E) production.

tively metabolize chemicals and expose target cells, free
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Figure 5. HepaRG microtissues can recapitulate an in vivo-like zonation of nitrogen and xenobiotic metabolisms by maturing in medium supplements
with varying amounts of DMSO. Gene expression relative to housekeeping gene p-actin (A). Metabolic function of hepatic Phase I CYP enzymes (B),
CYP3A4 protein expression by immunohistochemistry (C). Levels of human albumin (D) and fibrinogen (E) protein synthesis by ELISA. HepaRG 3D
microtissues were matured in the ring trough for 10 days in MHTAP, MHPIT, or MHMET medium. CYP1A2, CYP2B6, and CYP3A4 function was evaluated
by incubating HepaRG 3D microtissues with phenacetin (125 uM for 24 h), bupropion (100 uM for 24 h), verapamil (20 pM for 24 h), respectively. HepaRG
microtissues were formalin-fixed, paraffin-embedded, and sectioned for immunostaining analyses. Data = mean + SD. One-way ANOVA with post hoc
Tukey HSD test, or their nonparametric equivalent, were used to examine statistical significance between maturation days. Bars that do not share the

same letters are significantly different (p value < .05).

diffusion throughout the well is required. To address this prop-
erty of the platform, human albumin (Figs. 6A and 6B) or phena-
cetin (Figs. 6C and 6D) spiked medium was incubated in wells

with or without agarose in identical final concentrations for 24 h.
No alteration of medium albumin or phenacetin concentration
was observed. Furthermore, to test the diffusivity of compounds
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Figure 6. The agarose mold did not alter medium constituent concentration. A, Diagram of the experimental design for examining whether agarose
alters albumin concentration. B, Albumin concentrations with or without agarose in the platform are comparable after 24 h of incubation with
albumin-spiked medium at 3 different final concentrations. C, Experimental design for examining whether agarose alters phenacetin concentration. D,
Phenacetin concentrations of wells with or without the agarose in the platform were similar after 24 h of incubation with phenacetin-spiked medium

at a final concentration of 125 uM.

in the platform, HepaRG microtissues were incubated in medium
with phenacetin (final concentration at 125uM) for 1, 4, or 24h,
and the acetaminophen medium concentration in the top layer
of the well was compared with that of the whole well (Figure 7A).
Regardless of medium collection method, medium acetamino-
phen (Figure 7B) concentrations were comparable for each of the
3 incubation times.

HepaRG 3D microtissue metabolized testosterone and
reduced testosterone-mediated activation of androgen
receptor

To demonstrate the efficacy of this 2-chamber coculture model
in testing drug/chemical toxicity on target tissues with human
liver metabolism, we executed a proof-of-concept experiment by
coculturing HepaRG 3D microtissues that were matured for
10days with AR-CALUX reporter cells as the target to investigate
the effects of human liver metabolism on testosterone (T)
(Figure 8A), and the associated activation of AR. We cocultured
the 10-day matured HepaRG microtissues with AR-CALUX for
24h in the absence or presence of testosterone at 4 different
physiologically relevant doses (10, 30, 100, or 1000nM). Our
coculture data showed that HepaRG 3D microtissues signifi-
cantly reduced activation of AR-CALUX cells at all doses of T
examined (Figure 8B). LC-MS/MS analysis of the cocultured
media showed that the presence of HepaRG microtissues

significantly reduced media testosterone concentrations at all 4
doses of testosterone (Figure 8C, top). The percentage of testos-
terone being metabolized by HepaRG microtissues was approxi-
mately 50% of the starting testosterone doses (Figure 8C,
bottom). Correspondingly, the presence of HepaRG microtissues
significantly increased media androstenedione concentrations to
approximately 17% of the starting testosterone doses (Figure 8D).
The AR-CALUX luminescence had a linear relationship to the log
of the testosterone media concentrations without HepaRGs as
determined by LC-MS/MS (R? = 0.9401). 6B-hydroxytestosterone
was below the limit of detection of 5nM for all testosterone doses
tested. Dihydrotestosterone was not produced in measurable
amounts by HepaRG microtissues. We observed the potential
presence of testosterone glucuronide in our LC-MS/MS chromato-
grams (Supplementary Figure 3).

Discussion

Chemicals and drugs can undergo metabolism in hepatic and
peripheral tissues and generate metabolites with altered activ-
ities and toxicities on biological targets as compared with their
parent compounds. Therefore, adding human metabolic capabil-
ities to in vitro assays is an important need to decrease uncer-
tainty as new approach methodologies are developed for
regulatory decision making.
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To address this need, we engineered a 2-chamber liver-organ
coculture model in a higher-throughput 96-well format for the
determination of toxicity on target tissues in the presence of
human liver biology and metabolism. This system made of 2%
agarose hydrogel consists of a ring-shaped outer trough for cul-
turing human liver cells in 3D surrounding a center well for cul-
turing the biological target of choice. We introduced hepatic
metabolic capacity by culturing human hepatoma HepaRG cells
(Gripon et al., 2002) as 3D microtissues in contrast to other cocul-
ture systems with hepatic metabolism for the following reasons:
(1) to overcome the limitations of using PHH (Chao et al., 2009;
Godoy et al., 2013; Jackson et al., 2016; Mitaka, 1998; Nyberg et al.,
1994; Ozawa et al., 2000; Parkinson, 1996) and liver slices (Miller
et al., 1993; Vickers et al., 1992), including donor-to-donor variabil-
ity (Ozawa et al., 2000; Parkinson, 1996), and the rapid de-
differentiation of PHH cultured in suspension (Jackson et al.,
2016); (2) to better recapitulate liver biology than using liver-
derived or genetically engineered cell lines expressing biotrans-
formation enzymes (Bull et al., 2001; Clarke, 1998; Hashizume
et al., 2009; Schmalix et al., 1996) and subcellular fractions (eg, S9)
(Bimboes and Greim, 1976; Charles et al., 2000; Cox et al., 2016;
Taxvig et al, 2011; van Vugt-Lussenburg et al, 2018); (3) 3D
HepaRG has improved metabolic function over 2D HepaRG cul-
ture (Ramaiahgari et al., 2017) with stable hepatic phenotypes (eg,
liver enzyme induction, albumin production, and biliary excre-
tion) lasting up to 60days (Ramaiahgari et al., 2017; Takahashi
et al., 2015; Yokoyama et al., 2018), and (4) HepaRG microtissues
can represent both Phase I and II of hepatic metabolism in long-
term culture, thus overcoming the limitations of S9 done without
Phase II cofactors that can potentially increase false-positive out-
comes of parent compounds by exacerbating the effects of reac-
tive intermediates generated by Phase I oxidation alone, and its

short metabolic activities of up to 2 h (Bimboes and Greim, 1976;
Cox et al., 2016; Taxvig et al., 2011).

Our 3D HepaRG microtissues had robust protein expression of
liver biomarkers (albumin, ASGR2, CYP3A4, MRP2, and glycogen),
exhibited ultrastructure of bile canaliculi with microvilli, tight
junctions, and abundant mitochondria that illustrated the func-
tional maturity of these human hepatocytes. Importantly, 3D
HepaRG microtissues displayed hepatic Phase I/II metabolism
over the course of 17 days that plateaus at day 10. Interestingly,
our liver tissues exhibited hepatic zonation metabolic character-
istics by maturing the tissues in different HepaRG medium sup-
plements. Mature mammalian liver displays metabolic zonation
within the hepatic microcirculatory unit called the acinus
(Lindros, 1997; Oinonen and Lindros, 1998; Torre et al., 2010). The
periportal zone exhibits greater general metabolism including
oxidative energy metabolism, gluconeogenesis, fatty acid oxida-
tion, and cholesterol synthesis, whereas the perivenous zone has
higher Phase I xenobiotic metabolism (Lindros, 1997; Oinonen
and Lindros, 1998; Torre et al.,, 2010). Despite not capturing the
oxygen tension changes across the liver zones, our method of
modulating HepaRG microtissue zonation may ease the chal-
lenges in elucidating how environmental agents can impact hep-
atic zonal metabolism, hepatoxicity, and their effects on target
tissues using in vitro systems (Ahn et al., 2019; Gough et al., 2021;
Kang et al, 2018; Ma et al, 2020; McEnerney et al, 2017,
Scheidecker et al., 2020; Wahlicht et al., 2020).

The integration of liver metabolism with targets could be
accomplished by different techniques including (1) the transfer-
ring of chemical-spiked medium that was preincubated with
hepatocytes to targets; (2) coculture techniques (eg, microsomal
fractions with target cells, transwell, organ-on-a-chip) (Li et al.,
2012, 2016; Mollergues et al., 2017); and (3) genetically engineered
cells that act simultaneously as both indicators of toxicity and

$20Z YoJel\ 90 uo Jesn Ateiqr yn usbuiuabepy Aq ZESH09.2/8 1L 02BIN/19SX0Y/EE0 L 0 | /I0P/3|91LEB-80UBAPE/IDSX0)/W02 dNo"dIWapeae//:sdijy Woll papEojuMO(]



16 | Human Liver Microphysiological Coculture System

A
' /@} HSD1782 ~L
» Gamnng, "
~ - NS
| " ] | & H
N N FN\F N
Androstenedione estosterone
UGT2B17 CYP3A4
F | 5
08 b ~L
Testosterone-glucuronide 68-OH Testosterone
Cc
Compound measured: Testosterone HepaRG
§ _ * - - - .N
§ 1000 - WY
g = =
§g o T S

0 10 30 100 1000
Testosterone Dose (nM) / Cells

»

% Testosterone
Dose
8 o 8

—a— - qui $
60 T . 3 .
0 10 30 100 1000
Testosterone Dose (nM)

14000 * - * * HepaRG
HN
2 12000 : |y
2 ) N
4 - IE22Y|
3 10000
= :
£ : x
8000 3
g :
,é 6000 : .
= B
3 4000 .
' — -
© .
D -
= 2000 - e
0 [ESS—
N Y NY N Y NY NY
0 10 30 100 1000
T(nM) / HepaRG
. Compound measured: Androstenedione HepaRG
§_1‘"‘(" . * . . BN
2 X a
£ 8 15‘9’ = WY
is ' o=l
03 +

0 10 30 100 1000
Testosterone Dose (nM) / Cells

0 10 30 100 1000
Testosterone Dose (nM)

Figure 8. HepaRG 3D microtissues metabolized testosterone and reduced testosterone-mediated activation of androgen receptor (AR). Simplified
metabolic pathway of testosterone biotransformation in the liver (A). Mean luminescence minus baseline of AR-CALUX reporter cells cocultured with
or without HepaRG 3D microtissues after incubation with testosterone (T) at 0, 10, 30, 100, or 1000 nM for 24 h (B). Mean media testosterone
concentration in nM (top) of wells with or without HepaRG 3D microtissues after incubation with testosterone (T) at 0, 10, 30, 100, or 1000 nM for 24 h,
and as % of starting testosterone doses (bottom) in wells with HepaRG (C). Mean media androstenedione concentration in nM (top) of wells with or
without HepaRG 3D microtissues after incubation with testosterone (T) at 0, 10, 30, 100, or 1000nM for 24 h, and as % of starting testosterone doses
(bottom) of wells with HepaRG (D). Data = mean + SD. Student’s t test was used to examine statistical significance for the effects of HepaRG on AR-
CALUX activation and compounds in media measured by LC-MS for each of the 4 doses independently. * p < .05. CYP3A4, cytochrome P450 family 3
member A4; HSD17B2, 17p-hydroxysteroid dehydrogenase 2; UGT2B17, UDP glucuronosyltransferase family 2 member B17.

the source of metabolism (Bull et al., 2001; Schmalix et al., 1996).
The recently developed ToxCast/Tox21 HTS program introduced
hepatic metabolism by using encapsulated rat hepatic S9 frac-
tions in alginate microspheres attached to 96-well peg lids with
an NRS cocktail that supported Phase I xenobiotic metabolism
while minimizing cytotoxicity (Bimboes and Greim, 1976; Cox
etal., 2016).

Our 2-chamber coculture system aims to better recapitulate
the physiological process of how chemicals interact with target
tissue in the presence of hepatic metabolism than existing sys-
tems. Chemicals that are delivered to the human liver undergo a
combination of Phase I/II metabolism that are compound-
specific to generate a spectrum of metabolites. Selected mole-
cules then exit the hepatocytes into the systemic circulation,

whereas others remain in the hepatocytes or exit via bile canali-
culi (Doehmer, 2006; Jacobs et al., 2008). The molecules that enter
the systemic circulation travel to extrahepatic tissues and elicit
their effects. Our platform with 2% agarose hydrogel allows for
the liver and the target cells to be cultured separately with no
direct physical contact while maintaining rapid and efficient dif-
fusion of medium and chemicals throughout the entire well, thus
appropriately mimicking the physiological transport of chemicals
between liver and target tissues. Other advantages of using agar-
ose hydrogel includes: (1) nonadhesive to cells, thus allowing
seeded cells to form 3D tissues (Dean et al.,, 2007; Ip et al., 2018,
2022; Leary et al.,, 2018); (2) remains inert to chemicals tested, a
significant advantage over other materials (eg, PDMS in organ-
on-chips) in existing coculture systems that are known to
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interfere with drug response bioassays though chemical adsorp-
tion (van Meer et al., 2017); (3) hydrogel transparency allows for
efficient imaging with widefield and confocal microscopy (Leary
et al, 2018); and for immunohistochemical analyses in situ
(Boutin et al., 2018; 2022), (4) agarose system design can be altered
by modifying the master metal mold, allowing the platform to be
scalable.

We developed 2 versions where the targets can either be cul-
tured in 3D or as a 2D monolayer of cells, to better suit the biolog-
ical context of the assay. For most target tissues, cells cultured as
3D microtissues better recapitulate the biology of the target
organ (Ip et al., 2022). The 2D target cell option is applicable for
reporter cell lines such as CALUX cells (Chemically Activated
LUciferase gene eXpression, BioDetection Systems, Amsterdam,
The Netherlands) (Mollergues et al., 2017; Murk et al., 1996), to
elucidate the response element activation capacities of parent
compounds in the presence of human hepatic biotransformation.
By coculturing 3D HepaRG with AR-CALUX cells, our proof-of-
concept study illustrated the efficacy of this coculture model in
evaluating testosterone-mediated AR responses in the presence
of human liver metabolism at physiologically relevant testoster-
one doses (10-1000nM). After 24 h at all doses, half of the testos-
terone was metabolized in the presence of 3D HepaRG, which
corresponded to 17% conversion to androstenedione. These
results suggested a linear, nonsaturating conversion of testoster-
one to androstenedione at physiologically relevant doses. The
metabolism of testosterone resulted in a predictable decrease in
AR activation, given the relative androgenicity of testosterone
versus androstenedione (Sonneveld et al., 2005). Comparing the
early model-development work and the proof-of-concept cocul-
ture study illustrated the dose-dependent metabolism of testos-
terone, where 6p-hydroxytestosterone was detected only with
the nonphysiologically high testosterone concentration of 200 uM
(Figure 4D).

Similar to other plate-based coculture systems, ours is a
closed system without excretion as a route of elimination. Our
“route of elimination” is the formation of unmeasured metabo-
lites from a pool of continuously active equilibrium reactions. It
has also been shown that major glucuronide metabolites are
transported by the enzyme MRP2 in the liver (Li et al., 2019), and
MRP2 is functional within HepaRG 3D microtissues (Ramaiahgari
et al.,, 2017). Our immunohistochemical staining showed that
MRP2 was expressed predominantly in the interior of the 3D
HepaRG microtissues. Thus, it is plausible that these metabolites
were trapped within the microtissues instead of being released
into the media.

Some of the limitations of this coculture system include the
complexity of fabricating and utilizing this model, which can be
alleviated with automation. Automation would also reduce the
variability that is introduced by manual pipetting during cell
seeding and media exchanges. The suboptimal recapitulation of
human hepatic metabolism by 3D HepaRG can be overcome by
utilizing more advanced human liver organoids that are cur-
rently under development (Liu et al., 2022).

In summary, this 2-chamber agarose system introduces
human-relevant liver xenobiotic metabolic capabilities into
higher-throughput toxicology screening with different target tis-
sues and repeat dosing capability. Future experiments will
explore: (1) multiple time points, measuring additional metabo-
lites in media and in the liver microtissues to provide insight into
the kinetics of the coculture system; (2) modifications of mold
design to increase the number of HepaRG cells/well; (3) the
enzyme induction capacities; (4) longer-term stability of the 3D
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HepaRG microtissues for use in repeated exposure experimental
designs; and (5) modeling methods for in vitro to in vivo extrapola-
tion of the results.

Supplementary data

Supplementary data are available at Toxicological Sciences online.
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