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Abstract

The metabolic activity of hepatocytes is a central prerequisite for drug activity and a key element in drug—drug interaction.
This central role in metabolism largely depends on the activity of the cytochrome P450 (CYP450) enzyme family, which is
not only dependent on liver cell maturation but is also controlled in response to drug and chemical exposure. Here, we report
the use of VividDye fluorogenic CYP450 substrates to directly measure and continuously monitor metabolic activity in living
hepatocytes. We observed time- and dose-dependent correlation in response to established and putative CYP450 inducers
acting through the aryl hydrocarbon receptor and drug combinations. Using repetitive addition of VividDye fluorogenic
substrate on a daily basis, we demonstrated the new application of VividDye for monitoring the maturation and dedifferentia-
tion of hepatic cells. Despite a lack of high specificity for individual CYP450 isoenzymes, our approach enables continuous
monitoring of metabolic activity in living cells with no need to disrupt cultivation. Our assay can be integrated in in vitro
liver-mimetic models for on-line monitoring and thus should enhance the reliability of these tissue model systems.
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Introduction

Monitoring metabolic activity is an important prerequisite
to proof reliability of in vitro liver models to be used for
drug testing and drug—drug interaction studies. Liver and
in particular hepatocytes are central for the metabolism of
drugs and xenobiotics, which is performed by enzymes of
the cytochrome P450 (CYP450) superfamily (Montellano
2005; Hewitt et al. 2007). There are several subclasses of
CYP450, notably CYP1A, CYP2B, CYP2C9, CYP2C19,
CYP2E1 CYP3A and CYP4A, which are induced after
exposure to xenobiotics or drugs. CYP1A1/1A2 and 1B1
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are induced through the aryl hydrocarbon receptor (AhR)
in concert with its co-regulator aryl hydrocarbon receptor
nuclear translocator (ARNT), which regulates transcription
of target genes upon ligand binding and subsequent translo-
cation to the nucleus (Ma 2001; Denison and Heath-Pagliuso
1998; Hankinson 1995), where it binds to drug or xenobi-
otic response elements (DRE/XRE) in promoter or enhancer
regions of target genes, including the various CYP450.
Drugs are mostly substrates of one specific CYP450 enzyme.
Direct monitoring of CYP450 activity is of high interest to
enable early detection of drug toxicity and drug—drug inter-
actions (DDI) (Friedman et al. 1999; Lasser et al. 2002).
Various in vitro tests are in use to assess CYP450 activ-
ity in drug discovery. These methods commonly use cell
lysates or liver microsomes enriched in CYP450 enzymes
in combination with a range of various downstream analyti-
cal approaches to identify metabolic activity and metabo-
lites, including HPLC, and radioactive-labeled substrates,
as well as fluorescence- and luminescence-based assays. So
far, human liver microsomes have been used as the gold
standard to determine drug metabolism and metabolic inter-
action during drug development in vitro. All cell lysate- and
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microsome-based approaches have in common that they only
analyze actual metabolic turnover but exclude other effects
inherent in living cells and organs such as gene expression
induction and toxicity (Kelly and Sussman 2000; Reiners
et al. 1990). To detect effects directly in living systems
including liver-on-chip systems, we investigated on the use
of the VividDye substrates for direct monitoring of CYP450
activities in living cells. By now, VividDye substrates are
used in combination with liver BACULOSOMES®, a special
type of liver microsomes overexpressing specific CYP450
isoforms, to analyze CYP450-dependent drug interaction
(Trubetskoy et al. 2005). VividDye substrates are metabo-
lized by CYP450 enzymes, thereby forming highly fluo-
rescent leaving groups, which can be detected in standard
plate readers. We show that the assay can be used for several
applications including, but not limited to, CYP450 response
after drug treatment, co-drug treatment, comparison of cel-
lular environment for mono- and co-culture systems, and
changes in CYP450 activity during cellular maturation and
dedifferentiation. We tested our system on several CYP450-
expressing cell types including primary murine, HepaRG,
HepG2, upcyte® Hepatocytes, murine iHep and HepG2 and
liver endothelial cells lacking CYP450 expression.

In the drug-treatment experiments, we focused on
induction and inhibition via the AhR receptor. We, there-
fore, investigated on 2,3,7,8 Tetrachlorodibenzo-p-dioxin
(TCDD) as reference substance and the indirubin derivative
E804 as potential AhR ligand (Gottel et al. 2014), as well as
on resveratrol as AhR inhibitor. Indirubin is the major active
compound of a herbal recipe in traditional Chinese medicine
(Cheng et al. 2010), which is used for treatment of various
chronic diseases in China (Cheng et al. 2016, 2014). Recent
results have shown the potential applicability of indirubin
derivatives in regenerative medicine due to diverse mecha-
nisms of action (Sato et al. 2004; Cheng et al. 2015a, b).
Moreover, the detection of indirubin in human urine led to
the identification of indirubin as a potent endogenous AhR
ligand (Adachi et al. 2004, 2001; Guengerich et al. 2004).

In our differentiation assay, we made use of HepaRG
cells, which undergo different stages during the maturation
process (Andersson et al. 2012; Gerets et al. 2012; Kanebratt
and Andersson 2008), leading to increased levels of Vivid-
Dye metabolism. We finally optimized the assay to be used
in microscope setups on single cell level and for integration
into microfluidic-based in vitro systems.

Materials and methods
Chemicals

E804 was synthesized as previously reported and charac-
terized by NMR, HPLC and MS. (https://doi.org/10.1021/
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acs.jmedchem.7b00324). The purity was at least more than
96%. TCDD and Resveratrol were purchased from Sigma-
Aldrich (Germany). VividDyes were purchased from Life
Technologies (Thermofisher, Germany) and reconstituted
in acetonitrile.

Cell isolation and culture

Primary mouse hepatocytes (pmH) were isolated from male
C57BL/6 mice (8—13 weeks old) using collagenase perfusion
as described (Levy et al. 2015). The work and procedure was
approved by the government of Baden-Wiirttemberg’s Ani-
mal Care Committee, Regierungsprisidium Karlsruhe, Ger-
many, and all animals received humane care in compliance
with the German Animal Protection Act (reference number
35-9185.81/G-145-14 valid until 30.09.2019). The typical
viability of HCs was 95%. PmH were cultured in three kinds
of media: Medium 1: Williams’ medium E supplemented
with 10% fetal calf serum (FCS) 2 mM r-glutamine, 1% pen-
icillin/streptomycin and 100 nM dexamethasone. Medium
2: medium 1 without FCS. Medium 3: Williams’ medium
E supplemented only with 2 mM L-glutamine and 1% peni-
cillin/streptomycin. Freshly isolated HCs were plated on
collagen-coated 3.5-cm plates at a density of 4 x 10° cells/
dish in medium 1 and incubated in 5% CO, at 37 °C for 4
h. Then medium 1 was replaced with medium 2 for serum
starvation and cell cycle synchronization. On the second day,
medium 2 was changed to medium 3.

HepG?2 hepatocellular carcinoma cells (ATCC, Germany)
were cultured in DMEM Glutamax medium containing 10%
FCS, 1% Penicillin/Streptomycin, and were maintained
under standard cell culture conditions. Cells were passaged
upon reaching 70-80% confluency, and cells of low passage
number (< 10) were used in our experiments.

HepaRG cells were obtained from BIOPREDIC Inter-
national at passage number 0. Cells of low passage number
(<6) were used in the experiments. For proliferation, Hep-
aRG cells were cultured in William’s E medium containing
10% FCS, 2 mM L-glutamine 1% penicillin/streptomycin, 5
pg/ml insulin and 50 pM hydrocortisone-hemisuccinate. To
induce differentiation, 1.5% DMSO was added to prolifera-
tion medium. Cells were cultured in proliferation medium
for 14 days and the medium was changed weekly. Subse-
quently maturation of cells was induced by adding 1.5%
DMSO to the medium for 14 days, where medium was
changed every 3 days.

iHep

Mouse-induced hepatocytes were obtained directly from
lineage reprogramming of mouse myofibroblasts with
ectopic expression of Foxa3, Gata4, Hnfla and Hnf4a as
described before (Song et al. 2016). The expandable iHeps
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were cultivated in a mixture of hepatocyte culture medium
(CC-3198, Lonza, Germany) and DMEM (1:1) in a 6-well
plate coated with collagen (Roche, Germany) and passaged
every 3—4 days (confluent 70-90%) with the help of cell
culture scraper. The medium was refreshed every other day.

Upcyte’ cells

Upcyte® Hepatocytes and upcyte® LSECs were purchased
from upcyte® technologies, Germany, and cultured accord-
ing to the manufactures protocols. In brief, flasks were
collagen-coated, cells were thawed in hepatocyte thawing
medium and maintained in hepatocyte high-performance
medium and endothelial cell culture medium, respectively.

HepG2 Crispr/Cas9 knockdown AhR cell line

CRISPR/CASY9 AhR plasmid (SC-400297-NIC-NIC) was
purchased from Santa Cruz, Germany. Lipofectamine 3000
(Life Technologies, Germany) was used for transfection
according to the manufacturer’s instruction. HepG2 cells
were seeded in a 24-well plate at a density of 400,000 cells/
well. For the selection 0.5 pg/mL puromycin was used.
The established HepG2 AhR cell line was cultivated in
DMEM with 10% FCS, 1% PS and 0.5 ug/mL puromycin.
The medium was changed two or three times per week.

qRT-PCR

As described before (Cheng et al. 2016), quantitative reverse
transcription real-time PCR (RT-qPCR) was performed
according to the manufacturer’s instruction (Lightcycle 96,
Roche, Germany). cDNA was generated by reverse transcrip-
tion of equivalent quantities of total RNA (ProtoScript® First
Strand cDNA synthesis kit, NEB, Germany), isolated from
cells using the RNeasy kit (Qiagen, Germany). RT-qPCR
was performed using SYBR Green PCR master mix (QPCR-
BIO SyGreen Mix Lo-Rox, Nippon Genetics, Germany).
PCR primers were obtained from Eurofins (Germany);
respective primer sequences used are listed in supplementary
information. Actin was used as endogenous control.

Immunoblotting

As we described before (Cheng et al. 2016), cell extracts
were homogenized in urea lysis buffer (1 mM EDTA, 0.5%
Triton X-100, 5 mM NaF, 6 M Urea, 1| mM Na;VO,, 10
pg/mL Pepstatin, 100 uM PMSF and 3 pg/mL Aprotinin in
PBS). The immunoblot was detected by ECL solution. 40
ug of total protein was resolved on 8% SDS—PAGE gels and
immunoblotted with specific antibodies. Primary antibod-
ies, CYP1A1 (Adgen, Biomol, Germany) and AhR (Biomol,
Germany) were incubated at a 1:1000 dilution in blocking

buffer (5% BSA) with gentle agitation overnight at 4 °C.
The secondary antibodies (Dianova, Germany) were used
in 1:10,000 dilution.

Human albumin ELISA

Secretion of albumin was measured by enzyme-linked
immunosorbent assay (ELISA) kit (Bethyl laboratories,
Montgomery, TX). ELISA assay was performed in clear
flat-bottom 96-well plates. Supernatant of cells was col-
lected and kept frozen at —20 °C prior to performing the
assays. Prior to this, the assay samples were thawed to room
temperature and prepared in accordance to the manufacturer
protocol. Protein content was normalized using Bradford
assay (Sigma-Aldrich, Germany). Albumin ELISA assay
was optimized using different dilution of the investigated
samples. Samples were diluted in the supplied buffers. The
assay protocol was followed stepwise. Plate’s absorbance at
450 nm wavelength was measured at room temperature using
a microplate reader (Ultra TECAN plate reader, Germany).

Urea synthesis assay

Urea assay was performed in accordance to the urea assay
kit (Sigma-Aldrich, Germany). In brief, the supernatant was
collected on the same days as the albumin assay and stored
at —20 °C. Samples were diluted with the supplied buffer to
adjust concentrations to the linear range of the assay. Assays
were run in clear flat-bottom 96-well plates and measured
at 570 nm using a microplate reader (Ultra TECAN plate
reader, Germany).

Fluorescent kinetic assays in HepG2 and primary
murine hepatocytes

Cells were plated at a density of 3.5 x 10* for HepG2 and
2% 10* cells for pmH on transparent 96-well microplates.
After 6 h, cells were washed carefully with HBSS to remove
dead cells. Medium was replaced and cells were treated with
TCDD, E804 or a combination of both with resveratrol for
24 h. VividDye substrates BOMCC, EOMCC, BOMR and
OOMR (Lifetechnologies, Germany) were reconstituted in
acetonitrile and stored at —20 °C. Substrates are linked to
different subgroups of CYP450 isoenzymes, also specificity
in vivo is unclear. VividDye substrates become fluorescent
upon metabolic cleavage, BOMCC and EOMCC utilize
7-hydroxycoumarin as fluorescent product, whereas cleaved
BOMR and OOMR contain fluorescent resorufin. In 96-well
plate format, cells were pre-treated with the drugs for 24 h
before medium was replaced with 100 pl VividDye 1 uM
assay solution of the respective VividDye.

Kinetic assay measurements were started immediately
after addition of the VividDye mixture. Cells were placed
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into a TECAN Sapphire reader with sample temperature
set to 37 °C. Measurements were taken every 3 min. For
EOMCC and BOMCC, excitation and emission wavelengths
were set according to the manufacturers’ protocol (Excita-
tion: 415 Emission: 460 for BOMCC and EOMCC and Exci-
tation: 550 nm Emission 590 nm for BOMR and OOMR)
with a window of 10 nm; to minimize variations caused by
different cell seeding density, absorbance at 580 nm was also
measured. Fluorescence signals were divided by absorbance
to normalize values relative to cell number/density.

Culture of hepatocytes in optimized tissue culture
condition

The influence of different culture methods was compared:
conventional 2D cell culture, collagen/matrigel sandwich
culture, and co-culture systems using hepatocytes and liver
endothelial cells. HepG2 and upctyte Hepatocytes were
seeded into 24-well plates at 1.5x 103 cells per well. For
upcyte® hepatocytes, wells were pre-coated with collagen
as described by the manufacturer. For sandwich culture,
HepG?2 cells were overlaid with collagen, and upcyte cells
were overlaid with matrigel. For our co-culture experiments,
following 24 h incubation, 0.5 X 10° human liver endothelial
cells (HLEC) were added to hepatocytes, (both HepG2 and
upcyte® hepatocytes). Experiments were performed in two
groups: non-treated cells and cells where CYP450 activity
was induced using 24 h pre-incubation with 20 nM TCDD.
To analyze the CYP450 activity, BOMR VividDye was
added on day 3 and 5 (HepG2) and day 5 and 8 (upcyte) to
the cells for 2 h and the supernatant was analyzed.

Long-term monitoring of CYP450 activity
during hepatocyte maturation and dedifferentiation

Functionality of hepatocytes is crucially associated with the
quality of hepatocellular maturation and differentiated phe-
notype. CYP450 activity of HepaRG cells was investigated
over 21 days differentiation and maturation. Dedifferentia-
tion of pmH during 9 days of cultivation. Cells were seeded
into a 24-well plate at 1 x 10° cells. One group of cells was
continuously exposed to 10 nM TCDD, the other group
was treated with media only. Both groups were exposed to
BOMR fluorescent substrate for 1 h, supernatant was taken
and measured as described above, using 96-well plate and a
TECAN Sapphire reader.

Microscopic monitoring of the hepatocyte
differentiation and in cell recording of CYP450
activity

Direct determination of CYP450 activity in cells by micros-
copy was established to detect changes in CYP activity

@ Springer

during differentiation of HepaRG cells. HepaRG cells were
seeded at a concentration of 1x 10° cells in four-well
p-Slides, (ibiTreat, ibidi, Germany). To induce CYP activ-
ity, HepaRG cells were pre-incubated with 10 nM TCDD for
24 h. Cells were washed with PBS and VividDye substrates
were added to the cells; pictures were taken by time laps
microscopy for a period of 20 min and differentiated cells
were compared to non-treated cells.

Pictures were taken using the following filter combination
purchased from Chroma (see Table 1):

Background on microscopic setup

High-resolution fluorescence images were acquired using
a Ti-TuCam microscope (Nikon Imaging Centre, Heidel-
berg). We used a Nikon Apo LWD 40x NA 1.15 AS water
immersion objective optimized for coverslips. Pictures were
analyzed using Nikon Dx software; background area was
defined at cell-free places in each pslide chamber. Double
negative controls were performed with a second background
reference. In case of time laps, “light gating” was fixed on
the last picture of each series. Intensity increase as fold
change in fluorescence was compared to f,, time point.

On-chip cell cultivation and fluorescence detection

Experiments were performed using our in-house micro-
fluidic system. The microfluidic setup and fluid conditions
used are described in our previous manuscript (Theobald
et al. 2017). The eight-chamber rhomboid microfluidic
chips with two inlet/outlet ports are designed and manu-
factured by microfluidic ChipShop (Jena, Germany). For
on-chip cultivation, HepG2 cells were seeded at 35,000
cells/chamber followed by overnight incubation to establish
cell layers. Then, cells were pre-treated with 10 nM TCDD
as either a single treatment of 24 h or repetitive treatments
for 4 h on consecutive days. For on-chip measurements of
CYP450 activity, medium containing the respective Viv-
idDye substrates were passed through chambers over 1 h.
Subsequently, medium was collected and stored at —20 °C.
Sample collection was performed in the same manner for
all time points. Samples were measured as described above
using a 96-well plate in a TECAN Sapphire reader.

Table 1 Filter setup used during microscopic analyzation of Vivid-
Dye metabolism

Blue Red
Excitation 420/20X nm 530/30Xx nm
Dichroic mirror 435 nm 556 nm
Emission 460/36x nm 590/33%x nm
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Results

Direct measurement of CYP450 activity in living
hepatic cells using VividDye substrates

In need of a straightforward protocol for online determina-
tion of CYP450 activity, we tested the repurposing of Vivid-
Dye substrates. As outlined in Fig. 1, we aimed to have an
assay, that can be used to address the urgent need to observe
CYP450 activity in living cells and its specific response,
induction or inhibition to drug treatment and changes during
hepatocyte maturation of dedifferentiation.

To ensure broad application of the present live cell
CYP450 activity imaging presented here, we tested a wide
range of experimental parameters, including the use of dif-
ferent cell lines, determination of optimal VividDye sub-
strate concentrations, as well as other experimental condi-
tions such as cell number, volume of medium as well as
medium and incubation conditions.

The assay was tested in cells expressing or not express-
ing CYP450 genes, namely, HLEC, as CYP450 negative
liver endothelial cells and a range of hepatocytes, namely,
HepG2WT cells, HepaRG, immature iHep, upcyte® hepato-
cytes cells and primary murine hepatocytes. In these initial
experiments, we investigated on basal and induced CYP450
activity, using BOMR dye. Results are summarized in
Table 1 (more detailed kinetics measurements are provided
in supplementary Fig. 1). For basal CYP450 activity, the
results are presented as fold difference of cells incubated
with Dye for 4 h to cells maintained in parallel without
adding the dye. To further induce CYP450 activity, cells
were pre-incubated with 20 nM TCDD for 24 h, before the
dye was added and fold change was calculated as above.
Highest basal levels were seen in pmH, while HepG2 and

Fig. 1 General overview on the
application of the VividDye
assay. Use of VividDye sub-
strates for monitoring CYP450
activity in living cells and its
application for drug testing
(top) and for monitoring cell
differentiation (bottom) in liver
cell cultures and organoids.
VividDye fluorogenic CYP450
probes are available with differ-
ent CYP450 specificity linked
with a selection of fluorescent
dyes, which can be detected
simultaneously in one assay.
BOMR and EOMCC are exam-
ples of VividDye substrates
used during this study

Drug-Response

6t 39
o3

Differentiation

Addition of Cyp
Inducer or

Co-drug treatment ‘.

/

~ @ ‘g. _

differentiated HepaRG showed the highest induction. Undif-
ferentiated cells (iHep day 3, HepaRG day 3) showed only
low activity levels and limited induction.

We further analyzed CYP450 expression using qPCR (see
supplementary Fig. 2, please note that delta CT values are
presented). In good accordance with the CYP450 activity
level, pmH showed the highest expression over all investi-
gated CYP450 isoenzymes, followed by iHep cells, HepG2
WT, upcyte® hepatocytes and differentiated HepaRG cell
which showed similar levels for CYP1A1, CYP1A2 and
CYP2EI, only for CYP3A4 the expression of was found to
be lower in HepG2 WT.

To further optimize the protocol, we then used HepG2
WT and pmH. In addition to live cell recordings, CYP450
activity was also measured in cell lysates (see supplementary
Fig. 3a). The VividDye fluorescence levels varied depending
on cell type, cell number and cell density (supplementary
Fig. 3). Interestingly, evaluating the impact of cell density,
no linear correlation between cell number and fluorescent
signal was observed, while different volumes of culture
media showed that with lower volumes a more rapid signal
saturation occurred. For the analysis of long-term stability of
the dye, we performed an experiment with 300 measurement
cycles (900 min) and observed a stable signal after saturation
was reached. After cycle 110 (330 min), fluorescence signals
declined, which we attributed to evaporation and bleaching
(see supplementary Fig. 3c). We advise the adjustment of
the total volume depending on the length of the experiment.
Furthermore, we observed that dye concentrations ranging
from 1 to 100 uM had no cytotoxic effects on cells (see sup-
plementary Fig. 3d). The results obtained indicate that a con-
centration of 1 pM of VividDye substrates is sufficient in our
experimental setup, showing at least a ten-fold difference in
signal intensity compared to cells treated with the dye only.
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A time-dependent correlation between intracellular fluo-
rescence signals and fluorescence in the supernatant was
observed. Initially, the signal within the cells appears to
be higher compared to the signal in the supernatant. This
indicates that VividDye substrates diffuse into cells; then
the dyes are metabolized inside the cells; subsequently, the
fluorescent metabolites diffuse out and are detectable in the
supernatant (see supplementary Fig. 3e). We investigated on
the stability of the VividDye in the supernatant. Therefore,
samples were taken at various time points from 10 to 240
min. Samples were measured at each of the following time
points, whereby no significant differences were observed
(supplementary Fig. 3f).

We also used liver endothelial cells which do not express
CYP450 as control. In these cells, no induction of fluores-
cence was observed upon pre-treatment with TCDD and
E804 and subsequent VividDye measurements (see supple-
mentary Fig. 4), further indicating that CYP450 activity is
required to obtain induction of fluorescence signal and that
fluorescence is not due to a chemical interaction of VividDye
substrate and inducers.

To determine assay quality, we used the so-called Z' val-
ues (see Eq. 1), a statistical parameter to determine the con-
fidence level of an assay as a screening tool.

, 30, + 30,
7= )
(Vg — Hp)

where o is the standard deviation and y the mean of the
signal s and the background b (non-treated cells). A Z' value
of 1 describes a perfect assay, values above 0.5 are sufficient
for screening. For the determination of our Z' values, we
used the last measuring point of each kinetic. Z'-values were
calculated for the treatment showing the highest induction
upon TCDD respective E804 for EOMCC, BOMCC and
BOMR dyes. For OOMR, no Z' value was calculated. For
our VividDye assay, we determined Z' values greater than
0.72 (Table 2).

Monitoring CYP450 induction in response to small
molecule inducers: TCDD and E804

A key feature of hepatocyte metabolism is rapid and specific
induction of CYP450 isoenzymes in response to drugs. In

Table 2 Z' values of different investigated VividDyes

VividDye Z' value
EOMCC 0.81
BOMCC 0.72
BOMR 0.87

@ Springer

our drug-treatment experiments, we focused on two fac-
tors important in CYP-mediated drug interaction, induction
and inhibition of CYP450 expression. 2,3,7,8 tetrachlorod-
ibenzo-p-dioxin (TCDD) and dioxin-like compounds are
known to act via specific binding to AhR present in many
cell types including hepatocytes (Poellinger 2000; Man-
dal 2005). We also analyzed the so-far unknown indirubin
derivative E804 assuming that the basic structure of indiru-
bins and in particular of some derivatives could be potent
AhR ligands and thus provide alternative CYP450 inducers
(Adachi et al. 20014, b).

It should be noted that TCDD is effective at much lower
concentrations than E804 (10 nM vs. 1 uM). TCDD was
analyzed at three different concentrations (5, 10, 20 nM) and
showed a dose-dependent response with all VividDye sub-
strates (see Fig. 2a—d). The range of induction observed with
E804 was relatively narrow, which can be explained with (1)
the higher concentration needed for CYP-induction followed
and (2) the rapid transition of E804 to severe toxicity (IC50
5 uM in HepG?2). Thus, no fluorescence signal was observed
with 5 pM E804 (see Fig. 2f-h). In untreated cells and cells
exposed to VividDye substrates without CYP450 inducing
substances, only low fluorescence signals were observed,
which can be attributed to basal levels of CYP450 expres-
sion in HepG2 cells. Fold induction changes were calculated
upon normalization to non-treated cells.

Kinetic measurements with different VividDye substrates
show differences in the response. For example, EOMCC and
BOMCC reach significant and stable fluorescence levels
already after about 45 min, while with BOMR stable fluo-
rescence is only reached after about 75 min, indicating faster
metabolism of EOMCC and BOMCC compared to BOMR.
In contrast, with OOMR only a weak CYP450 induction
with TCDD or E804 was observed. Relative induction of
CYP450 activity as a function of fluorescence signal fold
change was highest with BOMR dye upon pre-treatment
with E804 (see Fig. 2g), whereas with TCDD pre-treatment,
the highest induction was observed with EOMCC dye (see
Fig. 2b). VividDyes are commonly used as a rapid method
to detect interaction between specific cytochromes and drugs
using BACULOSOMES® liver microsomes. These assays are
based on overexpressed recombinant cytochromes as enzyme
component to study drug interference. In the protocol pre-
sented here, assignment to a specific CYP 450 isoenzyme
is not possible, due to cross reactivity of various CYP450
isoenzymes with the available substrates. Thus, fluorescence
recorded from cells expressing different CYP450 enzymes
reflects the combined activity of enzymes metabolizing the
VividDye substrates used.

We next asked if differences in BOMCC, EOMCC and
BOMR substrates dependent on fluorescence signals can be
attributed to increased activity of either CYP1A1, CYP1A2
or CYP1B1. We, therefore, prepared RNA and proteins after
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induction and analyzed CYP450 isoenzyme expression on
mRNA and protein levels (see Fig. 2i—k). On the mRNA
level, a clear induction of CYP1A1, CYP1A2 and CYP1B1
is shown by RT-qPCR after 1 and 24 h treatments with both,
TCDD or E804. In case of TCDD, induction was signifi-
cantly stronger after 24 h. Interestingly, E804 pre-treatment
led to a strong induction of CYP1A1l and CYP1BI only
but not of CYP1A2 (see Fig. 2k). Induction of CYP1A1 by
E804 and TCDD after 24 h was also confirmed by Western
blots (see Fig. 2i). At the same time, protein levels of AhR
remained unchanged during treatment with both molecules
(see Fig. 2i). So far, a clear association with of specific
CYP450 activities with individual VividDyes was not obvi-
ous, and also slight differences in metabolic turnover were
observed.

To demonstrate general applicability to monitor CYP450
activity independent of the cellular background, we per-
formed similar experiments, using other hepatocyte model
cell lines considered to be more similar to primary human
hepatocytes, namely, HepaRG (Andersson et al. 2012) and
upcyte® hepatocytes (Levy et al. 2015), and also included
Omeprazole as CYP450 inducer (see Table 3 and supple-
mentary Fig. 5).

Conformation of AhR-dependent induction
of CYP450

TCDD is a ligand of the AhR receptor, we assumed that
E804 is also a ligand of AhR. We, therefore, included an
AhR inhibitor, resveratrol, and an AhR-deficient cell line
(HepG2 AHRXY) to analyze the dependence of the observed
CYP450 induction on AhR. Resveratrol is known as a com-
petitive antagonist of dioxin and other AhR ligands. Similar
to TCDD, it promotes translocation of the AhR complex
to the nucleus and binding to dioxin-responsive element,
however lacking transactivation (Casper et al. 1999; Ciolino
et al. 1998; Ciolino and Yeh 1999). Consequently, resvera-
trol inhibits activation of dioxin-inducible genes including,
but not limited to members of the CYP1 family.

In the presence of resveratrol (0.5, 5, 50 uM), we observed
a dose-dependent decrease in fluorescence response to
stimulation with TCDD and E804 (Fig. 3a+b), reaching
background levels of non-treated cells with the highest res-
veratrol concentration for E804. Further, 50 uM resveratrol
was not toxic to the cells (data not shown). Inhibition of AhR
transactivation also decreased mRNA levels of CYP1Al,
CYP1A2 and CYP1B1 upon compound induction (Fig. 3c).

In line, a CRISP/Cas9 AhR-knockdown cell line, HepG2
AHRM showed significantly lower fluorescence levels to
BOMCC, EOMCC and BOMR dye in comparison with
the parental HepG2 WT cells, upon induction with 10 nM
TCDD (Fig. 4a—c). It should be noted that our rapid protocol
using batch selection did not lead to a complete depletion of

AhR in the knockdown cells, however a significant decrease
for both mRNA expression (60% reduction) protein level
(48% reduction) between HepG2 WT and HepG2 AHRK
was observed (see Fig. 4d + e, please note that original pic-
ture of the western blot are provided in the supplementary
Fig. 7).

Visualization of CYP450 activity in individual cells
after differentiation of HepaRG

To visualize CYP450 in hepatocyte-like cells, we used Hep-
aRG cells, which pass through several stages of differentia-
tion before reaching a mature status with higher CYP450
activity, compared to HepG2 cells. HepaRG cells were dif-
ferentiated for 21 days according to manufacturer’s proto-
col. We further analyzed hepatocyte-specific inducibility
of CYP450 expression. Differentiated HepaRG (day 24)
cells were pre-treated with 10 nM TCDD for 24 h, before
EOMCC and BOMR dyes were added. Pictures were taken
every minute for a period of 20 min (Fig. 5a). Pictures were
analyzed using double background normalization, and gat-
ing was set on the last measurement. Results indicate at least
a sixfold induction of fluorescence for both dyes (Fig. 5c¢).
Without TCDD induction, no increase in fluorescent signal
upon addition of the dyes was observed (Fig. 5b).

Long-term differentiation of HepaRG
and dedifferentiation of primary murine
hepatocytes

Since the functionality of hepatocytes strongly depends on
their differentiation status, we investigated on the potential
application of the VividDye assay for assessment of matu-
ration status. We, therefore, monitored albumin and urea,
since those are among the most important biomarkers of a
functional liver, for 27 days (see Fig. 6a, b). A significant
increase in albumin secretion was observed starting day
9, urea synthesis stayed constant over the culturing time.
Furthermore, the relative mRNA levels of several CYP450
enzymes during the differentiation of HepaRG were moni-
tored, as observed for albumin an increased expression of
different isoenzymes was observed starting from day 10
(see Fig. 6¢). For the VividDye assay, a non-treated and
an induced group were examined. For the first, cells were
continuously treated with TCDD and 5.5-fold induction of
BOMR fluorescent level was already observed on day 3.
For the latter, fluorescent signals started increasing at day 9,
reaching 8.8-fold signal on day 21. Note that day 21 meas-
urement of 10 nm TCDD treatment is missing due to cells
death, presumably due to long-term exposure to TCDD (see
Fig. 6d). Both increase in albumin expression on day 9 and
relative CYP450 mRNA level correlated with the increase
of VividDye signal in non-treated HepaRG cells.
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Freshly isolated hepatocytes do not maintain a differ-
entiated phenotype and lose functionality when cultured

et al. 2013). We asked if we could follow the dedifferentia-
tion of primary murine cells, including the loss of CYP450

in vitro (Guguen-Guillouzo and Guillouzo 2010; Godoy  activity, upon ex vivo culture. Following initial increase
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«Fig. 2 Kinetic response of VividDye and associated CYP450 enzyme
presumably responsible for VividDye metabolism. Online detection
of VividDye metabolism by CYP450 enzymes using a selection of
VividDye substrates after CYP450 induction. HepG2 cells were pre-
treated with various concentration of TCDD (5-20 nM) (a—d) and
E804 (10-5 uM) for 24 h, before VividDye substrates were added.
VividDye were added as follows: BOMCC (a+e), EOMCC (b+f),
BOMR (c+g) and OOMR (d +h). The kinetic recording of substrate
turnover shows a dependence on the type and the concentration of the
inducer used. Induction was observed for BOMCC, EOMCC, BOMR
dye, but only a slight induction is visible for OOMR. The turnover
rate is given as fluorescence signal divided by absorbance measured
at 4580 nm to normalize for relative cell density. Fold induction
(insert table) was calculated as increase in fluorescence signal relative
to untreated control. Note that small symbols are a result of multiple
time points, non-treated condition and Dye only condition are over-
laying in panel a,e-h. Induction of CYP1A1 and expression of AhR
in response to stimulation by TCDD (10, 20 nM) and E804 (1, 2 uM)
on protein level were analyzed by Western blot (Original Western
blot pictures can be found in supplementary Figs. 8 +9). Pictures are
cropped, full imagines are provided in supplementary information’s
(I). RT-gPCR was performed to analyze induction on transcriptional
(mRNA) upon treatment with TCDD 10 nM (j) and 1 uM E804 (k)
for CYP1A1l, CYP1A2 and CYPIBI compared to mock treatment
after 1 and 24 h. Experiments a-h are performed n=>5 times and for
experiments j—k n =3 repetitions were performed, error bars show the
standard deviation

in metabolic turnover of the VividDye on day 24, signals
started decreasing over the culture period of 9 days (see sup-
plementary Fig. 5).

Influence of different culture methods
on hepatocyte functionality

It had been shown, that more complex tissue culture
approaches, such as co-culture endothelial liver cells and
ECM sandwich cultures, resembling more closely the in vivo
condition, lead to an improve hepatocyte phenotype. We,
therefore, investigated if the VividDye assay can be used to
determine improved functionality of hepatocytes in response
to cellular environment in the tissue culture. We compared
hepatocytes cultured in conventional 2D, in co-culture

with endothelial cells and in sandwich culture. Effects of
the applied culture system were measured on day 5 (see
Fig. 7a+b). A significant increase was observed in both
groups non-treated and 20 nM TCDD induced. Additional
immunohistochemical analysis of the different culture con-
ditions also showed improved expression for albumin and
e-cadherin in co-culture and sandwich (see supplementary
Fig. 10).

VividDye substrates in a microfluidic liver-on-chip
system

Mimicking liver metabolism in liver organoids is a great
challenge for in vitro drug testing and requires tools to
monitor system functionality. Since the development of
such systems is closely linked with microfluidic nutrition,
we investigated if VividDye substrates can be used for activ-
ity monitoring in a microfluidic culture system. Using our
in-house-developed microfluidic setup with microfluidic
rhombic chambers (microfluidic ChipShop Jena) (Fig. 8a),
we could see transiently induced fluorescent signals upon
single-pulse treatments with TCDD, and could also fol-
low multiple treatments with TCDD on subsequent days in
longer term experiments. In this setup, cells were exposed
to VividDye containing media for 1 h, and fluorescent sig-
nal was determined in the flow-through supernatant. Upon
extended pre-incubation (24 h) with TCDD fluorescence sig-
nals, a decrease over time, possibly due to readjustment and
normalization of CYP450 expression levels, was observed
(Fig. 8b). We further investigated multiple treatments and
cells were treated with TCDD for 4 h. The response to
TCDD treatment was observed on two consecutive days.
A decline in fluorescent response was observed on the pre-
induction measurement on day 2, this is attributed due to
overnight incubation with normal media lacking induction
of AhR receptor (see Fig. 8c).

Table 3 Comparison of basal

. S Fold induction compared to no dye Dye only 20 nM TCDD induction
metabolic turnover of VividDye
substrate (dye only) and 20 nM HepGZ 8.65+0.80 94.30+15.1
TCDD iHep day 3 3.0240.19 8.39+ 1.40
iHep day 30 10.98 +£0.46 24.83+4.24
HepaRG day 3 2.04+0.25 8.14+2.22
HepaRG day 20 7.27+0.55 100.15+£3.92
Upcyte® hepatocytes 9.92+0.52 82.05+2.09
pmH 38.23+3.66 101.75+4.22
HLEC 1.94+0.23 2.16+0.13

Values are calculated as the division product of dye only (20 nM TCDD) divided by non-treated cells. The
values were obtained using plate reader system after 75 cyles of measurement
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Fig.3 Co-drug treatment of
AhR-associated inducer and
inhibitor. Detection of CYP450
activity with EOMCC VividDye
substrate in co-treatment with
inducer and inhibitor. Cells
were pre-treated with mixtures
of 1 uM E804 and various
concentrations of resveratrol
(0.5-50 uM) (a) and 20 nM
TCDD and various concentra-
tions of resveratrol (0.5-50

uM) (b) for a period of 24 h.
The turnover rate is given as
fluorescence divided by absorb-
ance (4580 nm) to normalize for
relative cell density. Fold induc-
tion was calculated as increase
in fluorescent signal compared
to non-treated cells. Heat map
showing relative mRNA levels
of AhR, CYP1AI, CYP1A2,
CYP1BI1 upon treatment with
TCDD, resveratrol and their
combination (c¢). Experiments
a, b are performed n=5 times
and for experiments ¢ n=3
repetitions were performed,
error bars show the standard
deviation. Comparison of the
relative mRNA expression of
AhR was compared, HepG2
Ar®P showed significant lower
expression, experiment were
performed for n=3, (d). Com-
parison of protein expression
level of AhR between HepG2
WT and HepG2 Ahr ¥P are
shown, significant lower expres-
sion were observed for the
knock-down cells, n=5 (e)
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Fig.4 Comparison of CYP450 induction in HepG2 and HepG2
ARRKP cells. Cells were pre-treated with 10 nM TCDD for 24 h and
CYP450 activity was measured either by BOMCC (a), EOMCC (b)
or BOMR (c¢) for 225 min. The turnover rate is given as fluorescence

Discussion

CYP450 enzymes are strongly linked to drug metabolism
and elimination; therefore, in early stages of drug develop-
ment, it is of interest to monitor the cytochrome activity in
response to drug treatment. Assays currently used to monitor
the reciprocal influence of drugs and of CYP450 activity,
include chromatography-, luminescence- and fluorescent-
based assays using cell extracts and liver microsomes.

We here report the development of a fluorescent CYP450
activity assay for hepatocytes and hepatocyte-like cells
using VividDye substrates. A major advantage of our pro-
tocol is the possibility to measure CYP450 activity in liv-
ing cells as opposed to cellular extracts, e.g., microsomes
or cell lysates, enabling repeated real-time measurements
over extended time spans, thus meeting the requirements
of in vitro cell-based systems. In comparison with lumi-
nescence-based assays, our setup is also compatible with

= HepG2 AhRKYNT
s HepG2 WT TCDD 10 nM
HepG2 AhR*® TCDD 10 nM

1.0+

0.5

Relative
mRNA expression

0.0-

HepG2 WT HepG2 Ahr*P

1.0+

[aU]

0.5

AhR / Vinculin

0.0-

HepG2 Ahr*P

HepG2 WT

divided by absorbance (1580 nm) to normalize for relative cell den-
sity. Fold induction was calculated as increase in fluorescent signal
compared to non-treated cells. Experiments a—c are performed n=>5
times and error bars show the standard deviation

microscopy, allowing monitoring on cell level. Since Viv-
idDye substrates exhibit only very low background fluores-
cence, no further steps were required to achieve high signal-
to-background ratio. Different concentrations of VividDye
substrates were screened for readout optimization. While all
tested concentrations were non-toxic to cells, the final con-
centration used in the study was 1 pM, aimed at maintaining
acetonitrile concentration in the culture medium low (0.1%
v/v) to avoid toxicity and alterations of CYP activity. We are
aware of the fact that for BACULOSOME®-based in vitro
assay VividDye substrates are promoted to be used at dif-
ferent concentration to optimize specify towards individual
CYP450 isoenzymes. In the living cell environment lacking
the specificity for individual CYP450 enzymes, increase of
dye concentration did not result in more selective response
to drug treatment. This lack of specificity may also be the
reason that in the cell-based protocol, different well-known
CYP450 inducers (Rifampicin, Acetaminophen, Tryptamine,
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Ketoconazole) did not result in a selective response with
individual dyes. We established our VividDye assay with
several cell types including primary murine hepatocytes,
iHep, HepaRG, HepG2 cells and upcyte® hepatocytes, which
are reported to have similar functionality as primary human
hepatocytes with expanded lifespan (Levy et al. 2015). Due
to their adequate response and ease in culture, we primarily
used HepG?2 cells to optimize the use of VividDyes to moni-
tor CYP450 alteration upon drug treatment in living cells.
In case of differentiation and maturation HepaRG, iHep and
upcyte® cells were used.

Cell density was optimized for HepG2 cells at 35,000
cells/well, resulting in a confluent monolayer of cells after
24 h. High standard deviation between the wells was nor-
malized by applying absorbance at 1580 nm as a correc-
tion factor. We further assessed the applied assay volume
for periods up to 5 h, and found 100 pL to be sufficient. For
long-term assays, volumes should be increased to counter
steer evaporation effects. Our results indicate that VividDye
is metabolized inside the cells and subsequently secreted
into the supernatant, since (1) fluorescent signals can be
detected in both cells and supernatant; (2) metabolites are
stable within the supernatant for at least 12 h; (3) no fur-
ther increase in fluorescence signal was present once super-
natant was removed from the cells and measured at later
time points; (4) ratio between fluorescence signal within

(a) t=0 .

)
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- BOMR
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(4]

20

Fig.5 Detection of CYP450 activity with VividDye in living cells by
fluorescence microscopy and during cellular differentiation. Pictures
were taken every minute and time point 0, 10, 20 min are shown as
example (a). For quantitative analysis fluorescent signals were back-
ground corrected. Fold change in cellular fluorescence were calcu-
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Fig. 6 Monitoring maturation of HepaRG cells using Urea synthe-»
sis, Albumin secretion and CYPP450 activity level. Albumin secre-
tion level of HepaRG cells during 27 days of maturation. Significant
increase of albumin secretion was observed after day 9, n=3, error
bars show the standard deviation (a). Urea synthesis of HepaRG cells
during 27 days of maturation. Comparison of mRNA expression of
HepaRG cells during differentiation, and CYP450 enzymes associ-
ated with VividDye metabolism were continuously monitored for
25 days; an increase was observed starting day 10 (c¢). Fluorescent
signal of metabolized VividDye Substrate BOMR is plotted against
days of differentiation cells. Cells were either treated, non-treated or
continuous treated with TCDD, for both cases negative control using
no dye was performed. In case of TCDD initial induction of 5.5 was
observed, while for non-treated cells induction is only seen starting
day 11 of differentiation. Day 21 is missing fluorescent signal from
TCDD-treated cells due to complete cell death, the experiment was
performed with n=5 independent cells populations, error bars show
the standard deviation (d)

the and in supernatant shifts in a time dependent manner;
(5) cells not expressing CYP450 lack induction. For drug
induction and inhibition studies HepG?2 cells were used as
assay evaluation a model. Even though HepG?2 express low
basal cytochrome levels, induction upon drug treatment of
certain cytochromes, such as CYP1A1, CYP1A2, CYPIBI1
and CYP3A4, has been reported (Huang et al. 2006; Li et al.
1998; Chung and Bresnick 1994).

We further optimized the assay for microscopic setup
to investigate the CYP450 activity on the single cell level.

20

- EOMCC
- BOMR

Fold Change
Valuel/lnitial Value

10 15

time [min]

20

lated with EOMCC and BOMR dye staining and fluorescence inten-
sities of cells at time point #=0 min was set to 1. Without CYP450
induction fluorescence remained constant throughout the measure-
ment (b). After pre-treatment with 10 nM TCDD for 24 h an increase
in fluorescence can be seen at later time points (c)
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Using double background subtraction, a time-dependent
increase of the fluorescent signal was observed, with distin-
guishable differences between individual cells. The culturing
method of hepatocytes is crucial for their enzymatic expres-
sion and functionality (Godoy 2013). Optimized culturing
protocols increase the interaction of hepatocyte with the
extracellular environment (ECM) and with neighboring cells
providing a more natural environment (Putnam and Mooney

Comparison Culture Methods
HepG2 WT BOMR Dye Day 3
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Fold Change compared BOMR Dye 20 nM TCDD
Dye only only
2D Culture 3,78+0,18 40,68+4,28
2D Co-culture 3,71+0,63 69,44+8,18
Sandwich Collagen 3,72+0,14 65,23+4,1

Fig.7 Effects of culture methods on CYP450 activity. HepG2
and upcyte® hepatocytes were culture under different environ-
ments including 2D mono cell culture, co-culture (with human liver
endothelial cells) and 3D-like sandwich culture. Cells were exposed
to BOMR dye for 1 h subsequent supernatant was analyzed. a HepG2
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Fig.8 Determination of CYP450 activity in continuous microfluidic
systems. Illustration of the applied microfluidic chip consisting of
eight individual thombic chambers with two ports (inlet/outlet). Each
chamber measures 14.28 mm in length and 2.6 mm in width with a
total volume of 20 uL (a). Live VividDye assay was performed with
HepG2 cells at concentration of 50,000 cells/chamber. Samples pre-
treated with TCDD 20 nM for 24 h are shown as solid bars, cells
without pre-treatment (control) are shown as wide bars. Cells were
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1996). Several approaches were made to embed hepatocytes

into non-adhesive hydrogels including MatrigelTM (BD
Biosciences) (Kleinman et al. 1986), ExtracelTM (Ranucci

et al. 2000; Prestwich et al. 2007), AlgimatrixTM (Rowley
et al. 1999) and HGF/heparin-immobilized collagen scaf-
folds (Hou et al. 2010; Kim et al. 2010a). It is further known
that co-culture of hepatocytes among other non-parenchymal
cell lines induces liver function (Bhatia et al. 1998). We,
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WT after 5 days of culture, b upcyte® hepatocytes after 5 days in cul-
ture with significant difference for both non-treated and induced cells.
Insert tables show fold change of fluorescent signal compared to cells
treated with no dye. Error bars show standard deviation of the mean
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exposed to VividDye BOMR for 1 h and fluorescence signals were
determined in flow-through at time points indicated. Between Vivid-
Dye exposure, chambers were maintained with normal cell culture
medium (b). Repeated induction of HepG2 cells at concentration of
50,000 cells/chamber with TCDD for 4 h on two successive days.
VividDye exposure and measurement as described in b was done in 1
day intervals (c). Experiments were performed with n=4 cell cham-
bers, error bars show the standard deviation
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therefore, investigated if our VividDye assay can be applied
to analysis changes upon different culture methods. Our
results show that after cells established their network levels
of CYP450, both basal and induced, are significantly higher
in sandwich and co-culture systems compared to conven-
tional 2D culture (see Fig. 6).

We proofed the assay to be capable of following matura-
tion in HepaRG cells for a period of 21 days, which shows
higher CYP450 activity levels even without drug induc-
tion after differentiation starting at Day 9. Even though we
investigated on the expression of several CYP450 enzymes
associated with VividDye metabolism, a general increase
was observed. In this experiment, the isoenzyme compo-
sition responsible for the metabolism of VividDye BOMR
substrate could not be solved at the moment.

Freshly isolated primary hepatocytes are the gold stand-
ard to replicated in vivo hepatic function (Hengstler et al.
2000). However, more than 3000 genes (Zellmer et al.
2010) and several signaling pathways (Godoy et al. 2009)
alter once primary cells are cultured ex vivo. Further cells
quickly dedifferentiate (Paine and Andreakos 2004; Elaut
et al. 2006; Vinken et al. 2006) and loose their cytochrome
activity (Tong et al. 1990; LeCluyse 2001; Khetani et al.
2015), when placed in culture. Therefore, we checked if we
can monitor loss of functionality in ex vivo liver system. We
followed the CYP450 activity of primary isolated murine
hepatocytes for a period of 9 days and as expected observed
a transient activity profile, reflecting adhesion and reor-
ganization in the tissue culture leading to increased activity
levels at day 2—3 followed by a loss of activity in extended
culture.

We further integrated the assay into our in-house micro-
fluidic system, allowing for controlled addition of drugs and
VividDye.

Taking the multiple application possibilities together,
we propose that the VividDye assay can be integrated in an
easy manner to monitor CYP450 activity in the upcoming
field of in vitro liver-mimetic systems, as organoid-(Baptista
et al. 2011; Funatsu et al. 2001; Ramachandran et al. 2015),
spheroid-(Agastin et al. 2011; Lee et al. 2012; Nupura et al.
2016) and 3D static scaffold-based (Chevallay and Herbage
2000) cell culture systems, as well as microfluidic-based
liver-on-chip systems (Kang et al. 2015; Lee et al. 2007).
Thus, we expect that the assay can be used as a screening
tool for functionality of single liver mimetic compartments
before interconnecting them into more complex systems
(Loskill et al. 2015).
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