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Abstract

This paper describes the development and characterization of a microphysiology platform for drug safety and efficacy in liver
models of disease that includes a human, 3D, microfluidic, four-cell, sequentially layered, self-assembly liver model (SQL-SAL);
fluorescent protein biosensors for mechanistic readouts; as well as a microphysiology system database (MPS-Db) to manage,
analyze, and model data. The goal of our approach is to create the simplest design in terms of cells, matrix materials, and
microfluidic device parameters that will support a physiologically relevant liver model that is robust and reproducible for at
least 28 days for stand-alone liver studies and microfluidic integration with other organs-on-chips. The current SQL-SAL uses
primary human hepatocytes along with human endothelial (EA.hy926), immune (U937) and stellate (LX-2) cells in physiological
ratios and is viable for at least 28 days under continuous flow. Approximately, 20% of primary hepatocytes and/or stellate cells
contain fluorescent protein biosensors (called sentinel cells) to measure apoptosis, reactive oxygen species (ROS) and/or cell
location by high content analysis (HCA). In addition, drugs, drug metabolites, albumin, urea and lactate dehydrogenase (LDH) are
monitored in the efflux media. Exposure to 180 uM troglitazone or 210 uM nimesulide produced acute toxicity within 2-4 days,
whereas 28 uM troglitazone produced a gradual and much delayed toxic response over 21 days, concordant with known mech-
anisms of toxicity, while 600 uM caffeine had no effect. Inmune-mediated toxicity was demonstrated with trovafloxacin with
lipopolysaccharide (LPS), but not levofloxacin with LPS. The SQL-SAL exhibited early fibrotic activation in response to 30nM
methotrexate, indicated by increased stellate cell migration, expression of alpha-smooth muscle actin and collagen, type 1, alpha
2. Data collected from the in vitro model can be integrated into a database with access to related chemical, bioactivity, preclinical
and clinical information uploaded from external databases for constructing predictive models.
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Introduction .
for disease. However, these early approaches have only had

limited success as predictive tools, but have been useful in
early, high throughput, safety profiling and as tools to
understand mechanisms of toxicity (MOT).?

There are now two major drivers for creating better
human, in vitro models of hepatotoxicity and liver diseases

Drug-induced liver injury (DILI), poor pharmacokinetic
(PK) properties, as well as limited efficacy have historically
been common causes for termination of compounds early in
clinical trials. The poor concordance between animal testing
and clinical hepatotoxicity is also well known.' In the past

two decades, the pharmaceutical industry has applied 2D
phenotypic and molecular-based in vitro assays, broad spec-
trum proteomics, metabolomics and toxicogenomics screen-
ing to address the challenge. These in vitro approaches were
expected to lessen reliance on animal models by providing
predictions of toxic liabilities, as well as serving as models
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that address the “fit for purpose” criteria used in the
pharmaceutical industry: (1) high throughput, human, 2D
and 3D, live, physiological liver models in the microplate
format that can be used in early safety and efficacy profiling
of relatively large numbers of compounds; and (2) human,
3D, live, biomimetic, microfluidic models that exhibit the
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physiological impact of continuous flow on organ
functions; long-term (at least 28 days) functioning for mod-
eling diseases and characterizing chronic toxicity; as well as
compatibility for microfluidic coupling, with proper scal-
ing, of multiple organs-on-chips, such as a gut, liver, and
kidney, to model partial human functions such as ADME-
TOX.>® In addition, the microfluidic devices can be used to
test more challenging MOT, as well as complex disease
models studied over an extended period of time where
flow is critical.*®

For the high throughput fit for purpose driver, sim-
ple cytotoxicity assays have historically been used to
assess potential risk. Commonly used cytotoxicity
indicators include LDH leakage, live/dead dyes such as
Neutral Red, MTT, fluorescent dyes such as 5-
Chloromethylfluorescein Diacetate (CMFDA) or Calcein
AM and intracellular ATP” Although simple cytotoxicity
assays are often used to rank order compounds by overall
toxicity risk and to eliminate highly toxic compounds, the
assays can have higher levels of false positive and negative
rates when compared to multiplexed analysis, which has
limited their acceptance as stand-alone criteria for selecting
candidate compounds.'®"? The combined use of primary
hepatocytes, MOT measurements and estimations of total
exposure have proven moderately successful for predicting
human hepatotoxicity.u'13 However, it is clear that “silent”
toxic agents still pass through these profiles while some safe
candidate compounds might be eliminated before additional
animal testing,'>**” Recently, there has been significant
progress in creating human, live, 3D models of the liver in
the microplate format that should serve the higher through-
put and physiological relevance criteria.®” It is expected that
these models will continue to evolve in performance.

A valuable human, 3D, live, biomimetic, microfluidic
model requires the combination of: a biologically relevant
matrix material to support a 3D multicellular human micro-
environment; all cell types required for organ functionality,
media formulations to provide specific organ nutritional
and hormonal needs; flow through media to provide the
physiologically relevant flow stimulation, drug exposure,
sample oxygenation, replenishment of nutrients, and
removal of waste products to improve the performance of
the model; and a device design that is robust, reproducible,
and is expected to be cost- and time-effective when com-
pared with animal testing. When combined with real-time
mechanistic readouts, such models are expected to exhibit
improved responsiveness to toxic agents and disease pro-
cesses. Approaches that combine these elements are
described as microphysiological systems, “organs-on-a-
chip” or organoids.'*"’

This paper reports on the construction of a first gener-
ation design for a human, 3D, four-cell, microfluidic model
of the liver in a microfluidic device that addresses most of
the optimal characteristics of a microphysiological system
(Table 1). Figure 1 places this model in the context of a plat-
form that integrates multiple data types to ultimately
enable predictive modeling. This liver model is constructed
using three human, non-parenchymal cell lines (NPCs) and
a single lot of cryopreserved human parenchymal hepato-
cytes. The results indicate that the sequentially layered cells

“self-assemble” into a layered tissue-like architecture with
many of the organizational and functional features of the
liver sinusoidal unit. A portion of the cells in the SQL-SAL
are transduced with fluorescent protein biosensors that are
incorporated into the genome of the hepatocytes and NPCs,
here referred to as sentinel cells. The biosensors in the
microfluidic device allow capture of real-time, functional
readouts with a confocal high content analysis (HCA) ima-
ging system. The SQL-SAL maintains stable liver function
for up to one month and is used here to demonstrate acute
and sub-chronic liver injury including direct induction of
apoptosis, induction of apoptosis by immune-mediated tox-
icity, and an early indication of the activation of a fibrosis
response. The combination of live cell monitoring of physio-
logical processes, a database to manage, analyze, and model
the data, as well as direct access to related chemical, bio-
activity, preclinical, and clinical information from external
databases, provides an integrated microphysiological plat-
form for assessing human toxic liabilities, as well as efficacy
of experimental compounds for liver diseases. This is the
first step in creating an optimal platform for stand-alone
liver toxicity and disease modelling, as well as coupling
with other organs-on-chips. Table 1 also addresses the
planned evolution of the platform.

Materials and methods
Cell sources

A selected lot of cryopreserved primary human hepatocytes
found to have >90% viability and re-plating efficiency post
thaw, was obtained from Life Technologies (Grand Island,
NY, USA). EA.hy926 human umbilical vein cell line and
U937 human histocytic lymphoma (human monocyte)
cells were obtained from ATCC (Manassas, VA, USA). LX-
2 human stellate cells were generously provided by Martin
Yarmush, Mass General Hospital and are also available
from EMD Millipore (Billerica, MA, USA). The
EA .hy926cell is a fusion product of the HUVEC and A549
cells. EA .hy926 cells release monocyte chemoattractant pro-
tein 1 (MCP) in response to inflammation and do not
require the use of growth modulators (e.g. VEGF to support
HUVECs).*® PMA treatment will differentiate U937 cells
into mature macrophages which release various cytokines
and chemokines in response to soluble stimuli. In particu-
lar, differentiated U937 macrophages release human tumor
necrosis factor alpha (TNFa) and IL-6 in response to LPS
treatment, a condition reported to induce the immune
mediated liver toxic response in vitro and in vivo
models.”*" The LX-2 cell is an immortalized human hepatic
stellate cell that constitutively expresses key receptors reg-
ulating hepatic fibrosis and proliferate in response to PDGF,
a prominent mitogen contributing to liver fibrosis.***’

Liver model assembly

A single chamber commercial microfluidic device (TEMS
single channel device, SCD-47, Nortis, Inc. Seattle, WA,
USA)** was selected for optical quality for imaging and
robust mechanical design. The devices were stored in PBS
until use. The interior of the devices was rinsed in absolute



Table 1 Optimal characteristics of a human, liver-on-a-chip platform
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Optimal Characteristics

Characteristics of Present SQL-SAL

Robust — data are reproducible from device-to-device and from day-
to-day

Easy to assemble and use — simple procedures lead to a high yield of
functional models

Biomimetic of major acinus toxicology and drug metabolism func-
tions - e.g. ROS, mitochondrial dysfunction, apoptosis,
necrosis, Phases 1, 2, and 3 elimination, immune activation,
fibrosis activation macro- and micro-vesicular steatosis, phos-
pholipidosis, and disease models

Biomimetic of liver acinus structure — endothelial cell layer isolates
hepatocytes from flow

Includes continuous fluid flow — supplies nutrients, O, and removes
waste products

3D, multicellular system consisting of human liver acinar cells —
Hepatocytes, endothelial, stellate and Kupffer cells

Allows real-time transmitted light and fluorescence imaging -
transparent top and bottom made of low fluorescence materials

Minimal or no PDMS — materials are not adsorbent or absorbent to
drug-like chemicals

Includes vascularization

Ability to establish zonation — minimal media buffering to allow a
gradient of pH and O, in device, model elongated along flow with
dimensions that mimic an acinus

Device can be easily coupled to other devices - reliable and easy to
use fluid connections, tubing with low adsorption that minimizes
dead volume

Database to manage and analyze data — supports results from ima-
ging, biochemistry and MS, and provides tools for modeling
human PK/PD, toxicity and efficacy

Partial, chip-to-chip CV is < 30%, day-to-day CV is <30%. Optimizing
assays for small volumes to improve assay reproducibility
Yes, > 90% chips produce acceptable data

Yes, validated or demonstrated assays for bolded functions

Partial isolation of hepatocytes by endothelial cells. Next generation will

improve the acinar structure by testing additional methods of cell layer-
ing, including bio-printing.

Yes, flow rate is scaled to the scale of the model and supplies nutrients and

removes waste. O, concentrations need to be characterized by inte-
grated micro-clinical analyzer that is in development.

Yes, four relevant human cell types. Non-parenchymal cells (NPCs) are cell

lines for simplicity. Next generation will test iPS-derived hepatocytes and
at least primary human NPCs

Yes, current materials allow transmitted light and have very low fluorescence

interference. Future plastic devices will maintain optical quality

Current generation contains some PDMS limiting use with some hydropho-

bic compounds, but next generation will use protein-coated plastic and
low binding tubing material.

No. This is now in development
No. Next generation will be closer to acinus dimensions and support

establishment of zonation

Yes, current model has metal tubes for attaching flow lines, future models

will use low volume connectors and tubing with low binding of hydro-
phobic compounds

Partial, current database support all three data sources and has capability

for managing reference clinical trial and post-marketing data to support
modeling

ethanol and dried under vacuum prior to protein coating
with 100 png/mL bovine fibronectin and 100 pg/mL rat tail
collagen, type 1, alpha 2 in PBS as previously described.”
Cryopreserved hepatocytes were thawed following the
manufacturer recommendations. A portion was incubated
2h in lentiviral supernatant generated from pCT-mito-GFP
(apoptosis biosensor) or pLVX-IRES-puro-HyPer-dmito
(hydrogen peroxide biosensor, supplemental materials).
Hepatocytes were pelleted at 50 g x 3 min, resuspended at
2.5 x 10° hepatocytes/mL in Williams E medium supple-
mented with 5% fetal bovine serum (Cellgro, Manassas
CA), 100 pg/mL Penicillin Streptomycin (HyClone, Logan,
UT), and 2mM L-glutamine and injected into the interstitial
compartment of the device for overnight incubation at 37°C
to allow adherence and spreading. A mixture of 2.0 x 10°
EA hy926 cells/mL and 1.6 x 10° U937 monocytic cells/mL
(see supplemental materials for details of cell characteriza-
tion and differentiation) in DMEM (Gibco, 10% FBS, 1 x peni-
cillin/ streptomycin) was then injected on top of the attached
hepatocytes, incubated for 2h at 37°C before the final injec-
tion of 0.2 x 10° LX-2 cells suspended in 1 mL of a 2.5 mg/mL
solution of pH 7.2 rat tail collagen/10mM HEPES/HBSS.
The devices were inverted for 1h at 37°C during collagen

polymerization to ensure an initial spatial separation of hep-
atocytes and stellate cells. The devices were re-inverted to
their normal orientation and incubated overnight to allow
stabilization of the model before initiating 5 pL/h perfusion
with hepatocyte maintenance media (HMM, Life Technology,
Grand Island, NY, USA) supplemented with 100nM dexa-
methasone at 37°C in 5% CO,. The density of each cell type
and perfusion rate was determined by use of allometric scal-
ing as presented in Table 2. Determination of flow character-
istics in the devices using fluorescent tagged dextran
particles is presented in the supplemental materials (Figure
S1, Supplementary material). Z-plane images in SQL-SAL
devices containing biosensor expressing hepatocytes, stel-
lates, and endothelial cells were collected by confocal HCA
imaging to construct a spatial model of the distribution of
cells on Day 0 and Day 7. Images were collected starting
200 pm above the attachment surface and serial sectioning
down every 10 pm from 200 to O pm.

Device testing

Troglitazone, nimesulide, caffeine, trovafloxacin, levofloxa-
cin, LPS and methotrexate (all from Sigma, St Louis, Mo)
were administered into the devices as 1% DMSO solutions
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Figure 1

Overview of the Human Liver Microphysiology Platform (HLMP) for studying human organ physiology, disease models and drug safety testing, including

coupled, multi-organ modules. The HLMP is comprised of: (a) the Human, 4-cell Sequentially Layered Self-Assembly Liver Model (SQL-SAL) constructed from a
microfluidic device and a minimum of four human cell types, a fraction of which are ‘‘sentinel’’ cells expressing fluorescent protein biosensors, optionally including
disease-specific cells such as cancer cells and iPS-derived cells. Data are collected from the model via (b) high content imaging readouts of transmitted light and/or
fluorescence, an example of which shows hepatocyte sentinel cells expressing an ROS biosensor in green and TMRE labeling for mitochondrial membrane potential in
red. Data are also collected (c) from biochemical and mass spectrometry readouts and will include media pH and media oxygen content in the future. (d) The
Microphysiology Systems Database (MPS-Db) accesses chemical and bioactivity data for test compounds from external databases; while multiplexed organ model
data is uploaded from the SQL-SALA outputs for data management, association with external data sources, as part of the analysis and to build predictive models of

human efficacy and toxicity

Table 2 Allometric scaling of SQL-SAL model

Scaling feature Human pHuman SQL-SAL Model 0.3 pHuman Ref.
Flow Rate (uL/min) 230,000-800,000 0.23-0.8 0.083 68
Mass (g) 1500 0.0039 0.001 67
Hepatocyte density (cells/g) 1.39E+8 1.39E+8 1.39E+8 67

Cell type Cell count (percent) Cell count (percent) Cell count (percent)

Hepatocyte 15.6E + 10 (60%) 406,575 (60%) 125,000 (56%) 67
Endothelial 5.21E+10 (20%) 135,525 (20%) 50,000 (22%) 67
Kupffer 3.91E+10 (15%) 101,644 (15%) 40,000 (18%) 67
Stellate 1.30E + 10 (5%) 33,881 (5%) 10,000 (4%) 67

in HMM at the final concentrations. To achieve testing of up
to the recommended 100 x C,,. for in vitro liver systems,26
1.0% DMSO final concentration was used to improve com-
pound solubility. 1.0% DMSO is on the high end of pub-
lished concentrations,”?"?° but the negative control,
caffeine in 1.0% DMSO as well as DMSO alone, had no
impact on the parameters measured in the devices. The
flow was temporarily halted to allow imaging of each
device using the GE IN Cell 6000 (GE LifeSciences,

Piscataway NJ, USA) equipped with an environmental
chamber to maintain 37°C and 5% CO, (see below, HCA
imaging and analysis). Flow was re-established in the
devices after image collection.

Image and efflux media collection

Drug exposure by perfusion was initiated (day 0) following
the two days to assemble and stabilize the model. Images



were collected at initiation of drug exposure (day 0, time 0),
and again at 3h, 24 h, then every third day up to day 10 for
immune-mediated studies, day 21 for fibrosis activation
studies or day 28 for toxicity studies. Secreted media was
collected daily and analyzed for LDH leakage on days 0, 1,
2, 3, and 4 and then approximately every other day up to
day 21 or 28. Albumin and urea synthesis were measured
from daily media secretions collected from control liver
devices on days 0, 1, 3, 10, 13, 17, and 25 and from drug-
treated devices on days 1, 3, 10, 17, and day 21 or 28.

Efflux media collection and biochemical measurements

Albumin was measured using an enzyme linked immuno-
sorbent assay (Bethyl Laboratories, Montgomery, TX, USA).
LDH (CytoTox 96, Promega, Madison, WI, USA) and urea
nitrogen (Urea Nitrogen Test, Stanbio Laboratory) was
measured using colorimetric assays. Human TNF-o chemi-
luminescent ELISA was performed as described by manu-
facturer guidelines (ThermoFisher, Pittsburgh, PA, USA).
All biochemical assays performed on the efflux media
were performed in 384 well microplates according to manu-
facturer’s instructions with the exception of the blood urea
nitrogen (BUN) assay, which was modified from the manu-
facturer’s protocol by reconfiguring for a 384 well microtiter
plate and increasing the incubation of reactants from 60 to
90 min at 60°C before reading. All biochemical assays were
conducted on 10 puL. of media for each readout and mea-
sured on a SpectraMax M2 (Molecular Devices,
Sunnyvale, CA, USA) microtiter plate reader. All sample
results were calculated by interpolation of sample values
from standard curves performed in parallel.

Drug metabolism measurements

Hepatocyte maintenance media supplemented with 5uM
testosterone, 10 uM diclofenac or 10 uM phenolphthalein,
and 10pM 7-ethoxyresorufin (EROD) were perfused
through two or more test devices on days 10-12, 14, or 23,
respectively. The efflux media was collected over a 24-h
period. The drug metabolites were extracted from collected
efflux media (Supplementary material) and measured
using a Waters Acquity UPLC (Milford, MA, USA) using
a C18, 1.7pm, 2.1x100mm reversed-phase column.
Separation was carried out in an acetonitrile:water (0.1%
formic acid) gradient using conditions presented in Table
S1, Supplementary material. Detection of the metabolite
peak was achieved in the positive ion mode with a TSQ
Quantum Ultra Mass Spectrometer (ThermoFisher,
Pittsburgh, PA, USA), interfaced via an electrospray ioniza-
tion (ESI) probe (Supplementary material). The metabolite
from EROD was measured directly in efflux media on a
fluorescent spectrophotometer, as described in the
Supplementary material.

Bile efflux testing

Hepatocytes in control devices were tested for normal cana-
licular efflux of CMFDA at days 10 and 21. Troglitazone
inhibition of canaliculi efflux was demonstrated with day
10 devices. Briefly, the devices were perfused with HMM
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containing either vehicle (1% DMSO) or 50 uM troglitazone
for 30 min. CMFDA (Life Technologies, Grand Island, NY)
was prepared at 1 M in HMM and added as a bolus into
the assembled device. The devices were removed from per-
fusion apparatus and placed on the IN Cell 6000 HCA
instrument for collection of 488/525nm (ex/em) images at
10-min intervals over 1 h.

HCA imaging and analysis

All images were collected with a 10x or 20x objective using
the IN Cell 6000 in confocal mode detailed in
Supplementary material. The protocol was configured to
collect images at 488/525nm (ex/em, green channel)
and/or 561/605nm (ex/em, red channel) on 25 or 90
fields with a 10 x (0.45N.A) or 20 x (0.45N.A.) objective,
respectively. These protocols imaged the entire cell attach-
ment surface area. The images collected from the central
region of the chamber were used for analysis (10 images
at 20xand 27 images at 10x, Figure 2(b)).The aperture
slits were set to 1.47 and 0.85 Airy units for the 10x and
20x objectives, respectively. The apoptosis biosensor
(Supplementary material) in hepatocytes was imaged in
the green channel and analyzed using two different appli-
cation methods in MetaXpress 4 software (Molecular
Devices, Sunnyvale, CA, USA). (a) The multi- wavelength
cell scoring application module was used to quantify
changes in cell average fluorescence intensity as the indica-
tor of apoptosis; and (b) the integrated morphometric
module was used to quantify changes in cellular area of
hepatocytes expressing the apoptosis biosensor. The ROS
biosensor was measured as the time-dependent increase
in cellular intensity at 488/525nm (ex/em) reflecting the
increase in ROS. Additional imaging processing details
are provided in the Supplementary material. Details on
the development and quantitation of biosensors in sentinel
cells will be published elsewhere.

Indirect immunofluorescence labeling and quantitation

Relative protein expression of human alpha- smooth
muscle actin (alpha-SMA) and collagen type 1, alpha 2
(COL1A2) protein in LX-2 cells transduced with pLVX-
IRES-mito-mKate2 biosensor (to identify the cells) was
quantified on day 21 in paraformaldehyde fixed devices
using standard indirect immunofluorescence methods
(Supplementary material). The expression of alpha-SMA
or COL1A2 protein was quantified as the ratio of the aver-
age cellular intensity of the respective antibody label in the
stellate to the non-stellate cell population using Fiji (Image],
Supplementary material).

Statistics

Differences in drug and control population measurements
reported as “significant” have a p <0.05, as determined by
application of a t-test with the assumption of equal
variance.
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Figure 2 Cellular organization in the SQL-SAL. (a) Image of the organization of cells in the SQL-SAL. Primary hepatocytes self-organized into cords by day 7 (CMFDA
labeling to highlight hepatocyte cords). The other cell types are sequentially layered in the device and self-assemble relative to the hepatocytes. Mitochondria are

labelled with TMRE (red) and cell nuclei with Hoechst (blue). (b) Image montage of SQL-SAL device with labeled hepatocytes in cords (CMFDA, green to identify the
hepatocytes). The cells are under constant flow at ca. 5 uL/h with the influx port at the top and the efflux at the bottom. The red box represents the relative size of a 20x
field within the chamber shown in A and the dashed yellow box shows the region from which image fields were analyzed. Approximately 225,000 total cells are present
in the entire chamber, added in physiological ratios of hepatocytes and non-parenchymal cells to create a ca. 0.3 micro-human. (c) Cross-section diagram based on
confocal images of the typical cell organization in SQL-SAL on day 1 after cell seeding. Hepatocytes are first seeded on a layer of collagen. Endothelial cells (EA.hy926)
and Kupffer-like immune cells (U937) are seeded 18-24 h after hepatocytes and initially localize with the hepatocytes. LX-2 stellates are seeded last, evenly dispersed in
the collagen layer. (D) Diagram of typical cell organization in the SQL-SAL model 7 days after cell seeding, when endothelial cells and stellate cells are found in a layer
above the hepatocytes, as well as some localized between hepatocytes. The cells in the diagrams C and D were quantified from serial confocal scans taken 10 um apart

starting from the hepatocyte layer

Results
Structure, long-term health, and normal function

The uniformity of media perfusion throughout the entire
model was evaluated by time-lapse imaging of a bolus
injection of fluorescent dextran (10 kD), which indicated
consistent media exchange across and through the chamber
(Supplementary material, Figure S1). The cellular organiza-
tion and formation of hepatic cords by day 7 in the SQL-
SAL were defined by confocal HCA (Figure 2(a) and (b)).
Transmigration and reorganization of endothelial and
stellate cells into a layered tissue proximal to the cords
was quantified by counting fluorescent protein biosensor
labeled cells in 3D image stacks acquired on day 7
(diagrammed in Figure 2(c) and (d)). A partial sinusoidal
structure was attained by Day 7.

LDH leakage was stable in the devices during the 4-week
incubation period, following an initial decrease in the efflux
media levels on days 0-2 (Figure 3a). Albumin production
was retained at a stable level during the ca. one month long
testing (Figure 3b) and was consistently higher than in static
culture (Figure 3b) as previously reported.’*>! In addition,

the rates of albumin production in the SQL-SAL model
were found to be comparable to previously published
reports.” Urea synthesis was found to be comparable to
some published findings but lower compared to other
published findings.”*? In addition, we found urea synthesis
declined by day 25. Expression of the cytochrome C apop-
tosis biosensor increased from day 0 to 10, then stabilized
for at least 28 days (Supplementary material, Figure S2).
The LC MS/MS was used to identify 6-p hydroxytestos-
terone (Cyp 3A4 testosterone metabolite), phenolphthalein-
glucuronide (phase 2 phenolphthalein conjugate), and
4-hydroxydiclofenac (Cyp 2C9 diclofenac metabolite)
extracted from efflux media in SQL-SAL devices perfused
on days 10, 12, and 14, respectively (Table 3). Resorufin,
the fluorescent product driven by Cyp 1A1/2 metabolism
of 7-ethoxyresorufin (EROD) was identified in the efflux
media in a SQL-SAL device perfused on day 23 with
10 pM EROD (Table 3). The specific cytochrome P-450 iso-
enzyme or conjugation reaction is consistent with published
findings.>>® The retention time, parent to daughter frag-
mentation product, and mass area under the curve for the
metabolites are presented (Table 3). Only the identification



(a) LDH Release
500
&
§ 400
g
S 300
Q
5
8200 -
5]
2100 -
=
0 o T —— 1
0 5 10 15 20 25 30
Day

Vernetti et al. Human liver microphysiology platform

(b) Albumin, Urea Synthesis in Static and Flow Culture
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Figure 3 Long-term health and stability of hepatocytes in the SQL-SAL. (a) Lactate dehydrogenase (LDH) leakage measurements in efflux media are stable from day
3 to 28. (b) Albumin output in the efflux media is relatively stable and physiological for at least 25 days and is elevated relative to that measured in static co-cultures.
Although urea output is stable for at least 21 days and elevated relative to static co-cultures, it is lower than most published levels and declines by day 25. Results
presented as mean + SD from 3 (days 3, 10, and 17) or 4 devices (days 7, 13, and 25) or three transwells

Table 3 Identification of specific Phase 1 and Phase 2 drug metabolites

Test compound

Metabolite found Cyp, Conjugation

concentration Metabolite MRT* PDT' in efflux media (AUC) Enzyme Ref.
5 uM Testosterone 6B-hydroxytestosterone 2.7 305 — 269 27921 £19523* Cyp 3A4 33,69
10 uM Diclofenac 4'-Hydroxydiclofenac 3.1 312 — 231 36943 +28302" Cyp 2C9 70,71
10 uM Phenolphthalein Phenolphthalein 2.5 495 — 319 231852 +£94227" UDP-glucuronyltrans- 32
glucuronide ferase
Test compound Metabolite Pmol resorufin influx media Pmol resorufin Cyp Ref.
concentration efflux media
10 uM EROD?* Resorufin® 0 224+ 16% Cyp 1A1/2 34,35

(7-ethoxyresorufin)

Metabolite retention time (MRT); Parent to daughter ion transition (PDT).
*Values represent the mean mass area under the curve + SD; n=4
"Values represent the mean mass area under the curve +SD; n=2
*EROD non-fluorescent; resorufin measured at 530/590 nm (ex/em).
SValues represent the mean +SD; n=2.

of the metabolite is reported, as the quantitative analysis of
drug and metabolite is limited by the presence of PDMS, a
material known to adsorb some hydrophobic compounds.®

Toxicity testing

The literature on lentiviral transduction with reasonable
expression levels indicates that cellular functions are not
impacted*’~* and we found no differences in the measured
responses of HepG2 cells, transduced and non-transduced
under treatment conditions that induced oxidative
stress (unpublished data). Overt cytotoxicity, measured
as LDH release from the SQL-SAL under continuous perfu-
sion, was found on day 4 at 180 UM (30 x Cyax) troglitazone
and delayed until day 13 at 28 pM (4 x Cpax) troglitazone
compared to 600 uM (100 x C,ax) caffeine used as the nega-
tive control (Figure 4a). The higher troglitazone concentra-
tion resulted in a sharp decrease in albumin and urea
starting at day 1 of treatment, which was distinct from
a gradual decrease of albumin and urea with 28 M
troglitazone versus caffeine control (Figure 4(b) and
(c)). Finally, the SQL-SAL demonstrated normal and

troglitazone-inhibited bile efflux as measured by CMFDA
dye uptake and secretion into canalicular spaces between
hepatocytes (Figure 4(d) and Supplementary material,
Figure S3).

The induction of apoptosis, as measured by loss in the
intensity of the cytochrome C biosensor in the mitochondria
in sentinel cells, began on day 1 and on day 10 in the liver
devices that received 180puM and 28uM troglitazone,
respectively (Figure 5a). The time-dependent loss of mito-
chondrial cytochrome C biosensor was evident in images
acquired over time (Figure 5(b) and (c)). There was no
appreciable effect of 600 uM caffeine on induction of the
hepatocellular apoptosis biosensor over the four-week
treatment (Figure 5a). Further characterization of troglita-
zone-induced hepatocellular apoptosis was performed
using a mitochondrial-targeted ROS biosensor that indi-
cated an increase in ROS when measured over 24h
(Figure 5d). Images from the real-time readout also demon-
strated increased ROS biosensor fluorescence (Figure 5(e)
and (f)). Then 210 pM nimesulide (10 x C,ax) Was used as a
second hepatotoxic drug and produced a rapid increase of
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Figure 4 Troglitazone drug treatment demonstrates time- and dose-dependent toxicity. The SQL-SAL was exposed to troglitazone 28 uM (4 x Cinax), 180 uM

(80 x Cmax), or caffeine 600 uM (100 x Cax), @s @ negative control for 0-28 days. Note the figure legend is the same for figures a, b and c. (a) Troglitazone at 28 uM
(4 x Cmax) induces significant levels of LDH release (p < 0.05) on days 13-15 with the peak loss occurring at~13 days and at 180 uM (30 x Cay), and is significant
(p <0.05) on days 4-6 with a peak~4 days. (b) Troglitazone at 28 uM (4 x Cmayx) induces a significant decline in albumin secretion (p < 0.05) on days 18-28 with the T'2
on ~11 days and significant (o < 0.05) at 180 uM (30 x C,,,ax), On days 4-10 with the T2 on ~day 3. (c) Troglitazone at 28 uM (4 x C4) induces a significant decline in
urea secretion (p < 0.05) on days 4-28 with the T'2 of ~12 days and significant (o < 0.05) on days 4-10 with the T¥2 at ~ day 3 at 180 uM (30 x C,4x). Caffeine produced
no significant effects from 0- to 28-day treatment in any measurement. (d) CMFDA fluorescence was monitored in hepatocytes at 10-min intervals for 60 min in a 10-day
treatment with vehicle control (1% DMSO) or 50 uM troglitazone. Normal uptake and efflux of the dye is evident in vehicle control compared to the slower uptake
and inhibition of efflux in a troglitazone-treated device (see Figure S4, Supplementary material). Values reported for (a)—(c) represent means and SD of replicate devices.

P-values are calculated from drug treatments versus vehicle control data

apoptotic hepatocytes, with decreases in albumin, urea and
arapid release of LDH (Figure S4, Supplementary material).

To investigate immune-mediated hepatotoxicity in the
SQL-SAL, differentiated U937 cells were used as surrogate
Kupffer cells. The PMA differentiated immune -cells
released TNF-alpha in plate cultures in response to LPS
exposure (Figure 6a). Drug challenge with 200 pM trova-
floxacin (40 x Cpax) or 600puM levofloxacin (38 x Cpax),
with 1pg/mL LPS, was used to investigate hepatotoxic
response in a pro-inflammatory state. Increased LDH leak-
age was evident at day 3 in devices co-incubated with
200 M trovafloxacin and LPS (trovafloxacin+ LPS), but
not in devices co-incubated with 600 uM levofloxacin and
LPS (levofloxacin + LPS) (Figure 6b). A significant decrease
in hepatocyte area (condensation) was measured as a poten-
tial real-time, read-out for hepatocellular injury. A positive
correlation between trovafloxacin 4 LPS treatment and
decrease in hepatocyte area with increased propidium
iodide uptake was established from static transwell,
four cell liver cultures (Figure S5, Supplementary material).
A significant time-dependent decrease in hepatocyte
cell area was measured after day 3 in 200uM

trovafloxacin 4+ LPS indicative of apoptosis, while 600 uM
levofloxacin + LPS did not induce apoptosis (Figure 6c¢).
Interestingly, Levofloxacin + LPS exhibited an increase in
hepatocyte area indicating that some impact on the hepato-
cytes other than apoptosis occurred. This observation will
be followed up with more experiments in the future. Taken
together, these findings are in agreement with rodent
inflammatory models that have been developed to mimic
human findings44’45; however, this in vitro model is human
and the changes can be analyzed dynamically.

Disease model application

To explore the potential application of the liver model to
elucidate fibrotic disease, the immortalized human stellate
cells (LX-2) transduced with a biosensor to enable the track-
ing of cell division and movements were monitored for
21 days by confocal HCA. Over this time, the stellate cells
transmigrated from an initial uniform distribution through-
out the space above the hepatocytes into open spaces
between the hepatic cords and into a layer just above the
hepatic cords (Figure 7a). Furthermore, when the stellate
cells contacted the hepatocytes, there was an increase in
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Figure 5 Live cell monitoring of hepatocellular fluorescent protein biosensors in sentinel cells that are mixed in with native cells demonstrate time and dose

dependent toxicity. The SQL-SAL was exposed to troglitazone (28 or 180 uM), or caffeine (600 1M, negative control) for 0-28 days. (a) Troglitazone at 28 uM triggered
significant levels (p < 0.05) of apoptosis in sentinel cells expressing the cytochrome C biosensor, on days 16-28 with the TV2 at ~14 days and at 180 uM on days 1-15
with a T2 ~1 day. Caffeine treatment produced no significant effect over 28 days. Values represent the mean and error bars the SD of replicate devices. P-values are
calculated for drug treatments versus vehicle control data. (b) An example of the bright, punctate, mitochondrial distribution of the cytochrome C biosensor in

hepatocytes 2 h after treatment with troglitazone and (c) the loss of the cytochrome C biosensor signal from mitochondria with the fluorescence signal ‘‘diluted’ in the
cytoplasm following release evident after 14 h. (d) The activation of the ROS biosensor in hepatocytes treated with troglitazone is monitored using a 488 nm emission as
atime-response curve from 0 to 24 h after validation of a ratio measurement (data not shown). (€) Minimal ROS signal is evident in sentinel hepatocytes at 4-h treatment.

(f) Increase in intensity of the ROS biosensor is evident in hepatocytes at 19h

the expression of human COL1A2 (Figure 7b). A hallmark
of stellate cell transactivation from the vitamin A storage
precursor into collagen depositing myofibroblasts is an
increase in the expression of alpha-SMA.***” Our results
showed the stellate cells actively expressed increased
levels of human COL1A2 and alpha-SMA in response to
30nM methotrexate treatment over 21 days (maximum tol-
erated concentration of 100 nM determined in LX2 cultures;
data not shown) (Figures 7(b) and 8).

Discussion

Although many in vitro models have been used to detect
hepatotoxicity, pharmacokinetic properties and efficacy,
none have yet successfully recapitulated the complex inter-
actions between the different cell types, cell-to-cell signal-
ing, flow within the liver, as well as oxygen and nutrient
zonation (Table 1). Many of the in vitro models have proven
capable of identifying the direct action of toxicants on the
hepatocytes or have been found useful to identify the puta-
tive pathways and mechanisms of toxicity that have been
linked to clinical hepatotoxicity, but they have had less suc-
cess in predicting adverse clinical events or serving as

models of liver diseases.'*'*** The work described herein
demonstrates progress towards an improved physiological
model system that will continue to evolve with increased
functionality (Table 1). We have combined a very simple
microfluidic device, 3 human, non-parenchymal cell lines
together with primary human hepatocytes as the base-line
cell system, a collagen matrix, a sequentially layered, self-
assembly construct (SQL-SAL) and flow to create a robust
and reproducible, generation one system with reasonable
structure and functionality.

Despite the use of in vitro hepatotoxicity testing in the
pharmaceutical industry to reduce the numbers of com-
pounds with human toxic liabilities, DILI remains the lead-
ing cause of acute liver failure in the USA**~! and the field
continues to rely on animal models of disease where the
concordance with humans is low. Therefore, there has
been a drive to construct more physiologically relevant,
human, 3D “organ” models with various levels of complex-
ity, including multiple liver cell types, longer-term viability,
flow stimulation, and integrative analysis of multiplexed
experimental data using computational models.?***~® The
human liver models have in common the goals to: retain
important hepatocyte functions; extend culture time to
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Figure 6 Demonstration of active immune function in the SQL-SAL. (a) Lipopolysaccharide (LPS) activated U937 cells release hepatotoxic TNF-alpha with an EC50 of
0.7 pg/ml in a static 96 well plate format. (B) Increased LDH leakage was evident in devices treated 3 and 5 days with 200 pM (40 x Cay) trovafloxacin co-incubated with
1 ug/mL LPS, but not with levofloxacin plus LPS. (c) The shift in toxicity is evident as a decrease in hepatocyte area measured in real time and achieved significance
(P <0.05) on days 3-10 in the SQL-SAL exposed to 200 uM trovafloxacin (40 x Cnax) With 1 pug/mL LPS. The decrease in hepatocyte area with trovafloxacin co-
incubated with LPS treatment was correlated with cell death measured by an increase in propidium iodide uptake (see Figure S6, Supplementary material). LDH and
hepatocyte area results are the mean and SD of replicates per treatment group. P-values were calculated between devices treated with levofloxacin plus LPS and
trovafloxacin with LPS. Although levofloxacin plus LPS does not induce apoptosis, it does cause an increase in the hepatocyte area. The biological basis for this change
will be investigated in the future
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Figure 7 LX-2 stellate cell activation and migration in SQL-SAL. (a) In response to 30 nM methotrexate treatment over 21 days, LX-2 stellate cells transmigrate from
the upper matrix and significantly accumulate (p < 0.05) proximal to the hepatocyte layer at an accelerated rate on days 4 and 7 and significantly decrease (p < 0.05) on
days 7-17 in the upper matrix compared with vehicle control treatment. Values are the mean and SD of replicates. (b) Significant expression (p < 0.05) of human alpha-
SMA (stellate cell activation marker) and collagen, type 1, alpha 2 proteins (COL1A2, marker for fibrosis) in LX-2 stellate cells on day 21, quantified by image analysis in
paraformaldehyde-fixed and antibody-labeled SQL-SAL devices, is increased with 30 nM methotrexate treatment relative to vehicle control
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Figure 8 Representative images of LX-2 stellate cell activation that were quantified in Figure 8(b). (a) Immunofluorescence image of a SQL-SAL exposed to vehicle for
21 days, fixed and labeled with an anti-human alpha-SMA antibody. Minimal alpha-SMA expression (false colored red) is evident in green stellate cells (white arrow) or in
hepatocytes (yellow arrow). (b) Immunofluorescence image of a SQL-SAL treated 21 days with 30 nM methotrexate, fixed and labeled with anti-human alpha-SMA
antibody. An increase in alpha-SMA expression (false colored red) is evident by the in stellate cells (white arrow) and red color in hepatocytes (yellow arrow). (c)
Immunofluorescence image of a SQL-SAL treated 21 days with 30 nM methotrexate, fixed and labeled with anti-human collagen 1A2 antibody. Expression of collagen is
noted as increased yellow (white arrow) in stellate cells (false colored red). Not all stellate cells express collagen (orange arrow). Nuclei are false colored blue in all

images

accommodate chronic exposure studies; incorporate non-
hepatocyte cell components to study immune-mediated
DILI, fibrosis or other diseases related to the liver; and to
employ a variety of genomic, phenotypic, mass spectros-
copy, cell biochemical and media secretion-based assays
to evaluate liver health and function in response to
challenges.®'®*” The “fit for purpose” criteria offers advan-
tages to the scientific and regulatory community, given the
examples of high throughput models with reasonable liver
functions that have been used to test large numbers of com-
pounds.®”* However, even more physiologically relevant
platforms that include continuous flow and more read-outs,
are important for more sophisticated investigations of
human toxicity and liver disease progression, as well as
multi-organ systems.

The present generation SQL-SAL can be maintained for
at least 28 days under continuous media perfusion, demon-
strated stable metabolic function, including phase 1 and
phase 2 drug metabolism for 10-23 days (28-day studies
are planned), polarized bile efflux, protein secretion, and
responds predictably to known hepatotoxic compounds.
The SQL-SAL can be used for the detection of early and
specific modes of toxicity, such as apoptosis and ROS gen-
eration, via fluorescent protein biosensors. Monitoring drug
toxicity and disease progression in a human, 3D, multiple
cell-based platform when applied in parallel to the animal
tests required before entering human clinical trials, is
expected to improve predictions of human risk and drug
efficacy. In time, these in vitro models are expected to reduce
and ultimately replace animal testing.

An important advantage of the SQL-SAL is having a
physiologically active liver model that can be treated and
serially interrogated for damage induced by direct or indir-
ect MOT and disease processes, for at least 28 days. For
example, direct acting toxic agents such as troglitazone
and nimesulide ultimately end in acute cellular necrosis
or apoptosis, often as the result of metabolically reactive
drug intermediates leading to dose- and time-dependent

generation of oxidative stress, via mitochondrial dysfunc-
tion or interference with bile flow."® Indirect toxicity can be
the result of an inflammatory response with cytokine
release triggered by sub-acute hepatocyte damage by
drugs such as trovafloxacin.®” The release of cytokine medi-
ators intensifies the hepatocellular injury, which, if not
reversed, will ultimately leads to fatty liver or fibrosis and
loss of liver function.®'

More complex interactions between the cell types were
demonstrated in the SQL-SAL by methotrexate-induced
activation of alpha-SMA and COL1A2 positive stellate
cells as an early indication of a fibrotic injury response.
Although the progression and severity of the methotrexate
fibrotic response reported from several clinical studies is
conflicting, it is accepted that drug-damaged hepatocytes
and immune cells can release molecular modulators that
induce the differentiation of stellate cells into myofibro-
blasts which ultimately leads to hepatic fibrosis.>"*” In add-
ition, we found alpha-SMA expression was increased in
hepatocytes under methotrexate treatment. Previous
reports of alpha-SMA expression in hepatocytes resulting
from the transition from epithelial to mesenchymal like
morphology and mesenchymal marker expression have
been inconsistent. Knock out studies in mice suggest that
hepatocytes do not undergo the epithelial-mesenchymal
transition (EMT) or express alpha-SMA during the fibrotic
response.®® However, recent evidence in the rodent sup-
ports the EMT in hepatocytes and the increased alpha-
SMA expression.®” In either case, the protein expression
profile found in stellate cells in the SQL-SAL is consistent
with the early activation of a fibrotic response. The extent
and duration of the fibrotic response will be evaluated in
more depth in follow-up studies.

The examples presented here for toxicity associated with
troglitazone, nimesulide, trovafloxacin and methotrexate
serve to describe the complexity of interactions between
cell types and multifactorial initiating events in the devel-
opment of liver injury or disease. The initial results in the
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SQL-SAL demonstrate that differentiated cell and
tissue-like functions are occurring in an interacting and
interdependent physiological environment. At the present
time, we are testing a number of known hepatotoxic and
non-hepatotoxic compounds as well as paired sets of struc-
turally related compounds of which one member of the pair
exhibits hepatotoxicity while the other does not. These
studies will be used to acquire a larger data set with
which to build predictive models using our MPS-Db data-
base (Figure S6, Supplementary material). A detailed char-
acterization of the MPS-dB will be published elsewhere
(Gough et. al., in preparation).

The SQL-SAL can detect early and specific modes of tox-
icity, e.g. apoptosis and ROS; with the use of fluorescent
protein biosensors in “sentinel” cells with 3D, time series
image analysis, an approach that highlights the value of
integrated fluorescence biosensors in reporting mechanistic
toxicity. Current efforts seek to characterize the use of a
broader set of biosensors to determine additional clinically
important modes of toxicity and liver disease progression.”’
We are also expanding the SQL-SAL for disease studies
through the use of normal and diseased iPS- derived
human hepatocytes and a variety of liver disease models.
Finally, the differences in metabolic activity between the
liver zones are often the cause of toxicity.”’. A future version
of the SQL-SAL will implement zonation to enable the com-
parison of zone 1 and zone 3 responses in Cyp expression,
glutamate synthetase expression, as well as acetaminophen
toxicity.

Future developments

The present SQL-SAL maintains major physiological func-
tions for at least 28 days. The SQL-SAL can be used as a
stand-alone liver model and when appropriately sized
(scaled), integrated with other organ models.”" There are a
number of developments that will be implemented in the
next generation SQL-SAL to further improve the physio-
logical value of the liver model (Table 1). In particular, we
will employ iPS-derived human hepatocytes with a range of
normal and disease genomic backgrounds that are now
being fully characterized, employ liver specific endothelial
cells to optimize the biology, employ matrix-coated plastic,
transition to microfluidic devices without PDMS to opti-
mize the use with hydrophobic drugs and biologics, and
employ a range of scales and total device volumes to opti-
mize for specific applications. In addition, the SQL-SAL will
be used in conjunction with a database that can not only
manage, analyze, and model data, but can also access pub-
lished bioassay, chemical, pre-clinical and clinical findings
from public and private databases to enable predictive
modeling of human hepatotoxicity risk and various
models of disease progression.

A particularly valuable contribution of MPS models in
the future will be the inclusion in drug discovery and devel-
opment programs based on quantitative systems pharma-
cology (QSP).”* QSP is an iterative process of computational
methods and experimental approaches that is rooted in
patient data. The development of a mathematical model
of the experimental system is used to suggest new

experimental steps. The inclusion of iPS-derived cells
from patients with genetic and disease backgrounds in
physiologically relevant experimental models will “person-
alize” the drug discovery and development process. The
development of MPS models is an evolutionary process,
but with revolutionary potential to change how we investi-
gate human diseases and toxicology."
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