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Abstract

The liver is a heterogeneous organ with many vital functions, including metabolism of pharmaceutical drugs and is highly sus-
ceptible to injury from these substances. The etiology of drug-induced liver disease is still debated although generally regarded as
a continuum between an activated immune response and hepatocyte metabolic dysfunction, most often resulting from an inter-
mediate reactive metabolite. This debate stems from the fact that current animal and in vitro models provide limited physiologically
relevant information, and their shortcomings have resulted in “‘silent”” hepatotoxic drugs being introduced into clinical trials,
garnering huge financial losses for drug companies through withdrawals and late stage clinical failures. As we advance our
understanding into the molecular processes leading to liver injury, it is increasingly clear that (a) the pathologic lesion is not
only due to liver parenchyma but is also due to the interactions between the hepatocytes and the resident liver immune cells,
stellate cells, and endothelial cells; and (b) animal models do not reflect the human cell interactions. Therefore, a predictive human,
in vitro model must address the interactions between the major human liver cell types and measure key determinants of injury such
as the dosage and metabolism of the drug, the stress response, cholestatic effect, and the immune and fibrotic response. In this
mini-review, we first discuss the current state of macro-scale in vitro liver culture systems with examples that have been com-
mercialized. We then introduce the paradigm of microfluidic culture systems that aim to mimic the liver with physiologically
relevant dimensions, cellular structure, perfusion, and mass transport by taking advantage of micro and nanofabrication tech-
nologies. We review the most prominent liver-on-a-chip platforms in terms of their physiological relevance and drug response. We
conclude with a commentary on other critical advances such as the deployment of fluorescence-based biosensors to identify
relevant toxicity pathways, as well as computational models to create a predictive tool.
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Introduction acetaminophen are still in the market but pose a signifi-
cant risk.”® Current techniques for DILI assessment prior
to pre-clinical trials include animal models and in vitro
models using primary hepatocytes alone or in co-culture
with other cell types - in 2D and 3D formats.”” Though
critical in providing initial assessment of drug toxicity,
they are limited in some capacity to fully assess the
broader responses leading to compound failure during
clinical trials, or in the worst case, upon market release
as a “silent” hepatotoxin forcing withdrawal. In order to
reduce the attrition of compound failure due to DILI, it is
essential to create in wvitro models that can effectively

The liver is a central metabolizing organ and is suscep-
tible to damage by chemicals and/or their metabolites
that enter the body. Pharmaceuticals pose a particular
risk leading to drug-induced liver injury (DILI), the
cause of which is still debated. Hepatotoxicity is a
major cause for drug withdrawals from the market,
resulting in huge financial losses for pharmaceutical com-
panies.'™ Several drugs, including troglitazone, nefada-
zone, and trovafloxacin have been withdrawn from the
market due to their hepatotoxicity, while some drugs
such as diclofenac and the over the counter drug

ISSN: 1535-3702 Experimental Biology and Medicine 2014; 239: 1180-1191
Copyright © 2014 by the Society for Experimental Biology and Medicine



recapitulate liver response to evaluate predictable and
unpredictable hepatotoxins over the breadth of genetic-
ally diverse human population.

Designing a liver platform for identifying DILI

The spectrum of DILI can be categorized by several classi-
fication methods, although liver injury often is noted
simply in the clinic as hepatocellular jaundice or cholestatic
liver disease (Table 1). DILI can manifest as all forms of
acute and chronic liver disease, be dose related and predict-
able from animal preclinical studies, or, more often, not be
dose related and unpredictable from animal trials. It is the
latter type of compound that passes though animal safety
studies as a “silent” hepatotoxin.'” It is now hypothesized
that infrequent hepatotoxicities are likely associated with
an idiosyncratic immune response originating from the
generation of reactive drug metabolites.>""

A critical component of any in vitro model is the ability to
evaluate and identify negative compounds. New molecular
entities (NME) which have positive in vitro findings would
be followed up with clinical investigation and further ana-
lysis using traditional methods; however, it is important
that in vitro models provide information regarding the
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NMEs with a negative effect, where their full potential
will be realized. A significant failure of most in vitro
models is an inability to evaluate and predict all aspects
of DILI. Historically, the goal of toxicity testing has been
to simply rank order drugs/toxins as acute toxins within
a large set of compounds, using simple cytotoxicity assays
(live/dead dyes, LDH leakage, ATP, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT)) in estab-
lished cells lines such as HepG2, HepaRG, or rodent
primary hepatocytes. However, this approach fails to meet
the need to identify the idiosyncratic hepatotoxins that slip
undetected past these simpler in vitro assays. As many
forms of DILI originate from reactive metabolites generated
by human specific metabolism, any platform must be con-
structed with metabolically competent human hepatocytes
and non-parenchymal cells. This rules out the use of human
cell lines which generally lack relevant levels of phase I
metabolic activity, phase Il conjugation, transporter func-
tions related to drug clearance, or readily available rodent
primary hepatocytes which may have different rates or
routes of metabolic drug clearance.'*'*

Hepatotoxicity can also be classed as predictable, for
example, in cases of acute acetaminophen toxicity, or
often as unpredictable, as exemplified by diverse

Table 1 Classifications of drug-induced human liver injury. (A color version of this table is available in the online journal.)

Classification

Pattern of liver injury

Example drug

Simple classification
Intrinsic

Non-intrinsic allergic
Non-intrinsic non-allergic
Clinical laboratory classification
Autoimmune

Hepatocellular

Cholestatic

Infiltrative

Histopathologic classification
Acute hepatocellular injury

Chronic hepatocellular injury

Acute cholestasis

Chronic cholestasis

Granulomatous hepatitis

Autoimmune hepatitis
Vascular lesions

Neoplastic lesions

Dose dependent, predicable, reproducible in
animals at sub-lethal doses

No dose-dependency, unpredictable, not
reproducible in animals

Adaptive immune response, short latency period,
delayed latency, absence of
hypersensitivity response

Circulating antibodies
1AST, 1ALT, 1 Bilirubin
1ALP, 1 Bilirubin
1ALP

Spotty necrosis to fulminant liver failure (massive
necrosis)

Pigment accumulation, steatosis, steatohepatitis,
phospholipidosis, fibrosis, cirrhosis

Reduction in bile flow resulting from reduced
secretion or obstruction

Portal inflammation with degeneration of the bile
duct (vanishing bile duct syndrome)

Macrophage accumulation without necrosis
located in periportal or portal areas.

Necroinflammatory lesions
Injury to sinusoids, hepatic veins, and hepatic
arteries

Focal nodular hyperplasia and hepatocellular
adenomas

Super therapeutic acetaminophen

Phenytoin

Isoniazid

Tienilic acid
Acetaminophen
Chlorpromazine
Tamoxifen

Acetaminophen, ketoconazole, diclofenac,
nefazodone

Phenacetin, aspirin, valproic acid, amio-
darone, methotrexate, tamoxifen

Amiodarone, chloroquine, methotrexate,
vitamin A, cyclosporine, troglitozone,
amoxicillin-clavulanate

Tolbutamide, imipramine

Chlorpropamide, amoxicillin-clavulanate,
cabbanazepine, diltiazem

Methyldopa, minocycline
Dacarbazine vincristine, azathioprine

Floxuridine, danazol

41 increase; AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALP: alkaline phosphotase.
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compounds such as diclofenac, erythromycin, and ibupro-
fen to name a few. These latter examples, referred to as
idiosyncratic toxins, have commonalities: (a) they are unde-
tected in animal studies; (b) require human specific metab-
olism; and (c) often require a latency period from treatment
to the appearance of the injury.'” Many of the current 2-D
and 3-D liver models in general can segment toxic from
non-toxic compounds that act by direct toxicity to the hep-
atocyte, but often lack the necessary organization and cell
types to properly address the idiosyncratic type response.

Liver platform cell types

Liver injury is a collective response between all or many of
the resident liver cells, suggesting a minimal number of cell
types must be present on the liver platform to fully eluci-
date most forms of DILL In addition to hepatocytes,
non-parenchymal cells in the liver associated with DILI
pathology include Kupffer, sinusoidal endothelial, and stel-
late cells. The incorporation of primary cells or functionally
responsive cell lines of these three important liver cells into
liver platforms is an area of active investigation. The success
of any liver platform depends critically on the use of fully
competent hepatocytes. Despite recent improvements in co-
culturing methodology to prolong viability and functional-
ity, and the availability of fresh and cryopreserved primary
hepatocytes, their use is hampered by the finite supply from
a single donor source. The best alternative to the single
donor would be having cells from a renewable source. By
far, the brightest hope for renewable cells is the embryonic
stem cells (ESCs) or the adult-induced pluripotent stem
cells (iPSCs) that can be matured into functional hepato-
cytes.'® The iPSC-derived hepatocytes offer a unique oppor-
tunity to revolutionize pharmacological and toxicological
assessment because of the potential to test cells from
normal and diseased tissue, as well as from genetic and
environmentally diverse adult humans. Despite the prom-
ise of renewable human hepatocytes from iPSC and ESC,
the current protocols yield inefficient differentiation and
maturation with low yields and heterogeneous cell popula-
tions retaining immature fetal liver characteristics.'*'”

Current commercial in vitro approaches to
liver toxicity testing

In vitro models and preclinical trials are essential tools for
drug assessment required by regulatory agencies. However,
the lack of human specific metabolism ultimately can lead
to their failure to predict human DILL”~® Human-based
in vitro models comprising of microsomes, cell lines, pri-
mary hepatocytes, and liver slices'®™" provide additional
information to the existing animal models. However, they
can be limited by poor stability, and, with the exception of
precision cut liver slices, lack the hierarchy and structural
components of liver. Monolayer cultures of primary hepato-
cytes are the most commonly used format for toxicity
assessment and provide a suitable model for initial assess-
ment, but are severely hindered by the lack of 3D organiza-
tion, non-parenchymal cells, and thus cell-cell interactions
via contact or paracrine effects. Nonetheless, isolated

primary hepatocytes continue to be the most relevant
system to study in vitro drug metabolism and hepatotox-
icity and provide an initial assessment of drug toxicity and
enzyme function. Important hepatic functions decrease rap-
idly after isolation, so only acute and short-term studies are
possible. In addition to the use for drug toxicity assessment,
and by virtue of having competent/relevant CYP 450
expression, mono cultures/monolayer cultures of primary
hepatocytes are widely used for “first pass” liver clearance
assessment as part of the pharmacokinetic (PK) evalu-
ation.*? A major innovation for primary hepatocyte cultures
was the introduction of a matrix sandwich for hepatocytes
which provides a platform to stabilize and increase the cul-
ture time of hepatocytes to up to seven weeks.>=> The pres-
ence of matrix on top and bottom of hepatocytes stabilizes
the cells, acting as a scaffold which allows soluble factor
secretion by hepatocytes into the local environment.
Several ECM matrices, such as collagen (Type 1),
Matrigel™, and poly-electrolyte layers have demonstrated
the ability to stabilize hepatocytes for long-term cul-
ture.**>? In the last decade, several new approaches and
advances have been introduced to improve the functional
stability of long-term culture of hepatic cultures. In addition
to the various in vitro models proposed so far, there is a
growing interest in the pharmaceutical community, and
Pharmaceutical Research and Manufacturers of America
(PhRMA) and other regulatory agencies. Several recom-
mendations have been made to compare the in vitro and
in vivo studies, which need to be considered while develop-
ing and validating any in vitro platform.**~** Several design
parameters, such as stability, CYP activity, metabolite for-
mation, and reaction velocities should be validated for any
in vitro platform.*** In addition, the interpretation of
in vitro data and in vivo extrapolation is very critical for
the success of any platform, most of which have been
described as  per the  recommendations  of
PhRMA *%4244-49 Herein, we specifically review commer-
cial macroscale and liver on a chip approaches for long-
term culture of hepatocytes. A consistent theme of these
novel commercial systems is the 3D organization of hepato-
cytes and support cells extend the hepatic-tissue cultures as
a primary screening tool from several days to weeks.

Recently, Regenemed (San Diego, CA, USA) has demon-
strated a liver tissue culture using transwell approach,
culturing hepatocytes and non-parenchymal cells in a
near-physiological ratio.>® Initially, non-parenchymal cells
are seeded in a nylon screen sandwich on a transwell insert
(12 pm pore size) and stabilized for a week, followed by
inoculation with hepatocytes allowing the formation of a
3D liver tissue (Figure 1a). Albumin, transferrin, fibrinogen
secretion, and urea synthesis in both rat and human liver
models were stable in 3D culture up to three months; add-
itionally, the cultures exhibited stable CYP 3A4, 1A1, and
2C9 activity. Inflammatory response of the liver tissue was
demonstrated by exposing cultures to LPS and measuring
release of pro-inflammatory cytokines: IL-6, IL-8, TNF-o,
IL-1B, and others. Finally, their human 3D liver tissue has
been used to test drug toxicity (Table 2).

A new liver culture strategy commercialized by Insphero
(Schlieren, Switzerland) is a 3D microtissue spheroid
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Figure 1 (a) Regenemed strategy for liver tissue culture. Non-parenchymal cells are introduced into the nylon scaffold followed by inoculation with hepatocytes

(adapted from Kostadinova et al.®%). (b) Hanging drop strategy by Insphero. Hepatocytes and non-parenchymal cells are introduced into the drop and allowed to form
microtissue that is transferred into a 96 well plate and cultured. (c) Hepregen micropattern strategy used elastomeric molds to pattern hepatocytes followed by addition
of 3T3-J2 cells. (d) CellAsic device structure uses a microstructure pattern to shield the hepatocytes from flow, mimicking an endothelial-like layer (adapted from Lee
etal.®?and Zhang et aI.G3). (e) The Zyoxel platform consists of two reservoirs, with cells in one and media for re-circulation in the other (adapted from Domansky et aI.7°).
(f) The Hurel Platform incorporates a Cell Culture Analog (CCA) with cell seeding area with multiple devices in parallel. (A color version of this figure is available in the
online journal.)

Table 2 Assays and markers reported in primary literature to address physiological mechanisms of toxicity in multi-component liver platforms that include
human hepatocytes

Hurel
InSphero Hepregen CellAsic Hepatocyte, primary
3D Insight Human Micropatterned HepG2, human lung
Liver 3D Microtissues attachment: endothelial microvascular
Hepatocytes, primary Hepatocytes, 3T3 cell-like endothelial
MOT NPC* fibroblasts barrier cells Regenemed
Oxidative stress Glutathione levels® Glutathione®%-®°
Macromolecular Clearance® Clearance, Clearance, cyp
interactions Metabolism®6-6” induction/inhibition®®
(reactive Metabolites®>%®
metabolites,
covalent
binding)
Mitochondrial Intra-tissue ATP®8" ATPS4, MTT®4 ATPSS
function, respir-
ation, perme-
ability, Calcium
Flux
BSEP - canalicular IHC (BSEP)®® IHC (MRP2, Zo1)>* CMFDA®®
flow CMFDA>®
Immune stress IL-6 release after LPS LPS stimulation,
stimulation®® cytokine profile®®
Protein synthesis Albumin®® Albumin, urea Albumin®® Albumin, urea,
inhibition secretion®® fibrinogen, transferrin®
(multiple levels)
Drugs evaluated Diclofenac, Alprazolam, Diclofenac Caffeine, Buspirone, Fenofibrate,
Acetaminophen, Atazanavir, Imipramine, Timodol, Troglitazone,

Trovafloxacin

Atomoxetine,

Diazepam, Diclofenac,

Flecainide,

Glimepiride, Lidocaine,

Meloxicam,

Sildenafil, Metoprolol,
Carbamazepine,
Antipyrine

Trovafloxacin,
Lovafloxacin,
Pioglitazone,
Acetaminophen

(continued)



Table 2 Continued

Hurel
InSphero Hepregen CellAsic Hepatocyte, primary
3D Insight Human Micropatterned HepG2, human lung
Liver 3D Microtissues attachment: endothelial microvascular
Hepatocytes, primary Hepatocytes, 3T3 cell-like endothelial
MOT NPC* fibroblasts barrier cells Regenemed
Midazolam,
Prednisolone, Riluzole,
Risperidone,
Theophylline,
Tolbutamide,

Atomoxetine, Trypan
Blue, Voriconazole,
others®*2

*NPC - non-parenchymal liver cell.
+ATP used as marker of cell viability.

culture using a gravity-enforced cellular assembly, enabling
formation of cellular contacts.”’ Briefly, hepatocytes and
non-parenchymal cells are introduced into a hanging drop
in a specifically designed multiwell plate which forms a
microtissue spheroid in three days (Figure 1b). After forma-
tion, the spheroids can be transferred into a spheroid-
specific 96 well plate and cultured for up to five weeks
with stable functions. Further, staining the microtissues
revealed maintenance of cellular phenotype of endothelial
and Kupffer cells within the spheroids. Toxicity assays with
acetaminophen and diclofenac show better TCsy values
when compared with 2D cultures.

Another approach is the co-culture of discrete micropat-
terned hepatocyte islands surrounded and stabilized by
stromal cells (3T3-]2 fibroblasts) and this approach is com-
mercially available as Hepatopac (Hepregen, Medford, MA,
USA).”>7° The system uses a standard 24 well plate format
with reusable elastomeric molds to pattern 500 um diameter
hepatocyte islands surrounded by the stromal -cells
(Figure 1c). The co-culture system maintained its function
for up to six weeks, and had exhibited stable albumin secre-
tion, urea synthesis, Phase I and II drug metabolism, and
formation of canaliculi networks.

Liver on a chip approaches

Microfabrication techniques enable design of bio-mimetic
liver systems with physiological hepatocyte density and
architecture, which allow precise control of media flow
rates, mass transport, and oxygen gradients (zon-
ation)."**”" Soft lithography allows the creation of
in vivo-like geometries enabling hepatic cultures with (a)
3D tissue microarchitecture and (b) cell/nutrient ratio simi-
lar to the liver. Furthermore, these dynamic microsystems
allow precise control of media flow for supplying fresh
nutrients and removal of waste products. A striking feature
of the liver is the variation of metabolic activity of hepato-
cytes depending on oxygen availability along the liver
acinus (which lies between two adjacent portal triads and
portal veins).®”®! Precise control of architecture and media
flow offers the opportunity to create oxygen gradient in

hepatic cultures, enabling the development of in vitro plat-
forms to study zonation.

A microfluidic liver sinusoid model by CellAsic
(Hayward, CA, USA) uses lithography techniques to
create an artificial endothelial-like barrier to mimic the
porous liver sinusoid.***®> The device eliminates the need
for endothelial cells by constructing a structural barrier
(with posts) that shields hepatocytes from media stress
and simultaneously allows nutrient exchange (Figure 1d).
The design allows a nutrient flow of ~100 pL/s and can
support ~250 cells. The device demonstrates high cell via-
bility up to seven days under perfusion conditions, and
response to drugs (Table 2). This design is multiplexed
into convenient 96 well plate formats containing 32 devices,
with gravity-based flow for ease of use. Although the
device is effective in mimicking the sinusoidal barrier func-
tion of the liver, other cell functions, such as synthesis,
detoxification, and drug metabolism need to be established.

A multi-well plate platform by Zyoxel (Oxfordshire,
UK)” incorporates hepatocytes with non-parenchymal
cells and media flow induced by a pneumatic controlled
underlay. The bioreactor is made of polystyrene with two
connected chambers, a media reservoir and a reactor cham-
ber, with poly-carbonate scaffolds for cell culture
(Figure 1e). The design aims to create an environment simi-
lar to the liver in terms of fluid flow, oxygen gradient, and
shear stress. Perfusion up to 1.2mL/min is achieved by
pumping the media between the reservoirs using pneu-
matic inputs at the bottom of the chambers; achieving an
oxygen concentration similar to a sinusoid (145 uM to 50 pM
at a flow of 0.25mL/min). Hepatocytes, in co-culture with
LSEC enriched non-parenchymal fractions, are seeded on
the scaffolds within the reactor well which are maintained
for up to 13 days with high viability and phenotype reten-
tion. In spite of mimicking liver environment, the Zyoxel
system is not conducive to imaging (due to scaffold), and
the non-parenchymal cells are a LSEC-enriched fraction
which needs further characterization.

Another approach by Hurel (Beverly Hills, CA, USA)”*
adapts a microfluidic microscale cell culture analog (WCCA)



that can incorporate multiple tissues to interact in a physio-
logically based pharmacokinetic model. The Hurel platform
can accommodate multiple CCA units each consisting of a
Hurel plastic biochip with connections to a fluid reservoir
and a pump to complete the circuit (Figure 1f), offering the
ability to run multiple CCAs in parallel. Initial short dur-
ation studies with hepatocytes in the devices have shown
high-density cell seeding, viability, and metabolic function-
ality under flow conditions for 24h. Hepatic co-culture
system, with non-parenchymal cells within the device,
shows high-viability after seeding and in vivo like clearance
for various drugs up to eight days.”

The commercial liver-on-a-chip platforms described ear-
lier provide interesting solutions for culturing hepatocytes
under flow conditions for 1-2 weeks. Although these
on-chip models provide useful insights for creating liver-
mimics, additional studies to evaluate important liver func-
tions (albumin secretion, urea excretion, drug toxicity) are
needed to realize their full potential.

Tools for evaluating liver platform
toxicity responses

The ultimate implementation of a human predictive cell-
based liver platform must be capable of identifying all or
most DILI pathology. Platforms that achieve this will most
likely have several commonalities including the use of a
microfluidic-based chamber with as many competent resi-
dent liver cell types as necessary to reproduce the adaptive
or adverse injury response, support generation of human
specific reactive metabolites, and have the ability to meas-
ure time and dose-dependent multi-cellular stresses, either
by non-invasive image-based mechanism of toxicity (MOT)
pathway analysis or by analysis of secretion products. The
platforms will need to be tested and validated against clin-
ical drugs at relevant concentrations. Finally, the results
must be linked to a database annotated with pre-clinical,
clinical, molecular, and additional cell-based data for mod-
eling a predictive DILI signature.

Mechanisms of toxicity

Drugs or their reactive metabolites have been linked to liver
injury through a variety of MOTs including oxidative stress,
covalent binding of reactive metabolites to macromolecules,
changes in intracellular calcium flux, mitochondrial respir-
ation dysfunction, inhibition of the Bile Salt Exporter
Protein (BSEP), and other transport proteins, stimulation
of autoimmunity, protein synthesis inhibition, and fluid or
ion imbalance.”>”* Table 2 presents a comparison of the tox-
icity and cell viability parameters of selected commercial
platforms. We now know that measurements of MOTs
have proven to be only partly successful in our ability to
predict the full expression of liver injury, but there is a con-
sensus as to the reason for the modest success. Drug-
induced injury can end in two possible fates. The first is
the development and progression in severity and duration
to a pathologically significant or even potentially fatal
lesion, whereas, the second is adaptation, a not-well under-
stood process whereby the liver injury abruptly disappears,
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even though drug treatment continues.” It is the adaptive
response to injury that provides a reasonable explanation
for the modest level of concordance between MOT-based
analysis and DILI prediction. More sophisticated liver
models including a full complement of liver non-parench-
ymal cells may provide deeper insight into the mechanisms
behind the adaptive response.”®

In recent years, led by the case for BSEP inhibition pro-
duced liver injury gaining significant clinical concord-
ance,”” our understanding to detect any drug-inhibited
transport of drugs on other transport proteins such as
MRP1, MRP2, and the link to inflammatory responses is
gaining significance.”*”® The more useful in vitro liver plat-
forms would allow evaluation of drug effect on multiple
transport protein function in addition to BSEP which
should contribute to the understanding of mechanism and
prevention of drug-produced liver injury. Drug
metabolism-produced reactive metabolites that lead to
liver injury has been noted with compounds such as acet-
aminophen, chloramphenicol, danazol, diclofenac, fluta-
mide, ibuprofen, imipramine, indomethacin, isoniazid,
hydralazine, nitrofurantoin, piroxicam, procainamide, sul-
phamethoxazole, tacrine, and tamoxifen.”” In consideration
that over 60% of the drugs that have been taken off the
market for hepatotoxicity have been shown to produce
reactive metabolites, the metabolic activity of the liver is a
necessity.*!

Finally, the liver models should be capable to measure
basic first pass drug clearance of compounds as part of the
pharmacokinetic (PK) predictions. However, most current
models are stand-alone, consisting of hepatocytes and liver
support cells, and, lacking the gastrointestinal transport/
metabolism systems, use of the stand-alone liver as a PK
model should be approached cautiously. Orally adminis-
tered drugs must pass first through the gut and liver
before reaching the systemic circulation, so criteria such
as bioavailability, transporter function, GI metabolism,
and even the gut biome impact systemic drug availability
ahead of any additional first pass hepatic loss.”*%?

Fluorescent probes and biosensors

An important element of the liver platform approach is the
ability to collect and interpret physiological changes in
response to drugs, toxins, or environmental cues in real-
time as well as over time to capture acute and chronic
effects. The ability to monitor intracellular changes and
cell-cell interactions in a quantitative, real-time method is
predicted to improve determination of cell viability
and early toxicity signatures of individual cells®***
Fluorescent molecules (probes) and protein-based fluores-
cent biosensors are powerful tools for the reporting of spa-
tiotemporal dynamics.®” Fluorescence-based probes that are
targeted to particular substrates and subcellular compart-
ments are widely used for live cell studies.* Protein-based
fluorescent biosensors aim to detect real-time and molecu-
lar specific changes in time and space by combining fluor-
escent dyes or fluorescent proteins to peptides/proteins
that sense chemical/molecular changes.”*** % The initial
protein-based fluorescent biosensors were native proteins
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covalently labeled with fluorescent dyes and incorporated
into living cells. This original method was named “fluores-
cent analog cytochemistry”’?” and paved the way to using
genetically engineered biosensors.”>***  Protein-based
fluorescent biosensors are key tools for light microscopy
and high content screening (HCS)*® and enable monitor-
ing and measuring changes in the intracellular distribution,
as wells as protein modifications such as conformational
change, translocation, ligand bindin§, analyte changes,
and post-translational modifications.**! The first use of
GFP spawned a large supply of derived fluorescent proteins
that span the spectrum of visible to far-red wavelengths, all
of which are genetically encodable.®** The abundant
research efforts to understand and further improve fluores-
cent proteins led to the extension of their applications into
fluorescence-based protein biosensors.”>”* Biosensors have
been built from a wide range of proteins with inherent
fluorescent chromophores (XFPs) and extrinsic chromo-
phores such as small molecule sensors such as aptamers”
and fluorophore-binding proteins.”>*® Intrinsic fluorescent
biosensors based on fluorescent proteins have a variety of
architectures and design. They are used to monitor enzym-
atic activities such as protein complementation,”” transloca-
tion,® protein modification,”®”” and the presence of
intracellular ions.'® Enzymatic and post-translational
modifications have used two different covalently linked
fluorescent proteins to monitor Forster resonance energy
transfer (FRET), such that the loss or gain of energy transfer
is ratiometrically related to the presence of modified pro-
teins. Notably was the co-discovery of the first fluorescent
protein calcium sensors.'”'%?  Protein engineering
approaches and biophysical studies have also contributed
to improvements in spectral variants of GFP and modified
structures and new ways to use a chromophore.'®'% Novel
engineering via artificial truncation of GFP near the
chromophore that are then fused, resulting in new N and
C termini, are known as circular permutations (cpGFP).'%
The insertion of protein domains near the chromophore
allow for conformation dependent and ratiometric signal-
ing changes. The basis of this rational design concept has
resulted in biosensors that can monitor calcium flux, signal-
ing ions, and reactive molecules such as reactive oxygen
species.'®'%” Biosensors to identify MOT and other indica-
tors of liver injury can be inserted into the resident liver
cells on the liver platforms constructed with HCS measure-
ment capacity.

HCS approach to measuring hepatotoxicity

HCS permitted the moderate throughput of cell-based
assays in drug discovery and development.®'%®
Evaluation of DILI using multi-parameter cell feature ana-
lysis and measured by fluorescence imaging was intro-
duced by Haskins et al.'” and was implemented by
O'Brien et al.'""’ and later extended by Xu et al.** using
HCS. The first commercial assay to predict hepatotoxicity
was introduced in 2007 as CellCiphr™ Profiling (intro-
duced by Cellumen, now offered by Cyprotex,
Macclesfield, UK). The latter is a predictive toxicity analysis
built on multi-parametric HCS-based fluorescent probe

measurements collected in a hepatoma cell line and pri-
mary rodent hepatocytes and validated against a large num-
ber of hepatotoxic and non-hepatotoxic compounds. A
predictive risk assessment is calculated using a classifier
model comparing the in vitro cell signatures against a data-
base of animal pre-clinical toxicity information."™* Overall,
the combined use of multi-parametric in vitro assays from
monolayer liver cell cultures and classification raised the
predictive success of taking any compound into clinical
development from a random 50%, which is the predictivity
of animal pre-clinical studies, to better than 70% .83
Collectively, these efforts established that HCS multiplexed
data measurements coupled to computer driven analysis
can translate to useful predicitve models.

“Omics - Measurements”

Ever since the introduction of microarray genomics tech-
nology over two decades ago, “omics” platforms have
expanded to include three core technologies applied to
toxicology: genomics (also referred to as toxicogenomics
or transcriptomics); proteomics; and metabolomics, to
assess biomolecule changes in tissue or blood and urine.
The “genomics” array platforms include mRNA tran-
scripts, DNA methylation patterns, single nucleotide poly-
morphism levels in tissues and cells, and microRNA
(miRNA) in tissues, cells, or body fluids. Proteomics is
capable of finding changes in protein expression in tissues
or body fluids while metabolomics evaluates the changes
in endogenous and xenobiotic metabolites secreted into
blood or urine. The pioneering studies in toxicoge-
nomics''? demonstrated a link between specific gene-
expression profiles/signatures and specific MOTs, which
led to the research strategy of the National Center for
Toxicogenomics (NCT) at the NIEHS to relate gene
expression fingerprints to specific adverse effects demon-
strated by conventional clinical chemistry and histopath-
ology of toxicity markers."”®> In 2011, the EU Framework
Project published the results and conclusions of a consor-
tium of 15 pharmaceutical companies, 2 small companies,
and 3 universities which evaluated the transcriptomics,
proteomics, and metabolomics results from 16 compounds
dosed in two-week rat studies."'* The project concluded
that whole organ total RNA extractions for transcriptomic
analysis could generate mechanistic hypotheses when a
histopathologic lesion was evident, but that proteomics
and metabolomics were limited to being supportive of
these findings. As it was not the goal of the study to
determine if any of the “omics” platforms could be
used as an independent predictive tool, and, indeed, a
16 compound study is too small for such determination,
it was evident from the study that the use of invasive
tissue transcriptomics still requires traditional histopath-
ology to deliver the best results. Although the number of
active investigations in “omics” based profiling continues
to increase, as yet no consensus has been reached on
which platform technology or biomarkers should be uni-
versally applied.



Selection of validation compounds and
testing concentrations

Liver toxicity has had a staggering impact on the pharma-
ceutical industry. Globally 5-10% of all adverse drug reac-
tions result from liver toxicity, with over 1000 drugs
reported to have potential liver toxic effects and a third of
all post-market drug withdrawals were for unacceptable
levels of liver toxicity.’>*"''> Thus, a large selection of clin-
ical compounds is available for testing and validating liver
platforms. Table 3 provides an example list of 61 com-
pounds that are chemically diverse and independent of
therapeutic intent. The 30 “liver toxic” drugs on this exam-
ple list were selected by virtue of having been withdrawn
from clinical use due to hepatotoxicity or are in use but
carry the “black-box” listing or warning labels for
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hepatotoxicity. If the goal of testing is to validate and train
a computational tool for predictive modeling, then a large
number of inactive compounds are also needed. Continuing
in the example, the final compounds in Table 3 were
selected by virtue that they have no effect on the liver,
although some exhibit other organ toxicity, or have no clin-
ically relevant toxicity. The list additionally includes
matched pairs of compounds that are structurally related,
have the same therapeutic intent, but upon entry into the
broad marketplace, one of the paired compounds was
found to be hepatotoxic. In addition, the screening concen-
tration used for in vitro hepatotoxicity testing is most often
selected to be 100 times the known or anticipated peak
plasma level (Cpax) or to 100 uM if the C,,y is not known
or cannot be estimated. That concentration limit was deter-
mined in 2008 when Xu et al. screened 300 compounds and

Table 3 Example of clinical compounds selected for validating liver platform toxicity responses

Clinical Predominant

Cmax Predominant Hepatotoxic Clinical Clearance Reactive
Non-Liver Toxic Drugs (ug/mL) Clearance route drugs Cmax (ng/mL) route metabolite
Amantadine HCI 0.65 Renal Acitretin 0.61 - No
Amiloride HCI 0.02 Renal, bile mixed Alpidem™* 0.065 - Yes
Amitriptyline HCI 0.029 Renal Benoxaprofen 0.775 - Yes
Atenolol 1.33 Renal, bile mixed Benzarone 2.3 - Yes
Bupivacaine 0.067 Renal Bosentan 0.082 Bile -
Buspirone 0.00192 Renal Bromfenac 9.2 - Yes
Cimetidine 1.14 Renal Chlormezanone 2.9 - No
Clotrimazole 0.03 Bile Cinchophen 4.5 - No
Entacapone*® 1.83 Bile Dacarbazine 28.6 - Yes
Famotidine 0.104 Renal Dantrolene 1.24 Bile Yes
Fluvastatin 0.273 Bile Diclofenac 2.4 Renal -
Gabapentin 2.474 Renal Felbamate 0.0196 - Yes
Gatifloxacin 4.35 Renal Flutamide 0.1 - Yes
Glimepiride 0.551 Renal, bile mixed Gemtuzumab 2.86 - Yes
Ibuprofen’ 30.9 Renal Glafenine 0.7 - Yes
Levofloxacin 5.7 Renal Ibufenac’ 120~ - Yes
Lidocaine 8.5 Bile Isonazid 10.5 - Yes
Lovastatin 0.01 Bile Ketoconazole 0.06 Renal, bile mixed Yes
Montelukast 0.38 Bile Methotrexate 0.351 Renal -
Moxifloxacin® 4.5 Renal, bile mixed Naltrexone 0.02 - No
Nadolol 0.13 Bile Nefazodone$ 0.4349 - Yes
Pamidronate 2 Renal Nevirapine 7.88 Renal Yes
Paroxetine 0.02 Bile Pemoline 4.5 - No
Pilocarpine 0.0205 Renal Pirprofen 2.8 - Yes
Raloxifene 0.0005 Bile Sulindac 11.4 Renal, bile mixed -
Ranitidine 0.5 Renal Tienilic acid 57 - Yes
Rosiglitazone 0.373 Renal, bile mixed Tolcapone* 6 Renal Yes
Sertraline 0.0245 Bile Troglitazone 2.82 - Yes
Simvastatin 0.01 Bile Trovafloxacin® 2.09 - No
Trazodone® 3.12 Renal Valproic acid 7 Renal Yes
Zolpidem** 0.12 Renal

*Matched liver clean/liver toxic drug pair: entacapone/tolcapone.
tMatched liver clean/liver toxic drug pair: ibuprofen/ibufenac.
iMatched liver clean/liver toxic drug pair: moxifloxacin/trovofloxacin.
§Matched liver clean/liver toxic drug pair: trazadone/nefazodone.
**Matched liver clean/liver toxic drug pair: zolpidem/alpidem.
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published the 100 x Cp,.« as a “reasonable” level to separate
a potential DILI compound from non-liver toxic com-
pounds®* and that value has since entered the in vitro toxi-
cology lexicon.

Database and predictive modeling

The key to evaluating the performance of any model is the
availability of a sufficiently large “truth” data-set to
develop and validate the predictive signatures. In the case
of liver toxicity, this would ideally include human clinical
and detailed mechanistic toxicology for a set of compounds
at least as large as the list in Table 3. Currently, such toxicity
data are widely dispersed and often not sufficiently anno-
tated or fully accessible for computational use. To address
this need, the US Food and Drug Administration (FDA) is
compiling the Liver Toxicity Knowledge Base (LTKB).''®
The project involves the collection of diverse data (e.g.
DILI mechanisms, drug metabolism, histopathology, thera-
peutic use, targets, side effects, etc.) associated with indi-
vidual drugs and the use of systems biology analysis to
integrate these data for DILI assessment and prediction.
In a similar effort, the National Library of Medicine
(NLM) and the National Institute of Diabetes and
Digestive and Kidney Diseases have established the
LiverTox website (Livertox.nih.gov, 2013). LiverTox pro-
vides up-to-date, comprehensive and unbiased information
about DILI caused by prescription and nonprescription
drugs, herbals, and dietary supplements as a mixture of
text and data with extensive references. PharmaPendium
(Elsevier, New York, NY, USA) is a commercial source of
excerpted preclinical, clinical, and post-release safety data
in a single longitudinal database with searchable pages of
FDA approval packages. Although both LiverTox and
Pharmapendium provide extensive and valuable informa-
tion on drug safety, the data are organized for human inter-
pretation and generally requires some reorganization
for computational modeling. In addition to these drug-
focused resources, there are safety databases focused on
other classes of compounds such as the Environmental
Protection =~ Agency’s  ACToR, the  Aggregated
Computational Toxicology Resource,'’” and the Toxin and
Toxin-Target Database (T3DB).""®

The in vitro human liver models, and in particular the
microfluidic liver models provide a significant new oppor-
tunity to understand drug toxicity at the cellular and
molecular levels. The databases cited earlier, while provid-
ing a wealth of information on human adverse effects, have
limited information on the cellular functions and molecular
markers leading to those reactions. To optimally mine the
rich data generated from these models will require new
databases to capture the detailed functional and molecular
data and computational tools to associate that data with the
preclinical, clinical, and post-release safety data. Promising
results have already been demonstrated. Improved DILI
prediction over animal models was demonstrated using a
simple in vitro hepatocyte assay and classifier,® and an
in silico SAR model that relates chemical structures to the
liver side effect data was demonstrated in the LTKB with a
high degree of accuracy."® New databases of cellular and

molecular safety data from sophisticated organ models,
combined with computational toxicology tools that inte-
grate that data with in silico models of chemical-target
interactions, are expected to greatly enhance the ability to
predict in vivo human drug effects.'?'?!

Conclusion

In the past two decades, there has been significant progress
in the development of in vitro liver models including com-
mercially available models. While macro-scale approaches
have significant impact on developing models with paren-
chymal and non-parenchymal cells, the liver-on-a-chip
provides a scale-down strategy for recreating tissue micro-
environment. Building a predictive liver platform will
require competent liver cell types in physiologically rele-
vant organization within a microfluidic platform to mimic
sinusoid-like media flow to deliver nutrients, oxygen,
drugs, and drain metabolic waste processes and drug
metabolites. Further, several analysis techniques need to
be incorporated into these platforms to not only monitor
the function of these devices, but also provide information
for in vitro—in vivo correlation, which is essential for success-
ful identification of DILI and its mechanisms. An essential
feature of such valuable screening tool is that all parts of the
system need validation to the robustness and reproducibil-
ity for low dose exposure over extended lengths of time.
The platform should be able to identify many of the “silent”
hepatotoxins that manifest after clearing pre-clinical and
even some phases of clinical trials. The test system should
be designed to capture real-time data that can provide a
critical understanding of the MOT’s that trigger hepatotox-
icity and the integrated cellular system response that dam-
pens or amplifies the effect so that the former leads to an
adaptive response and the latter to a pathological injury.
Finally, the use of computer modeling to link the experi-
mental MOT and cellular effect data to pre-clinical and clin-
ical experience of known drugs will provide a mechanistic
tool for predictive assessment of unknown test articles.
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