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Abstract

This study evaluates the impact of physiologically relevant oxygen tensions on the response of
HepG2 cells to known inducers and hepatotoxic drugs. We compared transcriptional regulation
and CYP1A activity after a 48 h exposure at atmospheric culture conditions (20% O,) with
representative periportal (8% O5) and perivenous (3% O,) oxygen tensions. We evaluated cellular
responses in 2D and 3D cultures at each oxygen tension in parallel, using monolayers and a paper-
based culture platform that supports cells suspended in a collagen-rich environment. Our findings
highlight that the toxicity, potency, and mechanism of action of drugs are dependent on both
culture format and oxygen tension. HepG2 cells in 3D environments at physiologic oxygen
tensions better matched primary human hepatocyte data than HepG2 cells cultured under standard
conditions. Despite altered transcriptional regulation with decreasing oxygen tensions, we did not
observe the zonation patterns of drug-metabolizing enzymes found in vivo. Our approach
demonstrates that oxygen is an important regulator of liver function but it is not the sole regulator.
It also highlights the utility of the 3D paper-based culture platform for continued mechanistic
studies of microenvironmental influences on cellular responses.
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Introduction

Preclinical in vitro assays cannot accurately predict drug-induced liver injury or
hepatotoxicity in patients, two factors that account for a significant number of late-stage
drug failures.(Kenna and Uetrecht, 2018; Parasrampuria et al., 2018) These cell-based assays
commonly use monolayers of primary human hepatocytes (PHHSs) or cell lines presenting
hepatocyte-like characteristics. Monolayer cultures lack many aspects of the tissue
microenvironment. PHHSs on culture-compatible plasticware readily depolarize and lose
liver-specific function within days of plating.(Guo et al., 2011; Hewitt et al., 2007; Zeigerer
et al., 2017) By simply placing the PHHs in an extracellular matrix-rich environment such as
a collagen sandwich, the cells can maintain polarization and metabolic function for
prolonged periods.(Dunn et al., 1992) When cultured as spheroids, the HepG2 hepatoma cell
line reacquires functions lost to monolayers, including increased expression of phase | and Il
metabolic enzymes, glycogen storage, and bile transport.(Chang and Hughes-Fulford, 2009;
Gaskell et al., 2016; Ramaiahgari et al., 2014) The recovery of these liver-specific functions
in a 3D environment suggests including other physiologically relevant culture conditions
could increase the utility of HepG2 cells for preliminary evaluations of new drugs or drug
libraries in high throughput screens.

While spheroids have clear advantages over monolayer cultures, the analysis of
microenvironmental influences on cellular behavior is difficult to assess without histological
slicing. The overlapping gradients of oxygen, nutrients, and soluble factors that extend
across spheroids also make it difficult to experimentally probe microenvironment-cellular
function relationships, individually or in concert.(Hirschhaeuser et al., 2010) Oxygen is of
particular interest, as it is a global regulator of cellular function in all tissues.(Prabhakar and
Semenza, 2015) Within the liver, changes in oxygen availability correlate with liver
zonation, the distribution of metabolic activity in hepatocytes lining each sinusoid. The
blood oxygen partial pressures range from 65-60 mmHg O, (11-8% O») in the periportal
region to 35-30 mmHg O, (5-3% O5) in the perivenous region.(Jungermann and
Kietzmann, 2000; Kietzmann, 2017) Hepatocytes in the periportal region primarily express
high densities of sulfotransferases (SULTS).(Jancova et al., 2010) Hepatocytes in the
perivenous region primarily express cytochrome P450 enzymes (CYPs) and UGP-
glucuronosyltransferases (UGTS).

The hypothesis driving this study was that HepG2 drug-metabolizing enzyme transcript
profiles will better match PHHs when placed in physiologically relevant culture
environments. Previous works evaluating oxygen effects on HepG2 cells showed substantial
changes in cellular responses to drugs when transitioning from standard culture conditions to
ones with tumor-relevant oxygen tensions;(Bowyer et al., 2017) these hypoxic conditions
initiate global transcriptional reprogramming in HepG2 cells.(Sonna et al., 2003) Few
studies have evaluated the oxygen tensions found in healthy livers.

To characterize oxygen’s role in hepatotoxic responses, we probed HepG2 cellular responses
at three different oxygen partial pressures in monolayer and 3D culture formats. Cells
cultured at ambient conditions (20% O,) served as a reference point; cells cultured at 8% O,
represented the periportal region; cells cultured at 3% O, represented the perivenous region.
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To generate the 3D environments, we used the paper-based culture platform first described
by Whitesides and further developed in our laboratory.(Cramer et al., 2019; Derda et al.,
2009) This setup uses wax-patterned sheets of paper to define 3D culture regions. We
demonstrate here that porous structure of the paper can support HepG2 suspended in a
collagen matrix, and that the experimental conditions did not cause multicellular aggregates
or spheroid-like structures that would result in oxygen- or nutrient-limited environments.

This study highlights the importance of evaluating toxicity in representative in vivo
conditions. It also demonstrates the utility of the paper-based culture platform for well-
defined mechanistic studies. The datasets we collected show that oxygen tension and the
culture format modulate HepG2 responses to known hepatotoxins and aryl hydrocarbon
receptor (AhR) inducers. First, we found that muted CYP inducibility in 3D formats is a
consequence of the microenvironment and not due to a limited accessibility to AhR inducers
in solution. Second, exposing HepG2-laden scaffolds at physiological oxygen tensions to
acetaminophen, cyclophosphamide, or aflatoxin B1 yielded responses similar to those
observed in PHHSs. Third, the altered metabolic profiles caused by decreasing oxygen
tension or including a collagen ECM can explain differences in HepG2 responses to drugs.

2. Materials and Methods

2.1 Reagents.

All reagents were used as received unless otherwise noted. Cell culture medium and
supplements were purchased from Gibco, except for fetal bovine serum (FBS, VWR) and
collagen I (rat tail, Corning). Acetaminophen, aflatoxin B1, cyclophosphamide, 7-
ethoxyresorufin (EROD), and 3-methoxycholanthrene (3-MC) were purchased from Sigma
Aldrich. Calcein-AM, DMSO, Hoechst 33342, and propidium iodide (PI) were purchased
from Fisher Scientific. TCDD (2,3,7,8-tetrachloro-p-dioxin) was purchased from Alfa
Chemistry and CellTiter-Glo 2.0 (CTG) from Promega.

2.2 Cell Culture.

HepG2 human hepatoma cells (American Type Culture Collection) were maintained as
monolayers at 20% O,, 37 °C, and 5% CO, in DMEM medium supplemented with 10%
FBS, 1% penicillin-streptomycin, and 22.7 mM HEPES. This maintenance medium was
exchanged every 2-3 days and the cells were passed at 75% confluency with TrypLE, using
standard procedures. All experimental data was obtained from passages 5 — 15 of
cryopreserved stocks of HepG2. The HepG2 cells were STR-verified in 2016 and are
regularly evaluated for mycoplasma contamination. Experimental studies in standard 96-
well plates contained 100 pL of maintenance medium and 40,000 cells/well. The cells were
incubated overnight after plating to ensure attachment.

2.3 3D Culture Preparation.

Sheets of Whatman 105 lens paper were wax-patterned and sterilized as detailed previously
by our lab.(Kenney et al., 2019; Lloyd et al., 2017) Briefly, sheets of Whatman 105 lens
tissue paper were wax-patterned with a Xerox ColorQube 8750 printer, cut out with a 13”
Silver Bullet Professional Series automated cutter, and sterilized overnight under ultraviolet
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light. Each circular scaffold contained a single cell-containing region, surrounded by a wax
border. Small zone scaffolds (6.5 mm in diameter) fit directly into the well of a standard 96-
well plate. Large zone scaffolds (18 mm in diameter) fit directly into the well of a standard
6-well plate. Figure S1 contains photographs and detailed schematics of both scaffolds. Prior
to use, each scaffold was seeded with either cell-free or cell-laden collagen I (1.2 mg/mL)
and incubated overnight before usage. The smaller scaffolds were seeded with 0.5 pL of gel
and the larger scaffolds with 12.5 pL. Cell-laden scaffolds had a final density of 80,000
cells/uL (1.81x108 cell/cm3).

2.4 Hypoxia Chamber.

Cells were incubated in a home-built hypoxia chamber (Figure S2) whose gas composition
was monitored with a diffusion-based O, (model 2-BTA, Vernier) and CO, sensor (model
K30, CO2Meter.com). PID controllers (model PXU21A20, Red Lion) maintained the
oxygen setpoints in the chamber by monitoring the DC output from each gas sensor in rea-
time. The PID controllers used a low-current solid-state relay to actuate solenoid valves
(Red Hat model 8262H020, ASCO) connected to supplies of either 100% N5 or 100% CO»
to adjust the gas composition in the chamber as needed. The oxygen controller was set to
reverse output mode with the PID parameters P:97, 1:150, and D:25. The carbon dioxide
controller was set to direct output mode with the PID parameters P:7, 1:120, and D:30. The
hypoxia chamber was humidified and maintained at 37 °C and 5% CO, for all experiments.
Prior to introducing the cells, the chamber was equilibrated to the appropriate oxygen
tension for 18 h.

2.5 Cellular Viability.

Cellular viability was determined with a tri-color live-dead stain. Cell pellets were collected,
resuspended in 100 uL of 1X PBS, and stained for 10 min in a 1XPBS solution containing
10 pg/uL of calcein-AM, 5 pg/uL PI, and 10 ug/uL Hoechst. The stained cells were imaged
with a Nikon TE-2000i inverted microscope equipped with a QICAM Fast 1394 digital
camera (QImaging). Figure S3 contains representative brightfield and fluorescence images at
each oxygen tension. Cell counts were determined with a previously published ImageJ
method.(Schneider et al., 2012)

2.6 Dose-Response Curves.

Monolayers and small zone scaffolds were dosed for 48 h in 200 uL of drug-containing
medium. These solutions were prepared from stocks of acetaminophen (5 M), aflatoxin B1
(200 mM), and cyclophosphamide (5 M) in DMSO. The stock solutions were stored at =20
°C until needed. Prior to analysis, the cells were washed with 1X PBS and lysed for 20 min
ina 1:1 (v/v) solution of 1X PBS and CTG. Lysate aliquots (75 uL) were analyzed in an
opaque 96-well plate on a Spectramax M5 Multi-Mode Microplate Reader (Molecular
Devices) in luminescence mode with a 500 ms integration.

2.7 CYP1A Activity Assays.

Monolayers and small zone scaffolds were incubated for 48 h in 200 uL of induction
medium: maintenance medium containing either 3-MC or TCDD. Stock solutions of 3-MC
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(20 mM) and TCDD (100 pM) were prepared in DMSO and stored at —20 °C until needed.
Cells were washed once with 1XPBS and incubated for 1 h in EROD assay solution: 100 uL
of maintenance medium containing 10 pM EROD. Aliquots of EROD assay medium (80 pL)
were analyzed in an opaque 96-well plate (560/590 ex/em) on a SpectraMax M5 Multi-
Mode Microplate Reader. The remainder of the solution was removed from the cell-
containing wells, the cells washed with 1X PBS, and viability determined with the CTG
assay.

2.8 RT-gPCR Analyses.

Monolayers and large zone scaffolds were dosed for 48 h with maintenance medium
containing 3-MC (5 uM), TCDD (1 nM), aflatoxin B1 (10 nM), or acetaminophen (10 mM).
Cells were lysed using a TRIzol Plus RNA Purification Kit (Fisher Scientific). The TRIzol
reagent was added directly to the monolayer cultures; the cell-containing paper scaffolds
were submerged in it. Both culture formats were agitated for 5 minutes at room temperature
before RNA isolation. Reverse transcription (RT) was performed immediately after RNA
isolation with a High-Capacity cDNA Reverse Transcription Kit (Fisher Scientific) in an
Eppendorf Master Cycler.

Table S1 lists the qPCR primer pair sequences, melting temperatures, optimized reaction
concentrations, and reaction efficiencies (90-110%) for each primer set. Amplification
reactions were performed with PowerUp SYBR Master Mix (Fisher Scientific), in a 384-
well plate, on a QuantStudio 6 Flex Real-Time PCR system. Each sample was measured in
triplicate, using the following program: 95 °C for 60 sec, followed by 40 cycles of 95 °C for
2 sec and 55 °C for 30 sec. Each transcript was quantified using the AAC; method against
ACTB (B-actin).(Schmittgen and Livak, 2008) A fold-change of greater than 2.0 was
considered significant.

2.9 Confocal Microscopy.

Images of the HepG2 cells cultured as monolayers and in the paper-based scaffolds were
obtained on a Zeiss LSM 710 spectral confocal laser scanning microscope. Prior to
mounting the samples with ProLong Gold (Cell Signaling), the cells were fixed with 3.2%
paraformaldehyde, permeabilized with a 0.5% (v/v) solution of Triton X-100 in 1XPBS, and
stained with Alexa Fluor 488 phalloidin (ThermoFisher). The cells were also counterstained
with DRAQ5 (BioLegend). Single plane confocal and z-stack images of the monolayer and
3D cultures are provided in the Supplementary Materials.

2.10 Statistical Analyses.

Datasets were analyzed with GraphPad Prism 7. Values are reported as the average and
standard error of the mean (SEM) of at least two separate cell passes (N), with each cell pass
containing at least three technical replicates (n). Dose-response datasets were fit to a four-
parameter logistics (4PL) fit. Aflatoxin B1 was fit to a three-parameter (3PL) logistics fit
due to an ambiguous lower asymptote in the 4PL model, which can be attributed to
solubility constraints. ECs values were compared using an F-test. Statistically significant
differences correspond to a p-value of < 0.05.
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3. Results

Figure 1 summarizes the experimental workflow used to evaluate hepatotoxicity and
induction of phase | and Il drug-metabolizing enzymes in HepG2 cells. By simultaneously
evaluating monolayer and the paper-based 3D culture setups, we determined the effects of
culture dimensionality and oxygen tension in the same passage of cells. We chose the
HepG2 cell line for this work because it is readily available and has low genetic drift.
(Kitamoto et al., 1993; Zhao et al., 2018) Despite the limited expression of CYP enzymes
compared to PHHs, HepG2 cells have a well-characterized liver-representative genotype.
(Gerets et al., 2009; Westerink and Schoonen, 2007) When seeded in the paper scaffolds, the
suspension of HepG2 cells distribute throughout the wax-defined zone. The collagen
attaches to the paper fibers and fills the void spaces, providing the cells a protein-rich region
for growth. The Supplementary Materials contain a series of single plane and z-stack images
obtained on a confocal microscope. These images show that the cells remain distributed
throughout the scaffold after a 48 h culture. The images also show that distribution of cells
throughout the scaffolds are not even, with larger cell numbers occurring in regions with
higher fiber densities.

3.1 Cell viability is not impacted by physiological oxygen tensions.

Cell viability was assessed with calcein-AM, Hoechst 33342, and PI staining after a 48 h
incubation at each oxygen tension. Figure S3 contains representative brightfield and
fluorescence images of the HepG2 cells at each oxygen tension. The fraction of viable cells
was determined with Eqn. 1, where ;e is the number of calcein-stained cells, /gead is the
number of Pl-stained cells, and x4 is the number of Hoechst-stained cells.

Nye- ny;
Fraction of Viable Cells = (1 - ﬂ) ~ (ﬂ) (Eqn. 1)
Niotal Rtotal

The fraction of viable cells was equivalent at each oxygen tension for the Pl staining ratios
(0.94 +/-0.01). The average calcein staining ratios at 20% and 8% O, were similar (0.90+/-
0.01) and agreed with the PI staining data. The calcein stain at 3% O, indicated a significant
drop in viability (0.42 +/- 0.01). Kang reported a similar observation, which they attributed
this difference to decreased esterase availability or an impaired metabolic activity rather than
truly reduced viability.(Kang et al., 2020) Table S2 summarizes the viability data for each
oxygen tension. We relied on the PI staining data and assumed the 48 h exposure lower
oxygen tensions did not significantly affect viability.

3.2 Oxygen tension alters the potency and overall toxicity of known hepatotoxic drugs.

We evaluated three drugs for dose-dependent hepatoxicity at each oxygen tension, using
concentration ranges based on previously reported potency (ECsg) values: 1-200 mM
acetaminophen, 1-100 mM cyclophosphamide, and 0.001-200 nM aflatoxin B1.(Gerets et
al., 2012; Wang et al., 2002) Cellular viability was measured after a 48 h incubation and
compared to vehicle treatments exposed to the same concentration of DMSO.
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Acetaminophen was equally hepatoxic in the monolayer and 3D culture formats (Figure 2),
with 200 mM killing 100% of the cells at each oxygen tension. The potency of
acetaminophen increased significantly in both culture formats at physiologically relevant
oxygen tensions: in 2D, from 21.7 mM at 20% O, to 13.9 mM at 8% O, and 14.3 mM at 3%
Oo; In 3D, from 27.0 mM at 20% O» to 8.4 mM at 8% O, and 18.4 mM at 3% O,. The
significant difference in potency compared to 20% O, suggests an increased rate of
accumulation for acetaminophen’s cytotoxic byproduct, N-acetyl-p-benzoquinone imine
(NAPQI) at these lower oxygen tensions.

Figure 3 plots the dose-response relationships for aflatoxin B1 and cyclophosphamide in the
3D culture format at each oxygen tension. The overall toxicity of aflatoxin B1 decreased
monotonically from 100% at 20% O, to 56% at 3% O,. Cyclophosphamide killed 100% of
the cells at 20% and 8% O,. Its overall toxicity deceased to 69% at 3% O,. The potency of
both drugs increased with decreasing oxygen tension. For aflatoxin B1, the ECsq value
decreased from 21.1 nM at 20% O to 1.9 nM at 3% O,. The potency of cyclophosphamide
was decreased from 21.7 mM at 20% to 10.1 mM at 8% O2. Surprisingly the ECs value at
3% O2 was equivalent to that of 20% O,. Dose-response relationships for both the
monolayer and 3D culture formats at each oxygen tension are in the Supplementary
Materials.

3.3 Both oxygen tension and culture alter the drug-metabolizing enzyme transcript profile
in HepG2 cells

Transcript-level regulation of eight phase I and phase Il drug-metabolizing enzymes was
quantified with RT-qgPCR. We focused on CYP1AIand CYPIAZbecause they are readily
inducible in HepG2 cells; CYP2ZE1 due to its low inducibility in monolayers at ambient
conditions; SULT and UGT genes because of their known contributions to acetaminophen
metabolism and their presence in HepG2 cells.(Drahushuk et al., 1998; Gerbal-Chaloin et
al., 2014; Ramaiahgari et al., 2014; Sumida et al., 2000; Westerink and Schoonen, 2007) We
also quantified the aryl hydrocarbon receptor (AAR), which is known to regulate the
expression of CYP1A enzymes.

In monolayer cultures (Figure 4a), each drug-metabolizing gene, except for SULT1A1, was
upregulated at 8% O, compared to atmospheric conditions. There was a significant decrease
in transcript levels for most genes between 8% and 3% O,; UGT1A6, SULT1A1, SULTI1AZ,
and AAR were also significantly decreased at 3% compared to 20% O,. Interestingly,
UGT1A1 was the only gene upregulated at both physiologic oxygen conditions. In the 3D
cultures (Figure 4b), the transcript profiles at 8% and 3% O, were similar, with an overall
upregulation of CYP2E1, UGT1A1, and AhR compared to 20% O-. There also was a
general downregulation in SULT1A1, SULT1AZ and SULT1E1 in the physiologic oxygen
conditions compared to 20% O.

Figure 4c highlights the dramatic changes in transcriptional regulation between the 2D and
3D culture formats. An increased number of CYP1A1, CYPIAZ, UGT1A1 and UGT1A6
transcripts in the 3D cultures was conserved across all three oxygen tensions, suggesting the
presence of collagen or increased numbers of cell-cell contacts were the primary regulator.
Kim and colleagues found that gene regulation in PHHs diverged significantly between
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monolayers and collagen sandwich cultures.(Kim et al., 2010) In particular, they found that
CYP transcripts significantly increased in the collagen sandwich format.

The other genes we probed did not have a consistent trend in regulation that can be
attributed to either oxygen or culture format independently. However, there were apparent
changes between the 2D and 3D culture environments at each oxygen tension. For example,
CYP2E1 was downregulated at 20% O, but upregulated at 8% O,. The SULT genes show a
similar oxygen-dependence with SULTZA1 and SULT1E1 upregulated in 3D at 20% Oy;
SULT1A1 and SULT1E1 downregulated in 3D at 8% O,; SULTZAI upregulated in 3D at
3% O». These results suggest a more nuanced regulation that is dependent on both culture
parameters.

3.4 Oxygen tension alters transcriptional regulation in response to known hepatotoxins

Transcription regulation of phase | and phase 11 drug-metabolizing enzymes in the presence
of 10 mM acetaminophen, 10 mM aflatoxin B1, 5 uM 3-MC, 1 nM TCDD were measured
with RT-gqPCR after a 48 h exposure. At all three oxygen tensions, 3-MC and TCDD
upregulated CYPIAZ, SULTI1AIL and SULT1E1 in the 3D cultures (Figure 5). These
molecules differentially induced genes at each oxygen tension, with increased transcripts of
phase Il enzymes at 8% O, but increased CYP transcripts at 3% O,. Consistent with
previous reports, 3-MC and TCDD upregulated CYP1AZand CYP1AZin the monolayer
cultures (Figure S6).(Fradette and Du Souich, 2004; Hewitt and Hewitt, 2004; Westerink and
Schoonen, 2007)

The differential gene expression changes with decreasing oxygen tension were most
pronounced in the presence of acetaminophen. Acetaminophen upregulated UGT1A1,
UGTI1A6, SULT1A1, and AhR transcripts in the 3D cultures at 20% O,. At physiologic
oxygen tensions, acetaminophen had a much different effect. At 8% O, nearly every gene
measured was affected: CYP1AIL, SULTZA1 and AhR were downregulated; CYP1AZ,
CYP2E1, UGT1A6, SULT1AI, and SULTI1EI were upregulated. At 3% O,, acetaminophen
downregulated CYP1IA1L, UGT1AIL UGT1A6, SULTZAI, and SULT1EI No one has
reported differentially induced genes at various physiological oxygen tensions to our
knowledge. Audibert reported reduced drug metabolism in rabbits exposed to hypoxemic
conditions.(Audibert et al., 1993) They hypothesized the reduced oxygen tension altered the
distribution and expression of CYPs responsible for drug metabolism but did not have
molecular-level datasets needed for confirmation.

Transcriptional regulation upon acetaminophen exposure was also dependent on culture
format, as shown in Figure S7. At 20% O», the 2D cultures were more sensitive to
acetaminophen with higher expression of CYPand UGT transcripts. At 8% O, the 3D
culture format had significantly more CYP, UGT, and SULT transcripts. At 3% O,, the CYP
transcripts were similar in both culture formats, but the 2D cultures had higher expression of
UGTand SULT genes.
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3.5 CYP1A activity was reduced at physiologic oxygen tensions and in 3D culture

formats.

CYP1A activity was determined with an EROD assay. Figure 6a plots the raw fluorescence
intensities obtained for the monolayer and 3D cultures after a 48 h incubation at each
oxygen tension. This data shows that neither cell culture format nor oxygen tension altered
the basal CYP1A activity of the HepG2 cells. We attribute the large variations in the raw
fluorescence intensity values to low basal activity levels.

To quantify CYP1A activity in the presence of increasing concentrations of 3-MC or TCDD,
we adjusted for potential changes in cellular viability. CYP1A activity per live cell (Eqn. 2)
was calculated from the average raw fluorescence intensity collected from replicate EROD
assays (/erop) and the vehicle-normalized luminescence values collected from the CTG

assay (/ctc)-

IgroD

CYPI1A activity per live cell =
Ictg

(Eagn. 2)

Figure 6b is a heatmap of CYP1A activity per live cells at each oxygen tension. These data
show that both 3-MC and TCDD significantly induced activity in the 2D cultures at 20% O,.
The highest concentrations of 3-MC (10 nM) and TCDD (5 um) also induced activity at
physiologic conditions, with the magnitude of the response decreasing with decreased
oxygen tension. We also observed induction by both 3-MC and TCDD in the 3D culture
formats. These responses were muted compared to the 2D cultures. At 20% O,, 1 nM TCDD
induced activity by 2.05-fold in 3D; the same concentration resulted in a 13.0-fold increase
in 2D. 3-MC was able to induce CYP1A activity at 3D 20% O, only at 5 uM. Both 3-MC
and TCDD were unable to induce activity at 8% and 3% O,. Table S5 lists the induction
average for each culture condition and format.

4. Discussion

Despite the improved predictability of liver spheroids and organ-on-chip devices there is no
3D culture platform that can quickly assess microenvironmental impacts on the regulation of
drug-metabolizing enzymes.(Lauschke et al., 2016; Whitman et al., 2016) Such studies are
needed to improve the predictability of current in vitro assays, identifying the structural and
chemical components that best approximate the responses of a liver sinusoid or lobule in
vivo. In a recent review, Agarwal highlighted the potential of paper-based cultures for
generating 3D liver models.(Agarwal et al., 2020) The current work highlights how
amenable paper scaffolds are for fundamental cellular studies.

The distinct differences between the two culture reinforces the importance of the tissue
microenvironment, but also raises questions about the best way to experimentally control
that microenvironment. Both 2D and 3D formats contain oxygen gradients. When cell
densities are high, pericellular hypoxia results because oxygen consumption outpaces its
diffusion. In monolayers, the differences between the oxygen concentration in an incubator
and at the bottom of a medium-containing plate can be substantially different.(Al-Ani et al.,
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2018) The monolayer cell densities used in this experiment substantially reduce the oxygen
concentration at the cell surface for the 8% and 3% O, conditions, as demonstrated in the
Supplementary Materials. Pericellular hypoxia is likely also happening in the paper
scaffolds, however it would be less than the monolayer format, as the wax-patterned
scaffolds float atop the medium in the plate and reside at the air-water interface throughout
the experiment.

4.1 AhR ligand induction is dependent on culture format and oxygen tension.

Quantification of CYP1A transcripts and activity allowed us to assess the responsiveness of
HepG2 cells to known AhR inducers as a function of oxygen tension, culture format, and a
combination of the two factors. While we focus on TCDD, similar conclusions can be drawn
for 3-MC or the hepatotoxic drugs we evaluated in parallel. When exposed to 1 nM TCDD
at atmospheric culture conditions, incorporating an ECM reduced the overall CYP1A
activity by 7.5-fold compared to monolayers at the same conditions (Figure 6b). Vrba also
noted this muted inducibility between 2D and 3D culture formats in an analogous
experiment;(Vrba et al., 2014) the CYP1A activity in HepG2 spheroids exposed to 5 nM
TCDD was reduced 17-fold compared to monolayers at the same conditions. Transcript
changes at 20% O, correlate with the activity data, with a 1 nM TCDD exposure resulting in
a 5-fold lower induction of CYP1AZ in the 3D cultures but a similar induction of CYP1A42
between the two culture formats. These differences could be attributed to altered basal
expression levels of AhR, as the 3D culture format contained 2.4-fold lower AAR transcript
levels than the monolayer cultures. The basal CYP1A level activity was equivalent between
the two formats (Figure 6a). Detailed values of transcript fold-changes are in Tables S6 —
S8. A comparison of cellular responses to 1 nM TCDD also showed muted activity in both
the 2D and 3D culture formats when transitioning from atmospheric to physiologic oxygen
tensions (Figure 6b). In the 2D cultures, the TCDD-induced increase compared to vehicle
decreased from 12.9-fold at 20% O, to 2.6-fold at 8%, and 3.0-fold at 3% O,. In the 3D
cultures, the fold-increase compared to the vehicle was only significant at 20% O, (2.1-
fold).

The differences in both transcript numbers and activity suggest the monolayers are more
sensitive to inducers, possibly due to differences in cellular energy allocations between the
two formats. A second potential reason for this decreased inducibility is a lower effective
concentration of TCDD reaching the cells in the 3D formats, due to non-specific adsorption
to the collagen matrix or the paper’s cellulose fibers. In previous a previous study, we
showed hydrophobic drug molecules distribute evenly throughout a paper-based colon tumor
model with 12 sheets of cell-laden thick within six hours of introduction.(Boyce et al., 2017)
These results suggest that the single cell-containing scaffolds should see the full inducer
concentration in less than an hour of introduction.

4.2 HepG2 responses to acetaminophen at physiologic oxygen tensions are similar to

PHHSs.

The importance of probing multiple oxygen tensions in drug-induced liver toxicity studies is
highlighted by stark differences in the dose-response relationships for acetaminophen,
aflatoxin B1, and cyclophosphamide (Figures 2 and 3). The decreased overall toxicity,
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increased potency, and altered dose-response shapes we observed suggest altered
mechanisms of action arise in the presence of an ECM and reduced oxygen tension.
Comparing responses to acetaminophen between 2D and the paper-based cultures at
atmospheric conditions supports their continued use as a model. Under these conditions, the
overall toxicity was consistent with 100% cell loss at the highest tested concentration. The
potency of acetaminophen and the shape of its curve was also unchanged, suggesting that
the collagen matrix and paper-based scaffolds do not alter its mechanism. These results
match previously reported studies with HepG2 monolayers and spheroids.(Parikh et al.,
2015; Ramaiahgari et al., 2014)

Direct comparisons of the HepG2 results and in vivo are difficult due to the large variability
of the two cellular environments and a disparity of assay readouts. However, direct
comparisons to PHHSs are an attractive benchmark for determining the utility of HepG2 cells
in physiologically relevant conditions as they are the gold standard for in vitro studies of
cellular induction, metabolism, and toxicity. When cultured as monolayers, HepG2 cells at
20% O, have limited expression and induction of drug-metabolizing enzymes. In the
collagen-rich environment of the paper scaffolds, HepG2 cells at physiologically relevant
oxygen tensions had markedly different responses to inducers and hepatotoxic compounds at
the transcript and activity levels. The potency values we obtained for acetaminophen at 8%
(8.4 mM) and 3% O, (18.4) were significantly lower than that at atmospheric oxygen levels
(27.0 mM). These values also align with previous reports of 10 mM for PHH collagen
sandwiches and spheroids.(Bell et al., 2017; Schyschka et al., 2013)

The altered shape of the dose-response relationship for acetaminophen in 3D cultures
exposed to 3% O, also suggest an oxygen-dependent mechanism of action. Acetaminophen
toxicity is due to the accumulation of NAPQI intermediate, which forms protein adducts that
lead to glutathione (GSH) depletion and oxidative stress-induced necrosis.(Hinson et al.,
2010) The downregulation of UGT and SULT transcripts at 3% O, suggests acetaminophen
is primarily metabolized by CYPs under these conditions, resulting in continued NAPQI-
protein adduction at low doses. This proposed mechanism is supported by earlier works,
which showed that NAPQI-protein adduct accumulation is localized in the liver’s perivenous
region and spreads radially with continued exposure.(Hinson et al., 2010; Roberts et al.,
1991)

4.3 HepG2 potency values for cyclophosphamide and aflatoxin B1 at physiologic oxygen
tensions are similar to PHHSs.

4.3.1 Cyclophosphamide.—The potency values for cyclophosphamide as a function of
oxygen tension were markedly different between the 2D and 3D culture formats (Figure S4),
supporting the acetaminophen data and changes in the extracellular stimuli can have
profound effects on drug sensitivity. In 2D, there was a steady decrease in potency from 37.6
mM at 20% O, to 7.38 mM at 3%. When placed in the 3D culture format, there are two
notable differences. First, the potency values for atmospheric (21.7 mM) and perivenous
(24.1 mM) oxygen tensions were indistinguishable; these values were also significantly
different from those obtained in 2D. Second, the potency values in the 3D cultures were
similar to those recorded for PHHSs at 20% O, (25 mM).(Yokoyama et al., 2018) We note
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that the decrease in the overall toxicity and altered shape of the dose-response relationships
between 20% and 3% O also suggest an alternative mechanism of action despite the similar
potency values.

The altered shape of the dose-response curves could arise from oxygen-dependent
metabolism of cyclophosphamide. Under standard culture conditions cyclophosphamide is
converted to 4-hydroxycyclophosphamide, which is further metabolized into the DNA-
alkylating agent phosphoramide mustard and acrolein.(lonescu and Caira, 2005; Rodriguez-
Antona and Ingelman-Sundberg, 2006) Decreased oxygen levels could alter the enzyme
expression or activity responsible for the detoxification of cyclophosphamide, resulting in
the different EC50 values we observed due to an accumulation of either phosphoramide
mustard and acrolein. Mechanistic studies of cellular responses to cyclophosphamide in 2D
and 3D culture formats should be further explored and compared to PHHSs.

4.3.2 Aflatoxin B1.—The potency values of aflatoxin B1 in both culture formats were
significantly lower at physiologic oxygen tensions than atmospheric levels. In the 3D
cultures, the potency value decreased from 21.1 pM at 20% O, to less than 4.1 pM. This
reduced value agrees with previously reported ECsq values for PHHs on collagen-coated
plates at atmospheric oxygen tensions: 10.8 uM (Li et al., 2012) and 4.7- 20 uM.(Li et al.,
2012; Yokoyama et al., 2018)

The oxygen-dependent decreases in potency and overall toxicity changes suggest the HepG2
cells are accessing different metabolic pathways. Several mechanisms of action have been
reported aflatoxin B1, with a common pathway of CYP3A4 and CYP1A2 metabolism to
form aflatoxin B1-8,9-epoxide (AFBO). AFBO forms amine adducts with proteins and
DNA. (Deng et al., 2018) It also activates cellular death receptors culminating in apoptosis.
(Mughal et al., 2017) Figure 5 shows an increase in CYP1AZtranscripts at both 8% and 3%
Oy, supporting the increased production at AFBO compared to 20%. The presence of
CYP1A enzymes is not the sole contributor, as the percentage of cells killed decreased
significantly from 86% at 20% and 8% O, to 56% at 3% O».

There also was a notable increase in SULT transcripts at 8% O2. While these enzymes do
not metabolize aflatoxin B1, they do activate the nuclear pregnane X receptor.(Ratajewski et
al., 2011; Sonoda et al., 2002) These oxygen-dependent changes in response to aflatoxin
merits further evaluation, as the activation of the nuclear receptors that orchestrate drug
metabolism could prove important in predicting future toxicities or potential drug-drug
interactions.

4.4 Is oxygen enough?

Our findings support previous works and agree that an ECM reduces the inducibility of
HepG2 cells to AhR ligands while also sensitizing them to certain drugs. The data also
highlight the importance of evaluating other physiologically relevant conditions, as HepG2
responses to drugs are oxygen tension-dependent. These oxygen-induced changes in potency
or overall toxicity offer insights into potential liver-induced injuries or drug-drug
interactions that would be overlooked under standard culture conditions.
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Our findings also highlight that oxygen can improve some aspects of hepatic responses.
However, it is not the only microenvironmental factor needed to obtain zonal expression of
phase | and Il drug-metabolizing enzymes. In vivo, zonation is marked by the expression of
SULT enzymes at periportal conditions and UGT enzymes at perivenous.(Jancova et al.,
2010) Our datasets lacked these basal level expression trends in both 2D and 3D culture
formats (Figure 4). The paper-based culture platform is amenable to other studies into the
microenvironment-cell function relationships. It is also amenable to other cell lines, such as
PHHSs, which can improve the platform’s overall a ility to predict drug toxicities. The ability
to rapidly prototype and evaluate different paper-based structures, as demonstrated by our
lab and others, provides a means to test individual parameters as in this work or generate
gradients of oxygen and nutrients similar to those found in vivo. The incorporation of
gradients may provide representative responses to change in oxygen tension and perhaps
more insight into in vivo happenings.
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Highlights

. The incorporation of a 3D culture environment and physiologically relevant
oxygen tensions lead to more predictive hepatotoxicity models

. In a 3D environment, the basal transcript level of phase | and Il drug-
metabolizing enzymes are elevated at atmospheric and physiological oxygen
tensions

. Transcriptional regulation of HepG2 cells better match in vivo observations

when cultured at physiologically relevant oxygen tensions

. CYP1A activity and inducibility decreases in both monolayer and 3D culture
formats with decreasing oxygen tensions
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Figure 1.
Experimental workflow comparing the responses of HepG2 cells exposed to different

oxygen tensions. Cell monolayers were maintained on standard culture plasticware. The 3D
cultures were prepared by seeding cells suspended in a collagen | matrix into wax-patterned
paper scaffolds. (a) First, cells were placed in the appropriate culture format and incubated
for 24 h at atmospheric culture conditions (20% O,, 5% CO,, and 37 °C). (b) Next, the cells
were incubated in the presence of a drug or inducer for 48 h at 20%, 8%, or 3% O,. (c)
Finally, cellular responses were quantified. Hepatotoxicity was evaluated with the CellTiter-
Glo viability assay, CYP1A activity quantified with the EROD assay, and transcriptional
regulation was determined with RT-gPCR.
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Figure 2.

Dose-response relationships of 40,000 HepG2 cells after a 48 h exposure to acetaminophen
at atmospheric (20%), periportal (8%), or perivenous (3%) oxygen tensions. Each point is
the average and SEM collected from at least two different cell passages (N=2); each pass
contained at least three technical replicates (n=3). The black lines connecting the points
represent the best-fit 4PL model; the gray shaded regions represent the 95% confidence
intervals of those fits.
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Figure 3.

Dose-response relationships of 40,000 HepG2 cells in the 3D culture format after a 48 h
exposure to either cyclophosphamide (a-c) or aflatoxin B1 (d-f) at atmospheric (20%),
periportal (8%), or perivenous (3%) oxygen tensions. Each point is the average and SEM
collected from at least two different cell passages (N=2-3); each pass contained at least three
technical replicates (n=3). The black lines connecting the points represent the best-fit 4PL
model (cyclophosphamide) and 3-PL model (aflatoxin B1); the gray shaded regions
represent the 95% confidence intervals of those fits.
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Figure 4.
Transcript-level regulation of phase | and phase Il drug-metabolizing enzymes in HepG2 (a)
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monolayer and (b) 3D cultures after a 48 h exposure to 20%, 8%, or 3% O.. (c) Transcript-
level regulation between monolayer and 3D culture formats at each oxygen tension. Each

value is the average of at least two cell passages (N=2-3); each pass contained at least three
technical replicates (n=3). A fold-change >2 indicates a significant increase in expression;
<0.50 indicates a significant decrease. The numerical values correspond to the average AACt

value of each transcript.
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Figure 5.
Transcript-level regulation of 3D cultures of HepG2 cells after a 48 h incubation with 5 pM

3-MC, 1 nM TCDD, 10 mM acetaminophen (apap), or 10 nM aflatoxin B1 (afla B1). Each
value is the fold change of the average AACt value from at least two cell passages (N=2-3);
each pass contained at least three technical replicates (n=3). A fold-change >2 indicates a
significant increase in expression; <0.50 indicates a significant decrease. The numerical
values correspond to the average AACt value of each transcript.
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Figure 6.

Average CYP1A activity of HepG2 cells as determined by the EROD assay. (a) Basal
CYP1A activity, plotted as the raw fluorescent intensity, after a 48 h incubation. (b) CYP1A
activity after a 48 h induction with increasing concentrations of 3-MC or TCDD. Values are
the average of at least six data points collected from at least two cell passages (N=2). Each
pass contained at least three technical replicates (n=3). A fold-change >2 indicates a
significant increase in activity. The numerical values of the heatmap are found in Table S5.
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