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Testing drugs in isogenic rodent strains to satisfy regulatory requirements is insufficient for derisking organ
toxicity in genetically diverse human populations; in contrast, advances in mouse genetics can help mitigate
these limitations. Compared to the expensive and slower in vivo testing, in vitro cultures enable the testing of
large compound libraries toward prioritizing lead compounds and selecting an animal model with human-like
response to a compound. In the case of the liver, a leading cause of drug attrition, isolated primary mouse
hepatocytes (PMHs) rapidly decline in function within current culture platforms, which restricts their use for
assessing the effects of longer-term compound exposure. Here we addressed this challenge by fabricating
mouse micropatterned cocultures (MMPCC) containing PMHs and 3T3-J2 murine embryonic fibroblasts that
displayed 4 weeks of functions; mMPCCs created from either C57BI/6J or CD-1 PMHs outperformed colla-
gen/Matrigel™ sandwich-cultured hepatocyte monocultures by ~143-fold, 413-fold, and 10-fold for albumin
secretion, urea synthesis, and cytochrome P450 activities, respectively. Such functional longevity of mMPCCs
enabled in vivo relevant comparisons across strains for CY P induction and hepatotoxicity following exposure
to 14 compounds with subsegquent comparison to responses in primary human hepatocytes (PHHS). In con-
clusion, mMMPCCs display high levels of major liver functions for several weeks and can be used to assess
strain- and species-specific compound effects when used in conjunction with responses in PHHSs. Ultimately,
MMPCCs can be used to leverage the power of mouse genetics for characterizing subpopulations sensitive to
compounds, characterizing the degree of interindividual variability, and elucidating genetic determinants of
severe hepatotoxicity in humans.
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INTRODUCTION

Testing compounds in isogenic strains of rodents
during preclinical screening, and later in small human
cohorts in phase I/ll clinical trials, is insufficient for
derisking organ toxicity in genetically diverse human
populations across many drug classes™. In contrast,
recent advances in mouse genetics (e.g., Collaborative
Cross) have proven to be highly useful in identifying
subpopulations sensitive to compounds, characterizing
the degree of interindividual variability, and providing
genetic evidence for toxicity mechanisms®. Thus, when
coupled with human-relevant assays to determine any
species-specific differences in the metabolism of certain

compounds, genetically diverse mouse strains represent
apromising model for the preclinical safety screening of
drugs and industrial chemicals.

Owing to their high cost and slow turnaround, in vivo
animal studies are most suitable for testing a small num-
ber of compounds during the later stages of preclinica
development. In contrast, faster and cheaper in vitro
assays/models can be used on many compounds at all
stages of safety evaluation and combined with structure—
activity relationship (SAR) optimization to select prom-
ising lead compounds for the in vivo testing required by
regulatory agencies. Since toxicity to the liver is a lead-
ing cause of compound attrition and acute liver failure’,
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in vitro liver models play an important role during com-
pound development. Primary hepatocytes are idea for
constructing such models given their physiological rele-
vance as opposed to transformed immortalized cell lines’.
However, primary mouse hepatocytes (PMHSs) display a
rapid decline in phenotypic functions and sensitivity to
compounds when cultured on conventiona collagen-
adsorbed plastic®. Sandwiching PMHs between two lay-
ers of gelled extracellular matrix (ECM) proteins (e.g.,
collagen and Matrigel ™) can enhance gene expression
and functions over adsorbed collagen controls, however,
hepatocyte integrity and functions still decline within
days of culture initiation”®. Even more advanced matri-
cesfor cell seeding, such as poly[N-p-vinylbenzyl-4-O-b-
p-gal actopyranosyl-p-gluconamide] with E-cadherin-Fc'°
and polyacrylamide gels of in vivo-like stiffness™, cannot
rescue the PMH phenotype beyond afew days. Providing
higher oxygen tensions to PMHs using specialized sub-
strates increases abumin production, but such produc-
tion still declineswithin 4 days™. Last, three-dimensional
(3D) spheroidg/clusters of PMHs lose their prototypical
morphology over 6 days, whileit isnot clear if functions
are maintained beyond 2 days of culture®. Therefore,
there remains a need to develop a culture platform that
can maintain the drug metabolism capacity of PMH cul-
tures for several weeks to enable longer-term exposures
to compounds and their metabolites asin vivo.

Coculture with both liver- and non-liver-derived non-
parenchymal (NPC) types can modul ate hepatic functions
in both liver development and physiology™. Specifically,
liver formation from the endodermal foregut and mesen-
chymal vascular structures in the embryo is mediated by
heterotypic interactions with other cell types™; without
interaction with the mesenchyme, the endoderm does
not undergo complete hepatic differentiation™. Some
of these interactions can be replicated in vitro by cocul-
turing primary hepatocytes from different species with
NPCs derived from multiple species and tissues, such as
rat hepatocytes cocultured with either C3H/10T1/2 mouse
embryo cells’, 3T3 murine embryonic fibroblasts, or
human fibroblasts'®. For PMHs, only a handful of stud-
ies have utilized coculture with NPC types. Specificaly,
coculturewith liver epithelial cellswas shown toimprove
albumin and cytochrome-P450 3A (CY P3A) gene expres-
sion in PMHs over 6 days relative to monocultures,
however, functional endpoints were lacking™. Similarly,
PMHs displayed higher proliferation over 2 days when
cocultured with the whole NPC fraction of the mouse
liver, but CYP enzyme activities were not measured®.
Therefore, there remains a need to design an optimal
coculture microenvironment for PMHs toward maintain-
ing drug-metabolizing capacity for several weeks.

3T3-J2 murine embryonic fibroblasts are known to
expressmolecules present intheliver (e.g., decorin, VEGF,
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T-cadherin) at higher levels than other 3T3 subclones
(e.g., 3T3-NIH, 3T3-Swiss, 3T3-L1) and primary mouse
embryonic fibroblasts™#. Such high expression of liver-
like molecules allows the 3T3-J2 fibroblasts to stahilize the
phenotypic functions of primary rat** and primary human
hepatocytes (PHHs)* for 4+ weeks within a micropat-
terned coculture (MPCC) format with empirically opti-
mized dimensions; contact between the two cell typesis
required for stabilization of hepatic functions as fibroblast-
conditioned medium & one does not suffice for stabilizing
hepatic functions™. Furthermore, 3T3-J2 fibroblastsinduce
higher levels of functions in PHHs than liver sinusoidal
endothelia cells®, hepatic stellate cells®, and Kupffer
cells”. Importantly, the use of 3T3-J2 fibroblasts does not
prevent the effective use of PHHs for many applications
within the drug devel opment pipeline® ! and significantly
improves the sensitivity for the prediction of clinically
relevant drug metabolism and toxicity than monocultures
and randomly distributed cocultures®. However, it remains
unclear whether 3T3-J2 fibroblasts can similarly sustain
long-term functions in PMHs and enable a murine model
for compound screening. Therefore, here we fabricated
mouse MPCCs (MMPCCs) containing PMHs from dif-
ferent strains (C57BI/6J and CD-1) and 3T3-J2 fibroblasts
with empirically optimized dimensions. Cell morphology
and major liver functions (albumin and urea secretion
rates, and CYP1A, 2A, 2C, and 3A enzyme activities)
in mMMPCCs were assessed for 4 weeks. Last, we deter-
mined the utility of mMMPCCsfor in vivo relevant compar-
ison studies across mouse strains and species (vs. MPCCs
created using PHHS) for CY Pinduction and hepatotoxic-
ity following exposure to 14 prototypical compounds.

MATERIALSAND METHODS

Isolation and Processing of Primary Mouse
Hepatocytes (PMHs)

Animal useand husbandry followed protocol s approved
by the Hamner Ingtitutes for Health Sciences Institutional
Animal Care and Use Committee (Research Triangle
Park, NC, USA) and were performed in accordance with
the ingtitutional guidelines. CD-1 and C57BI6/J mice
that were 6 weeks old were obtained from Charles River
Laboratories (Durham, NC, USA). Animals were housed
in groups of five in constant aternating 12-h light and
dark cycles and alowed free access to food and water.
PMHSs were then isolated from these mice using a proto-
col approved by the Hamner Institutes for Health Sciences
Institutional Animal Care and Use Committee. Briefly, the
animals were anesthetized with isoflurane, and livers were
perfused using a two-step collagenase method °. A cath-
eter was inserted through the heart into the superior vena
cava, and the liver was perfused first with divalent cation-
free DMEM (Dulbecco’s modified Eagle's medium)-based
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buffer with EGTA [ethylene glycol-bis(b-aminoethyl
ether)-N,N,N’N*-tetraacetic acid] at 37°C for 4 min, and
then with Earle's balanced salt solution containing col-
lagenase and protease (Vitacyte, Indianapolis, IN, USA)
for 6-8 min. The liver was then excised and dissociated in
Williams' E medium supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, 100 pg/ml streptomycin,
15 mM HEPES [4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid], 0.1 uM dexamethasone, 4 ug/ml insulin,
and 4 mM GlutaMAX™, Hepatocytes were filtered
through a 105-um nylon mesh, washed once by |ow-speed
centrifugation, purified by Percoll® (GE Healthcare Life
Sciences, Pittsburgh, PA, USA) gradient centrifugation,
and transferred to a T-25 tissue culture flask placed on an
orbital shaker (50 rpm) in an incubator (37°C, 5% CO,) for
30 min. Cdlls were then washed by low-speed centrifuga-
tion and stored in cold storage medium (HypoThermosol -
FRS; BioL ife Solutions, Bothell, WA, USA) for shipment.
Freshly isolated PMHs were shipped from the Hamner
Institutes to Colorado State University (Fort Collins, CO,
USA) or the University of Illinoisat Chicago (Chicago, IL,
USA). Following receipt of fresh hepatocytes, cells were
centrifuged at 600 rpm for 8 min, and the supernatant was
discarded and replaced with fresh medium. Cell viability
was assessed using the trypan blue exclusion method and
was found to be >90% for freshly isolated hepatocytes.

Establishment of Hepatocyte Cultures

Micropatterned cocultures (MPCCs) were created as
previously described® and are illustrated in Figure 1.
Briefly, adsorbed rat tail collagen | (Corning Life
Sciences, Tewksbury, MA, USA) was lithographically
patterned in each well of a24-well plateto create 500-pum-
diameter circular domains spaced 1,200 um apart,
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center-to-center. PMHs selectively attached to the col-
lagen domains leaving ~25,000 attached PMHs on ~90
collagen-coated islands within each well of a 24-well
plate. Murine embryonic fibroblasts (3T3-J2) were seeded
18to 24 hlater at ~90,000 cells per well to create MM PCCs.
M ouse micropatterned pure hepatocyte cultures (MM PHS),
which did not receive murine fibroblasts, were used as
density-matched controls. Hepatocyte culture medium
containing a high-glucose DMEM (Corning Life Scien-
ces) base was replaced on mMPCCs every 2 days
(300 pi/well for a 24-well plate). Other components of
the culture medium have been described previously®.
For conventional monocultures, PMHs were diluted
to adensity of 1e6 cell/ml, seeded in collagen-coated plates
(500 p/well), and allowed to attach for 4 h. To complete an
ECM protein mouse sandwich-cultured hepatocyte model
(mSCH), Matrigel™ was added to the culture medium
at 250 pg/ml, which caused a gelled overlay to form on
the adherent PMHSs. Culture medium was replaced after
the first 24 h of seeding and every other day thereafter.

Morphological and Functional Assessments

Culture morphology was monitored under phase
contrast using an EVOS®FL microscope (Thermo Fisher
Scientific, Waltham, MA, USA). Culture supernatants
were assayed for albumin levels using a competitive
enzyme-linked immunosorbent assay (ELISA; MP Bio-
medicals, SantaAna, CA, USA) with horseradish peroxi-
dase detection and 3,3¢5,5¢tetramethylbenzidine (TMB;
Rockland Immunochemicals, Boyertown, PA, USA) as
the substrate. Urea concentration in culture supernatants
was assayed using a colorimetric endpoint assay utiliz-
ing diacetyl monoxime with acid and heat (Stanbio Labs,
Boerne, TX, USA)®. Absorbance values for the above

Collagen Seed mouse
hepatocytes

Add Matrigel
overlay

Sandwich
culture (mSCH)

Seed mouse
hepatocytes

Y v

mMPH

Seed 3T3-J2
fibroblasts

Micropatterned co-
culture (mMPCC)

Figure 1. Fabrication of different mouse hepatocyte culture models. After tissue culture polystyrene was uniformly coated with rat
tail collagen, three different culture models were established. M ouse sandwich-cultured hepatocytes (mSCH) adhered to the adsorbed
collagen and were then sandwiched with aMatrigel ™ overlay. M ouse micropatterned pure hepatocytes (mM PHSs) were prepared using
soft lithography techniques to micropattern the collagen into circular islands of a defined geometry and seeding mouse hepatocytes to
fill the collagen islands. The mMPHs were surrounded by 3T3-J2 murine embryonic fibroblasts within 24 h to create mouse micropat-

terned cocultures (MM PCCs)*.
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assays were quantified using the Synergy H1 multimode
plate reader (BioTek, Winooski, VT, USA).

CYP3A and CY P2C enzyme activities were measured
by incubating the cultures with either luciferin-1PA
(Promega Life Sciences, Madison, WI, USA) for 1 h or
luciferin-H (Promega) for 3 h, respectively. The metab-
olite, luciferin, generated by CYP metabolism of the
respective substrates was quantified via luminescence on
the Synergy H1 multimode plate reader according to man-
ufacturer’s protocols. While luciferin-IPA has been used
previously to determine the catalytic activity of CYP3A
in mouse and human liver homogenates*®, luciferin-H
has been validated only for CYP2C9 activity in human
liver microsomes®; however, mouse CY P2C37 is highly
homologous to CY P2C9%.

CYP1A and CY P2A activities were measured by incu-
bating the cultures with either 5 uM 7-ethoxyresorufin
(Sigma-Aldrich, St. Louis, MO, USA) for 3 h or 50 uM
coumarin (Sigma-Aldrich) for 1 h, respectively. The
metabolites resorufin and 7-hydroxycoumarin (7-HC)
generated via CYP1A- and CYP2A-mediated metabo-
lism, respectively, of the abovementioned substrates
were quantified via fluorescence on the Synergy H1 mul-
timode plate reader [excitation/emission (nm): 550/585
for resorufin and 355/460 for 7-HC] using previously
published protocols®. The activity of 7-ethoxyresorufin-
O-deethylase is attributed to both mouse and human
CYP1A%%; coumarin 7-hydroxylase activity is also
attributed to both mouse and human CY P2A%%,

Cell viability was quantified by the PrestoBlue™
assay (Thermo Fisher). Briefly, PrestoBlue substrate was
combined with culture medium at a 1:9 ratio (v/v). The
mixture was added to mMPCCs, incubated for 10 min,
and the metabolite (resazurin) was quantified via fluores-
cence (560 nm excitation, 590 nm emission). ATP levels
in cell lysates were determined using CellTiter-Glo™
(Promega). A 1:1 ratio (v/v) of CellTiter-Glo and culture
medium was added to the cell layer, and luminescence
from supernatants was quantified.

Drug Sudies

For drug-mediated CY P induction studies, mMPCCs
(7-10 days old) were exposed to serum-free culture
medium containing rifampin (25 pM), phenobarbital
(1 mM), b-naphthoflavone (25 pM), dexamethasone
(10 pM), omeprazole (50 pM), or dimethyl sulfoxide
(DMSO) done (0.1% v/v). Drugs were purchased from
either Cayman Chemicals (Ann Arbor, MI, USA) or
Sigma-Aldrich. CYP3A, CYP2C, and CYP1A enzyme
activities were quantified after 4 days of drug exposure
as described above. Datawere normalized to a0.1% (v/v)
DM SO control to calculate fold changes.

For drug toxicity studies, mMPCCs (710 days old)
were treated in serum-free medium to two concentrations
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of each drug (listed below), 25% and 100x C_,, (C,. iS
the maximum human plasma concentration) every other
day for atotal of 6 days, atreatment timeframe previously
found to provide an increase in sensitivity for drug toxic-
ity detection without an increase in the false-positive rate
over 1-day drug treatment in PHH/3T3-J2 cocultures’.
Tolcapone, troglitazone, rosiglitazone, and ibufenac were
purchased from Cayman Chemical, while nefazodone,
buspirone, diclofenac, warfarin, and fialuridine were
obtained from Sigma-Aldrich. All drugsweredissolvedin
100% DM SO (Corning Life Sciences). The final DM SO
concentration in the culture medium was kept at 0.1%
(v/v) for all drugs except that 0.2% (v/v) was used for
tolcapone, and 1.0% (v/v) was used for ibufenac due to
limited solubility. The relevant DM SO controls at 0.1%,
0.2%, and 1% (v/v) were also maintained to calculate fold
changes. Albumin and urea secretion rates, cell viability,
and ATP levels were assessed as described above.
MPCCs containing cryopreserved PHHs (HUM4055A:
54-year-old femal e Caucasian and HUM4192: 16-year-old
female Asian; purchased from Lonza, Walkersville, MD,
USA) were created using the same protocol as mMMPCCs.
The PHH-MPCCs (7-10 days old) were then exposed to
the same compoundsfor CY Pinduction or toxicity assess-
ments as MM PCCs with the same dosing schedule and
assaysto evaluate functions and viability as detailed above.

Data Analysis

All findings were confirmed in independent experi-
mentsfrom at |east two different donors of the same mouse
strain. Datafrom asingle representative donor/experiment
is shown for each figure unless otherwise indicated. Data
processing was performed using Microsoft Excel, and
GraphPad Prism (La Jolla, CA, USA) was used for dis-
playing results. For each assay, mean and standard devia-
tion valueswere cal cul ated using three technical replicates
and normalized to the number of hepatocytes attached in
each well. For the drug exposure studies, functionsin all
treated cultures were compared to functions in DM SO-
only controls, and functional data are reported as percent-
ages of that control. |C, values (drug concentrations that
reduced an endpoint signal by at least 50% of DM SO-
only controls) were calculated by the linear interpola-
tion between the drug dose at which the assay signal was
>50% of controls and the drug dose at which the assay
signal was <50% of controls. Statistical significance was
determined with a one- or two-way ANOVA followed
by a Bonferroni pairwise post hoc test (p<0.05).

RESULTS
Characterization of PMH Monocultures

Upon seeding into collagen-coated wells and overlay-
ing with Matrigel ™, C57BI/6J PMHs in such an mSCH
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culture format (Fig. 1) showed prototypical hepatic mor-
phology with a polygonal shape, multinucleation, and
distinct nuclei/nucleoli (Fig. 2A). However, PMHs lost
their cuboidal morphology and became spread and flat-
tened in mSCHs over 1-2 weeks of culture (Fig. 2B and
C). Similar morphological trends were observed with
C57BI1/6J PMHSs seeded into a micropatterned format
without supportive fibroblasts or mMPHs (Fig. 2D—F).
At afunctional level, mSCH cultures displayed a rapid
decline in albumin (i.e., day 7 levels dropped to 23%
of day 3 levels) and urea (i.e., day 7 levels dropped to
29% of day 3 levels) secretion rates (Fig. 2G). CYP3A
activity aso declined in mSCH cultures; day 7 levels
dropped to 16% of day 3 levels (Fig. 2H). In contrast,
MMPHs had significantly higher abumin/urea secre-
tion rates (Fig. 2G) and CYP3A activity (Fig. 2H) than
MSCH cultures. Specifically, albumin and urea secre-
tion rates, and CYP3A activity in mMPHs were 1.8-
fold, 12-fold, and 8-fold higher than mSCH on day 3,
respectively. However, by day 7, these functions had
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declined to negligible levelsin both types of monoculture
models.

Characterization of C57Bl/6J mMPCCs Wth a
Comparison to ECM Sandwich Cultures

Rat tail collagen | was micropatterned into circular
domains within 24-well plates using a soft lithographic
process utilizing a polydimethylsiloxane (PDMS) mask®.
PMHs selectively attached to the micropatterned col-
lagen domains and were surrounded the next day with
3T3-J2 murine embryonic fibroblasts (Fig. 1). Circular
collagen domains of 500-um diameter with 1,200-um
center-to-center spacing have been shown previously to
stabilize the functions of primary rat** and human hepa-
tocytes® in coculture with 3T3-J2 fibroblasts. Here the
collagen island diameter and spacing were varied for
mMMPCCs toward determining the effects on the lev-
els of hepatic functions (Fig. 3A). Higher hepatic func-
tions were observed when less surface area in each well
was occupied by PMHs, and the remaining surface area
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Figure2. Morphology and liver functions of C57BI/6J primary mouse hepatocytesin monoculture formats. Freshly isolated C57BI/6J
mouse hepatocytes were adhered to adsorbed collagen and then sandwiched with aMatrigel ™ overlay (mSCHS). Prototypical cuboidal
hepatocyte morphology in mSCHs after (A) 1 day of seeding degraded after (B) 1 week and (C) 2 weeks of culture. Similarly, mMPHs
devoid of fibroblasts showed normal morphology of mouse hepatocytes after (D) 1 day of culture that degraded after (E) 1 week and
(F) 2 weeks of culture. Scale bars: 400 um. At the functional level, both mSCHs and mM PHs showed a rapid decline of (G) albumin
and urea secretion rates and (H) CYP enzyme activities. Error bars represent standard deviations (n=3). *p<0.05, ****p<0.0001

between the mSCH and mMPH conditions.



204

WAREETAL.

2 [l Abumin [l Urea [ CYP3A
2 125

©

e [

= 100 L.

&

g5 .

=

& 501 i

- : * A
8 25 = N
o =
E o

S 92%  16.6% 21.3%  26.1%

U] [{U)] (i (V)
Percent of well surface area
covered by hepatocytes

Figure 3. Dependency of micropatterned coculture functions on collagen island architecture (diameter and spacing). (A) Various
micropatterned geometries (i.e., confluent clusters) allowed mouse hepatocytesto cover 9.2% (500-pum island diameter with 1,200-pum
center-to-center spacing), 16.6% (500-pm diameter, 900-um center-to-center), 21.3% (700-um diameter, 1,100-pm center-to-center),
or 26.1% (700-pum diameter, 1,000-pum center-to-center) of the available surface areain each well of an industry standard 24-well plate.
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was available for fibroblast attachment (Fig. 3B); thus,
the optimal architecture for mMMPCCs was also found to
be circular collagen domains of 500-um diameter with
1,200-pm center-to-center spacing.

C57BI/6J PMHs showed prototypical hepatic morphol-
ogy on the day of seeding onto micropatterned collagen
domains (Fig. 4A). PMHs were retained on the islands
with the surrounding fibroblastsin C57Bl/6JmMPCCsfor
at least 4 weeks (Fig. 4B and C). At the functional level,
MM PCCs secreted albumin and ureafor 4 weeks (Fig. 4D),
at significantly higher rates than the density-matched
MmMPHs (e.g., ~12-fold higher for abumin and ~2.6-fold
higher for ureaon day 11 of culture). Similarly, the activi-
ties of CYP3A (Fig. 4E), CYP1A (Fig. 4F), and CYP2C
(Fig. 4G) were higher in mMPCCs over the course of 4
weeks than mMPHSs. For instance, CY P3A, CYP1A, and
CY P2C activitiesinmMPCCs after 23 dayswere~2-fold,
6.4-fold, and 3-fold higher than those in MM PHS, respec-
tively. However, CYP2A activity in C57B1/J6 mMPCCs
was negligible compared to activity in PHH-MPCCs
(Fig. 5). The 3T3-J2 fibroblasts were found to be devoid
of any of the measured liver functions, including albu-
min secretion, urea synthesis, and CY P activities (data
not shown). Last, while no bile canaliculi were visible
in mMMPHSs after 3 weeks of culture, PMHs in mMPCCs
formed functional bile canaliculi, as assessed by the
active transporter-mediated excretion of fluorescent 5
(and 6)-carboxy-2¢;7¢dichlorofluorescein (CDF) into the
bile canaliculi between adjacent hepatocytes (Fig. 6A).

Compared to collagen/Matrigel™ mSCHs created
from C57BI/6J PMHSs, urea secretion rate in C57BI/6J
MmMPCCs was ~62-fold, 413-fold, and 548-fold higher
after 5, 11, and 19 days, respectively (Fig. 2G vs. Fig. 4D).

Albumin secretion rates were ~6.5-fold, 143-fold, and
305-fold higher in MM PCCs than in mSCHs after 5, 11,
and 19 days, respectively (Fig. 2G vs. Fig. 4D). Finally,
CYP3A activities were 14-fold and 10-fold higher in
MMPCCs than in mSCHs after 5 and 17 days (19 days
for mSCH), respectively (Fig. 2H vs. Fig. 4E).

To determine if the 3T3-J2 murine embryonic fibro-
blasts could be replaced with human fibroblasts, we
created C57BI/6J mMPCCs with either adult or neona-
tal human dermal fibroblasts. However, neither of the
human fibroblasts was able to maintain prototypical mor-
phology and functions (albumin and urea secretion rates)
of PMHSs to the same extent as the 3T3-J2 fibroblasts
(Fig. 7). Similar trends were a so observed with PHHs and
dermal fibroblasts in MPCCs (data not shown), thereby
suggesting the beneficial effects of 3T3-J2 fibroblasts
on hepatocytes from both mouse and human species.

Characterization of CD-1 mMPCCs

As with C57BI/6J PMHs, CD-1 PMHs showed pro-
totypical hepatic morphology (polygona shape, distinct
nuclei/nucleoli) on the day of seeding onto micropat-
terned collagen domains (Fig. 8A). CD-1 PMHs were
retained on the islands with the surrounding fibroblasts
in mMMPCCs for at least 4 weeks (Fig. 8B and C). At the
functional level, CD-1 mMPCCs secreted abumin and
urea for 4 weeks (Fig. 8D), at significantly higher rates
than mMPHs (e.g., ~19-fold higher for albumin and
~5-fold higher for urea on day 11 of culture). Similarly,
the activities of CYP3A (Fig. 8E), CYP1A (Fig. 8F), and
CYP2C (Fig. 8G) were higher in CD-1 mMPCCs over 4
weeks than mM PHSs. For instance, CYP3A, CYP1A, and
CYP2C activities in CD-1 mMPCCs after 23 days were
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Figure 4. Morphology and liver functions of C57BI/6J primary mouse hepatocytes in micropatterned culture formats. (A) Freshly
isolated C57BI/6J mouse hepatocytes can be micropatterned onto collagen-coated circular domains (mMPHS) and display prototypical
morphology under phase contrast on the day of seeding and prior to coculture with 3T3-J2 fibroblasts. In MM PCCs containing the
fibroblasts, hepatocytes retain their morphological features after (B) 1 week and (C) 2 weeksin culture. All scale bars represent 400 pm.
(D) Time series of albumin and urea secretion rates in C57BI/6J mMPCCs and mMPHs. (E-G) Time series of CYP3A, CYP1A,
and CYP2C enzyme activities in mMPCCs and mMPHSs. Error bars represent standard deviations (n=3). **p<0.01, ***p<0.001,

****p<0.0001 between the MM PCC and mMPH conditions.

~9-fold, 21.7-fold, and 9.2-fold higher than mMPHS,
respectively. However, CY P2A activity inCD-1mMPCCs
was negligible compared to activity in PHH-MPCCs
(Fig. 5). Last, while no bile canaliculi were visible in
MMPHs after 3 weeks, CD-1 PMHs in mMPCCs formed
functional bile canaliculi (Fig. 6B).

When comparing functions in C57BI/6J and CD-1
MMPCCs, similarities and differences were observed.
Specifically, albumin and urea secretion kinetics, as
well as urea levels, were similar across the two strains,
while CD-1 mMPCCs displayed approximately two-
fold higher albumin secretion rate than C57BI/6J mMP-
CCs (Fig. 4D vs. Fig. 8D). CYP3A activity in C57BI/6J
mMPCCswas ~1.7-fold higher than activity measured in
CD-1 mMPCCs (Fig. 4E vs. Fig. 8E); CYP1A activities
across the two strains were similar (Fig. 4F vs. Fig. 8F);
and CY P2C9 activity in C57BI/6J mMPCCs was ~3- to
5-fold higher than activity measured in CD-1 mMPCCs
(Fig. 4G vs. Fig. 8G).

A =8 Human C57B1J6 @@ CD-1

60000

40000+

20000+

7-HC (Fluorescence)

5 T 9 17
Day of culture

Figure 5. CYP2A enzyme activity in MPCCs created using
C57BI/6J or CD-1 primary mouse hepatocytes or primary
human hepatocytes. Freshly isolated C57BI/6J and CD-1 pri-
mary mouse hepatocytes or cryopreserved primary human
hepatocytes were incorporated into MPCCs. CYP2A activity
at the indicated time points was assessed using coumarin con-
version to fluorescent 7-hydroxycoumarin (7-HC). Error bars
represent standard deviations (n=3). ****p<0.0001 between
human MPCCs and both mouse strains.
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Figure 6. Functional bile canaliculi in mMPCCs. After 3 weeksin culture, MM PCCs containing either (A) C57BI/6J or (B) CD-1 pri-
mary mouse hepatocytes were incubated with fluorescent CDF [5-(and 6)-carboxy-2¢7¢dichlorofluorescein diacetate], which istaken
up by hepatocytes and excreted into the bile canaliculi between adjacent hepatocytes. Scale bars. 400 pum.

Drug-Mediated CYP Induction in mMMPCCs
Versus PHH-MPCCs

C57BI/6J or CD-1 mMPCCs were treated with proto-
typical enzyme inducers (rifampin at 25 puM, phenobar-
bital at 1 mM, dexamethasone at 10 UM, omeprazole at
50 pM, and b-naphthoflavone at 25 pM) for 4 days fol-
lowed by assessment of CYP3A, CYP2C, and CYP1A
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enzyme activities using luciferin-IPA, luciferin-H, and
7-ethoxyresorufin substrates, respectively. Across both
strains, CYP3A was induced by rifampin (~14- to
17-fold relative to DMSO-treated controls), pheno-
barbital (~8- to 10-fold), and dexamethasone (~23- to
31-fold); CY P1A was induced by b-naphthoflavone (~4-
to 8-fold), and CYP2C was induced by rifampin (~1.6-
to 1.8-fold) (Fig. 9). Omeprazole, however, did not
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Figure 7. Morphology and functions in mMPCCs containing primary mouse hepatocytes and different types of fibroblasts. Phase-
contrast pictures of C57BI/6J primary mouse hepatocytes cocultured with either (A) adult human dermal fibroblasts or (B) neonatal
human dermal fibroblasts (human fibroblasts were obtained from American Type Culture Collection, Manassas, VA, USA and cultured
according to manufacturer’s protocols). Scale bars: 400 um. Time series of (C) ureaand albumin secretion ratesin different mMPCCs,
including those created using 3T3-J2 murine embryonic fibroblasts. *p<0.05 between 3T3-J2 mMPCCs and the other two mMPCC

models.
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Figure8. Morphology and liver functions of CD-1 primary mouse hepatocytesin micropatterned culture formats. (A) Freshly isolated
CD-1 mouse hepatocytes can be micropatterned onto collagen-coated circular domains (mMPHSs) and display prototypical morphol-
ogy under phase contrast on the day of seeding and prior to coculture with 3T3-J2 fibroblasts. In mMPCCs containing the fibroblasts,
hepatocytes retain their morphological features after (B) 1 week and (C) 2 weeksin culture. All scale bars represent 400 um. (D) Time
series of albumin and urea secretion ratesin CD-1 mMPCCs and mMPHs. (E-G) Time seriesof CYP3A, CYP1A, and CY P2C enzyme
activitiesin mMMPCCs and mMPHSs. Error bars represent standard deviations (n=3). **p<0.01, ***p<0.001, ****p<0.0001 between

mMPCC and mMPH conditions.

cause dtatistically significant induction of any of the
tested CY P isozymes across both mouse strains, whereas
it was a potent inducer of CYP1A in PHH-MPCCs
(Fig. 10).

Drug Toxicity in mMPCCs Versus PHH-MPCCs

C57BI/6J or CD-1 mMPCCs were treated with six
human hepatotoxic drugs and three nonhepatotoxic drugs
(Table 1) over 6 days, with fresh drug added to culture
medium with every 2-day medium exchange; drug con-
centrations chosen were 25x and 100x C_,, (C,,, isthe
maximum human plasma concentration). At the end of
the drug treatment, PMH functions (albumin and urea
secretion rates) and overall mMMPCC viability (ATP in
cell lysates and PrestoBlue™ conversion to resazurin)
were assessed. For comparison, PHH-MPCCs were
also treated for 6 days to the nine drugs and assessed for
functions and viability as described above. IC,, values

for each endpoint were calculated as multiples of each
drug'sC,,.

For diclofenac, nefazodone, and tolcapone, both CD-1
and C57BI/6J mMPCCs displayed toxicity across all
endpoints at the tested drug concentrations with statis-
tically similar 1C,, values across the two mouse strains
(Table 1). For troglitazone, C57BI/6J MM PCCs, but not
CD-1 mMPCCs, displayed toxicity across all endpoints.
For ibufenac and fialuridine, neither C57B1/6J mMPCCs
nor CD-1 mMPCCs displayed toxicity across any of the
endpoints at the tested drug concentrations. On the other
hand, PHH-MPCCs accurately displayed toxicity to all
tested toxins, when toxicity was observed in either or
both mouse strains in mMMPCCs, I1C,, values were statis-
tically similar to responses in PHH-MPCCs. Last, none
of the nonhepatotoxic drugs (buspirone, rosiglitazone,
and warfarin) displayed toxicity in mMPCCs from both
strains and PHH-MPCCs.
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Figure 9. Drug-mediated induction of CYP enzyme activities
in C57Bl/6Jand CD-1 mMPCCs. Freshly isolated C57BI/6Jand
CD-1 mouse hepatocytes were incorporated into the mMPCC
platform, allowed to functionally stabilize for ~1 week, and
treated with 0.1% (v/v) DM SO, 25 uM rifampin (RIF), 1 mM
phenobarbital (PB), 50 uM omeprazole (OME), 25 UM b-naph-
thoflavone (b-NF), or 10 uM dexamethasone (DEX) for 4 days.
(A) CYP3A, (B) CYP1A, and (C) CYP2C enzyme activities
were then quantified using the appropriate luminescent or flo-
rescent assay (see Materials and Methods). Data are plotted as
fold change with respect to the DM SO control (fold change=1).
Error bars represent standard deviations (n=3). *p<0.05,
***p<0.001, ****p<0.0001 between the drug-treated condi-
tion and DM SO control.

DISCUSSION

Genetically diverse mouse strains are a promising tool
for characterizing compound effects across different sub-
popul ations and i dentifying genetic determinantsunderly-
ing susceptibility to severe drug toxicity in humans. Since
hepatotoxicity is a leading cause of compound attrition,
in vitro liver platforms help prioritize compounds for in
vivo testing; however, PMH functions decline rapidly
in monocultures. In contrast, we show here for the first
time that PMHs maintain liver functions, including drug
metabolism capacities, for 4 weeks in mMPCCs con-
taining 3T3-J2 fibroblasts, which subsequently enabled
in vivo relevant comparisons across strains and species
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Figure10. Drug-mediated CY P1A inductionin MPCCscreated
using C57BI/6J or CD-1 primary mouse hepatocytes or cryopre-
served primary human hepatocytes. Freshly isolated C57BI/6J
and CD-1 primary mouse hepatocytes or cryopreserved primary
human hepatocytes were incorporated into MPCCs, allowed to
functionally stabilize for ~1 week, and treated with 0.1% (v/v)
DMSO, 25 pM b-naphthoflavone, or 50 M omeprazole for 4
days. CYP1A enzyme activity was quantified using ethoxyre-
sorufin conversion to fluorescent resorufin. Data are plotted
as fold change with respect to DMSO control (dashed line).
Error bars represent standard deviations (n=3). ****p<0.0001
between drug-treated condition and DM SO control.

(vs. PHH-MPCCs) for drug-mediated CY Pinduction and
hepatotoxicity.

We created collagen/Matrigel ECM sandwich cultures
of C57BI/6J PMHs and observed a rapid and expected
phenotypic decline within days. In contrast, when PMHs
were arranged onto micropatterned collagen islands, such
that confluent clusters of PMHs were obtained while
using ~9-10% of the well’s surface areafor PMH attach-
ment, liver functions improved up to 12-fold relative to
sandwich cultures. Nonetheless, functions in both types
of monocultures declined to negligiblelevelsafter 7 days,
suggesting that micropatterning alone is not sufficient to
stabilize PMH functions.

Since 3T3-J2 murine embryonic fibroblasts have been
previously shown to stabilize the functions of primary
rat™ and primary human hepatocytes™ for several weeks
in vitro, here we combined the functional benefits of
micropatterning with 3T3-J2 fibroblasts to create mouse
micropatterned cocultures (MM PCCs). Circles were cho-
sen for the shape of the micropatterned collagen because,
in contrast to patterns with sharp corners, circles allow
better retention of patterning fidelity and thus homotypic
interactions over several weeks in our experience®. The
diameter and spacing of the circular collagenislandswere
further optimized to enable high mMPCC functions; the
optimal architecture was found to be 500-pum-diameter
islands with 1,200-um center-to-center spacing, previ-
ously also found to be optimal for PHHs in MPCCs™ but
not MPCCs containing primary rat hepatocytes™.

Interestingly, al tested hepatic functions (albumin,
urea, and CYP3A) showed an inverse relationship with
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percent of surface areain each well that was occupied by
the PMHs, and the remaining surface area was available
for fibroblast attachment. Specifically, of the four surface
areastested (9.2%, 16.6%, 21.3%, 26.1%) viamodulation
of circular collagen domain diameters and/or spacing,
the 9.2% surface area, which corresponds to the optimal
architecture above (diameter/center-to-center spacing:
500 um/1,200 um), had the highest functional output.
We did not test surface areas less than 9.2% because the
sensitivity of some of the endpoint assays (e.g., detec-
tion of drug metabolites) can be compromised with much
fewer PMHs in each well. While the exact molecular
mechanism underlying this inverse relationship between
surface area covered by PMHs and functional output is
not known and would necessitate follow-up investiga-
tions, we speculate that the optimal architecture yields
high hepatic functions due to &) arestriction in the num-
ber of PMHs within each well given their high oxygen
consumption rate that exceeds even that of rat and human
hepatocytes?, b) collagen micropatterning that allows
clustering of the PMHs and the formation of the cadherin
and tight junctions, which are essential for hepatic func-
tions and polarity as also observed in hepatocytes from
rats* and humans®, c) an optimal ratio between PMHs
and the 3T3-J2 fibroblasts (1:3), and d) stimulation by
liver-like molecules presented by the 3T3-J2 fibroblasts,
such as decorin® and T-cadherin®, albeit the complete
list of moleculesinvolved in the interactions between the
3T3-J2 fibroblasts and PMHSs has yet to be elucidated.
Nonethel ess, aswe have shown here, the use of thisfibro-
blast clone does not prevent the effective use of PMHs
for CYPinduction and drug toxicity assays.

PMHSs from C57BI/6J (inbred) and CD-1 (outbred)
mice were retained for several weeks in mMPCCs.
However, bile canaliculi in mMMPCCs were not as exten-
sive asthose in rat* and human® hepatocytesin MPCCs,
which may be due to a higher level of integration of the
mouse fibroblasts within the PMH colonies. Regardless,
liver functions were retained for 4 weeks in mMPCCs
at higher levels than sandwich cultures (e.g., 300- to
500-fold higher after 3 weeks). Urea and CY P1A activ-
ity were similar across the two strains, whereas albumin,
CYP3A, and CYP2C varied across the strains between
1.7- and 5-fold. Further studies in live mice from these
strains under identical nutritional conditions are needed
to appraise the degree of correlation between in vitro and
in vivo functions. Nevertheless, PMHs from both strains
showed highlevelsof functionsinmMPCCsover asimilar
timeframe, suggesting that the culture technique is useful
for multiple strains. In contrast to CY P1A, CYP3A, and
CYP2C, the activity of CYP2A, as assessed by coumarin
7-hydroxylation, was negligible in mMPCCs, but high
in PHH-MPCCs, which is a species-specific difference
also previously observed in liver microsomes®. Last, the
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centration observed in human plasma). “—" represents an 1 C, value above 100x C_,, (i.e., could not be interpolated from the dose range tested here) and declared to be “nonhepatotoxic” by our algorithm.

C57 refers to the C57BI1/6J mouse strain. Italicized drug names represent nonhepatotoxic drugs, while the nonitalicized drugs are typically considered hepatotoxins in humans. There are no statistically

Table 1. 1C, Values for Compounds Tested in Primary Mouse and Human Hepatocytes in Micropatterned Cocultures (M PCCs)
significant differences in interpolated | C, values comparing human to mouse and across mouse strains based on a one-way ANOVA analysis.

Valueslisted are I C,, values (average+ standard deviation from n

Rosiglitazone

Fiauridine
Ibufenac
Nefazodone
Tolcapone
Troglitazone
Buspirone
Warfarin

Compound
Diclofenac
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use of human dermal fibroblasts (adult or neonatal) in
MM PCCs did not increase bile canaliculi due to the spe-
cies mismatch (as in PHH-MPCCs) to restrict the inte-
gration of mouse fibroblasts within the mouse hepatocyte
colonies; the dermal fibroblasts also could not induce
either PMH (or PHH) functions to the same levels as the
3T3-J2 fibroblasts. Therefore, the 3T3-J2 fibroblasts can
help maintain liver-specific function for at least 4 weeks
in primary hepatocytes from both mouse and human.

Many compounds induce CYP enzymes by activat-
ing nuclear receptors, which can affect the efficacy and/
or toxicity of coadministered compounds®™. Thus, we
incubated mMPCCs with five prototypical CYP induc-
ers for 4 days and assessed CY P activities. Both strains
responded to inducer drugs similarly. CYP3A was
induced by rifampin, phenobarbital, and dexametha-
sone, likely due to the activation of pregnane X receptor
(PXR) by rifampin and dexamethasone®, and activation
of constitutive androstane receptor (CAR) by phenobar-
bital®®. CYP2C was induced by rifampin, and CYP1A
was induced by b-naphthoflavone, an activator of the
aryl hydrocarbon receptor (AhR)*. When comparing
CYP induction in mMPCCs and PHH-MPCCs, similari-
tiesand differences were noted. Rifampin, phenobarbital,
and dexamethasone induced CYP3A, rifampin induced
CYP2C, and b-naphthoflavone induced CYP1A across
both species within similar fold change ranges when
accounting for donor-dependent differences™®. On the
other hand, omeprazole (AhR activator) induced CY P1A
in PHH-MPCCs but not mMPCCs, a finding consistent
with previous findingsin PMH monocultures and in vivo
mouse studies™*, Therefore, mMMPCCs provide a useful
model to determine human-relevant compound-mediated
CY Pinduction for several compounds, while alowing for
appraisal and further investigation of any species-specific
differences for certain compound classes.

Next, we treated MM PCCs and PHH-MPCCs with six
human hepatotoxic and three nonhepatotoxic drugs for
6 days, which can improve the sensitivity for drug toxicity
detection in in vitro hepatocyte cultures without increas-
ing the false-positive rate relative to 1-day treatment®. For
each compound, we tested 25x and 100x C_; the use of
drug concentrations up to 100x C_,,, accounts for variable
drug concentrations observed in human blood and within
the liver due to potential polymorphisms in hepatic drug
metabolism/transporter pathways but does not increase the
false-positiverateof liver toxicity assays®*" . Additionally,
we evaluated albumin and urea secretion rates as mark-
ers of PMH functions, and metabolism of resazurin-
based PrestoBlue™ and ATP in cell lysates as markers
of coculture viability; downregulation of abumin/urea
secretion rates has been shown to correlate with compound-
induced hepatotoxicity>****. A compound was considered
“toxic” only if 1C,, values could be interpolated with the
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concentration range tested for at least one coculture viabil-
ity marker and one hepatocyte functional marker.

Both mMPCCs and PHH-MPCCs experienced toxic-
ity to diclofenac, nefazodone, and tolcapone, with statis-
tically similar 1C,, values across the two tested mouse
strains (C57BI1/6J and CD-1) and when comparing com-
pound effects in mouse and human using two donors.
Determination of alarger range of donor variationsin dose-
dependent compound effects across mouse and human
hepatocytes will necessitate alarger set of compound con-
centrations and >10 donors for PMHs and PHHS; nonethe-
less, our proof-of-concept study shows that mMPCCs are
suitable to eval uate the species-rel evant toxicity of thethree
compounds above. Findly, C57BI/6J mMPCCs and PHH-
MPCCs, but not CD-1 mMPCCs, experienced toxicity to
troglitazone. In vivo studies with CD-1 mice have shown
that while there are microscopic changes in the liver upon
troglitazone administration for 3 weeks, no other toxico-
logically significant changes were observed™; in contrast,
troglitazone toxicity has been detected in vivo in C57BI/6J
mice susceptible to increased mitochondrial stresses™*,

Fialuridine and ibufenac were toxic to PHH-MPCCs
but not MM PCCs. It is known that fialuridine, a nucleo-
side analog drug for hepatitis B viral infection that caused
liver failure and the deaths of five patientsin clinical tri-
alsdueto lactic acidosis, does not cause toxicity to mice,
likely due to differential incorporation into mitochon-
drial DNA across different species™™. For ibufenac, a
nonsteroidal anti-inflammatory drug withdrawn from
the market due to hepatotoxicity, further investigation of
metabolism and transport in PMHs and PHHS is neces-
sary in the future to determine the mechanisms underly-
ing the species differences.

Overdl, CD-1 and C57BI/6J mMPCCs detected the
toxicity of three and four human hepatotoxic drugs,
respectively, whereas PHH-MPCCs detected the toxic-
ity of al six drugs. These results suggest that C57BI1/6J
PMHs are more sensitive for the detection of human-
relevant compound-induced hepatotoxicity; however,
testing in CD-1 PMHs may allow determination of why
specific humans are resistant to the severe toxicity of
certain compounds. Furthermore, neither mMPCCs nor
PHH-MPCCs experienced toxicity to the three nonhepa-
totoxins, suggesting a high specificity (low false-positive
rate) across the culture models at the compound concen-
tration range tested (up to 100x C,,). Ultimately, testing
compounds in PMHs from a larger cohort of genetically
diverse mice (e.g., the Collaborative Cross) can shed
insightsinto the genetic determinants underlying variable
compound toxicity in humans.

The MPCC platform offers key advantages over other
available liver culture formats for applications in com-
pound development (Table 2). First, MPCCs provide the
opportunity for higher-throughput compound testing in
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multiwell plates than microfluidic cultures that require
complex perfusion equipment, which restricts testing
to a few devices (<12) in any given experiment. Here
we created mMMPCCs in 24-well plates for medium-
throughput studies, though adaption to 96- and 384-well
plate formats is likely possible with the optimization of
seeding and culturing parameters as previously done
for PHH-MPCCs*®. Second, the function of hepato-
cytes in MPCCs is maintained over several weeks even
while using much fewer cells (~10%) than bioprinted
livers and randomly distributed (conventional) cultures/
cocultures; thus, many compounds can be screened
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on demand and longitudinally in MPCCs that are cre-
ated with the same batch of cryopreserved hepatocytes.
Third, the MPCC approach has now been shown to sus-
tain long-term (3+ weeks) functions of primary human®,
rat**, dog®, monkey®, and now with this body of work,
mouse hepatocytes; the use of asimilar culture technique
and supportive 3T3-J2 fibroblasts allows investigators to
compare species-specific drug effects as we have shown
here when comparing drug-mediated CY P induction and
drug toxicity in mouse versus human MPCCs.

The long-lasting mMPCCs developed here can serve
as a base platform for future improvements to model

Table 2. Benefits and Limitations of Current Liver Culture Platforms

Model Benefits Potential Limitations

Randomly distributed No specialized equipment needed to culturein Significant loss of drug metabolism enzyme
cultures and standard multiwell plates activity within hoursto afew daysin sandwich
cocultures®®=° ECM sandwich maintains cell polarity for afew cultures, including in mouse hepatocytes as

Micropatterned
cocultures?#

Static self-assembled

spheroids%

Bioprinted livers®

Perfused liver cultures™*

days
Useful for short-term drug assays

Control over homotypic and heterotypic cell—cell
interactions enable 3+ weeks of functionsin
hepatocytes from multiple species, including
mouse as shown here

Compatible with standard multiwell plates

Allow inclusion of liver nonparenchymal cells

Useful for short- and long-term drug assays

Can be created using off-the-shelf ultra-low
attachment plates

Enable cell—ell interactions in three dimensions

Maintain liver functions for several weeks

Useful for short- and long-term drug assays

Precise control of cell placement allows the
formation of separate cell type compartmentsin
asingletissue

Diverse architectures can be created as desired

Maintain liver functions for several weeks

Useful for short- and long-term drug assays

Dynamic fluid flow for nutrient and waste
exchange

Several commercial devices available for cell
culture and perfusion in single-chamber or mul-
tichamber device designs

Multiple tissue models can be coupled to create
“body-on-a-chip” platform

Oxygen and hormone gradients can be created

Maintain liver functions for several weeks

shown here

Require specialized equipment and devices
for patterning ECM proteins for hepatocyte
attachment

Single configuration containing all major liver
cell typesis currently lacking

Use nonliver fibroblasts for inducing optimal
functions in hepatocytes

Difficult to control multicellular interactions
given heterogeneous architecture

Necrosisin the center of larger (>300 pm)
spheroids

Incompatible with standard microscopy tech-
niques (requires confocal imaging)

Not clear if mouse hepatocyte functions can be
sustained beyond a few days

Low throughput and slow to produce

Requires complex and expensive equipment

Requires significantly more cells than other
miniaturized methods

Heterogeneous drug distribution across large
tissues

Not yet adapted to mouse hepatocyte culture

Potential binding of drugs to tubing and materials
used

Large dead volume requiring higher quantities of
novel compounds for the treatment of cell cultures

May wash away built-up beneficial molecules to
cells

Currently low throughput and require specialized
fluid pumps and controls

Not yet adapted to mouse hepatocyte culture
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other aspects of liver physiology. First, while monolay-
ers, such asin mMPCCs, allow cell visualization using
standard microscopy, 3D spheroids of controlled sizes
have a higher surface area-to-volume ratio to facilitate
a greater level of cell—cell/cell-ECM interactions and
allow assessment of cell migration in 3D, albeit high-
resolution imaging in spheroids requires confocal micros-
copy. Nonetheless, we anticipate that MMPCCs can be
adapted to 3D spheroidal models as previously done with
PHH-MPCCs”® toward alowing the highest flexibil-
ity in testing specific hypotheses. Second, future inclu-
sion of liver NPCs and donor-matched adaptive immune
cells into mMMPCCs could be useful to further model
liver physiology and disease; indeed, our previous work
shows that the use 3T3-J2 fibroblasts to stabilize primary
human hepatocytes does not prevent the investigation of
pairwise interactions between the hepatocytes and liver
NPCs, including Kupffer cells”, liver sinusoidal endothe-
lial cells®, and hepatic stellate cells®. Third, incorpora-
tion of MMPCCs into perfusion-based culture devices
(i.e., microfluidic tissue-on-a-chip) could allow creation
of soluble factor gradients as in vivo that modulate zon-
ated functions in hepatocytes and also enable connection
of different tissue models with flowing fluid to investi-
gate intertissue crosstalk following compound exposure;
while such a configuration would significantly reduce
throughput for compound testing over the use of multi-
well plates, it would provide opportunities to test addi-
tional hypotheses that necessitate flow (e.g., zonation)
and intertissue crosstalk (e.g., liver-produced metabolites
causing toxicity or other effectsin other tissue types).

In conclusion, mMMPCCs sustain high levels of func-
tions, including drug metabolism capacities, for 4 weeks,
and can be used to compare strain- and species-specific
hepatic responses following drug exposure. Ultimately,
MM PCCs created using diverse mouse strains can be useful
for elucidating @) the sensitivity of subpopulations to com-
pound effects, b) the degree of interindividua variability
in compound metabolism and toxicity, and c) the genetic
determinants of compound-induced liver injury in humans.
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