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ABSTRACT

ENGINEERING COMPLEX LIVER MODELS FOR DRUG SCREENING AND INFECTIOUS

DISEASES: A BIOMATERIALS AND CO-CULTURE PERSPECTIVE

In vitro liver models have many applications in disease modeling and drug screening.
Micropatterned cocultures (MPCCs) of primary human hepatocytes (PHHs) and supportive
stromal cells have been shown to display high hepatic functions for long-term drug and disease
studies. However, MPCCs lack liver non-parenchymal cells (NPCs) and the proper
microenvironmental cues that can play important roles in conditions such as drug-induced liver
injury (DILI), which is the leading cause of the prelaunch attrition and post-market withdrawal
of pharmaceuticals, or diseases such as viral hepatitis. Hepatitis B virus (HBV) and hepatitis C
virus (HCV) infection are major health problems that affect >250 million and ~130-170 million
people worldwide, respectively, and the development of therapeutics has been hindered due to
the lack of models in which to study human response to virus and drugs. Thus, long-term in vitro
models that can be used to study the progression of viral infection and drug pharmacodynamics
are required to develop safe and efficacious therapeutics. These models must also be human-
relevant due to the narrow host tropism of hepatitis B and C and differences in liver pathways
across species. Thus, the goal of this dissertation is to augment the MPCC model to include the
relevant substrates and cell types for the study of cell-cell interactions in diseases such as
hepatitis and DILI. Biomaterials can present important microenvironmental factors that interact
with cells. Chitosan and heparin polyelectrolyte multilayers (PEMs) were utilized as a substrate

to present extracellular matrix (ECM) proteins and growth factors (GF) to hepatocyte cultures.
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Liver biomatrix (LBM) derived from human and porcine sources were also assessed as substrates
since LBM contains both soluble and insoluble cues that are usually found in the liver in vivo. In
addition to improving the MPCC substrate, liver NPCs, such as primary human Kupffer cells
(KCs), were incorporated into the MPCC model since KCs play key roles in immune responses
and inflammation. This work will be used to establish models that integrate multiple liver cell
types on a physiologically-relevant substrate to study disease states such as hepatitis and DILI

towards creating effective therapeutics.
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Chapter 1

Introduction!

1.1 Liver composition and functions

The liver is composed of approximately a million functional units (lobules), which
consist of hepatocyte plates radiating from a central vein®. Hepatocytes in the plate are exposed
to capillaries on either side, which comprise the sinusoid. The sinusoid is composed of
parenchymal hepatocytes (60%) and non-parenchymal stromal cells (40%), including Kupffer
cells (KCs), hepatic stellate cells (HSCs), liver sinusoidal endothelial cells (LSECs), and
cholangiocytes, that interact with the extracellular matrix (ECM) and soluble factors to perform
over 500 functions (Figure 1.1). Although the liver is not as abundant in ECM as other organs,
the ECM plays an important role in maintaining the phenotype and functionality of hepatocytes
and the NPCs>. During liver fibrosis and cirrhosis, the ECM can stiffen and affect hepatocyte
functionality, which is critical because the liver carries out many functions*. Some of the
functions, including protein synthesis, drug detoxification, lipid storage, and glucose
metabolism, are zonated along the liver sinusoid. For example, drug metabolism and lipid
storage occur in the perivenous zone, whereas protein and glucose production occur in the

periportal zone. The metabolism of drugs and xenobiotics involves the cytochrome P450

I Sections of this chapter have been adapted from: Lin, C. and Khetani, S.R. Advances in
engineered liver models for investigating drug-induced liver injury. BioMed Research
International: 1829148 (2016) and Lin, C. et al, The application of engineered liver tissues for
novel drug discovery. Expert Opinion on Drug Discovery 10(5):519-540 (2015).

With permission from Hindawi Publishing Corporation (open access) and the Taylor & Francis
Group.



(CYP450) enzymes. In Phase I of metabolism, drugs are oxidized or reduced by CYP450
enzymes, with CYP3A4 metabolizing about half of the clinically-relevant drugs®. Phase II of
metabolism involves the conjugation of the reactive metabolites with charged species, such as
sulfate or glucuronic acid, to facilitate excretion. Phase III involves transporters through which

drugs and metabolites are excreted.

endothelial Kupffer cell stellate cell

hepatocyte

Figure 1.1 The liver is composed of multiple cell types within the sinusoid that all work together
to perform over 500 functions. Adapted from !. Used with permission by Oxford University
Press.

1.2 Current in vitro liver models

Several different model systems have been developed to provide human-specific data on
drug behavior®. These include microsomes, cancerous/immortalized cell lines, isolated primary
human liver cells, liver slices and humanized rodents. Several advantages and disadvantages of
each of these systems are described in Table 1.1. While these models have already been used in
some instances to mitigate the risk of DILI during drug development, there remains a need for
model systems that are better predictive of clinical outcomes with respect to the type and severity
of DILI, and can be used to elucidate inter-individual variability in drug outcomes. Furthermore,

2



how metabolism in the liver affects toxicity in other tissue types needs to be investigated further
using newer culture platforms that link tissue types together through the exchange of culture
medium’. Primary human hepatocytes (PHHs) are considered to be the gold standard for in vitro
liver models, but they rapidly decline in function so multiple engineering tools (i.e.
micropatterning, microfluidics, and biomaterials) have been utilized to maintain their phenotype
for long-term studies®. Sandwich cultures utilizing several types of ECM substrates and overlays
have been demonstrated to better stabilize the phenotype of hepatocytes in vitro, highlighting the
importance of liver-relevant substrates. However, PHHs in this format still decline in functions.
Three-dimensional cultures in which PHHs and supporting cell types are cultured in spheroids
have also been utilized®. However, there are limitations with analyzing these cultures since
imaging spheroids is not trivial and the low cell number results in undetectable amounts proteins
in the media supernatant. Thus, optimization of protocols is necessary for 3D spheroids to
become a high-throughput drug screening platform.

Coculture of hepatocytes and stromal cells have been shown to extend hepatocyte
lifetime and improve functions’. However, randomly-distributed cells in cocultures make
consistency and data analysis difficult'®. Thus, Bhatia et al have implemented soft-lithographic
techniques to micropattern proteins in order to control the placement of multiple cell types and
therefore, allow for the control of homotypic and heterotypic cell-cell interactions (Figure
1.2)!'112. Hepatocyte islands 500-pm in diameter with 1200-um center-to-center spacing has been
determined to be optimal'®. This technique allows for control over the number of hepatocytes
that can attach to the substrate and the homotypic and heterotypic cell interactions in these
cocultures. Khetani and Bhatia have demonstrated that MPCCs comprised of PHHs and 3T3-J2

mouse embryonic fibroblasts display high levels of sustained (~1 month) hepatic functions'>!3,



Table 1.1 Benefits, limitations and applications of various types of liver models available
for drug development.

multiple donors possible

Model Benefits Limitations Applications
High throughput; Easy to use; Batch—to-l?atch variability; Metabolic stability;
. . . Low reaction rates; Do not .
Microsomes Pooling of multiple donors . Metabolite
. contain full complement of . . .
possible . identification
liver enzymes
High-throughput; Amenable . e
Recombinant to fluorescent- and Limited availability; Not Metﬁgi;%iﬁ?ghty’
enzymes (i.e. luminescent-based assays; present in a physiological . . .
o identification and
CYPs) Greater stability than context .
. production
microsomes
High-throughput; More
. complete repertoire of Limited lifetime (hours); Metabolic stability;
Suspension .
hepatocytes enzymes/co-factors than Transporters not properly Metabolite
microsomes; Pooling of localized identification

2D Liver Cultures
/ Co-cultures
(including
micropatterned)

Easy to use; Medium-to-high
throughput; Compatible with
standard imaging readouts

Often lack all relevant cell
types of liver; Lack 3D liver
architecture; No bile
collection

Metabolic stability;
Metabolite
identification; Drug-
transporter
interactions; Drug
toxicity; Disease
modeling

3D Spheroidal
Cultures / Co-
cultures

Medium throughput;
Interactions of multiple cell
types in spheroids

Can suffer from cellular
necrosis in aggregate cores;
Variability in size of
spheroids; Not always
compatible with standard high
content imaging; No bile
collection

Metabolic stability;
Metabolite
identification; Drug
toxicity; Disease
modeling

Liver slices

Retain intact and native tissue
architecture; Contain all cell
types of liver; Microfluidic
culture improves lifetime

Heterogeneous distribution of
drugs in different layers; Low-
throughput; Lack bile/portal
flow; Rapid (hours to days)
decline in liver functionality

Metabolic stability;
Metabolite
identification;
Disease modeling
(e.g. fibrosis,
tumors)

Humanized
rodents

In vivo pharmacokinetics and
pharmacodynamics with
human-relevant metabolites;
Interaction of human liver
cells with other organs to
study organ-organ crosstalk

Variability in human
hepatocyte engraftment
efficiency; Low throughput;
Residual mouse hepatocytes
can metabolize drugs;
Interaction of human liver
cells with non-human organs
may produce confounding
results

Metabolite
identification;
Disease modeling




Our lab has assessed other types of supportive cells, including human liver NPCs, but the
3T3-J2 fibroblasts have been found to support hepatocytes at levels significantly higher than any
of the other cell types. Additionally, Khetani et al have demonstrated that the model can maintain
hepatocyte transporters, polarity, CYP450 activity, and metabolism capabilities for drug
applications'*!>. Thus, the MPCC provides the field with a highly stable (3-4 weeks) and
functional model, but there is still room for improvement. For example, the substrate utilized (rat
tail type I collagen) is not human-relevant and the model lacks liver NPCs which can play

important roles during normal liver physiology as well as diseased states.

Apply PDMS Mask to Protect Micropattemed Micropatierned Micropatiemed
ECM from Oxygen Plasma Extracellular Matrix Hepatooytes Co-culture

Figure 1.2 To create MPCCs, polydimethylsiloxane (PDMS) stencils are first used to pattern
ECM proteins (i.e., collagen) onto tissue culture polystyrene. Hepatocytes attach to the ECM
domains, and 24 hours later, supporting 3T3-J2 murine embryonic are seeded and attach to the
areas surrounding the hepatocytes. Adapted from 2. Used with permission by Wiley.
1.3 Polyelectrolyte multilayer substrates

Cell adhesion and functionality in vitro is dependent on the physical and chemical
properties of the underlying substrate. Biomaterial substrates that present important
microenvironmental factors, such as ECM proteins and growth factors, may help stabilize and
modulate PHH functions by better mimicking in vivo cellular environments. Polyelectrolyte
multilayers (PEMs) allow for the layer-by-layer assembly of synthetic (poly-allylamine
hydrochloride, poly-acrylic acid, etc.) as well as natural polymers (polypeptides,

polysaccharides, DNA, and proteins) to create highly-tunable coatings'®?°. PEMs self-assemble

due to electrostatic interactions between the cationic and anionic polymers, allowing for the



modulation of properties such as thickness, surface composition, topography, and stiffness.
Control of these properties can be used to promote or prevent cell adhesion, direct or maintain
cell phenotype, and deliver drugs?®. In order to recapitulate the in vivo microenvironment for
tissue engineering applications, PEMs can be tailored for the attachment of functional moieties.
Various types of PEMs have been used to facilitate hepatocyte attachment, but these studies
utilize cancerous/immortalized cell lines or rat/mouse hepatocytes rather than PHHs?’-*2, For
example, Chen et al used PEMs to modulate substrate thickness and found that hepatocyte
adhesion was optimal on low compliance PEMs whereas on high compliance PEMs, less cell
attachment was observed?®. Primary rat hepatocytes have also been encapsulated in ECM protein
and polyelectrolyte microcapsules for use in bioartificial liver devices****. Although PEMs have
been used to modulate the stiffness and surface charge that hepatocytes sense, they have not been

used to bind and deliver growth factors to PHHs.

1.4 Liver extracellular matrix substrates

In addition to synthetic polymers, natural substrates such as decellularized tissues have
also been used for tissue engineering applications. The native liver ECM represents an ideal
substrate for hepatocytes to help maintain their phenotype and functionality because it represents
the secreted product of in vivo liver cells*®. The use of complex ECM substrates for hepatocyte

136, Multiple protocols exist for

culture began more than two decades ago with the use of Matrige
decellularizing tissues, leaving behind a complex mixture of proteins that constitute the ECM.
This can include physical (snap freezing, mechanical force, mechanical agitation), chemical
(acids and detergents), and enzymatic (trypsin, endonucleases, exonucleases) methods®’. These

protocols can be applied to tissues from various organs and species, but must be able to

efficiently remove all cellular material while conserving the biochemical composition, biological



activity, and mechanical integrity of the ECM scaffold®’. For the liver specifically, the most
effective protocol for decellularization will depend on the species, age, and lipid content of the
liver. To characterize the decellularized ECM, collagen, GAG, and elastin content are assessed in
addition to fiber network analysis*®. Sellaro et al cultured PHHs in sandwich-culture
configuration with porcine-liver ECM or Matrigel and observed similar functions between the
two substrates®. However, the sandwich-culture configuration only allowed for a short-term (10-
day) study, whereas if the model were to be applied to long-term drug or disease studies, it
would need to function at a high level for a longer period of time. In another study, Lin et al
cultured rat hepatocytes on porcine-liver ECM or collagen and found enhanced hepatocyte
functions for up to 45 days on the porcine-liver ECM compared to the collagen substrate™.
However, the molecular mechanisms by which decellularized liver ECM supports hepatocellular
function was not studied and the use of human LBM for the culture of PHHs has not yet been

assessed.

1.5 Drug metabolism

Prediction of drug clearance rates is important for the pharmaceutical industry since it
allows for proper dose selection in animal studies and human clinical trials***!. However, current
models used for clearance rate prediction, such as suspension and conventional monolayer
cultures, decline so quickly that some drugs are not metabolized at all and low-turnover
compounds cannot be assessed'?. It is important to be able to identify low-turnover compounds
because pharmaceutical companies are increasingly developing such drugs for one pill/day
dosing regimens, and rank ordering of candidate compounds by clearance rates is necessary to
progress with drug development. Models utilizing animal cells are problematic since there are

species differences in drug metabolism pathways. Thus, human-relevant models that allow for



long-term assessment of drug clearance rates are necessary. Recently, Pfizer developed a relay
method in which suspension PHHs are used sequentially and the cell supernatant with the drug is
transferred and incubated across multiple thawed cell vials in order to predict clearance rate of
low-turnover drugs***. However, this method utilizes multiple PHH lots, which must be tested
and banked, and even with the use of 5 hepatocyte vials which each allow for a 4-hour
incubation, drug incubations are still limited to 20 hours. Cocultures of hepatocytes and
supportive stromal cells have been used successfully to predict clearance rates for drugs, but
drugs with high clearance rates were not tested, nor was the model compared to conventional
models (suspension and monolayer cultures) using the same donor'®. Furthermore, CYP450

activity levels for multiple donors should be assessed for longer-term studies.

1.6 Drug-induced liver injury

Drug-induced liver injury (DILI) is a leading cause of both the pre-launch attrition and
post-market withdrawal of pharmaceuticals**. It currently takes approximately $3 billion and 12-
15 years to bring a drug to market**. Even with the amount of time and money dedicated to drug
development, DILI is the cause of ~40% of drug failures in the clinical trial stage of drug

t*> and has been linked to almost 1000 marketed drugs*®. DILI can mimic many

developmen
forms of acute or chronic liver diseases, such as necrosis, hepatitis, cholestasis, fibrosis, or a
combination of different injury types through multiple mechanisms, including the production of
toxic metabolites, dissipation of mitochondrial membrane potential, and inhibition of bile salt
export protein*’*®, While DILI affects the population in a predictable dose-dependent manner,
idiosyncratic DILI (iDILI) only affects a small percentage of the population in which a unique

set of genetic and environmental factors may be involved and is more difficult to anticipate**.

Idiosyncratic DILI can be mediated by the innate and adaptive immune systems that are triggered



by injury to hepatocytes or other cell types of the liver. For example, inflammatory cells in the
liver such as KCs may modulate hepatic response to drugs to cause toxicity'. Such reactions can
result in the presence of fever, rash, eosinophilia, a short (1 month) latency period, the presence
of autoantibodies, and the rapid recurrence of toxicity on re-exposure of the drug®. Ultimately,
the interplay between hazardous and adaptive cellular responses can determine whether the liver
of a particular patient adapts following a mild injury or proceeds to severe injury due to a drug.
However, animal testing is only 50% predictive of human DILI, likely due to the significant
differences in drug metabolism pathways between the livers of animals and humans™. In
addition, use of young animals with limited genetic diversity under well-defined nutritional
conditions for drug safety assessment does not capture the aforementioned host risk factors
present in humans. Thus, it is important for in vitro liver models to be human-relevant and more
comprehensive by including factors such as KCs, in order to better predict whether a candidate

compound will induce adverse drug reactions in subsets of the population.

1.7 Kupffer cells

The liver is constantly exposed to antigens since 80% of the blood entering the liver
through the portal vein is carrying nutrients and bacterial endotoxin, such as lipopolysaccharides
(LPS), from the gastrointestinal tract’'. The immune system in the liver is comprised of
monocytes, macrophages, granulocytes, natural killer cells, and dendritic cells that work in
unison to respond to pathogens. Kupffer cells (KCs) are liver resident macrophages that originate
either through local self-renewal and proliferation or from circulating bone-marrow-derived
monocytes. They play important roles in maintaining normal liver physiology and homeostasis

as well as participating in immune responses. KCs are able to recognize pathogen-associated



molecular patterns (PAMPs) and endogenous ligands via pattern-recognition receptors (PRRs),
which include receptors for bacterial carbohydrates and toll-like receptors (TLRs). When PAMPs
bind to PRRs, an immune response is initiated, and pathways are activated to destroy the
activating agent by phagocytosis or through the release of inflammatory mediators, growth
factors, and reactive oxygen species. Factors such as tumor necrosis factor o (TNF-a) and
interleukin 6 (IL-6) can initiate the acute-phase response, which is characterized by an increase
in acute-phase proteins (APPs), which serve hemostatic, microbicidal, phagocytic,
antithrombotic, and antiproteolytic functions®!. However, overproduction of these factors can
also lead to liver injury. KC phenotype can be classified along a spectrum ranging from pro-
inflammatory (M1 or “classically-activated”) to anti-inflammatory (M2 or “alternatively-
activated”). The resultant phenotype will induce the release of different factors that can cause
varying subsequent events.

For example, in HCV infection, the specific roles and pathways that KCs are involved in
and the downstream effects they have on HCV infection are still unknown. The intrinsic innate
immune response is critical because it is the first immune defense that senses HCV infection,
leading to interferon (IFN) production and induction of interferon-stimulated genes (ISGs)*2.
PRRs sense the virus and induce antiviral defenses, but evolutionarily, HCV has acquired
strategies to modulate and escape immune recognition by the host, which contributes to HCV
persistence. For example, HCV can interfere with innate immunity in infected cells via NS3/4A-
mediated cleavage of critical signaling molecules, such as IPS-1, TRIF, and IRF333. HCV may
also target DC-SIGN receptors, which are found on both LSECs and KCs, to escape lysosomal
degradation®*. The mechanisms that underlie the different outcomes of viral infection are still not

fully understood, but likely involve a complex interaction between the virus and host during the
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immune response. Understanding how HCV activates or evades the immune response is critical

to the development of more effective therapeutics.

1.8 Induced pluripotent stem cells

Ultimately, PHHs are a limited resource for screening large drug libraries and the lack of
donor diversity restricts our understanding of how genetics affect liver-drug interactions. Given
their ability to be derived from adult somatic cells, induced pluripotent stem cells (iPSCs) are an
unlimited cell source, and thus, have revolutionized the availability of pluripotent stem cells for
multiple applications, including drug screening for personalized medicine. iPSCs were first
generated from adult dermal fibroblasts through the expression of four genes: Oct3/4, Sox2, c-
Myec, and KI1f4>. iPSCs maintain pluripotency and allow for the creation of genetically-diverse
donor panels that can be used to assess interindividual variations in disease progression and drug
responses. iPSCs have also been utilized for regenerative medicine applications>®. Most of the
current techniques used to differentiate iPSCs into iPSC-derived human hepatocytes (iPSC-HHs)
involve a series of soluble factors that replicate those seen during embryonic development (i.e.
FGF-2, HGF, and OsM), with several groups successfully generating iPSC-HHs*">¥. However,
most of these iPSC-HHs remain fetal-like, lose hepatic functionality, and rapidly de-differentiate
in vitro. Our group has recently demonstrated that iPSC-HHs in an MPCC format (iMPCC) leads
to higher functional maturity and culture longevity compared to conventional culture formats?.
Additionally, the use of soluble small molecules (SM) can help maintain iPSC-HH maturation
and functionality®®. However, studies so far have been limited to drug-dosing studies and short-
term infectious disease studies®®¢!. iPSC-HHs have been shown to be permissive to both HBV
and HCV and can replicate the entire viral life cycle®®S. However, the utility of iPSC-HHs

generated from different donors for the study of inter-individual differences in viral progression
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and response to therapeutics has not been demonstrated. Additionally, conventional monolayers
of iPSC-HHs are not able to sustain high levels of CYP450 enzyme activities for the screening of
hepatitis drugs. Since iMPCCs have demonstrated sustained CYP450 activity, they may be used

as a sustainable cell source to screen for drugs in various donors.

1.9 Hepatitis B

Hepatitis B virus (HBV) affects 400 million people worldwide®’. While prophylactic
options are available and chronic HBV can be treated with nucleoside/nucleotide inhibitors,
lifelong treatment is required due to the stable nature of the HBV episomal DNA. Additionally,
these treatments only prevent the HBV from replicating; the inflammation present in the liver
can still lead to advanced liver diseases such as fibrosis, cirrhosis, and hepatocellular carcinoma.
Thus, in vitro models that are permissive to HBV and demonstrate robust HBV replication are
required in order to study host-viral interactions towards the creation of better HBV therapeutics.

Although cancerous cell lines are capable of supporting the entire lifecycle of HBV, they
display uncontrolled proliferation and altered host responses to infection®®®. Conventional
culture formats have been shown to support long-term HBV infection, but CYP450 activity
levels rapidly decline, making routine implementation for drug screening difficult’®’!. Although
the Bhatia group has demonstrated chronic HBV infection in MPCCs, the use of a broad-
spectrum Janus kinase inhibitor was required to attenuate the innate immune response in PHHs®*.
HBYV studies with iPSC-HHs now open up the possibility of studying the effects of donor
genotype and host genes on infection efficiency, propagation, and resistance to drug therapies.
Humanized murine models have been shown to be permissive to HBV and lamivudine was able

to reduce the level of viremia’?. Hallmarks of HBV infection, such as macrophage activation,
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leukocyte infiltration, and collagen deposition, can be recapitulated in humanized mice’*.
Finally, Ohashi et al created mice with PHHs embedded in Matrigel that were transplanted in the
kidney capsule. These mice were susceptible to HBV infection and completed the viral

lifecycle™.

1.10 Hepatitis C

Hepatitis C virus (HCV) affects 130-170 million people globally®”. While 20%-30% of
infected individuals clear the virus without any therapy, 70%-80% become persistently
infected®?. In chronically-infected individuals, HCV can lead to additional complications such as
liver fibrosis, cirrhosis, and hepatocellular carcinoma. Prophylactic treatments are not currently
available and current HCV therapies, including pegylated interferon-a plus ribavirin and direct
acting antivirals (DAAs), are expensive and have serious side effects. Therefore, robust human-
relevant HCV model systems are necessary for the development of better therapeutics.
Chimpanzees are the only animal model susceptible to HCV infection, but even though this
model exhibits hepatitis progression similar to as it occurs in humans, there are ethical
considerations, limited availability and high cost issues’®. Although cell lines have been
demonstrated to support the entire HCV life cycle, they display altered host responses to
infection’®. Conventional culture formats have been shown to support HCV infection, but at low
infection efficiencies with PHH functions, such as CYP450 activity levels, declining rapidly”’.
Thus, it is difficult to implement conventional cultures for routine drug screening. iPSC-HHs
show promise for personalized HCV drug screening as they serve as an unlimited cell source

with genetic variability.
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1.11 Scope of this dissertation

There is a clear need for microengineered in vitro models that allow for the study of liver
diseases and preclinical testing of drugs. These models can be built upon for specific scientific
inquires, particularly for studying cell-cell interactions. Thus, we have modified our existing
MPCC model to make it more physiologically relevant. Various substrates such as PEMs and
LBM were used to present growth factors to hepatocytes in a controlled manner to mimic the
liver microenvironment in vivo. Additionally, in order to study liver conditions in which the
immune response can play a role, such as idiosyncratic DILI and viral infection, KCs were
incorporated into this model. Nguyen et al have created cocultures of PHHs and KCs to assess
the effects of pro-inflammatory cytokines on CYP450 enzymes and drug transporters, but
changes in drug metabolism and toxicity due to the presence of these KCs were not assessed’®.
Thus, we assessed DILI and drug clearance using “normal” MPCC cultures and “inflamed”
MPCC-KC cultures. Finally, MPCCs created using various donors of PHHs as well as iPSC-HHs
were infected with HBV and HCV to assess inter-individual differences in viral progression,
resolution, and patient-specific responses to current therapies. This has not been possible
previously using in vitro models due to declining hepatic functional levels. In order to study viral
hepatitis progression, this model should be permissive to the virus, display robust infection for
multiple days, and demonstrate sustained liver functions for the testing of potential therapeutics.
Additionally, the model must be able to test for the efficacy, clearance, and toxicity of candidate
compounds, since DILI remains a leading cause of pharmaceutical attrition and acute liver
failures. Thus, this dissertation has been dedicated to creating more relevant in vitro liver models

to further our understanding of viral hepatitis towards the creation of more effective therapeutics.
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Chapter 2

A polyelectrolyte multilayer platform for investigating growth factor delivery modes in

human liver cultures?

Summary

Polyelectrolyte multilayers (PEMs) of chitosan and heparin are useful for mimicking
growth factor (GF) binding to extracellular matrix (ECM) as in vivo. Here, we developed a PEM
platform for delivering bound/adsorbed GFs to monocultures of primary human hepatocytes
(PHHs) and PHH/non-parenchymal cell (NPC) co-cultures, which are useful for drug
development and regenerative medicine. The effects of ECM protein coating (collagen I,
fibronectin, and Matrigel) and terminal PEM layer on PHH attachment/functions were
determined. Then, heparin-terminated and fibronectin-coated PEMs were used to deliver varying
concentrations of an adsorbed model GF, transforming growth factor  (TGFp), to PHH
monocultures while using soluble TGFf delivery via culture medium as the conventional control.
Soluble TGFp delivery caused a severe and monotonic downregulation of PHH functions,
whereas adsorbed TGFp delivery caused an upregulation of 3 out of the 4 measured hepatic
functions for 1-3 weeks. Finally, functionally stable co-cultures of PHHs and 3T3-J2 murine
embryonic fibroblasts were created on the heparin-terminated and fibronectin-coated PEMs that

were further modified with adsorbed TGFp to elucidate similarities and differences in functional

2 This chapter has been adapted from Lin, C. et al. 2017. A polyelectrolyte multilayer platform
for investigating growth factor delivery modes in human liver cultures. Journal of Biomedical
Materials Research-Part A. (in press) With permission from Wiley, which does not require
authors of the content being used to obtain a license for their personal reuse.
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response relative to the monocultures. In conclusion, chitosan-heparin PEMs constitute a robust
platform for investigating the effects of GF delivery modes on PHH monocultures and

PHH/NPC co-cultures.

2.1 Introduction

In vivo, many growth factors (GFs) are bound to the glycosaminoglycan (GAG) side
chains on proteoglycans in the extracellular matrix (ECM) and such binding can be regulated in a
spatiotemporal manner by cell-secreted enzymes towards modulating cell functions'. In contrast,
GFs are typically delivered to cells in soluble form via culture medium exchanges in vitro;
however, such a protocol requires high concentrations of costly GFs to elicit a cellular response
and frequent dosing due to the very short half-lives of GFs in an aqueous milieu. Furthermore,
delivering GFs through culture medium may have non-physiologic effects on the cells as it does
not mimic in vivo-like regulated presentation of bound GFs from the ECM??. On the other hand,
polyelectrolyte multilayers (PEMs) containing ionically crosslinked layers of chitosan and
heparin can be used to mimic GF binding to heparin and thus provide cells with a more in vivo-
like signaling microenvironment*. Such chitosan-heparin PEMs have been successfully used to
present heparin-bound fibroblast growth factor 2 (FGF-2) to bone marrow-derived ovine
mesenchymal stem cells towards modulating their proliferation in vitro>.

Understanding how GFs affect isolated primary human hepatocytes (PHHs) in
physiological and pathophysiological contexts is important for developing robust human liver
platforms for applications such as drug toxicity screening, discovery of novel therapeutics, and
regenerative medicine (i.e. cell-based therapies)®. PHHs are a particularly attractive cell source

for the above-mentioned applications because they are closer to human liver physiology than
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abnormal cancerous cell lines and animal hepatocytes, and are relatively straight-forward to use
in medium- to high-throughput culture formats’. Compatibility of PEMs of various compositions
with rat hepatocyte cultures has been shown, including poly(diallyldimethylammonium
chloride)/sulfonated poly(styrene) (PDAC/SPS)?, poly(acrylic acid)/poly(allylamine
hydrochloride)’, polyacrylic acid/polyethyleneimine'?, and chitosan/DNA!!. However, these
studies did not culture PHHs on PEMs nor did they determine the effects of bound and soluble
GFs on liver functions. Therefore, in this study, we developed a platform using chitosan/heparin
PEMs that can be used for investigating GF signaling in short-term and long-term PHH cultures
in an in vivo-like bound/adsorbed context. Protocols were first developed to enable optimal
adhesion and functionality of PHHs on PEMs modified with ECM proteins (collagen I,
fibronectin, and Matrigel®). Then, heparin-terminated PEMs coated with ECM protein were
used to deliver a model GF, transforming growth factor B (TGFp), to PHH monocultures and the
effects on diverse PHH functions were determined over several weeks relative to conventional
delivery of soluble TGFP via culture medium exchanges. Finally, functionally stable co-cultures
of PHHs and 3T3-J2 murine embryonic fibroblasts were created on the heparin-terminated PEMs
coated with ECM protein and the effects of adsorbed TGFp delivery were determined on the co-

culture phenotype and compared to results in monocultures.

2.2 Methods
2.2.1 Preparation of polyelectrolyte (PEM) substrates

Chitosan was purchased from Novamatrix (Protasan UP B 90/20, 5% acetylated
determined by 1H NMR, MW = 80 kDa; PDI = 1.52; Sandvika, Norway) and heparin sodium

was purchased from Celsus Laboratories (from porcine intestinal mucosa, 12.5% sulfur, MW =
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14.4 kDa; PDI = 1.14; Cincinnati, OH). Aqueous solutions were prepared at 0.01 M on a
saccharide basis in acetate buffer (0.2 M, pH 5.0) and filtered through 0.22 pm polyvinylidene
fluoride syringe filters (Thermo Fisher Scientific, Pittsburgh, PA) as previously described>!%. An
acidified water rinse solution (acetic acid, pH 4.0) was also prepared and filtered. Layer-by-layer
assembly of the polyelectrolyte solutions was employed by alternating 5-minute adsorption steps
with 5-minute acidified water rinses in standard 24-well or 96-well tissue culture-treated
polystyrene plates (TCPS, Corning Life Sciences, Tewksbury, MA). A 300-uL or 50-pL solution
for 24-well and 96-well plates, respectively, was added to each well and adsorbed under gentle
agitation. Due to TCPS being negatively charged, the first layer adsorbed to TCPS was always
chitosan, which is positively charged. Heparin-terminated PEMs were constructed with six
polyelectrolyte layers, whereas chitosan-terminated PEMs were constructed with seven layers for
complete surface coverage. The PEMs-coated wells were washed three times with double-
distilled water (ddH>O) prior to sterilization with 70% ethanol for 1 hour. The sterilized PEMs-
coated wells were then washed three times with ddH2O prior to TGF adsorption. Recombinant
human TGFB1 (R&D Systems, Minneapolis, MN) was diluted to 100, 1000, and 10000 pg/mL,
and allowed to adsorb in the PEM-coated wells for 2 hours under gentle agitation, followed by
two ddH>O rinses. ECM proteins including rat tail collagen I, fibronectin, or Matrigel (Corning
Life Sciences) were adsorbed at concentrations ranging from 10-100 pg/mL by exposing the
wells to the protein solutions for 2 hours at 37°C, followed by two ddH>O rinses. The plates were

then stored at 4°C prior to cell seeding.

26



2.2.2 Atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS)
substrate surface characterization

AFM was used to image the surface topographies of TCPS, heparin-terminated PEM-
coated TCPS as well as PEM-coated TCPS with TGFf (300 pg/ml) only, fibronectin (100 pg/ml)
only, or both TGFf and fibronectin. TCPS and coated TCPS samples were cut out and adhered
onto 50 mm glass-bottomed petri dishes for imaging. A Bruker BioScope Resolve BioAFM
(Bruker AFM, Santa Barbara, CA) was used to obtain images. The microscope was located on a
vibration isolation table (Technical Manufacturing Corporation, Peabody, MA) and housed
within an acoustic enclosure (Herzan LLC, Laguna Hills, CA). All images were acquired using
Bruker’s Nanoscope software version 9.3 (Bruker AFM, Santa Barbara, CA) in the ScanAsyst®
mode in air and at room temperature. A Bruker silicon nitride SNL probe was used and the
cantilever used had a nominal spring constant of 0.35 N/m, resonance frequency of 65 kHz, and
tip radius of 2 nm. An automated thermal tune was performed before each imaging session. The
Peakforce setpoint, amplitude, and frequency were manually adjusted to obtain stable imaging
conditions and to minimize noise. The typical line scan rate was 1-1.5 Hz. Square images (4 um
x4 um and 800 nm x 800 nm) were acquired at a resolution of 256 x 256 pixels. To obtain
representative images, 2 samples of each treatment group were imaged with different areas
imaged on each sample. Nanoscope Analysis version 1.8 (Bruker AFM, Santa Barbara, CA) was
used for image analysis. AFM images were corrected with a plane fit before 3D images were
made.

All sample surfaces were analyzed by XPS using a Physical Electronics 5800
spectrometer (Chanhassen, MN). Spectra were obtained using a monochromatic Al Ka X-ray

source (hv = 1486.6 eV), a hemispherical analyzer, and multichannel detector. High-resolution
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spectra of Ols, N1s, Cls, and S2p envelopes were acquired at a pass energy of 23.5 eV, with 0.1
eV steps, a spot size of 800 um, and a takeoff angle of 45°. A low-energy electron gun was used
for charge neutralization. Aliphatic carbon at 284.8 eV in the Cls envelope was used to align
spectra. High-resolution spectra curve fits were performed using Phi Electronics Multipak

version 9.3.0.3 (Chanhassen, MN).

2.2.3 Assessment of TGFp adsorption and release on heparin-terminated PEMs via ELISA
Triplicate wells of a 96-well TCPS plate were prepared with heparin-terminated PEMs,
TGFp, and fibronectin as mentioned previously. 100 pg/ml of fibronectin and various
concentrations of TGFf (100, 1000, and 10000 pg/ml) were used. The TCPS microtiter plate was
stored at 37°C during the experiment. TGF-B1 Duoset ELISA (R&D Systems, Minneapolis, MN)
was used to determine TGFP adsorption to the PEMs following the manufacturer’s instructions.
Triplicate whole sample supernatants were immediately assayed and replenished with fresh PBS
at DO (0 hours), DO (2 hours), D1, and D3. The amount of TGFf adsorbed to samples was
calculated via the difference between the adsorbed values and the observed ELISA values, and

cumulative mass of TGFp retained at each timepoint was calculated.

2.2.4 Cell culture

Cryopreserved PHH vials (BioreclamationI VT, Baltimore, MD; Triangle Research
Laboratories, Research Triangle Park, NC) were processed as previously described!?. Cell
viability was assessed using trypan blue exclusion and was found to be >80%. Liver-derived
non-parenchymal cells were found to be < 1% of all the cells. Cells were resuspended in serum-

free hepatocyte maintenance medium and seeded at 33,000 cells per well in a 96-well plate
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format or 200,000 cells per well in a 24-well plate format and left overnight for attachment. The
culture supernatant was collected and replaced with fresh medium every other day for
assessment of cell functionality (50 pL/well for 96-well format and 300 pL/well for 24-well
format). For co-cultures, 3T3-J2 murine embryonic fibroblasts were resuspended in serum-
containing hepatocyte maintenance medium and seeded ~24 hours post hepatocyte seeding (1:1

fibroblast:hepatocyte).

2.2.5 Quantification of hepatocyte adhesion and functionality

Cell adhesion was assessed via double-stranded DNA (dsDNA) content in adherent cells.
DNA concentration was measured using an AccuBlue dsDNA quantitation kit (Biotium,
Hayward, CA) or a Quant-iT PicoGreen dsDNA assay kit (Molecular Probes, Eugene, OR).
Culture supernatants were assayed for albumin levels using a competitive enzyme-linked
immunosorbent assay (ELISA, MP Biomedicals, Santa Ana, CA) with horseradish peroxidase
detection and 3,3°,5,5 -tetramethylbenzidine (TMB, Rockland Immunochemicals, Boyertown,
PA) as the substrate, as previously described'. Urea concentration in culture supernatants was
assayed using a colorimetric endpoint assay utilizing diacetyl monoxime with acid and heat
(Stanbio Labs, Boerne, TX).!* CYP3A4 enzyme activity was measured by first incubating the
cultures with substrate (luciferin-IPA from Promega Life Sciences, Madison, WI) for 1 hour at
37°C and then detecting the luminescence of the produced metabolite (luciferin) according to
manufacturer’s protocols. CYP2A6 enzyme activity was measured by incubating the cultures
with coumarin for 1 hour at 37°C and measuring the fluorescent metabolite 7-hydroxy-coumarin
(Sigma-Aldrich, St. Louis, MO). Absorbance and luminescence for the aforementioned assays

were measured using a BioTek (Winooski, VT) Synergy H1 multi-mode plate reader.
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2.2.6 Data analysis

Experiments were repeated 2+ times with 3+ wells per condition. Data from
representative experiments are presented. Error bars on graphs represent standard deviations.
Microsoft Excel and GraphPad Prism 7.0 (La Jolla, CA) were used for data analysis and
graphing. Statistical significance was determined using the two-tailed Student’s t-test assuming

unequal variances or one-way ANOVA with post-hoc Tukey test.

2.3 Results
2.3.1 Effects of PEM terminal layer and ECM protein type on PHH attachment and
functions

Chitosan and heparin PEMs were constructed on industry-standard TCPS plates. Figure
2.1A shows the chemical structures for both polyelectrolytes and Figure 2.1B depicts the
process of preparing heparin-terminated PEMs modified with ECM protein and GF for cell
culture. To create chitosan-terminated PEMs, 7 layers of polyelectrolytes were deposited instead
of 6. Surface characterization demonstrated that our PEM construction process resulted in PEMs
on the nanometer scale (Supplemental Figure 2.5.1). For nanometer-scale PEMs, biological
responses have been shown to depend on the terminal layer'*. Therefore, we sought to assess the
effects of either a chitosan or heparin terminal layer on PHH attachment and functions on
adsorbed ECM proteins (100 pg/mL in solution). The ECM proteins selected were rat tail
collagen type I, human fibronectin, and Matrigel, which have been previously used for
hepatocyte culture’'*>. PHHs were cultured on these surfaces for up to 9 days and culture medium
was collected every 2 days for quantification of liver functions that included albumin secretion (a
surrogate for protein synthesis) and urea synthesis (a marker of nitrogen metabolism). Finally, at

the end of the culture period (day 9), cells were lysed for dSDNA quantification as a measure of
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Figure 2.1 Fabrication of polyelectrolyte multilayers (PEMs) containing layers of chitosan
and heparin on tissue culture polystyrene (TCPS) for cell attachment and growth factor
delivery. (A) Chemical structures of the chitosan (left) and heparin (right) used to assemble
PEMs. (B) Process steps for first fabricating PEMs on TCPS (top row). The PEM-adsorbed
TCPS plates are then sterilized using 70% vol/vol ethanol (EtOH) prior to modifying the PEMs
with a growth factor such as transforming growth factor beta (TGFf) and extracellular matrix
(ECM) proteins such as collagen, fibronectin, or Matrigel (bottom row).

the differences in retention of adherent PHHs on the various surfaces. Since hepatocytes do not
proliferate in vitro in the absence of GFs such as hepatocyte growth factor and epidermal growth
factor', dsDNA can serve as a measure of differences in the number of adherent cells.

We observed via phase contrast imaging that more PHHs attached to heparin-terminated

PEMs coated with collagen (rat tail type 1) as compared to chitosan-terminated PEMs (Figure
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Figure 2.2 Effects of polyelectrolyte terminal layer and extracellular matrix (ECM) protein
on adhesion and functions of primary human hepatocytes (PHHs). (A) Phase contrast
images (1 day after cell seeding) of PHHs adhered to polyelectrolyte multilayers (PEMs) of the
indicated terminal layer (chitosan or heparin) and adsorbed ECM (rat tail type I collagen,
fibronectin, and Matrigel at 100 pg/mL density in solution). (B) Left: Quantification of double-
stranded DNA (dsDNA) from adherent PHHs (9 days after cell seeding) on either chitosan- or
heparin-terminated PEMs modified with different ECM proteins. Middle: Cultures as in those
created for dSDNA quantification except albumin secretion after 4 days is shown. Right: Same
cultures as those used for albumin secretion analysis except urea levels were quantified from the
same cell culture supernatants. *P<(.05.

2.2A). The images also revealed that more cells attached to PEMs coated with fibronectin or
Matrigel as compared to collagen. Quantification of dsSDNA confirmed the phase contrast
observations in that ~3.6-fold more dsDNA was measured on heparin-terminated PEMs versus
chitosan-terminated PEMs coated with collagen (Figure 2.2B left). In contrast to collagen, the
terminal layer did not significantly affect PHH retention when either fibronectin or Matrigel was
used as the ECM coating. Across the various ECM coatings, chitosan-terminated PEMs modified
with collagen had ~21% and ~22% of the dSDNA on chitosan-terminated PEMs modified with

fibronectin or Matrigel, respectively. Heparin-terminated PEMs modified with collagen had
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~64% and ~72% of the dsSDNA on heparin-terminated PEMs modified with fibronectin or
Matrigel, respectively. Most of the aforementioned dsDNA trends were also observed with PHH
albumin secretion (Figure 2.2B middle) and urea synthesis (Figure 2.2B right), except heparin-
terminated PEMs coated with fibronectin led to ~ 2.2-fold higher albumin secretion from PHHs
relative to secretion from chitosan-terminated PEMs coated with fibronectin.

For all subsequent studies described below, we selected heparin-terminated PEMs coated
with fibronectin since such a configuration a) allows for high levels of PHH attachment/retention
and functions as compared to collagen, b) can be used to present heparin-bound GFs to the cells,
and c) is not confounded by the many components present in a complex ECM like Matrigel that
may interact differentially and in an unknown way with GFs with each lot/batch. The fibronectin
concentration to coat heparin-terminated PEMs for all subsequent studies was chosen to be 100
pg/mL since it led to highest hepatocyte attachment and functions as compared to lower

fibronectin concentrations (Supplemental Figure 2.5.2).

2.3.2 Surface characterization of substrates via AFM and XPS

Surface morphology characterization of heparin-terminated PEMs coated with fibronectin
was performed with AFM. Representative AFM images and average root mean square roughness
(Rq) values are shown in Figure 2.3 with scan sizes of 4 um X 4 um (top row) and 800 nm x 800
nm (bottom row). Neat TCPS images are seen in Figure 2.3A and 2.3F. Subsequent surface
modification with heparin-terminated PEMs are in Figure 2.3B and 2.3G. Proteins, TGF and
fibronectin, adsorbed separately or combined, are seen in Figure 2.3C-E and 2.3H-J. Generally,

surfaces coated with either TGFJ or fibronectin separately or combined showed increased
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Figure 2.3 Atomic force microscopy (AFM) micrographs of tissue culture polystyrene
(TCPS) modified with heparin-terminated polyelectrolyte multilayers (PEMs),
transforming growth factor beta (TGFp), and fibronectin. (A-E, top row) 4 um X 4 uym and
(F-J, bottom row) 800 nm % 800 nm scan size micrographs with subsequent TCPS modification
steps. Subsequent surface modifications show increased surface features and increased average
root mean square roughness (Rq).

roughness and surface features compared to heparin-terminated PEM surfaces and neat TCPS, as
also confirmed via increased average Rq values of modified TCPS.

XPS was used to characterize surface chemistry. Since XPS is a surface sensitive
technique, it is capable of discerning differences in surface chemistry due to protein adsorption.
The atomic percent compositions of the TCPS, chitosan-heparin PEMs, TGFB-modified PEMs,

fibronectin-modified PEMs, and fibronectin- and TGFB-modified PEMs are shown in Table 2.1.

Table 2.1 X-ray photoelectron spectroscopy (XPS) Average Atomic Percentages.
Polyelectrolyte multilayers (PEMs) of chitosan and heparin (terminal layer) were created on
tissue culture polystyrene (TCPS). Then, transforming growth factor B (TGFp) or fibronectin
(FN, 100 pg/mL) or both were adsorbed on the PEMs as shown in Figure 1. XPS was
performed on the samples as described in the Methods section. n.d.-not detected.

Treatment Group Ols N1s Cls S2p C/O N/S
TCPS 13.0+1.3 n.d. 76.8+2.2 n.d. 59+0.8 n.d.
+PEM 34.6+£0.9 45+04 54.7+0.5 29403 1.6£0.1 1.6+£0.0

+PEM+TGFp 28.8+1.2 3715 554+26 1.5£04 1.9+£0.0 24+04
+PEM+FN 251+19 63=£35 56.9+2.7 0.7+0.3 23+03 10.4+ 8.8
+PEM+TGFB+FN 24.5+0.0 62+14 56.5+22 1.2+04 2.3+£0.1 58+3.1
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As expected, TCPS only has detectable carbon and oxygen. Upon PEM addition, the carbon-to-

oxygen ratio is reduced, and the nitrogen and sulfur content both increase, in line with the

chemical structures of chitosan and heparin. Subsequent addition of TGFf and fibronectin

resulted in the reduction of detectable sulfur compared to PEM-modified TCPS. An increased

nitrogen to sulfur ratio was observed in all protein-coated surfaces compared to protein-free

surfaces, which further supports TGFf and fibronectin adsorption on heparin-terminated PEMs.

High resolution XPS spectra of the Ols, N1s, Cls, and S2p envelopes are shown in Figure 2.4.
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Figure 2.4 X-ray photoelectron spectroscopy (XPS) high resolution spectra of Ols, N1s,
Cl1s, and S2p envelopes of tissue culture polystyrene (TCPS) modified with heparin-
terminated polyelectrolyte multilayers (PEMs), transforming growth factor beta (TGFp),
and fibronectin. Attenuation of the sulfate peak (169.0 eV) and changes in the N1s envelope in
protein-coated PEMs compared to protein-free PEMs supports protein adsorption onto heparin-

terminated PEMs on TCPS.
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2.3.3 TGFp retention on heparin-terminated PEMs with and without fibronectin

TGFp adsorbed onto heparin-terminated PEMs with and without fibronectin was assessed
using ELISA. Amounts of TGFf adsorbed on samples as well as TGF3 cumulative retention
over 3 days are seen in Table 2.2. In sample preparation, TGF3 was always adsorbed before
fibronectin adsorption, which resulted in samples with and without fibronectin adsorbing similar
amounts of TGFP for all TGF concentrations tested. Increased TGFf solution concentrations
resulted in increased amounts of TGFp adsorption. Overall, we found that >70+% of the TGFf3
was adsorbed and subsequently retained over several days on the heparin-terminated PEMs,

although fibronectin-coated samples retained less TGF[3 compared to fibronectin-free samples.

Table 2.2 Average TGFp percent cumulative release and retention over 3 days.
Polyelectrolyte multilayers (PEMs) of chitosan and heparin (terminal layer) were created on
tissue culture polystyrene (TCPS). Then, transforming growth factor  (TGF) or fibronectin
(FN, 100 pg/mL) or both were adsorbed on the PEMs as shown in Figure 1. TGFf was
quantified in the supernatant to determine potential release following adsorption to the heparin-
terminated PEMs. Estimates are given when ELISA response of samples was below the lower
limit of detection. ‘N.D.” indicates that TGF[} concentration could not be determined in the
supernatant, suggesting that the majority of the TGFf was still retained on the heparin-
terminated PEMs.

% Cumulative TGFp release % Cumulative TGFp
retention
TGFB | Fibronectin Average
(pg/ml) TGFp mass DO D1 D3 DO Dl D3
bound to (2h) (2h)
PEMs (pg)

10,000 - 545.2 9.8 11.4 11.4-132 1 90.2 88.6 86.8 -
88.6

1000 - 42.7 15.1 15.1 - N.D. 84.9 774 - N.D.

22.6 84.9

100 - 1.8-5.2 N.D. N.D. N.D. N.D. N.D. N.D.
10,000 + 542.3 13.4 15.7 15.7-17.5 | 86.6 84.3 82.5 -
84.3
1000 + 429 21.5 29.5 29.5-52.6 | 785 70.5 474 -
70.5

100 + 1.8-5.2 N.D. N.D. N.D. N.D. N.D. N.D.
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2.3.4 Modulation of PHH functions by TGFp adsorbed to heparin-terminated PEMs

PHHs were seeded onto heparin-terminated PEMs with or without fibronectin coating,
while PEMs-free TCPS coated with fibronectin served as the control substrate. A fibronectin
coating on PEMs led to significantly higher PHH attachment relative to fibronectin-free PEMs as
assessed by dsDNA levels of adherent cells 1 day after seeding (~4 fold more dsDNA).
Furthermore, there were no significant differences in PHH attachment, morphology, albumin
secretion, or urea synthesis on PEMs and TCPS coated with fibronectin (Figure 2.5A-D). Some
minor, but statistically significant, differences were observed in CYP3A4 and CYP2A6 enzyme
activities of PHHs across the two substrates (Figure 2.5E-F). Nonetheless, both PEMs and
TCPS coated with fibronectin supported PHH functions for 3+ weeks, albeit functions were
declining after ~1 week as expected from previous literature on PHH monocultures'?.

On heparin-terminated PEM substrates coated with both TGFf and fibronectin (no
further TGFP was added to the culture medium after the initial adsorption to PEMs), PHH
albumin secretion over 21 days was statistically similar at 100 pg/mL TGFp to secretion from
cultures on TGFB-free PEMs (Figure 2.6A left). In contrast, 1000 and 10000 pg/mL of adsorbed
TGFp caused a downregulation of albumin secretion to ~51-66% of secretion from cultures on
TGFpB-free PEMs after 7 days; however, such effects were not observed after 15 and 21 days of
culture. Urea synthesis from PHH cultures with 100 pg/mL or 10000 pg/mL of adsorbed TGFf3
was statistically similar to synthesis from cultures on TGFp-free PEMs (Figure 2.6B left); in
contrast, 1000 pg/mL of adsorbed TGFp increased urea synthesis by ~1.2-fold, ~1.3-fold, and
~1.1-fold after 7, 15, and 21 days of culture, respectively.

CYP3A4 activity in PHH cultures increased transiently ~1.4-fold after 7 days on 1000

pg/mL of adsorbed TGFf; however, across other timepoints and TGFf concentrations, CYP3A4
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activity in cultures was statistically similar on adsorbed TGF to activity in cultures on TGFj-
free PEMs (Figure 2.6C left). Finally, CYP2AG6 activity in PHH cultures increased transiently
~1.5-1.6-fold after 7 days on 100 pg/mL and 1000 pg/mL of adsorbed TGFf, while after 21 days,
cultures on 1000 pg/mL and 10000 pg/mL of adsorbed TGFf had higher CYP2A6 activity than

activity in cultures on TGFf-free PEMs (Figure 2.6D left).

38



>
W

50 - | |

- *
€ 40 -
)
c
= 30
<
8
2 20-
T
T 10-
o
0- TCPS
PEMs, -Fn PEMs, +Fn TCPS, +Fn
2" - PEMs . - PEMs
) = TCPS £ = TCPS
= >
=
5 107 <1001
=
) S
® 5 ® 50
£ n
[1:]
£ o
a 5
< 0 T o L T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
Day Day
10000- = 0.8-
p— =
5 %* Hm PEMs =4 mE PEMs
- - = =l =
zx 8000 TCPS 2 € 06 . TCPS
= 26
T © 6000 % E
© S © 3
38 © 3 0.4
S 2 4000- g >
&£ > 2 —
S -
© € 20001 " o3 02 *
= * M I i -
0- ’ -.‘ : = 0.0- : ' | .,T
Day 9 Day 16 Day 23 Day 9 Day 16 Day 23

Figure 2.5 Comparison of primary human hepatocyte (PHH) functions on polyelectrolyte
multilayers (PEMs) and tissue culture polystyrene (TCPS) substrates. (A) Quantification of
double-stranded DNA (dsDNA) from adherent PHHs (1 day after cell seeding) on heparin-
terminated PEMs without fibronectin (-Fn), heparin-terminated PEMs modified with 100 pg/mL
of fibronectin (+Fn) or TCPS with 100 pg/mL of fibronectin. (B) Phase contrast images (from
day 5 of culture) of PHHs adhered to heparin-terminated PEMs or TCPS modified with 100
pg/mL of fibronectin. (C) Albumin secretion over 3 weeks on heparin-terminated PEMs or
TCPS, both modified with 100 pg/mL of fibronectin. (D) Urea secretion over time from the same
cultures used in panel C. (E) Cytochrome P450 3A4 (CYP3A4) enzyme activity in the same
cultures used in panel C. (F) CYP2A6 enzyme activity in the same cultures used in panel C.
*P<0.05.
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2.3.5 Modulation of PHH functions by soluble TGFp in culture medium

For comparison with PHH functions on TGFp-modified PEMs, we also created PHH
cultures on fibronectin-coated TCPS and dosed cultures with soluble TGFf in culture medium
(conventional methodology). One set of such cultures was treated with TGF[ once over 2 days (1
soluble TGFp), while another set of cultures was treated repeatedly with fresh TGFf every 2
days over several weeks (continuous). Both the single treatment (Figure 2.6 A middle) and
continuous treatment (Figure 2.6A right) with soluble TGFf led to downregulation of albumin
secretion from cultures across all timepoints and all TGFf concentrations, albeit quantitative
differences were observed across the two soluble delivery profiles after 15 and 21 days in
culture. Specifically, after 15 days, continuous treatment with soluble TGFp at 100 pg/mL, 1000
pg/mL, and 10000 pg/mL downregulated albumin secretion from cultures to ~23%, ~1%, and
~4% of secretion from cultures on the TGFB-free TCPS, respectively; in contrast, a single
treatment with soluble TGFf at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated
albumin secretion to ~56%, 37%, and ~2%, respectively. After 21 days, continuous treatment
with soluble TGFf at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated albumin
secretion to ~24%, ~5%, and ~15% of secretion from cultures on the TGFp-free TCPS,
respectively, whereas a single treatment with soluble TGFf at 100 pg/mL, 1000 pg/mL, and
10000 pg/mL downregulated albumin secretion from cultures to ~56%, ~45%, and ~55%,
respectively.

Urea synthesis showed similar trends as albumin for PHH cultures treated a single time
(Figure 2.6B middle) or continuously (Figure 2.6B right) with soluble TGFp. After 15 days,
continuous treatment with soluble TGFf at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL

downregulated urea synthesis in cultures to ~42%, ~14%, and ~18%, of the synthesis in cultures
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on TGFB-free TCPS, respectively; in contrast, a single treatment with soluble TGFf at 100
pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated urea synthesis in cultures to ~72%, 63%,
and ~15%, respectively. After 21 days, continuous treatment with soluble TGFf at 100 pg/mL,
1000 pg/mL, and 10000 pg/mL downregulated urea synthesis in cultures to ~26%, ~8%, and
~11% of synthesis in cultures on TGFB-free TCPS, respectively, whereas a single treatment with
soluble TGFp at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated urea synthesis in
cultures to ~60%, ~36%, and ~13%, respectively.

As with albumin and urea, CYP450 enzyme activities displayed a more severe
downregulation in cultures treated continuously with soluble TGFf as compared to cultures
treated a single time with soluble TGF. After 13 days, continuous treatment with soluble TGFf3
(Figure 2.6C right) at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated CYP3A4
activity in cultures to ~28%, <1%, and <1% of the activity in cultures on TGFp-free TCPS,
respectively; in contrast, a single treatment with soluble TGF (Figure 2.6C middle) at 100
pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated CYP3A4 activity in cultures to ~67%,
51%, and <1%, respectively. After 21 days, continuous treatment with soluble TGFf at 100
pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated CYP3A4 activity in cultures to ~5%,
~1%, and ~2% of activity in cultures on TGFp-free TCPS, respectively, whereas a single
treatment with soluble TGFf at 100 pg/mL and 1000 pg/mL upregulated activity in cultures to
~1.3 fold and ~1.7 fold, respectively. At 10000 pg/mL of soluble TGFf under a single treatment,
CYP3A4 activity in cultures displayed a downregulation to ~16% of activity in cultures on
TGFpB-free TCPS. For CYP2AG6, after 13 days, continuous treatment with soluble TGFp (Figure
2.6D right) at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL downregulated activity in cultures to

~41%, ~34%, and ~41% of the activity in cultures on TGFB-free TCPS, respectively; in contrast,
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Figure 2.6 Modulation of primary human hepatocyte (PHH) functions by the presentation
of transforming growth factor beta (TGFp) either adsorbed to heparin-terminated
polyelectrolyte multilayers (PEMs) or in solution once (1 soluble) or continuously with
culture medium changes. For the adsorbed TGFp conditions, PEMs were created as shown in
figure 1B using 100 pg/mL of fibronectin for cell attachment and varying concentrations of
TGF. For the soluble TGFf conditions, PHH cultures were established on standard tissue
culture polystyrene (TCPS) plates modified with 100 pg/mL of fibronectin. (A) Albumin
secretion over 3 weeks from PHH cultures at the indicated concentrations of either adsorbed
TGFp (left), soluble TGFp delivered once over a 2-day media exchange (middle), or soluble
TGFp delivered with every 2-day medium exchanges (right). (B) Urea secretion from the same
cultures used for panel A. (C) Cytochrome P450 3A4 (CYP3A4) enzyme activity in the same
cultures used for panel A. (D) CYP2AG6 enzyme activity in the same cultures used for panel A.
Asterisks indicate statistically significant differences (P<0.05) between the condition and the
TGFB-free control for that specific timepoint.
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a single treatment with soluble TGFf (Figure 2.6D middle) at 100 pg/mL, 1000 pg/mL, and
10000 pg/mL downregulated CYP2A®6 activity in cultures to ~84%, ~57%, and ~57%,

respectively. After 21 days, CYP2AG6 activity in all cultures was very low or undetectable.

2.3.6 Differences between modulation of PHH functions by adsorbed or soluble TGF

As discussed above, functions in PHH monocultures displayed significant differences
across adsorbed or soluble delivery modes for TGF. Specifically, conventional delivery of
soluble TGFp via culture medium exchanges was more detrimental to diverse PHH functions
(albumin, urea, CYP3A4/2A6 activities) over the course of 3 weeks than TGFf adsorbed to
heparin-coated PEMs, which instead caused upregulation of all functions at certain timepoints
except albumin secretion. Such differences in PHH functions across the TGFf presentation
modes could be due to differential PHH death; however, phase contrast micrographs displayed
similar adherent PHH density across conditions over time (Supplemental Figure 2.5.3), which
suggests downregulation of PHH functions. Lastly, downregulation of PHH functions with
soluble TGFp treatment as compared to adsorbed TGFf} was also confirmed using a coating of
100 pg/mL Matrigel (data not shown), which suggests that the results are not dependent on the

ECM protein coating.

2.3.7 Creation of PHH-fibroblast co-cultures on heparin-terminated PEMs

PHH monocultures discussed above, irrespective of substrate type or TGFf delivery
mode, displayed downregulation of all functions over 3 weeks, which is consistent with previous
literature showing that neither ECM proteins nor specific soluble factors can fully stabilize the

PHH phenotype®. In contrast, co-cultures of PHHs and 3T3-J2 murine embryonic fibroblasts on
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ECM protein-coated TCPS are known to display high levels of functions over several weeks as
compared to pure PHH monocultures'. Therefore, here we first sought to determine the
compatibility of heparin-terminated and fibronectin-coated PEMs for PHH-fibroblast co-cultures
(1:1 PHH:fibroblast ratio). We observed that both cell types were able to attach to and spread on
heparin-terminated PEMs coated with 100 pg/mL fibronectin (Figure 2.7A). However, in
contrast to PHH monocultures, we found that supplementation of the culture media with 10%
bovine serum was required to maintain the co-cultures, likely due to the dependency of fibroblast
spreading/growth on serum proteins. In serum-supplemented culture medium, PHHs in co-
cultures maintained prototypical morphology (i.e. polygonal shape, distinct nuclei/nucleoli, and
visible bile canaliculi) on fibronectin-coated PEMs and TCPS control surfaces for 3+ weeks.
Consistent with morphology, PHHs in co-cultures on fibronectin-coated PEMs and TCPS
control surfaces displayed relatively stable functions for 3+ weeks, and such functions were
significantly higher than those measured in PHH monocultures. Albumin secretion (Figure
2.7B) and urea synthesis (Figure 2.7C) from co-cultures on PEMs were statistically similar to
functions in co-cultures on TCPS; CYP3A4 activity (Figure 2.7D) in co-cultures on TCPS was
slightly higher than activity in co-cultures on PEMs across all timepoints (~1.4 fold on day 9 and
1.04 fold on days 16 and 23); and, CYP2AG6 activity (Figure 2.7E) in co-cultures on TCPS was

transiently higher (~1.3 fold on day 9) than activity in co-cultures on PEMs.
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Figure 2.7 Creation of co-cultures of primary human hepatocytes (PHHs) and 3T3-J2
murine embryonic fibroblasts on polyelectrolyte multilayers (PEMs) and assessment of
long-term morphology and liver functions. (A) Phase contrast images of co-cultures on
heparin-terminated PEMs or TCPS modified with fibronectin for cell attachment. White
arrowheads indicate PHHs. (B) Albumin secretion from co-cultures created as in panel A. (C)
Urea secretion over time in the same cultures as those used for panel A. (D) Cytochrome P450
3A4 (CYP3A4) enzyme activity in the same cultures as those used for panel A. (E) CYP2A6
enzyme activity in the same cultures as those used for panel A. *P<0.05.
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2.3.8 Modulation of co-culture functions by TGFp adsorbed to heparin-terminated PEMs
Next, we determined the effects of TGF[3 adsorbed to heparin-terminated and fibronectin-
coated PEMs on PHH functions in stable co-cultures using the same TGFf3 concentrations as
those used for PHH monocultures. Albumin secretion (Figure 2.8A) from co-cultures on PEMs
was slightly downregulated by adsorbed TGFp at 100 pg/mL and 1000 pg/mL to ~84-98% of
secretion from co-cultures on TGFB-free PEMs; however, statistical significance was only
achieved for 1000 pg/mL of TGFp after 21 days. Interestingly, at 10000 pg/mL of TGFp,
albumin secretion from co-cultures on PEMs was similar to secretion from co-cultures on TGFf3-
free PEMs. In contrast to albumin secretion, adsorbed TGFP caused downregulation of urea
synthesis (Figure 2.8B) from co-cultures on PEMs as compared to co-cultures on TGFp-free
PEMs. After 15 days, adsorbed TGFp at 100 pg/mL, 1000 pg/mL, and 10000 pg/mL
downregulated urea synthesis in co-cultures to ~82%, ~63%, and ~72%, of the synthesis in
cultures on TGFB-free PEMs, respectively, and such downregulation was similar at 21 days.
CYP3A4 activity (Figure 2.8C) in co-cultures on TGFp-modified PEMs was
downregulated to ~65-69% and ~88-90% by 7 and 13 days, respectively, at TGF3 concentrations
up to 1000 pg/mL relative to activity in co-cultures on TGFB-free PEMs. However, at 10000
pg/mL TGFpB, CYP3A4 activity was statistically similar to activity in co-cultures on TGF-free
PEMs after 7 and 13 days, and upregulated ~1.3 fold after 21 days. On the other hand, CYP2A6
activity (Figure 2.8D) in co-cultures was consistently enhanced by adsorbed TGFf over 3
weeks. For instance, after 21 days, CYP2A6 activity in co-cultures on PEMs was upregulated

~1.2-1.3 fold by adsorbed TGFp at 1000 pg/mL and 10000 pg/mL.
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Figure 2.8 Modulation of functions in co-cultures of primary human hepatocytes (PHHs)
and 3T3-J2 murine embryonic fibroblasts by the presentation of transforming growth
factor beta (TGFp) adsorbed to heparin-terminated polyelectrolyte multilayers (PEMs).
PEMs were created as shown in figure 1B using of 100 ug/mL fibronectin for cell attachment
and varying concentrations of adsorbed TGFf. (A) Albumin secretion from co-cultures on
PEMs modified with fibronectin and the indicated concentrations of adsorbed TGFp. (B) Urea
secretion from the same cultures used for panel A. (C) Cytochrome P450 3A4 (CYP3A4)
enzyme activity in the same cultures used for panel A. (D) CYP2A6 enzyme activity in the same
cultures used for panel A. Asterisks indicate statistically significant differences (P<0.05)
between the condition and the TGFpB-free control for that specific timepoint.

2.4 Discussion

We developed a platform containing chitosan/heparin PEMs to investigate the long-term
effects of heparin-bound GFs on PHH functions in monocultures and co-cultures with NPCs. The
type of ECM protein coating and the terminal layer for the PEMs (chitosan vs. heparin) were

shown to significantly affect PHH attachment and functions. Furthermore, PHH functions were
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found to be differentially sensitive to the mode of GF (TGFf used as a model) delivery, either
adsorbed to heparin-terminated PEMs or solubilized in culture medium for either single or
continuous treatment (conventional methodology). Finally, similarities and differences were
observed in the functional response of co-cultures to adsorbed TGFf delivery relative to the
monocultures.

Fibronectin and Matrigel facilitated PHH attachment/functions on both chitosan- and
heparin-terminated PEMs. Fibronectin is negatively-charged at physiological pH (isoelectric
point of 5.2), which may facilitate binding to positively-charged chitosan via electrostatic
interactions'®. Additionally, heparin contains binding sites for fibronectin!’. In contrast to
purified fibronectin, Matrigel is an ECM mixture extracted from a mouse sarcoma containing
laminin, entactin, collagen, and heparin sulfate proteoglycans'®. Thus, PEMs can be modified
with either purified ECM proteins or complex mixtures to enable cell attachment.

In contrast to fibronectin and Matrigel, rat tail type I collagen, which is widely used for
hepatocyte culture®, facilitated better PHH attachment/functions on heparin-terminated PEMs
than on chitosan-terminated PEMs. Heparin can bind to type I collagen independent of
collagen’s aggregation state'®, and such binding occurs on the N-terminal basic triple helical
domain that is represented once within each collagen monomer and at multiple sites within
collagen fibrils*°. Lack of cell retention on chitosan-terminated PEMs coated with collagen
suggests that collagen either did not properly adsorb to the chitosan layer and/or formed a non-
uniform coating. Chitosan is a weak polycation with pendant amine groups that have pKa = 6.4.
At the neutral pH used for the protein adsorption, the free amine groups (not electrostatically
bound to heparin in the PEM) are mostly deprotonated, making the surface considerably more

hydrophobic, and possibly leading to non-uniform collagen adsorption. However, further
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molecular-scale studies would be required to determine the deposition and conformation of
collagen on chitosan-terminated PEMs. Others have shown that covalently cross-linking collagen
to chitosan layers can aid in cell attachment®!. We did not execute such a strategy in this study
since the effects of the crosslinker on PHH adhesion/functionality would first need to be
characterized prior to incorporation into a PEM layer. Furthermore, since both fibronectin and
Matrigel promoted sufficient PHH attachment/functions on heparin-terminated PEMs, which are
suited for GF delivery, we proceeded with testing GF delivery to PHH cultures/co-cultures using
fibronectin as the ECM protein of choice given the batch-to-batch variability inherent in a
complex ECM mixture like Matrigel.

Heparin-terminated and fibronectin-coated PEMs adequately supported the attachment
and functions of PHH monocultures as compared to the fibronectin-coated TCPS control used by
others in the field. Some differences in CYP450 activities were observed over time across the
substrate types; however, these differences were minor (<1.4 fold) and the cultures displayed
similar kinetics of functions on both substrates. These results show that modification of TCPS
with PEMs does not significantly affect PHH ability to attach and function for several weeks.

To demonstrate GF delivery from heparin-terminated PEMs to PHH cultures, we chose
TGFp since it plays a critical role in liver physiology/pathophysiology and has been shown to
modulate hepatocyte functions in vitro?. In vivo, TGFp binds to GAGs such as heparin and
heparan sulfate for localized activity and prevention of degradation by enzymes?. In vitro
studies have shown that when TGF is bound to heparin, its half-life is tripled, the amount of
cell-associated TGFp is doubled, and TGFP activity is increased?*?°. Chitosan is similar to other
GAGs and can form ionic complexes with heparin®®. We confirmed TGFp adsorption to heparin-

terminated PEMs via AFM and XPS. Additionally, the amounts of adsorbed (>70%) and
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released TGFp over several days were assessed using ELISA on supernatants. In previous
studies, we have shown FGF-2 delivery from chitosan/heparin PEMs" and thus, we anticipate
that our platform can be used to deliver different GFs and mixtures to human liver cultures.

Delivery of soluble TGFB to PHH monocultures on fibronectin-coated TCPS via culture
medium exchanges (conventional methodology) caused a monotonic decline in diverse liver
functions as a function of time and GF concentration. Surprisingly, even a single treatment with
TGFp over a 2-day medium exchange was generally detrimental to the cultures even after several
weeks; continuous treatment with TGFf with every medium exchange further accelerated the
functional decline of the monocultures. On the other hand, adsorbed TGF did not lead to
sustained downregulation of functions in PHH monocultures, and even caused upregulation of 3
out of 4 measured functions for 1 to 3 weeks. The differences in PHH functions due to TGFf
delivery modes are likely not due to differences in exposure of PHHs to varying amounts of
TGFp since we found that more than 70% of the TGFf} adsorbed to the heparin-terminated and
fibronectin-coated PEMs and was retained over several days of measurement. Instead, we
anticipate that as in vivo, PHHs respond differentially to adsorbed TGFf as opposed to the
solubilized form. Indeed, others have also demonstrated that the mode of GF presentation to cells
can make a difference in terms of cell aggregation, spreading, and function®*. Our platform now
provides the avenue to study physiologically relevant PHH-GF interactions, while using
significantly fewer amounts of costly GFs than required for soluble delivery.

As expected from the previous studies®!*, ECM protein and GF alone were not sufficient
to stabilize PHH phenotype in monocultures. In contrast, co-culture with both liver- and non-
liver-derived NPC types has been long known to induce functions in primary hepatocytes from

multiple species, including humans, which suggests that the molecular mediators underlying the
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‘co-culture effect’ are relatively well-conserved across species®’-*. Khetani and Bhatia have
demonstrated that 3T3-J2 fibroblasts induce high levels of functions in PHHs'?, which is likely
due to the ability of the 3T3-J2 fibroblasts to express diverse hepatocyte-supportive molecules
present in the liver, such as decorin®® and T-cadherin’. Furthermore, the use of 3T3-J2
fibroblasts in co-culture with PHHs does not prevent the effective use of the stabilized PHHs for
many applications in drug development®'-°. Therefore, here we created co-cultures of PHHs and
3T3-J2 fibroblasts on heparin-terminated and fibronectin-coated PEMs and compared the long-
term morphology and functions to those obtained on fibronectin-coated TCPS (conventional
methodology). Overall, PEMs supported a stable PHH morphology and diverse functions for 3+
weeks at comparable levels as those observed in TCPS controls.

Delivering TGFp to co-cultures at the same concentrations as those used for PHH
monocultures revealed some key differences in functional responses between the two culture
models. Specifically, adsorbed TGFJ at the higher doses, 1000 and 10000 pg/mL, downregulated
albumin secretion in PHH monocultures after 7 days whereas no such downregulation was
observed in co-cultures. Furthermore, while urea synthesis and CYP3A4 activity were
upregulated in PHH monocultures over 7 to 15 days due to 1000 pg/mL of adsorbed TGFp, these
functions in co-cultures were downregulated at the same timepoints; however, by 21 days, 10000
pg/mL of adsorbed TGFf caused upregulation of CYP3A4 activity in both PHH monocultures
and co-cultures. CYP2AG6 activity was upregulated in both PHH monocultures and co-cultures
over 3 weeks, albeit at different fold changes. The above-mentioned similarities and differences
in functional responses of PHH monocultures and co-cultures to the same concentrations of
adsorbed TGFp on the same substrate could be due to several reasons. First, serum in the culture

medium was required for obtaining high functions in co-cultures (due to optimal fibroblast
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growth and spreading), whereas PHH monocultures do not need serum to survive and serum can
be detrimental to monocultures as shown previously*’. It may be that serum proteins bind TGFf
and modulate its effects on PHHs in co-cultures relative to monocultures. Second, functionally
stable PHHs in co-cultures may have a differential sensitivity to TGFf than functionally
declining PHHs in monocultures. Finally, 3T3-J2s have been shown to express decorin®’, a small
leucine-rich proteoglycan that is known to bind to TGFB and modulate its activity*'. We plan to
investigate these potential differences in TGF signaling across monocultures and co-cultures in
future detailed studies.

In conclusion, PHH monocultures and PHH-fibroblast co-cultures were successfully
established on chitosan-heparin PEMs coated with ECM proteins. Delivering the model GF,
TGEFp, to the monocultures in adsorbed form via heparin-terminated PEMs yielded more
complex concentration and time effects on PHH functions as compared to a monotonic and
severe functional decline with soluble TGFp delivery. Finally, functional response of co-cultures
to adsorbed TGFf} showed similarities and differences across different liver functions to the
response of monocultures. In the future, our platform can be extended to investigating the roles

of diverse ECM proteins and GFs on human liver models of varying cellular compositions.
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2.5 Supplemental Figures
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Figure 2.5.1 Characterization of polyelectrolyte multilayer (PEM) substrate via Fourier-
transform surface plasmon resonance (FT-SPR). FT-SPR was used to characterize the PEM-
modified surfaces. PEMs were prepared on gold-coated glass surfaces. Briefly, gold-coated
substrates were first modified with a self-assembled monolayer (SAM) of mercaptoundecanoic
acid (MUA). PEMs were constructed on MUA-modified gold films in the flow-cell of an SPR-
100 module on a Nicolet 8700 FT-IR spectrometer (Thermo Electron, Madison, WI). The
surface was exposed to an acidified water rinse, chitosan solution, acidified water rinse, and
heparin solution. Each step was 5-6 minutes, and the sequence was repeated three times,
followed by an additional acidified water rinse, to prepare six-layer PEMs (3 bilayers). For
subsequent modification with TGFp, the surfaces were then exposed to either phosphate
buffered saline (PBS) without TGF, or PBS with TGFJ at concentrations between 100 pg/mL
and 300 pg/mL for 2 hours. Each experiment was repeated three times. FT-SPR spectra were
collected during the entire surface modification procedure using Omnic 7.3 software (Thermo
Electron) at 8 cm™! resolution from 6000 to 12000 cm™'. An FT-SPR spectrum was obtained
every 4.7 seconds by co-adding 16 scans at each time point. The SPR peak position as a
function of time was computed from the center of gravity, and the film thickness was
determined from the rinse following each adsorption step. (A) SPR peak position as a function
of time during PEM assembly and a 2-hour phosphate buffered saline (PBS) rinse. During the
first five minutes, the surface is exposed to an acidified water rinse to establish a baseline peak
position. Arrows indicate the introduction of a new solution into the flow cell: blue (chitosan),
black (acidified rinse), red (heparin), and green (PBS). Each time a chitosan or heparin solution
is introduced, the peak position shifts by nearly 500 cm™'. This shift is due to differences in the
refractive index of the rinse and polymer solutions and indicates the adsorption of the
polyelectrolyte on the surface. When the subsequent acid rinse is introduced, the peak position
does not return to the previous value, because the surface has been modified with adsorbed
polyelectrolyte. After the final acidified water rinse, the surface is exposed to PBS. The signal
is stable for the subsequent 2 hours, indicating that there are no apparent changes in the optical
properties of the film during the PBS rinse. (B) Representative FT-SPR spectra during the PEM
deposition experiment shown in panel A; each spectrum was taken during an acidified water
rinse following the indicated layer. From the relative positions of the center of gravity of these
peaks, the film thickness can be calculated. (C) PEM thickness determined by the FT-SPR peak
shift during the rinse following each of the layer deposition steps, relative to the initial rinse.
The chitosan layers (odd-numbered) contribute slightly more incremental thickness than
heparin layers (even-numbered) (~2.3 nm compared to ~1.6 nm).
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Figure 2.5.2 Comparison of adsorbed fibronectin (Fn) concentrations on heparin-
terminated polyelectrolyte multilayers (PEMs) for attachment and functionality of primary
human hepatocyte (PHH) monocultures. (A) Double-stranded DNA (dsDNA) quantification
from adherent PHHs (9 days after cell seeding) on heparin-terminated PEMs modified with 10,
25, 50, or 100 pg/mL of fibronectin. (B) Cultures as in panel ‘A’ except albumin secretion after
2 days is shown. (C) Cultures as in panel ‘A’ except urea synthesis after 2 days is shown. (D)
Cultures as in panel ‘A’ except cytochrome P450 3A4 (CYP3A4) after 6 days is shown. *P<0.05
(one-way ANOVA and Tukey’s post-hoc test).
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Figure 2.5.3 Phase contrast images over time of primary human hepatocyte (PHH)
monocultures and PHH and 3T3-J2 co-cultures treated with varying concentrations of
transforming growth factor beta (TGFp). (A) PHH monocultures were established on heparin-
terminated PEMs modified with 100 pg/mL of fibronectin with varying concentrations of
adsorbed TGFp. (B) PHH monocultures were established on standard tissue culture polystyrene
(TCPS) modified with 100 pg/mL of fibronectin and treated with varying concentrations of
soluble TGFp delivered via culture medium changes every other day in solution starting on day 5
of culture (continuous). (C) PHH monocultures were established on TCPS modified with 100
png/mL of fibronectin and treated with varying concentrations of TGFf delivered once in solution
on day 5 of culture (1 soluble delivery). TGFB-free controls are not shown since they are the
same as those shown in panel B. (D) Co-cultures of PHH and 3T3-J2 murine embryonic
fibroblasts were established on heparin-terminated PEMs modified with 100 pg/mL of
fibronectin with varying concentrations of adsorbed TGF.
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Chapter 3

Liver extracellular matrix substrates for the long-term culture of primary human

hepatocytes?

Summary

Given differences between animals and humans in liver pathways, isolated primary
human hepatocytes (PHHs) are useful for various applications. However, pure PHH monolayers
are difficult to maintain in vitro and rapidly lose their phenotype. In vivo, PHHs interact with
stromal cells and a complex extracellular matrix (ECM) environment that can modulate their
functions. Various groups have demonstrated that PHHs can be modulated in vitro by co-
culturing with stromal cells, controlling the spatial organization of the cells, and optimizing the
substrate. We have established and characterized a micropatterned co-culture (MPCC) platform
on adsorbed ECM from both porcine and human decellularized livers in comparison to rat tail
type I collagen. In addition, we determined whether the organ source of the ECM can modulate
PHH functions in vitro and found that decellularized ECM from the liver upregulated some
hepatic functions compared to using ECM derived from other organs. We also evaluated the
effects of solubilized liver ECM on hepatic phenotype in MPCCs. We observed that although
dosing with solubilized porcine liver ECM did not lead to significant functional changes, dosing
with the human soluble fraction resulted in a dose-dependent increase of CYP450 enzyme

activity levels. The findings from the present study suggest that human and porcine liver ECM

3 A manuscript similar to the work described in this chapter is in preparation and will be
submitted for publication shortly.
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can be utilized as substrates for the long-term culture of PHHs in the MPCC format and the
addition of solubilized human LBM can upregulate some hepatic functions, resulting in a stable

in vitro hepatocyte model that can be utilized for further cell-ECM biological inquiries.

3.1 Introduction

In vitro human liver models are important for applications such as modeling diseases
towards the discovery of novel therapeutics, drug toxicity screening, and regenerative medicine.
However, hepatocytes are difficult to maintain in vitro as they rapidly dedifferentiate and lose
their tissue-specific functions without the proper microenvironmental cues including soluble
factors, cell-cell contact, and cell-extracellular matrix interactions!?. Various techniques have
been utilized to promote the maintenance of hepatic phenotype in vitro including cell culture
substrates composed of extracellular matrix (ECM) proteins, coculture of hepatocytes with
stromal cells, patterning to control the spatial organization of such cocultures, and
supplementation of the cell culture medium with various soluble factors®. The ECM provides
support for the cells and regulates intercellular communication via complex cues. Although
individual ECM proteins are commonly used as cell substrates and have been found to modulate
cell attachment and functionality, the ECM microenvironment iz vivo is much more complex as
it contains multiple factors, including type I collagen, type IV collagen, fibronectin, laminin,
growth factors, and glycosaminoglycans, that all modulate cell attachment, phenotype, and
functionality’. Ideally, in vitro substrates would maintain as much of the native ECM
composition and microarchitecture as possible.

Decellularized liver ECM or liver biomatrix (LBM) has been shown to help maintain

hepatic functions as well as aid in the differentiation and maintenance of stem cells down the
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hepatic lineage in vitro®!!. Decellularization protocols utilizing enzymes and detergents allow
for the retention of ECM and some growth factors which can be then used as scaffolds or
substrates for in vitro studies'?. The various ECM components can provide cultured cells with a
microenvironment that is more physiologically relevant as compared to individual ECM proteins.
However, due to sourcing issues, studies utilizing human liver-derived ECM have been limited.

Even fewer studies utilize human-relevant cell sources, such as primary human hepatocytes

8,13 14-16

(PHHs), as most studies use animal cells®'” or cell lines on animal-derived liver ECM
sources. In one such study, Sellaro et al utilized a porcine liver-derived ECM sandwich culture
for human hepatocytes and found that multiple functions including albumin secretion, hepatic
transporter expression levels, and ammonia metabolism were similar to those observed in
hepatocytes cultured between two layers of Matrigel for up to 10 days'’. Cocultures have also
been established in ECM scaffolds. For example, Barakat et al cultured human fetal hepatocytes
and stellate cells in a perfused decellularized porcine liver ECM scaffold for up to 13 days and
assessed the metabolic and synthetic activities'®. The authors found that cells differentiated into
mature hepatocytes. However, neither of these groups evaluated how PHHs function on human-
derived liver ECM.

We hypothesized that decellularized liver ECM may contain factors that can help sustain
hepatic functions. Therefore, we assessed the functionality of PHHs, specifically cell
morphology, albumin secretion, urea synthesis, and CYP450 enzyme activity levels, on adsorbed
human- and porcine-derived LBM and compared them to rat tail type I collagen, the current
standard for hepatocyte culture. PHHs were micropatterned and cultured either alone or in a

coculture with 3T3-J2 fibroblasts on the liver ECM substrates and hepatic functions were

assessed for ~3 weeks. Additionally, to evaluate if the ECM organ source could modulate hepatic
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functionality, functionally-stable micropatterned cocultures (MPCCs) were established on
porcine ECM from the small intestine and urinary bladder and compared to liver ECM'. Finally,
both human and porcine-derived liver ECM were separated into insoluble and soluble fractions
through centrifugation. The solubilized liver ECM was utilized as a media supplement at various

concentrations to evaluate if hepatic functionality could be upregulated.

3.2 Materials and Methods
3.2.1 Liver tissue decellularization and enzymatic digestion

Liver ECM was isolated from human and porcine livers as described previously'’. Livers
were harvested from market weight pigs (110-130 kg). Non-diseased human liver tissue was
obtained with Institutional Review Board approval. The tissues were rinsed with water and
frozen at -80°C until processing. Liver tissue from both species was subjected to the same
decellularization protocol. The tissues were cut into cubes of approximately 0.5 cm? and rinsed
with deionized water under mechanical agitation on an orbital shaker at 300 rpm. The sections
were then mechanically massaged to aid in cell lysis and soaked in 0.02% trypsin/0.05% EGTA
at 37°C for 2 hours. The tissue was rinsed with water and massaging was repeated followed by
mechanical agitation of the liver sections in 3% Triton X-100 for 18-24 hours to induce cell
lysis. The sections were rinsed with phosphate buffered saline (PBS) and water until all visible
remnants of cellular material were removed. Finally, the sections were disinfected with 0.1%
peracetic acid/4% ethanol, followed by repeated rinses in water/PBS at pH 7.4. The resulting
decellularized liver ECM was lyophilized overnight, cut into small pieces, and placed in a rotary
knife mill to create particulates. The particulates were digested with 1 mg/mL porcine pepsin

(Sigma-Aldrich, St. Louis, MO) in 0.01 N HCl and stirred for 72 h at room temperature to form a
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10 mg/mL liver ECM digest. The digested ECM was then diluted to 50 pg/mL for adsorption to
tissue culture polystyrene (TCPS) plates.

To obtain the soluble fraction, 10 volumes of the digested liver ECM was neutralized
with 1.1 volume of 10XPBS, 0.4 volumes of 1XPBS, and 1 volume of 0.1 N NaOH. Neutralized
liver ECM was allowed to gelate at 37°C for 45 minutes. The gel was centrifuged at 20000xg for
30 minutes to pellet the insoluble components. The liquid supernatant (“soluble fraction’) was

collected and brought up to the starting volume with 1XPBS.

3.2.2 Porcine small intestinal submucosa and urinary bladder matrix preparation

The harvest of small intestinal submucosa (SIS) and urinary bladder matrix (UBM) from
porcine sources has been described previously?*%>. Briefly, to prepare SIS, small intestine was
obtained from adult market weight (110-130 kg) pigs and the majority of the mucosa and the
entire serosa and muscularis externa layers were mechanically delaminated from the intestine.
The remaining submucosa, muscularis mucosa, and stratum compactum layers were then washed
with water and treated with 0.1% peracetic acid/4% ethanol for 1 hour. The resulting SIS was
lyophilized, powdered, and digested with pepsin.

To prepare UBM, urinary bladders were harvested from market weight pigs and the
urothelial, serosal, muscular, and submucosal layers were removed by mechanical delamination.
The remaining basement membrane and tunica propria was rinsed with deionized water and then
treated with 0.1% peracetic acid/4% ethanol on an orbital shaker for 2 hours. The UBM was then
rinsed with PBS for 15 minutes twice followed by two 15-minute rinses in deionized water. The

resulting UBM was lyophilized, powdered, and digested with pepsin.
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3.2.3 Primary human hepatocyte culture

Cryopreserved PHHs were purchased from a vendor permitted to sell products derived
from human organs procured in the United States by federally designated Organ Procurement
Organizations (Triangle Research Laboratories, Research Triangle Park, NC). PHHs were
processed as previously described?®. Briefly, the cells were thawed at 37°C for 2 minutes and
transferred into pre-warmed hepatocyte cell seeding medium, the formulation of which has been
described previously?. The cells were then spun at 50xg for 10 minutes, the supernatant was
discarded, and the cells were resuspended in hepatocyte seeding medium prior to assessment of
viability using trypan blue exclusion (typically 80-95%). Liver-derived non-parenchymal cells
were consistently found to be less than 1% of all the cells.

Micropatterned hepatocytes were established as previously described?’. Briefly, rat-tail
type 1 collagen, human LBM, porcine LBM, porcine SIS, or porcine UBM, were diluted to 50
png/mL and adsorbed to 24-well TCPS plates for 2 hours at 37°C. After rinsing the plates twice
with double-distilled water (ddH>0), the plates were lithographically patterned using a
polydimethylsiloxane mask to create 500-pm diameter circular domains with a center-to-center
spacing of 1200-pm. PHHs that were processed as described above selectively attached to the
adsorbed ECM domains leaving ~30,000 attached hepatocytes within each well of the TCPS
plate. To create MPCCs, 3T3-J2 murine embryonic fibroblasts were seeded 18 to 24 hours later
at ~90,000 cells per well. Serum-supplemented culture medium, the formulation of which has

been described previously, was replaced on the cultures every 2 days?®.
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3.2.4 Biochemical assays

Cell adhesion was assessed via double-stranded DNA (dsDNA) content in adherent cells
1 day after seeding PHHs. DNA was quantified using the Quant-iT PicoGreen dsDNA assay kit
(Molecular Probes, Eugene, OR). Albumin levels in cell supernatants were measured using an
enzyme-linked immunosorbent assay (MP Biomedicals, Irvine, CA) with horseradish peroxidase
detection and 3,3°,5,5 -tetramethylbenzidine (TMB, Fitzgerald Industries, Concord, MA) as the
substrate. Urea concentration in supernatants was assessed using a colorimetric endpoint assay
utilizing diacetyl monoxime with acid and heat (Stanbio Labs, Boerne, TX). Albumin and urea
secretion levels were assessed every other day, whereas CYP450 activity levels were assessed
approximately once a week. CYP3A4 activity in cultures was measured using a luminescence-
based assay by Promega (Madison, WI). Following incubation for 1 hour at 37°C with the
CYP3A4-glo substrate, luciferin-IPA, in serum-free dosing culture medium, the luminescence of
the produced metabolite (luciferin) was detected according to the manufacturer’s protocols.
CYP2C9 was measured similarly using a luminescence-based assay by Promega via a 3-hour
incubation with the CYP2C9-glo substrate, luciferin-H. CYP2A6 enzyme activity was measured
by incubating the cultures with coumarin for 1 hour at 37°C and measuring the fluorescent
metabolite 7-hydroxy-coumarin (Sigma-Aldrich, St Louis, MO). CYP1A2 activity was measured
by incubating the cultures with ethoxyresorufin for 3 hours and then measuring the fluorescent
signal of the metabolite resorufin. Absorbance, luminescence, and fluorescence for the

aforementioned assays were measured using a spectrophotometer (BioTek, Winooski, VT).
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3.2.5 Statistical Analysis

Each experiment was carried out twice with 2+ wells per condition. Data from one PHH
donor is shown in the main figures, while an additional PHH donor was used to verify the
observed trends as shown in the supplemental figures. Microsoft Excel and GraphPad Prism 7.0
(La Jolla, CA) were used for data analysis and graphing. Error bars on graphs represent standard
deviations. Statistical significance was determined using one-way or two-way ANOVA with

post-hoc Tukey or Dunnett tests (p<0.05).

3.3 Results
3.3.1 Patterning of PHHs on collagen, human LBM, and porcine LBM substrates

In this study, we evaluated whether PHHs could be patterned on human and porcine
LBM substrates. LBM and a rat tail collagen control were adsorbed to TCPS and patterned using
soft lithography as shown in Figure 3.1A. We observed that 1 day after the PHHs were seeded,
there were no significant differences in cell morphology or attachment density as assessed via
phase contrast imaging (Figure 3.1B) and double-stranded DNA quantification (Figure 3.1C).
Compared to PHHs on collagen, albumin secretion (Figure 3.1D) for PHHs on porcine LBM
was significantly higher on days 3, 5, 7, and 9 while PHHs on human LBM were significantly
higher on days 3, 5, and 7. Urea synthesis (Figure 3.1E) was significantly higher in PHHs on
LBM from days 3 to 13 and on human LBM on days 7 and 13 as compared to the collagen
control. For CYP3A4 enzyme activity (Figure 3.1F), human LBM was significantly higher than
the collagen control on day 21 while porcine LBM was similar to the collagen control levels.
Therefore, although functions were significantly upregulated in cells that were cultured on

human or porcine LBM, the effects were transient and hepatic functionality on all three
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substrates still declined precipitously over 2 weeks. Similar to the rat tail collagen, neither human

LBM nor porcine LBM could stabilize functions in micropatterned PHH cultures.

72



Apply PDMS Mask to Protect Micropattemed Micropatterned
ECM from Oxygen Plasma Extracellular Matrix Hepatocytes
Collagen Human LBM Porcine LBM

-e- Collagen -m- HumanLBM -¥- Porcine LBM
304 T 2.0-
£
= 2
- = 1.5
£ i
5 2 S
c =
—_ [ 4
‘zt g 1.0
% 104 2
3 g 0.54
=]
2
0- < 0.0
Collagen Human Porcine 0 5 10 15 20 25
LBM LBM Day
-o- Collagen -m- HumanLBM :¥- Porcine LBM Hm Collagen Human LBM mm Porcine LBM
100+ 150000+
) =
E gol 3
S 80 g.m
= 2 ¢ 100000
c 604 © 9
ke S5
® 39
g 40 %9
2 @ 2 50000- T
(7] > g
3 20+ O35 T i
— - .;
35 =
0 1
0 25 Day 5 Day 13 Day 21

Day

Figure 3.1 Primary human hepatocytes (PHHs) can be patterned on human and porcine
liver biomatrix (LBM) substrates. (A) Process steps for patterning extracellular matrix (ECM)
substrates for hepatocyte seeding. (B) Phase contrast images of micropatterned hepatocytes
adhered to the indicated ECM substrate on day 1 of culture. (C) Double-stranded DNA (dsDNA)
quantified 24 hours post hepatocyte seeding. (D) Albumin secretion levels of micropatterned
hepatocytes over time. (E) Urea secretion levels from the same cultures as those used in panel D.
(F) CYP3A4 activity levels from the same cultures used in panel D. *P<0.05 (One-way ANOVA
with post-hoc Tukey test). Error bars represent standard deviation.
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It has previously been demonstrated that coculture of PHHs with 3T3-J2 fibroblasts can
prolong hepatic functions'®. Thus, MPCCs were established as shown in Figure 3.2A. Phase
contrast images demonstrate that there were no morphological differences over the course of ~3
weeks between hepatocytes cultured on rat tail collagen type I, human LBM, or porcine LBM
(Figure 3.2B). MPCCs established on both human and porcine LBM displayed similar albumin
and urea secretion levels as compared to MPCCs established on adsorbed rat tail collagen I
(Figure 3.3A). In comparison to micropatterned cultures of pure hepatocytes, both albumin and
urea secretion levels were higher and more stable in MPCCs. Specifically, albumin secretion
levels in pure hepatocyte cultures start at ~1 pg/mL and decline while the levels in MPCCs start
at ~5 pg/mL and plateau around 10-15 pg/mL by day 10 of culture. While urea secretion levels
are similar for pure hepatocyte cultures and MPCC:s initially, levels decline in pure cultures
whereas MPCC levels remain around 60-90 pg/mL for 3 weeks. CYP1A2, 2A6, 2C9, and 3A4
enzyme activity levels were also stable for at least 3 weeks regardless of which substrate was
utilized (Figure 3.3B) as compared to the decline in CYP3A4 activity observed with
micropatterned cultures of pure hepatocytes. For certain CYP450 enzymes, MPCCs
demonstrated higher activity on porcine LBM as compared to on collagen (CYP1A2 on day 7,
CYP2A6 on day 21, and CYP3A4 on days 7 and 15). MPCCs created using another PHH donor
lot demonstrated similar trends (Supplemental Figure 3.5.1). Therefore, PHHs can be patterned
on both human and porcine-derived LBM substrates and their functional levels are

enhanced/stabilized upon co-cultivation with 3T3-J2 fibroblasts.
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Day 7

Figure 3.2 Creation of micropatterned cocultures (MPCCs) on liver biomatrix (LBM). (A)
Process steps for patterning extracellular matrix (ECM) substrates for hepatocyte seeding. 3T3-
J2 fibroblasts are seeded ~24 hours after hepatocyte seeding to create cocultures. (B) Phase
contrast images of MPCCs adhered to the indicated ECM substrate at the indicated day of
culture.
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Figure 3.3 Comparison of MPCC functions on adsorbed collagen, human liver biomatrix
(LBM), and porcine LBM substrates. (A) Albumin (left) and urea (right) secretion levels over
3 weeks. (B) CYP1A2 (top left), CYP2AG6 (top right), CYP2C9 (bottom left), and CYP3A4
(bottom right) enzyme activity levels were assessed in the same cultures used in panel A.
*P<0.05 (One-way ANOVA with post-hoc Tukey test). Error bars represent standard deviation.
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3.3.2 Effects of ECM from various organ sources on hepatic functionality

MPCCs were established on adsorbed porcine ECM from the small intestine, urinary
bladder, and liver. Double-stranded DNA quantification 1 day after PHH seeding demonstrated
that there were no significant differences in cell attachment density across the 3 substrates
(Figure 3.4A). We observed that MPCCs established on LBM or UBM secreted similar levels of
albumin, whereas MPCCs on SIS showed significantly lower levels than both LBM and UBM on
days 7, 11, 13,15, 17, 19, and 21 and just LBM on days 5 and 9 (Figure 3.4B). Urea synthesis
was significantly different among the three substrates except on days 13 and 17. CYP1A2
activity declined over the course of 3 weeks regardless of which substrate was utilized with no
significant differences across the three substrates (Figure 3.4C left). For both CYP2AG6 (Figure
3.4C middle) and CYP3A4 (Figure 3.4C right), enzyme activity levels for both LBM and UBM
were significantly higher than SIS on day 7, but on day 21, SIS was significantly better than
UBM. Therefore, although PHHs generally displayed upregulated functions on LBM and UBM

as compared to SIS, these effects were transient and not always significant.
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Figure 3.4 Comparison of MPCC functions on porcine-derived liver biomatrix (LBM),
small intestinal submucosa (SIS), and urinary bladder matrix (UBM). (A) Double-stranded
DNA (dsDNA) quantified 24 hours post hepatocyte seeding. (B) Albumin (left) and urea (right)
secretion levels over 3 weeks. (C) CYP1A2 (left), CYP2A6 (middle), and CYP3A4 (right)
activity levels were assessed in the same cultures used in panel A. *P<0.05 (One-way ANOVA
with post-hoc Tukey test). Error bars represent standard deviation.

3.3.3 Effects of solubilized LBM on MPCCs

To assess if upregulation of hepatic functions would be observed when MPCCs created
using PHHs were dosed with solubilized human or porcine LBM, the LBM was separated into
structural and soluble components via differential centrifugation. MPCCs were first established
on 50 pg/mL of adsorbed human LBM and then dosed with 0, 25, 50, or 100 pg/mL of
solubilized human LBM every other day via media changes starting on day 3 of culture. We
observed that doses of soluble human LBM did not significantly affect either albumin or urea
secretion levels (Figure 3.5A). In contrast, increasing doses of soluble human LBM resulted in

higher CYP450 enzyme activity levels (Figure 3.5B). Similar trends were observed with another
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Figure 3.5 Modulation of MPCC functions by the presentation of solubilized human liver
LBM via culture medium changes. MPCCs were established on 50 pg/mL of adsorbed human
LBM. The cultures were dosed with 0, 25, 50, or 100 ug/mL of solubilized human LBM every
other day with media changes starting on day 3. (A) Albumin (left) and urea (right) secretion
levels over the course of ~3 weeks. (B) CYP1A2 (left), CYP2A6 (middle), and CYP3A4 (right)
enzyme activity levels were assessed in the same cultures used in panel A. *P<0.05 (One-way
ANOVA with post-hoc Tukey test). Error bars represent standard deviation.

PHH donor, albeit statistical significance was not always reached at all time-points
(Supplemental Figure 3.5.2).

MPCCs were also established on 50 pg/mL of adsorbed porcine LBM and dosed with 0,
20, or 40 ng/mL of solubilized porcine LBM every other day via media changes starting on day
3 of culture. Initially, MPCCs created using another PHH donor established on 50 pg/mL of
adsorbed porcine LBM were dosed with 0, 25, and 50 pg/mL of solubilized porcine LBM, but a
hydrogel overlay was observed in the condition dosed with 50 pg/mL, causing a significant
downregulation of CYP450 activity levels (Supplemental Figure 3.5.3). Interestingly, albumin
and urea secretion levels were not affected by the hydrogel overlay. Thus, the solubilized porcine

LBM doses were decreased to 20 and 40 pg/mL. The solubilized porcine LBM did not affect
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albumin and urea secretion levels significantly (Figure 3.6A), but unlike the solubilized human
conditions, CYP450 activity levels were not upregulated with increasing concentrations of

solubilized porcine LBM, except for CYP2A6 on day 7 of culture (Figure 3.6B).

>

- 0 ug/mL - 20 ug/mL V- 40 ug/mL
150

'
=)
1

©
=]
n
-
=]
=]
1

N
=]
n

o
=)
L

Albumin secretion [pg/mL]
o
o

Urea secretion [ng/mL]

>
=

Em 0 pg/mL 20 pg/mL B 40 pg/mL
0.10 2.54 6000+

0.08

N
=]
S
=1

0.06

0.04

-
CYP2A6 activity
[7-Hydroxy-coumarin, uM]

—
—
CYP3A4 activity
N
(=3
=]
o

CYP12 activity
[Resorufin, uM]

0.02

[Luminescence, RLU]

0.00 .0-
Day 7 Day 13 Day 21 Day 7 Day 13 Day 21 Day 7 Day 13 Day 21

Figure 3.6 Modulation of MPCC functions by the presentation of solubilized porcine liver
LBM via culture medium changes. MPCCs were established on 50 pg/mL of adsorbed porcine
LBM. The cultures were dosed with 0, 20, or 40 pg/mL of solubilized porcine LBM every other
day with media changes starting on day 3. (A) Albumin (left) and urea (right) secretion levels
over the course of 3 weeks. (B) CYP1A2 (left), CYP2A6 (middle), and CYP3A4 (right) activity

levels were assessed in the same cultures used in panel A. *P<0.05 (One-way ANOVA with
post-hoc Tukey test). Error bars represent standard deviation.

3.4 Discussion

In vitro liver models established using isolated PHHs are useful for many applications
including drug screening, modeling human liver diseases, and creating cell-based therapies in the
clinic. However, pure PHH monolayers are difficult to maintain in culture formats that rely
exclusively on ECM derived from non-liver sources (i.e. rat tail collagen I), either adsorbed or in

sandwich culture configurations where an ECM overlay is utilized"'”. Engineering techniques
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such as micropatterning allow for control over the spatial organization of hepatocytes, which has
been demonstrated to help maintain cell-cell interactions?*>°. In this study, we evaluated the use
of ECM derived from various organs and species as substrates for micropatterned hepatocytes
either cultured alone or in a coculture with 3T3-J2 fibroblasts. The liver tissue utilized in this
study was processed in such a way to preserve ECM proteins typically found in the liver’!-,
Compared to rat tail collagen, these substrates consist of a variety of ECM proteins, including
collagens, laminins, and fibronectins, as well as immobilized growth factors, which may be
beneficial for in vitro hepatocyte culture®®. For example, Lee et al have shown that human
adipose-derived stem cells display upregulated hepatic gene expression when cultured on a rat
liver ECM substrate as compared to collagen'®. Additionally, the viability and functionality of
primary rat hepatocytes were improved in a liver ECM hydrogel compared to a collagen
hydrogel. We demonstrated that micropatterned PHHs cultured on adsorbed LBM show similar
cell attachment densities as compared to collagen. Zeisberg et al previously found that PHHs
adhered better to liver-derived basement membrane matrix compared to Matrigel or type |
collagen, but gels were used rather than adsorbed proteins®*. The authors also found that markers
of hepatocyte dedifferentiation (vimentin and cytokeratin-18) were expressed at lower levels in
PHHs on the liver ECM as compared to Matrigel and collagen, but liver-specific functions were
not assessed. We found that although micropatterned pure hepatocytes on LBM display similar
functional levels as compared to rat tail collagen, functions still decline.

In contrast to pure hepatocyte cultures, cocultures of hepatocytes with stromal cells have
been shown to induce and stabilize primary hepatocyte functions®>. Specifically, Khetani and
Bhatia have demonstrated that 3T3-J2 fibroblasts secrete molecules that support hepatocytes in

36,37

vitro®>" and that cocultures of PHHs and 3T3-J2 fibroblasts can be used for drug development
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and disease modeling applications'-**. Thus, we established MPCCs on adsorbed ECM from
porcine and human decellularized livers and found that both adsorbed human- and porcine-
derived LBM supported hepatocyte adhesion and liver-specific functions similarly to rat tail
collagen. Although Lin et al previously showed that primary rat hepatocytes secreted higher
levels of albumin and urea on porcine liver-derived ECM as compared to adsorbed rat tail
collagen, LBM membranes were utilized 8. LBM membranes or scaffolds may retain some
ultrastructure features of the ECM that upregulate hepatic functions better than adsorbed LBM
solutions!®; however, the latter approach is more amenable to creating higher-throughput culture
platforms for drug screening. One such study that utilized a decellularized rat liver ECM scaffold
and HepG2 cells as a hepatocellular carcinoma model showed that the cells cultured in the
scaffold were less susceptible to lower concentrations of methotrexate as compared to 2D
cultures and thus, cells in the ECM scaffold seem to respond to the drug in a more in vivo-
relevant manner'®. However, when drug studies are performed in more complex 3D models,
there may be issues with penetration of the drugs, metabolites, and cytotoxicity markers through
the scaffold that must be addressed prior to high-throughput drug screening®. Liver ECM
scaffolds have also been used for coculture of HepG2, Sk-Hep-1, and LX-2 cells for
transplantation applications'#. However, there is a limited source of human liver ECM and
Mattei et al found donor-to-donor variation when processing the scaffolds*. Variation in
scaffolds may also arise when ECM from various locations in the liver are utilized. Thus, by
digesting the decellularized liver ECM as we did prior to adsorption or gelation, a more
homogenized sample is achieved. In addition to 3D scaffolds of decellularized matrix, recent
studies have also shown that decellularized liver ECM can be used as a bioink for the precise

deposition of ECM and spatial organization of multiple types of cells. For example, Lee et al
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have shown that HepG2 albumin and urea secretion levels were upregulated in porcine liver
bioink as compared to the porcine collagen bioink control*!. By bioprinting combinations of cells
and ECM in this manner, cocultures of multiple cell types encapsulated in various ECM can be
achieved which is in contrast to our study where only the hepatocyte domains are in contact with
the adsorbed ECM. In addition, the porcine liver bioink aided in the differentiation of human
bone marrow-derived mesenchymal stem cells down the hepatic lineage. Other studies utilizing
decellularized scaffolds have also demonstrated the differentiation and maintenance of stem cells
down the hepatic lineage!®!!+2,

In this study, we also determined whether the organ source of the ECM modulated PHH
functions in vitro. Since ECM composition varies depending on anatomic location with the ECM
components reflecting the structural and functional requirements of the specific organ, it is
conceivable that cells would perform optimally on the respective tissue-specific ECM*2. Zhang
et al found that ECM coatings from specific tissues were able to promote tissue-matched cellular
proliferation and phenotype compared to tissue-mismatched cells*. Specifically, while there
were no significant differences in cell attachment across adsorbed collagen, skin, muscle, or liver
ECM, cells derived from specific organs proliferated and strongly expressed their specific cell
markers on the tissue-matched ECM substrate. Additionally, it has been demonstrated that
macrophages cultured on ECM derived from different organs display differential phenotypic
responses?®*. In this study, we compared ECM from the liver to ECM from the small intestine
and urinary bladder since acellular scaffolds derived from these organs are easy to obtain and
thus, commonly used in regenerative medicine applications to induce tissue regeneration and
remodeling®!'2. Furthermore, it has previously been shown that liver sinusoidal endothelial cells

maintain their differentiated phenotype the longest when cultured on liver ECM compared to SIS
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or UBM*. We found that MPCCs established on LBM and UBM generally upregulated hepatic
functions as compared to SIS. However, functions were stable on all 3 substrates suggesting that
liver-specific components were not required to maintain hepatic functionality and thus, ECM
from various organs can be utilized for in vitro tissue engineering applications. This is in
agreement with other studies that have shown that although there were some differences in
primary rat hepatocyte phenotype in decellularized liver and spleen ECM scaffolds, ECM from
both organ sources were able to maintain cellular functionality and allow for the differentiation
of bone marrow mesenchymal stem cells down the hepatic lineage, suggesting that ECM from
multiple organs that have similar protein compositions can be utilized**#®.

Finally, we tested the effects of solubilized liver ECM on hepatocyte phenotype over
several weeks. The use of solubilized ECM as a media supplement can be utilized in both 2D and
3D in vitro liver systems. Fujita et al have demonstrated that the addition of proteoglycans and
glycosaminoglycans to cell culture media induced the formation of gap junctions in primary rat
hepatocytes, leading to improved cell-cell interactions®’. We found that human hepatocytes
supplemented with solubilized human, but not porcine liver ECM, displayed higher CYP450
activity levels. This suggests that homologous human solubilized ECM as a medium supplement
is superior to xenogeneic heterologous porcine solubilized ECM for the culture of human
hepatocytes. In contrast, Loneker et al found that cell culture medium supplementation of canine
and porcine liver ECM supported primary rat hepatocytes in vitro better than rat or human
ECM?, Interestingly, while there were few significant differences in hepatic functions between
using adsorbed porcine and human LBM, presentation of solubilized human LBM, but not
porcine LBM, resulted in a dose-dependent increase in CYP450 levels. The differences in

CYP450 modulation between the adsorbed versus soluble human LBM presentation could be
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attributed to the repeated doses of solubilized LBM replenishing growth factors in media over
time versus the one-time adsorbed LBM delivery mode. We also found that using too high of a
concentration of solubilized porcine LBM resulted in an LBM overlay over the course of a
couple of days. Although Lin et al have suggested that an overlay may further increase liver-
specific functions, we observed that while the overlay did not affect albumin or urea secretion
levels, it caused a downregulation of CYP450 activity levels®. Lee-Montiel et al utilized a
porcine LBM overlay in the Liver Acinus MicroPhysiology System (LAMPS) to mimic the
space of Disse while also including a lower concentration of porcine LBM in their perfused
media to help regulate hepatic functions’!. However, complex platforms such as LAMPS, where
multiple cell types are seeded into a microfluidic device, are more amenable to low-throughput
studies where numerous biomarker readouts are required. While is not clear how the solubilized
components of the liver ECM are interacting with the hepatocytes or adsorbed ECM, Nakamura
et al have shown that it is also possible to immobilize specific growth factors to liver ECM films
to modulate primary rat hepatocyte functionality in vitro>.

Our findings suggest that LBM can serve as an alternative substrate to currently available
substrates and can support the liver-specific functions of micropatterned cocultures of PHHs for
tissue engineering applications. In the future, a comprehensive analysis of the components of
LBM can be performed in order to assess how cell-ECM interactions via integrin signaling
pathways may be modulating the cells. LBM from diseased patients can also be utilized as
substrates to study the impact of diseases such as liver fibrosis and cirrhosis on the liver ECM
and how the stiffness of the liver ECM can affect hepatocytes in vitro. In conclusion, we have
successfully micropatterned PHHs on human- and porcine-derived ECM substrates. Although

the LBM substrates were not sufficient to stabilize PHH phenotype in pure cultures, cocultures
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displayed stable functions for at least 3 weeks. MPCCs could also be established on ECM
derived from the urinary bladder and small intestine, although some hepatic functions were lower
on SIS. Finally, the use of solubilized human ECM, but not porcine ECM, as a media

supplement, upregulated CYP450 enzyme activity levels in a dose-dependent manner.
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Figure 3.5.1 Comparison of MPCC functions on adsorbed collagen, human liver biomatrix
(LBM), and porcine LBM substrates. Cultures were created using different a different
primary human hepatocyte donor than the one featured in Figure 3.3.3. (A) Albumin and
(B) urea secretion levels over 3 weeks. (C) CYP3A4 enzyme activity was assessed in the same
cultures used in panels A and B. *P<0.05 (One-way ANOVA with post-hoc Tukey test). Error
bars represent standard deviation.
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Figure 3.5.2 Modulation of MPCC functions by the presentation of solubilized human liver
LBM via culture medium changes. Cultures were created using different a different
primary human hepatocyte donor than the one featured in Figure 3.3.5. MPCCs were
established on 50 pg/mL of adsorbed human LBM. The cultures were dosed with 0, 25, 50, or
100 pg/mL of solubilized human LBM every other day with media changes starting on day 3.
(A) Albumin (left) and urea (right) secretion levels over the course of 3 weeks. (B) CYP1A2
(left), CYP2A6 (middle), and CYP3A4 (right) enzyme activity levels were assessed in the same
cultures used in panel A. *P<0.05 (One-way ANOVA with post-hoc Tukey test). Error bars
represent standard deviation.
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Figure 3.5.3 Modulation of MPCC functions by the presentation of solubilized porcine liver
LBM via culture medium changes. Cultures were created using different a different
primary human hepatocyte donor than the one featured in Figure 3.3.6. MPCCs were
established on 50 pg/mL of adsorbed porcine LBM. The cultures were dosed with 0, 25, or 50
ug/mL of the porcine soluble fraction every other day with media changes starting on day 3. A
thin hydrogel overlay was observed for the cultures that had been dosed with 50 pg/mL of
porcine soluble fraction. (A) Albumin (left) and urea (right) secretion levels over the course of
~3 weeks. (B) CYP1A2 (left), CYP2A6 (middle), and CYP3A4 (right) activity levels were
assessed in the same cultures used in panel A. *P<0.05 (One-way ANOV A with post-hoc Tukey
test). Error bars represent standard deviation.
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Chapter 4

Prediction of drug clearance and drug-drug interactions in microscale cultures of human

hepatocytes*

Summary

Accurate prediction of in vivo hepatic drug clearance using in vitro assays is important to
properly estimate clinical dosing regimens. Clearance of low turnover compounds is especially
difficult to predict using short-lived suspensions of un-pooled primary human hepatocytes
(PHHs) and functionally declining PHH monolayers. Micropatterned co-cultures (MPCCs) of
PHHs and 3T3-J2 fibroblasts have been previously shown to display major liver functions for
several weeks in vitro. In this study, we first characterized long-term activities of major
cytochrome P450 (CYP) enzymes in MPCCs created from un-pooled cryopreserved PHH
donors. Then, MPCCs were utilized to predict the clearance of 26 drugs that exhibit a wide range
of turnover rates in vivo (0.05-19.5 mL/min/kg). MPCCs predicted 73%, 92% and 96% of drug
clearance values for all tested drugs within 2-fold, 3-fold and 4-fold of in vivo values,
respectively. There was good correlation (R?=0.94, slope=1.05) of predictions between the two
PHH donors. On the other hand, suspension hepatocytes and conventional monolayers created

from the same donor had significantly reduced predictive capacity (i.e. 30-50% clearance values

* This chapter has been adapted from Lin, C. et al. 2016. Prediction of drug clearance and drug-
drug interactions in microscale cultures of human hepatocytes. Drug Metabolism and
Disposition. 44 (1): 127-136. Reprinted with permission of the American Society for
Pharmacology and Experimental Therapeutics. All rights reserved. Copyright © 2015 by The
American Society for Pharmacology and Experimental Therapeutics.
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within 4-fold of in vivo), and were not able to metabolize several drugs. Finally, we modulated
drug clearance in MPCCs by inducing or inhibiting CYPs. Rifampin-mediated CYP3A4
induction increased midazolam clearance by 73%, while CYP3A4 inhibition with ritonavir
decreased midazolam clearance by 79%. Similarly, quinidine-mediated CYP2D6 inhibition
reduced clearance of dextromethorphan and desipramine by 71% and 22%, respectively. In
conclusion, MPCCs created using cryopreserved un-pooled PHHs can be utilized for drug

clearance prediction and to model drug-drug interactions.

4.1 Introduction

Metabolism by the liver accounts for the overall clearance of ~70% of marketed drugs'.
Thus, accurate prediction of in vivo human hepatic clearance using preclinical models is
important to set drug doses in the clinic®. Significant species-specific differences in liver
pathways can lead to inaccuracies in the predictions of human drug clearance when using
animals®. Therefore, in vitro human liver models are now increasingly utilized to predict human
drug clearance®. While human liver microsomes are useful for evaluating cytochrome P450
(CYP)-mediated drug clearance in a high-throughput screening format, the lack of phase-II
enzymes and membrane-bound transporters limits their utility for predicting clearances of
different drug types. On the other hand, while retaining the complete architecture and cell types
of the liver, liver slices are not amenable to high-throughput screening. Cancerous hepatic cell
lines can be expanded cheaply and nearly indefinitely; however, they suffer from abnormal CYP
levels and only represent single donors>. Thus, cryopreserved primary human hepatocytes
(PHHs), which can be sourced from multiple donors, are ideal for on-demand assessment of drug

disposition since they integrate all of the relevant metabolic pathways of the liver®.
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PHHs can be kept viable in suspension for 4-6h or plated in confluent monolayers on adsorbed
collagen for a few days. For suspension PHHs, pooling can mitigate the large functional
variability inherent across PHH donor lots. However, the limited incubation time using
suspension hepatocytes often does not allow low turnover drugs to deplete sufficiently to predict
in vivo clearance®’. Low turnover drugs are increasingly being developed for one-pill-a-day
dosing regimens, and often rank ordering of candidate compounds in a chemical series by
clearance rates is necessary to progress with development. The relay method has addressed this
limitation by transferring the drug-laden supernatant from 4h pooled PHH suspension
incubations to freshly thawed PHHs to allow active enzymes to metabolize the drugs for
prolonged times (~20h)®. However, this method requires at least 5-fold more PHHs (10+ pooled
donors) than a single incubation, thereby depleting a limited lot faster and necessitating
screening and large-scale banking of newer pooled lots. Additionally, suspension hepatocytes
don’t properly polarize with appropriate localization of transporters to the apical and basolateral
domains, which is limiting for predicting clearance of drugs that are transporter substrates. While
plated monolayers prolong PHH viability for a few days and show polarized phenotype when
overlaid with an extracellular matrix gel’, the CYP activities rapidly decline to <10% of levels
observed in freshly isolated PHHs!®!!,

Organizing hepatocytes using engineering tools and co-culture with stromal cells can
help maintain hepatic functions for prolonged times and at higher levels than possible with
conventional monolayers, which has improved predictive capacities for drug studies'?. Khetani
and Bhatia developed a micropatterned co-culture (MPCC) model in which PHHs are organized
onto collagen-coated domains of empirically-optimized dimensions and subsequently surrounded

by 3T3-J2 murine embryonic fibroblasts'!. Major hepatic functions (i.e. drug metabolism
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enzymes, transporters) are stable in MPCCs for ~4 weeks. Due to the reduced number of PHHs
(~10% of confluent monolayers), MPCCs can be incubated for up to 7d without a medium
change, which led to detection of a greater number of clinically-relevant metabolites than was
possible with suspension PHHs!?. Chan et al. also used the 7d drug incubations in MPCCs to
predict clearance of low turnover compounds'#. However, drugs with high clearance rates were
not tested, nor was MPCC performance compared against suspension hepatocytes and plated
monolayers using the same donor. Furthermore, it remains unclear whether MPCCs created
using cryopreserved PHHs from multiple donors can maintain high levels of major CYPs for
several weeks, which could allow initiation of drug incubation at different culture ages.
Therefore, here we sought to determine levels and longevity of major CYP enzymes in MPCCs
created from cryopreserved PHH donors (un-pooled) in a 96-well plate format. We then utilized
MPCC:s to predict clearance rates of 26 drugs with a wide range of in vivo turnover rates, and
compared results for a subset of these drugs across MPCCs, suspension PHHs and plated
monolayers created from the same donor. Finally, we assessed the effects of drug-mediated CYP

modulation on drug clearance rates in order to mimic drug-drug interaction (DDI) scenarios.

4.2 Materials and methods
4.2.1 Culture of primary human hepatocytes

Cryopreserved PHHs were purchased from vendors permitted to sell products derived
from human organs procured in the United States by federally designated Organ Procurement
Organizations (BioreclamationIVT, Baltimore, MD; Triangle Research Laboratories, Research
Triangle Park, NC; Life Technologies, Carlsbad, CA). Information (lot classifier, age, sex,
ethnicity, cause of death, available medical history) on the PHH lots is provided in

Supplemental Table 4.5.1. PHH vials were thawed at 37°C for 120s and diluted with 25 mL of
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pre-warmed KryoThaw I (SciKon, Chapel Hill, NC). The cell suspension was then spun at 50xg
for 10 min, the supernatant was discarded, the cells were re-suspended in hepatocyte seeding
medium, the formulation of which was described previously'®. Hepatocyte viability was assessed
using trypan blue exclusion (typically 80-95%). Liver-derived non-parenchymal cells were
consistently found to be less than 1% of all the cells.

MPCCs were created as previously described!®. Briefly, adsorbed collagen was
lithographically patterned in each well of a multi-well plate to create 500 pm diameter circular
domains spaced 1200 pm apart, center-to-center. Hepatocytes selectively attached to the collagen
domains leaving ~4,500 attached hepatocytes on ~13 collagen-coated islands within each well of
a 96-well plate. 3T3-J2 murine embryonic fibroblasts were seeded 18 to 24h later in each well to
create MPCCs. Serum-supplemented culture medium, the formulation of which has been
described previously'’, was replaced on cultures every 2d (~64 puL/well).

To create suspension cultures, 5.6x10* hepatocytes were dispensed into each well (32 pL
serum-free culture medium per well) of an uncoated 96-well plate. To create conventional
confluent monolayers, 5.6x10* hepatocytes were seeded into each well (64 pL serum-
supplemented culture medium per well) of a 96-well plate coated with rat-tail collagen type I as
described previously'!. Serum-free culture medium for both suspension cultures and
conventional monolayers was composed of William’s E base (Sigma-Aldrich, St. Louis, MO), 15
mM HEPES buffer (Corning Cellgro, Manassas, VA), 1% vol/vol ITS+ supplement (Corning
Life Sciences, Tewksbury, MA), 1% vol/vol penicillin-streptomycin (Corning Cellgro), 100 nM
dexamethasone (Sigma-Aldrich), 0.2% vol/vol amphotericin B (Life Technologies), and 0.01%

vol/vol gentamycin (Life Technologies). Fetal bovine serum (Life Technologies) was added at
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10% vol/vol for seeding conventional monolayers for 24h and then cultures were switched to the

serum-free formulation above for drug dosing studies.

4.2.2 Hepatocyte functionality assays

Urea concentration in supernatants was assayed using a colorimetric endpoint assay
utilizing diacetyl monoxime with acid and heat (Stanbio Labs, Boerne, TX). Albumin levels
were measured using an enzyme-linked immunosorbent assay (MP Biomedicals, Irvine, CA)
with horseradish peroxidase detection and 3,3°,5,5 -tetramethylbenzidine (TMB, Fitzgerald
Industries, Concord, MA) as the substrate. CYP2C9 activity in cultures was measured using a
luminescence-based assay (CYP2C9-glo, luciferin-H) by Promega (Madison, WI). Following
incubation for 3h with the CYP2C9-glo substrate in serum-free dosing culture medium, culture
supernatants were processed according to manufacturer instructions and luminescence was
measured using a luminometer (BioTek, Winooski, VT). In addition, activities of major CYPs in
MPCCs were assessed using substrates shown in Supplemental Table 4.5.2. Cultures were
incubated with these substrates for 1h in serum-free dosing culture medium. Supernatants from

cultures were frozen at -80°C prior to further analysis.

4.2.3 Drug dosing

MPCCs were allowed 7-9d to functionally stabilize and then dosed in serum-free culture
medium with a set of 26 drugs (Table 4.1), ranging in known in vivo turnover rates between 0.05
mL/min/kg and 19.5 mL/min/kg. Conventional PHH monolayers were allowed 24h to acclimate
before dosing in serum-free culture medium with a subset (10 total) of the drugs (Table 4.2).
Suspension hepatocytes were dosed immediately after dispensing in wells with the same subset

of drugs as those tested on conventional monolayers (Table 4.3). All drug solutions were
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prepared in serum-free culture medium at 1 uM and placed on the cells (64 pL total volume per
well). MPCCs were incubated with drug solutions for up to 7d without a medium change;
conventional monolayers were dosed for up to 4d; and, suspension cultures were dosed for up to
4h. Supernatants (50 uL) from representative wells (single time-point per well of a 96-well plate)
were collected at 6-7 time-points spread across the time series for each type of culture model.
For MPCCs and conventional monolayers, removal of the supernatants was sufficient to stop the
reaction with the cells. For suspension hepatocytes, however, mixing the cell suspension with
100 pL of acetonitrile was necessary to quench the reaction. All samples were immediately
frozen at -80°C prior to further analysis.

For DDI studies, MPCC:s stabilized for 7d were treated with serum-supplemented culture
medium containing CYP inducer (12.5 uM rifampin for CYP3A4) for 3d or CYP inhibitor (0.5
uM ritonavir for CYP3A4 and 4 uM quinidine for CYP2D6) for 18h. Inducer and inhibitor
concentrations were chosen based on preliminary experiments evaluating effects on the pertinent
CYPs (data not shown). Then, cultures were dosed in serum-free culture medium with 1 puM of
CYP substrates (midazolam for CYP3A4, and desipramine and dextromethorphan for CYP2D6)
with or without CYP inducer/inhibitor. Control cultures were treated with dimethyl sulfoxide
(DMSO, Corning Cellgro) alone (0.1% vol/vol) for the aforementioned time periods before
dosing with CYP substrates. Sample collection was carried out as described above prior to

further analysis.

4.2.4 Liquid chromatography-mass spectrometry (LC-MS) analysis
LC-MS analysis on culture supernatants (crashed with acetonitrile) was carried out by
Integrated Analytical Solutions (IAS, Berkeley, CA). The amount of substrate metabolite or

parent compound was measured using an Applied Biosystems/MDS Sciex API 3000 mass
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spectrometer (Foster City, CA) coupled to a Shimadzu VP System (Shimadzu, Columbia, MD).
The LC mobile phases consisted of: A) water containing 0.2% formic acid and B) methanol
containing 0.2% formic acid. Samples were eluted through a Luna Mercury C8(2) column (2 x
30 mm; Phenomenex Inc., Torrance, CA), a Luna Mercury Hydro-RP column (2 x 3 mm), a
Duragel G C18 column (2 x 10 mm; Peeke Scientific, Redwood City, CA), or a Titan 200 C18
column (2.1 x 30 mm; Sigma-Aldrich, St. Louis, MO). Solvent gradients from 0% (B) or 5% (B)
to 95% (B) over the course of 1-2 minutes at flow rates of between 0.4 mL/min and 0.8 mL/min
were used to elute the compounds from the columns. Injection volumes ranged from 2-100 pL

for analysis.

4.2.5 Data analysis

The natural logarithm of the concentration of drug remaining in culture supernatants was
first plotted against time of incubation. Further analysis of the data as described below was
conducted only if the correlation coefficient of the linear fit to the natural log transformed data
was greater than 0.8. If the correlation coefficient was less than 0.8, the data set was deemed not
usable for prediction of clearance. The in vitro depletion half-lives of the drugs in culture
supernatants were calculated by equation 4.1, where ‘slope’ was derived from the natural
logarithm of the concentration of drug remaining plotted against time. For most of the
compounds, the calculated half-life was within the maximal incubation time (i.e. no
extrapolation) for both MPCCs and conventional monolayers, except for theophylline (both
donors ~5 fold higher half-live than maximal incubation time), zolmatriptan (one of the two
donors ~2 fold), and meloxicam (one of the two donors ~2 fold). For suspension hepatocytes,

half-life needed to be extrapolated beyond the incubation time for 6 of 10 drugs (~2-3 fold).
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0.693
b2 =5 —

Slope Equation 4.1
Next, the in vitro drug half-lives were used to calculate the intrinsic clearance (CLin) using
scaling factors (equation 4.2), where 21 g of liver weight per 1 kg of body weight, and 120 x 10°
hepatocytes per 1 g of human liver were utilized as standard parameters'®. PHH numbers per
well were 4,500 for MPCCs and 56,000 for suspension and conventional monolayers. All

cultures had incubation volumes of 64 uL.

__ Ln(2) liver weight incubation volume (mL) hepatocytes

Equation 4.2

ti/2 standard body weight hepatocytes /well gram of liver

The hepatic clearance (CLyn) was calculated from CLin using the well-stirred model (equation
4.3) with liver blood flow (Q) being 21 mL/min/kg and protein binding (f,) set to 1 if no protein

binding correction was made or to its respective known in vivo value (Table 1).

CLh _ QXfyuXCLin¢

 Q+(fuXCLint) Equation 4.3

Error bars on graphs represent standard errors of the means. Microsoft Excel and GraphPad
Prism 5.0 (La Jolla, CA) were used for data analysis, while GraphPad Prism 5.0 was used for

plotting data.
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4.3 Results
4.3.1 Long-term functional characterization of MPCCs

MPCCs were created in an industry-standard 96-well plate format using two
cryopreserved PHH donors (lots: RTM and JNB). Prototypical hepatic morphology (polygonal
shape, distinct nuclei and nucleoli, presence of bile canaliculi) was maintained for both donors in
MPCCs for ~4 weeks (Figure 4.1A and Supplemental Figure 4.5.1A). As observed
previously!!, albumin secretion in MPCCs took ~7-9d to reach higher steady-state levels than in
the first few days of culture (Figure 4.1B and Supplemental Figure 4.5.1B). Urea secretion, on
the other hand, either remained stable from the very beginning of the culture period or showed
some down-regulation initially followed by stabilization for the remainder of the time-series
(Figure 4.1C and Supplemental Figure 4.5.1C). Although donor dependent differences in
albumin and urea secretion (as well as other functional markers as described below) were
observed, overall trends were similar.

Activities of CYP1A2, 2C9, 2D6, and 3A4 were measured in both donors over time by
quantifying metabolites of prototypical substrates, whereas the activities of CYP2A®6, 2B6, 2C8,
2C19, and 2E1 were measured only in donor RTM (Supplemental Table 4.5.2) due to
limitations in number of vials available for donor JNB. While enzyme activities were detected
for ~4 weeks in both donors, there were differences in both the kinetics and magnitude of time-
course for specific CYP activities (Figure 4.2 and Supplemental Figure 4.5.1). CYP1A2
activities in RTM- and JNB-MPCCs at ~4 weeks of culture were 90% and 72% of week 1
activities, respectively (Figure 4.2A and Supplemental Figure 4.5.1D). CYP2C9 activities in
RTM- and INB-MPCCs at ~4 weeks were 176% and 91% of week 1 activities, respectively

(Figure 4.2C and Supplemental Figure 4.5.1D). CYP2D6 activities in RTM- and INB-MPCCs
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at ~4 weeks were 73% and 85% of week 1 levels, respectively (Figure 4.2D and Supplemental
Figure 4.5.1E). CYP3A4 activity in RTM at ~4 weeks was 131% of week 1 activity, while
activity in JNB at 4 weeks had gradually declined to 58% of week 1 levels (Figure 4.2E and
Supplemental Figure 4.5.1E). By ~4 weeks in RTM culture, CYP2A6 and CYP2B6 activities
were down-regulated to 24% and 47% of week 1 levels, respectively. However, most of the
decline occurred after 19d in culture (Figures 4.2A-B). CYP2CS activity, on the other hand, was
up-regulated by day 9 of culture to 658% of week 1 levels and then remained fairly stable until
day 30 (Figure 4.2B). Use of CYP2C9-glo as a substrate showed similar relative stability as the
measurement of 4-OH-tolbutamide in the same donor (Figure 4.2C). CYP2C19 activity was
only stable for 15d followed by down-regulation to 22-33% of week 1 levels for the remainder of
the time-series (Figure 4.2D). CYP2EI activity at week 4 of culture declined to 12% of week 1
levels (Figure 4.2E). Nonetheless, activities of all major CYPs tested were detected out to at
least 4 weeks in MPCCs created using both RTM and JNB donors. Lastly, we measured
glucuronidation and sulfation (phase-II) activities in MPCCs created using both RTM and JNB
donors (Figure 4.2F and Supplemental Figure 4.5.1F). By ~4 weeks in culture, RTM
maintained phase-II activities to 90-116% of week 1 activities, while JNB at 4 weeks maintained

activities to 77-105% of week 1 activities.
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Figure 4.1 Morphology and functional characterization of MPCCs created using the RTM
cryopreserved PHH donor. (A) Phase contrast micrographs of patterned PHHs prior to seeding
of the 3T3-J2 murine embryonic fibroblasts (left) and 8 days in co-culture (right). Cultures
showed similar hepatic morphology for at least 4 weeks (not shown). (B) Albumin secretion
rates in MPCCs over time in culture. (C) Urea secretion rates in MPCCs over time in culture.
Data in each graph was fit to a sigmoidal curve using GraphPad Prism software. Error bars
represent standard errors of the means (n=3).
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Figure 4.2 CYP activities in MPCCs created using the RTM cryopreserved PHH donor.
Quantification of CYP-generated metabolites from MPCCs. CYP, probe substrate, metabolite
measured: (A) 1A2, phenacetin, acetaminophen; 2A6, coumarin, 7-OH-coumarin; (B) 2B6,
bupropion, OH-bupropion; 2C8, paclitaxel, 6a-OH-paclitaxel; (C) 2C9, tolbutamide, 4-OH-
tolbutamide; 2C9, 2C9-glo, luciferin; (D) 2C19, S-mephenytoin, 4-OH-S-mephenytoin; 2D6,
dextromethorphan, dextrorphan; (E) 2E1, chlorzoxazone, 6-OH-chlorzoxazone; 3A4,
testosterone, 63-OH-testosterone. (F) Production rates of glucuronide and sulfate metabolites of
7-hydroxycoumarin from MPCCs. Error bars represent standard errors of the means (n=3).
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4.3.2 Drug clearance predictions in MPCCs

MPCCs were incubated for up to 7d with 26 drugs listed in Table 4.1 (0.05-19.5
mL/min/kg in vivo clearance). Prototypical depletion of 3 drugs in MPCC supernatants is shown
in Supplemental Figure 4.5.2. Drug clearance from in vitro MPCC data (and other models
below) was predicted using the drug half-life, scaling parameters and well-stirred model as
described in the ‘methods’ section. Predicted drug clearance rates in MPCCs with or without
incorporation of protein binding into the analysis are shown in Table 4.1. Clearance data in 2
donors (JNB and RTM) was acquired for all drugs except timolol, imipramine and diclofenac,
for which only a single donor was used due to PHH sourcing limitations. On average, with
protein binding correction, MPCCs predicted 31%, 58% and 69% of the drug clearance values
within 2-fold, 3-fold and 4-fold of in vivo clearance rates, respectively. When no protein binding
correction was incorporated, MPCCs predicted on average 62%, 73% and 77% within 2-fold, 3-
fold and 4-fold of in vivo clearance rates, respectively. We found that for compounds with in vivo
reported clearance values less than or equal to ~1 mL/min/kg, correction for protein binding
significantly improved MPCC predictive capacity, which is consistent with a previous study'®.
When utilizing a “mixed analysis” approach where correction for protein binding is only
incorporated for compounds with reported clearance rates less than or equal to 1 mL/min/kg (low
to very low turnover) and f,=1 for all other compounds, MPCCs predicted 73%, 92% and 96% of
the drug clearance values within 2-fold, 3-fold and 4-fold of in vivo clearance rates, respectively
(Table 4.1 and Figure 4.3). Additionally, MPCCs were able to correctly rank order analog drugs
based on predicted clearance rates (sumatriptan/zolmatriptan, methylprednisolone/prednisolone
and lorazepam/diazepam). Lastly, the predicted drug clearance values in MPCCs created from

two donors for drugs with clearance rates greater than 5 mL/min/kg (Figure 4.4A) and less than
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5 mL/min/kg (Figure 4.4B) were compared against each other using linear regression analysis.
Both donors provided similar predictions of drug clearance rates across all drugs (average
R?=0.94, slope=1.05) despite the functional differences observed in figures 4.1 and 4.2, and

supplemental figure 4.5.1.
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Table 4.1 Predicted clearance rates in MPCCs for 26 drugs. Donor 1 is the RTM lot.
Asterisks next to compound names indicate that Donor 2 was Hu4163, rather than JNB. N/A
indicates data are “not available” due to cell sourcing limitations. The in vivo PK parameters

were compiled from several sources including: "»!419-23
Predicted Clearance (mL/min/kg) in MPCCs
In Vivo Observed Pharmacokinetic Parameters
f.= reported literature values f.=1
Compound Known Routes of In Vivo CL f Donor | Donor Average Donor | Donor Average
Name Metabolism (mL/min/kg) " 1 2 g 1 2 g
Verapamil CYP3A4,2C9 19.5 0.10 6.79 6.86 6.83 17.36 17.41 17.39
Sumatriptan 19 0.83 12.36 13.74 13.05 13.29 14.60 13.95
Naloxone UGT2B7 18 0.54 14.45 14.52 14.49 16.87 16.92 16.90
Propranolol CYP2D6, 1A2 15.7 0.13 6.70 4.95 5.83 16.44 14.77 15.61
Metoprolol* CYP2D6 13 0.88 3.80 5.76 4.78 4.29 5.37 4.83
Triprolidine* 13 0.50 3.30 7.78 5.54 5.70 11.35 8.52
Desipramine* CYP%IE}%IAZ; 10.3 0.16 2.25 2.39 2.32 8.99 9.34 9.16
Timolol CYP2D6 10.1 0.90 5.39 N/A 5.39 5.82 N/A 5.82
Dextromethor CYP2D6, 3A4,
phan 1A2, 2C19 8.6 0.50 10.66 11.39 11.03 14.14 14.77 14.46
15.38
Omeprazole CYP2C19, 3A4 8.4 0.05 2.53 2.47 2.50 15.26 15.32
CYP2D6, 1A2,
Imipramine* 2C19, 3A4; 8 0.10 N/A 2.06 2.06 N/A 10.93 10.93
UGT1A4
Diclofenac CYP2C9 7.6 0.01 0.08 N/A 0.08 8.90 N/A 8.90
Zolmitriptan CYP1A2 6.7 0.75 1.94 3.01 2.48 2.51 3.83 3.17
Methylpredni CYP3A4 6.1 023 | 467 6.57 5.62 11.64 | 13.95 12.80
solone
Erythromycin CYP3A4 36 0.10 0.71 1.06 0.89 5.44 7.30 6.37
Ziprasidone CYP3A4 5.1 0.00 0.10 0.10 0.10 16.66 16.63 16.65
Betaxolol* 4.8 0.40 0.83 0.21 0.52 4.20 3.15 3.67
Prednisolone* CYP3A4 2.9 0.25 0.68 0.59 0.64 3.36 3.08 3.22
Furosemide* 1.7 0.01 0.03 0.04 0.04 2.51 2.74 2.63
Theophylline CYP1A2 1.1 0.41 0.34 0.26 0.30 0.81 0.62 0.72
Lorazepam UGT 1 0.09 0.46 0.43 0.45 4.15 3.97 4.06
Diazepam CYPZ&Z’ 142, 0.53 002 | 021 022 022 630 6.69 6.50
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Tolbutamide | CYP2C9,2C19 0.38 005 | 021 | 040 0.31 349 | 584 467
Naproxen CYP2C9, 1A2 0.19 001 | 018 | 049 0.34 975 | 1478 | 1227
Meloxicam |  CYP2C9,3A4 0.12 001 | 001 | 003 0.02 138 | 3.8 2.68
Warfarin* CYP2C9, 3A4 0.05 002 | 004 | 002 0.03 185 | 102 1.44
Within 2-fold 32% | 25% 31% 60% | 63% 62%

Within 3-fold as% | ssw | ssw | 0% | T | g3

Within 4-fold 64% | 71% 69% 76% | 79% 77%
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Figure 4.3 Correlation between drug clearance rates predicted in MPCCs and rates
reported in vivo. The predicted clearance rates shown here are averaged from data
obtained using two PHH donors in MPCCs for all drugs except timolol, imipramine and
diclofenac, for which only a single donor was used (see table 4.1). Hepatocyte donors
used were RTM (donor 1) and JNB or Hu4163 (donor 2). Open circles indicate
predictions within 2-fold of in vivo levels (dashed lines); open squares indicate
predictions within 3-fold (dotted lines); crosses indicate predictions within 4-fold; and
X’s indicate predictions greater than 4-fold (meloxicam). The solid line represents a
perfect correlation. (A) Correlation analysis for all 26 compounds tested in this study.
(B) Correlation analysis for a subset of compounds (in vivo reported clearance rates less
than or equal to 1 mL/min/kg), for which data appears in the solid box marked in the
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Figure 4.4 Correlation between drug clearance rates predicted in MPCCs created from two
PHH donors. Hepatocyte donors used were RTM (donor 1) and JNB or Hu4163 (donor 2). (A)
Comparison between two donors for compounds with reported in vivo clearance rates greater
than 5 mL/min/kg. (B) Comparison between two donors for compounds with reported in vivo
clearance rates less than 5 mL/min/kg.

4.3.3 Comparison of predicted drug clearance rates across different culture models

A subset of the drug set, 10 total drugs in particular across a wide range of in vivo
turnover rates (0.19-19.5 mL/min/kg), were also tested in conventional PHH monolayers (Table
4.2) and suspension PHH cultures (Table 4.3) created from one of the PHH donors (RTM)
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utilized for MPCCs in Table 4.1. Prototypical depletion of 3 drugs in supernatants of
conventional monolayers and suspension cultures is shown in Supplemental Figures 4.5.3 and
4.5.4, respectively. Conventional monolayers were useful for predicting clearance rates for 9 of
10 compounds, except for naproxen, which did not metabolize sufficiently in the monolayers to
make a clearance prediction. Without protein binding correction, monolayers predicted 50%,
60% and 80% and with protein binding correction, 10%, 20% and 20% within 2-fold, 3-fold and
4-fold of in vivo clearance rates, respectively. When utilizing the “mixed analysis” approach as
described above, monolayers predicted 40%, 40% and 50% of the clearance rates within 2-fold,
3-fold and 4-fold of in vivo clearance rates, respectively, which was in contrast to the data
obtained in MPCCs (80%, 100% and 100% within 2-fold, 3-fold and 4-fold, respectively). Most
of the clearance rates obtained from monolayers were 12-86% lower than those predicted using
MPCCs, with the exception of erythromycin (3% higher in monolayers relative to MPCCs) and
theophylline (26% higher). For suspension cultures, 70% of the drugs with in vivo clearance rates
of less than or equal to 6.1 mL/min/kg demonstrated little to no metabolism over the time course
of 4h. For the 3 compounds that demonstrated metabolism in suspension cultures (verapamil,
naloxone and timolol), clearance values were predicted within 3-fold of in vivo clearance values.
Overall, 20%, 30% and 30% of the drug clearance were predicted within 2-fold, 3-fold and 4-

fold of in vivo clearance rates, respectively, in suspension PHHs.
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Table 4.2 Predicted drug clearance rates in MPCCs as compared to conventional confluent
monolayers created using the same donor (RTM). MPCCs were stabilized for 7 days prior to
dosing with drugs for up to 7 days, while conventional monolayers were stabilized for 1 day
prior to dosing with drugs for up to 4 days. The ‘- indicates that the drug did not turnover
sufficiently in the model system to predict a clearance rate.

In Vivo Observed Pharmacokinetic Predicted Clearance (mlL/min/kg)
Parameter Values fu=reported literature fu=1
values
Compound Name (II:I'LI//::I’;’H/CI(I;) f. | MPCCs C&'Xﬁ:;’::l MPCCs C&'Xﬁ:;’::l
Verapamil 19.5 0.10 6.79 0.8 17.36 5.98
Naloxone 18 0.54 14.45 11.98 16.87 14.93
Timolol 10.1 0.90 5.39 0.95 5.82 1.05
Methylprednisolone 6.1 0.23 4.67 0.91 11.64 3.46
Erythromycin 5.6 0.10 0.71 0.73 5.44 5.59
Theophylline 1.1 0.41 0.34 0.43 0.81 1.02
Lorazepam 1 0.09 0.46 0.11 4.15 1.13
Diazepam 0.53 0.02 0.21 0.03 6.3 1.27
Tolbutamide 0.38 0.05 0.21 0.06 3.49 1.19
Naproxen 0.19 0.01 0.18 - 9.75 -

Within 2-fold 50% 10% 60% 50%
Within 3-fold 80% 20% 60% 60%
Within 4-fold 90% 20% 60% 80%

116



Table 4.3 Predicted drug clearance rates in MPCCs as compared to suspension cultures
created using the same donor (RTM). MPCCs were stabilized for 7 days prior to dosing with
drugs for up to 7 days, while suspension hepatocytes were used immediately following thawing
for up to 4 hours incubation with drugs. The ‘- indicates that the drug did not turnover
sufficiently in the model system to predict a clearance rate.

In Vivo Observed Pharmacokinetic Predicted Clearance (mL/min/kg)
Parameter Values fu=reported literature fi=1
values
Compound Name (f;'LI;gl)?nﬁ(Lg) fu MPCCs | Suspension MPCCs Suspension
Verapamil 19.5 0.10 6.79 1.23 17.36 8.03
Naloxone 18 0.54 14.45 11.12 16.87 14.19
Timolol 10.1 0.90 5.39 4.66 5.82 5.06
Methylprednisolone 6.1 0.23 4.67 - 11.64 -
Erythromycin 5.6 0.10 0.71 - 5.44 -
Theophylline 1.1 0.41 0.34 - 0.81 -
Lorazepam 1 0.09 0.46 - 4.15 -
Diazepam 0.53 0.02 0.21 - 6.3 -
Tolbutamide 0.38 0.05 0.21 - 3.49 -
Naproxen 0.19 0.01 0.18 - 9.75 -
Within 2-fold 50% 10% 60% 20%
Within 3-fold 80% 20% 60% 30%
Within 4-fold 90% 20% 60% 30%
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4.3.4 Effects of drug-drug interactions (DDI) on drug clearance rates

CYP3A4 activity was induced ~4 fold relative to vehicle control in MPCCs by a 3d
treatment with rifampin, or CYP3A4 was inhibited down to ~4% relative to vehicle controls by
an 18h treatment with ritonavir (data not shown). Inducing CYP3A4 levels by ~4 fold led to
significantly more turnover of midazolam (56.4% depletion in vehicle control vs. 99.8%
depletion in rifampin-treated cultures) over 24h of incubation (Figure 4.5A). On the other hand,
incubation with ritonavir significantly inhibited midazolam turnover (8.2% depletion) relative to

vehicle controls. When the turnover of midazolam over time was converted to predicted
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Figure 4.5 CYP3A4 drug-drug interaction studies in MPCCs. MPCCs created using donor lot
Hum4011 were stabilized for 7 days prior to being treated with vehicle only (dimethyl
sulfoxide), rifampin (3A4 inducer, 12.5 uM) for 3 days, or ritonavir (3A4 inhibitor, 0.5 uM) for
18 hours. The cultures were then dosed with 1 pM midazolam (3A4 substrate). (A) Midazolam
depletion in the supernatants of cultures treated with the aforementioned compounds. (B)
Predicted midazolam clearance rates from MPCCs treated with the aforementioned compounds.
Dashed line indicates the reported in vivo midazolam clearance rate of 8.7 mL/min/kg. Similar
trends were observed with a second donor, EJW (data not shown).

118



clearance rates, the vehicle control produced a rate within 2-fold of in vivo (vehicle control: 10.7
mL/min/kg, in vivo: 8.7 mL/min/kg), while rates in both induced and inhibited cultures were
outside the 2-fold window (induced: 18.5 mL/min/kg, inhibited: 2.3 mL/min/kg), albeit in
opposite directions as expected (Figure 4.5B).

When we inhibited CYP2D6 in MPCCs using quinidine, turnover of dextromethorphan
over a 96h incubation was significantly inhibited relative to vehicle control cultures (85%
turnover in vehicle controls vs. 13.5% turnover in inhibited cultures) (Figure 4.6A). Predicted
dextromethorphan clearance from the turnover data was within 2-fold of in vivo rates in vehicle
control cultures (vehicle control: 7.6 mL/min/kg, in vivo: 8.6 mL/min/kg), but outside 2-fold in
inhibited cultures (2.2 mL/min/kg) (Figure 4.6B). On the other hand, effects of quinidine-
mediated CYP2D6 inhibition were not as pronounced for desipramine turnover as for
dextromethorphan (Figure 4.6C-D). In particular, 68% of desipramine was depleted over 48h in
vehicle control cultures as opposed to 54% in inhibited cultures (Figure 4.6C). Such turnover
corresponded to predicted desipramine clearance rates within 2-fold of in vivo values for both
vehicle control and quinidine-inhibited cultures (vehicle control: 8.5 mL/min/kg, quinidine-

inhibited: 6.6 mL/min/kg, in vivo: 10.3 mL/min/kg) (Figure 4.6D).
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Figure 4.6 CYP2D6 drug-drug interaction studies in MPCCs. MPCCs created using donor lot
Hum4011 were stabilized for 7 days prior to being treated with vehicle only (dimethyl sulfoxide)
or quinidine (2D6 inhibitor, 4 uM) for 18 hours. The cultures were then dosed with 1 uM
desipramine or dextromethorphan (2D6 substrates). (A) Dextromethorphan depletion in the
supernatants of cultures treated with the aforementioned compounds. (B) Predicted
dextromethorphan clearance rates from MPCCs treated with the aforementioned compounds.
Dashed line indicates the reported in vivo dextromethorphan clearance rate of 8.6 mL/min/kg.
(C) Desipramine depletion in the supernatants of cultures treated with the aforementioned
compounds. (D) Predicted desipramine clearance rates from MPCCs treated with the
aforementioned compounds. Dashed line indicates the reported in vivo despiramine clearance
rate of 10.3 mL/min/kg. Similar trends were observed with a second donor, EJW (data not
shown).

4.4 Discussion
Prediction of in vivo human drug clearance using in vitro hepatic clearance can help
identify compounds with poor pharmacokinetic characteristics. An ideal hepatocyte culture

platform for such purposes uses as few limited PHHs as possible in a reproducible/miniaturized
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format; maintains high levels of drug metabolism enzymes (DMEs) with proper hepatocyte
polarity to allow incubations with drugs that interact with multiple pathways; is compatible with
multiple cryopreserved PHH donors for on-demand screening; and, can be used to predict
clearance of compounds with a wide range of turnover rates, including slowly metabolized
compounds. Additionally, the ability to interrogate effects of drug incubations on PHH enzyme
levels and subsequently victim drug disposition is important for modeling clinical DDIs'?.
Towards approximating such features, we show that MPCCs created in a 96-well plate format
display high levels of CYP and phase-II activities for ~4 weeks. Such activities coupled with the
ability to dose drugs for 7d without a medium change led to better overall prediction of drug
clearance rates than with suspension cultures or conventional monolayers created from the same
donor. Finally, modulating CYP activities via perpetrator drugs altered the clearance of victim
drugs in MPCCs.

We quantified albumin secretion, urea synthesis and enzyme activities over several weeks
in MPCCs created from two cryopreserved PHH donors. The fibroblasts used in MPCCs do not
metabolize drugs that primarily undergo hepatic metabolism!!!*. Albumin and urea secretion
rates in MPCCs were relatively stable across both donors for 3-4 weeks. CYP1A2, 2C9, 2D6,
glucuronidation/sulfation activities were relatively stable between 1 and 4 weeks of culture
across both donors; however, CYP3A4 declined by ~40% in one donor. We also measured the
activities of CYP2A6, 2B6, 2C8, 2C19 and 2E1 in a single donor. CYP2A6 and 2B6 were
relatively stable for ~3 weeks; 2C19 activity was relatively stable for ~2 weeks; and, CYP2E1
levels showed a decline between 1 and 4 weeks of culture. Nonetheless, activities of all major

enzymes tested were detected for ~4 weeks in MPCCs with good stability for 2-3 weeks for most
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CYPs. Culture medium formulations that can improve the stability of all major CYPs in MPCCs
for at least 4 weeks should prove useful for drug dosing at later time points.

The 26 drugs chosen span a larger range of in vivo turnover rates (0.05-19.5 mL/min/kg)
than previously tested in MPCCs'#. These drugs can undergo metabolism via CYPs (i.e.
tolbutamide, diclofenac) and phase II enzymes (naloxone, diazepam), while some are transporter
substrates (i.e. triprolidine, desipramine)*"?*. The well-stirred model was used to predict
clearance from drug depletion in supernatants, an approach well suited for screening large
numbers of compounds. Marginal differences have been observed across well-stirred, parallel-
tube and dispersion models for clearance prediction, except for very high turnover compounds®.
However, the well-stirred model produced good predictions for the high turnover compounds
here. On average across two donors, MPCCs predicted 19 of 26 compounds (73%) within 2-fold
of the known in vivo clearance rates, 24 of 26 compounds (92%) within 3-fold, and 25 of 26
compounds (96%) within 4-fold, with meloxicam’s predicted clearance rate at a 6-fold deviation.
In another study with MPCCs and in another engineered liver platform, meloxicam was under-
predicted and its turnover was highly dependent on the donor!#2°,

The accuracy of predicted clearance rates for high and medium turnover compounds was
improved when not incorporating plasma protein binding, as also observed previously*?*. On the
other hand, MPCCs metabolized low turnover drugs (less than or equal to 1 mL/min/kg)
significantly faster in the serum-free medium than in vivo, and thus use of reported f, values
significantly improved the accuracy of clearance predictions, as also observed previously?’-%,
While the mechanism is not known, others have speculated that since slowly metabolized

compounds have more time to bind to proteins in vivo than higher turnover compounds, the

unbound fraction available for metabolism for slowly metabolized compounds may be lower
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than for higher turnover compounds?’. Therefore, incorporation of protein binding correction in
the analysis for low turnover compounds becomes important for more accurate clearance
predictions. It is possible that inclusion of human albumin, alpha-1 acid glycoprotein and
lipoproteins in culture medium at concentrations found in human blood may allow a consistent
analysis scheme for the entire range of drug turnover rates*".

The predicted drug clearance rates across two PHH donors used in MPCCs were strongly
correlated (average R?=0.94, slope=1.05) despite differences in CYP activities. Furthermore, in
comparison to another study that tested 7 of the 26 compounds used here with the same two
donors in MPCCs'*, we found good agreement with the rank ordering of drugs by their predicted
clearance rates, thereby showing the reproducibility of the platform. With their use of individual
PHH donors and ~40-50% fewer cells for seeding as compared to suspension and conventional
confluent cultures, MPCCs can be used with limited donor lots for a larger number (~2-3 fold) of
screening studies. Pooled plateable PHH lots could provide an “average” human response in
plated culture formats; however, plating efficiencies need to be uniform across the various PHH
donor lots to ensure that monolayers are composed of similar numbers of each donor’s PHHs.
Nonetheless, individual PHH lots with specific polymorphisms can provide useful information
on population-specific differences in drug clearance.

Suspension PHHs, created from the same donor as that used in MPCCs, did not
sufficiently deplete medium and low turnover drugs (7 of 10) within 4h to allow prediction of
clearance rates, while clearance rates of higher turnover drugs were predicted within 2-3 fold of
in vivo levels. Thus, while single donors can be used in MPCCs, carefully selected 10+ donor
pooled lots along with the relay method are necessary to use suspension PHHs for prediction of

medium and low turnover compounds®. On the other hand, conventional PHH monolayers

123



predicted the clearance rates for 9 of 10 drugs. Even though conventional monolayers display a
rapid decline in functionality within the first 4-24 hours'?, continued metabolism of some low
turnover compounds (i.e. diazepam) was observed over 4d . Naproxen, however, did not turnover
in conventional monolayers even after 4d of incubation even though it was depleted within 3d in
MPCCs, which contained ~10-fold fewer PHHs. Overall, conventional monolayers predicted
40%, 40% and 50% of the compounds within 2-, 3- and 4-fold of in vivo turnover rates,
respectively, whereas MPCCs predicted 80% and 100% within 2- and 3-fold, respectively.
Furthermore, conventional monolayers predicted lower clearance rates than in MPCCs for 8 of
10 drugs, likely due to the lower enzyme activity per cell in confluent monolayers!!.

The short lifetime (<7d) of conventional PHH monolayers coupled with a significant
decline in CYP activities limits their utility in evaluating effects of CYP modulation on drug
disposition, especially for those CYPs (i.e. 2D6) that are not as abundant as 3A4'2. Here, we
hypothesized that the greater longevity and higher functionality of MPCCs could help mitigate
such a limitation. Inducing CYP3A4 in MPCCs via rifampin for 3d led to a ~73% increase in
subsequent midazolam clearance, while inhibiting CYP3A4 via ritonavir for 18h led to a ~79%
decrease in midazolam clearance relative to vehicle controls. The ~1.7 fold increase in
midazolam clearance in MPCCs with rifampin pre-treatment is in line with ~2 fold increase
observed in the clinic, albeit patients in the clinic were pre-treated with rifampin for 7d*!.
Furthermore, our use of serum with inducers in MPCC culture medium coupled with higher
baseline CYP activities typically leads to lower fold induction values (2-8 fold) than can be
observed with declining conventional monolayers incubated with inducers in serum-free medium
(up to 80-100 fold)**34. Inhibition of CYP2D6 via quinidine led to ~71% and ~22% reduction in

clearance of dextromethorphan and desipramine, respectively, relative to controls. Such a
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difference across the compounds highlights the need for evaluating effects of DDI on drug
clearance in vitro.

Incorporation of liver stromal cells in MPCCs may allow prediction of drug clearance
rates under disease perturbations such as fibrosis and inflammation®. Furthermore,
miniaturization into a 384-well format should enable higher-throughput screening in MPCCs. In
conclusion, we show that MPCCs with cryopreserved PHHs can predict the clearance rates of
drugs with a wide range of in vivo turnover rates, including slowly metabolized drugs. The
accuracy of drug clearance prediction in MPCCs was significantly better than that observed in
suspension and conventional monolayers created from the same donor. Furthermore, the
longevity of MPCCs allowed evaluation of the effects of DDI on drug clearance, which should

prove useful for better modeling clinical scenarios.
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4.5 Supplemental Figures

Table 4.5.1 Demographics and available medical histories of the primary human hepatocyte
donor lots used for in vitro experiments.

Lot (Vendor) Age | Ethnicity | Sex Cause of Death Medical History
JNB 19 | Caucasian | F IC Bleed; Secondary | No alcohol, tobacco
(BioreclamationIVT) to ICH/Stroke or drug use; Lupus
Hum4011 (Triangle 26 | Caucasian | M Cardiovascular No alcohol, tobacco
Research Labs) or drug use
Alcohol, tobacco and
EJW 29 | Caucasian | F Cardiovascular; 2nd | drug use; Borderline
(BioreclamationIVT) to Natural Causes HTN, Type I
Diabetes, UTI
. Tobacco use;
Hu4163 (L.lfe 57 | Caucasian | F Anoxia Clonipine and
Technologies) .
synthroid use
No alcohol, tobacco
or drug use; Cardiac
RTM 61 | Caucasian | F Anoxia; Secondary arrest, C1-C2
(BioreclamationIVT) to Cardiovascular fracture,
Diverticulitis, GIRD,
Hypothyroidism
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Table 4.5.2 Compounds used for in vitro CYP450 profiling studies. All substrates were
reconstituted in dimethyl sulfoxide (DMSO) and incubated on RTM and/or JNB cultures at
indicated concentrations for 1h except for CYP2C9-glo, which was incubated for 3h. The
supernatants were then collected and stored at -80°C prior to LC-MS/MS or luminescence

analysis.

Enzyme Conc(;r;\t/lr)ation Substrate Metabolites
1A2 100 Phenacetin Acetaminophen
2A6 50 Coumarin 7-OH-coumarin
2B6 500 Bupropion OH-bupropion
2C8 30 Paclitaxel 60-OH-paclitaxel
2C9 50 Tolbutamide 4-OH-tolbutamide
2C9 100 Diclofenac 4-OH-diclofenac
2C9 100 CYP2C9-glo Luciferin
2C19 100 S-mephenytoin 4-OH-S-mephenytoin
2D6 16 Dextromethorphan Dextrorphan
2FE1 300 Chlorzoxazone 6-OH-chlorzoxazone
3A4 200 Testosterone 6p-OH-testosterone

Metabolism 50 TOH-coumarin | 7S i st
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Figure 4.5.1 Functional characterization of MPCCs created using the JNB cryopreserved
PHH donor. (A) Phase contrast micrographs of patterned PHHs on the day of seeding prior to
seeding of the 3T3-J2 murine embryonic fibroblasts (left) and 10d in co-culture (right). Cultures
showed similar hepatic morphology for at least 4 weeks (not shown). (B-C) Albumin and urea
secretion rates in MPCCs over time in culture. (D-E) Quantification of CYP-generated
metabolites from MPCCs. CYP, probe substrate, metabolite measured: 1 A2, phenacetin,
acetaminophen; 2C9, diclofenac; 4-OH-diclofenac; 2D6, dextromethorphan, dextrorphan; 3A4,
testosterone, 6b-OH-testosterone. (F) Production rates of glucuronide and sulfate metabolites of
7-hydroxycoumarin from MPCCs. Error bars represent standard errors of the means (n=3).
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Figure 4.5.2 Substrate depletion in MPCCs created using the RTM cryopreserved PHH
donor. (A) Verapamil (high-turnover), (B) erythromycin (medium-turnover), and (C) naproxen
(low-turnover) depletion in MPCC:s.
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Figure 4.5.3 Substrate depletion in conventional monolayers created using the RTM
cryopreserved PHH donor. (A) Verapamil (high-turnover), (B) methylprednisolone (medium-
turnover), and (C) diazepam (low-turnover) depletion in conventional monolayers.
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Figure 4.5.4 Substrate depletion in suspension cultures created using the RTM
cryopreserved PHH donor. (A) Verapamil (B) naloxone (high-turnover) depletion in
suspension cultures. (C) Erythromycin (medium-turnover) did not demonstrate metabolism in
suspension cultures.
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Chapter 5

Microengineered co-cultures of primary human hepatocytes and Kupffer cells for

investigating drug-induced liver injury’

Summary

Drug-induced liver injury (DILI) is the leading cause of drug attrition and acute liver
failures in the US. Given species-specific differences in liver pathways, in vitro models of
primary human hepatocytes (PHHs) are the gold standard for evaluating drug disposition.
However, PHH monolayers display a rapid decline in hepatic functions and lack Kupffer cells
(KCs) that are known to modulate hepatocyte responses to drugs. Thus, we established and
characterized an in vitro platform that can keep both cryopreserved PHHs and KCs highly
functional for several weeks, allowing modeling of inflammation effects on drug toxicity.
Human KCs were seeded at physiologically-relevant ratios into micropatterned co-cultures
(MPCC) containing PHHs and 3T3-J2 murine embryonic fibroblasts. While the addition of
unstimulated KCs to MPCCs did not cause significant changes in hepatic functions, stimulation
with bacterial lipopolysaccharide (LPS) for ~24 hours caused an upregulation of pro-
inflammatory cytokines. These effects were verified in cultures where PHHs and KCs were
obtained from the same human donor and from different donors. Modulation of hepatic
functionality by a panel of 23 drugs was evaluated in MPCCs with a low KC density (normal) or

a high KC density stimulated with LPS (inflamed). For 35% of the toxins, the inflamed model

3 A manuscript similar to the work described in this chapter is in preparation and will be
submitted for publication shortly.
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demonstrated a more pronounced decrease in hepatic functionality compared to the normal
model while differences between the two models were insignificant for non-toxins. Therefore,
we have established an in vitro liver model with both PHHs and KCs that can be used for

evaluating the effects of inflammatory stimuli on drug exposure.

5.1 Introduction

Drug-induced liver injury (DILI) is a leading cause of drug attrition and acute liver
failures in the US!. Although some incidences of DILI can be assessed in preclinical animal
studies or early clinical trials, other DILI reactions are termed idiosyncratic because they occur
in a small percentage of the population and are not dose-dependent and thus, are less predictable.
There are multiple reasons that an individual will react poorly to a drug. One hypothesized cause
is that inflammation can sensitize the liver tissue, thus reducing the threshold for liver injury'=.
Additionally, elevated levels of pro-inflammatory cytokines, such as interleukin 6 (IL-6) and
tumor necrosis factor o (TNF-a)), can modulate drug metabolism enzymes in the liver (i.e.
cytochrome P450s or CYP450s), thereby leading to altered drug disposition in disease-drug
interactions*. Although the effects of individual cytokines on some CYP450 enzymes and
transporters is well documented®, the complete mechanisms of how inflammation affects drug
disposition are not well defined. Some compounds may also disturb the redox balance and
induce generation of reactive oxygen species (ROS), leading to oxidative stress, while other
compounds can form metabolites that can react with proteins to form haptens, which can be
identified by immune cells, causing sensitizing reactions®. Other factors that may be implicated
in idiosyncratic DILI include metabolic polymorphisms, physiochemical properties of the drug,
immunogenicity, environmental factors, and genetics. The incomplete molecular understanding

of idiosyncratic DILI is partly due to a lack of models in which to study idiosyncratic DILI early

137



in the drug development process. Understanding the mechanisms underlying idiosyncratic DILI
is important because hepatic injury can develop quickly and become life-threatening prior to the
appearance of any physical symptoms™’.

Kupffer cells (KCs) are the primary macrophage population in the liver and play
important roles in maintaining liver function by acting as scavenger cells to clear cell debris,
macromolecules, and proteins from the circulating blood®. Exposure to high concentrations of
such factors can lead to KC activation and the subsequent induction of inflammatory mediators
such as cytokines, prostaglandins, leukotrienes, ROS, platelet activating factors, and nitric oxide,
which can lead to enhanced liver sensitivity and affect a variety of hepatic functions. Thus, to
study the mechanisms of how inflammatory mediators affect hepatocellular injury during
idiosyncratic DILI, it is important to incorporate KCs into in vitro liver models for drug testing.
Most protocols for KC isolation require sophisticated equipment and techniques so it has only
been recently that cryopreserved KCs have been commercially available and thus, drug studies
that utilize co-cultures of primary human hepatocytes (PHHs) and KCs are limited®’.

One such study established PHH and KC co-cultures in the micropatterned co-culture
(MPCC) format to assess the impact of cytokines and cytokine modulators on co-cultures and
hepatocyte-only control cultures'’. MPCCs of PHHs and supportive murine embryonic 3T3-J2
fibroblasts have been previously demonstrated to keep PHHs functioning at high levels for
multiple weeks, allowing for long-term drug studies'''?. Nguyen et al. showed that cytokines
that are used as therapeutic proteins can alter the expression levels of CYP450s, transporters, and
acute-phase proteins in hepatocytes. Although PHHs and KCs were co-cultured allowing for
direct cell-to-cell contact, cells from mismatched human donors were utilized, it is unclear if

3T3-J2s were necessary to support PHH-KC co-cultures, and the model was not validated using
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a panel of drugs that have demonstrated clinical evidence of increased hepatotoxicity in the
presence of an inflamed liver. In a study by Cosgrove et al, synergistic effects between drugs and
cytokines were observed for 19% of the hepatotoxins tested in human hepatocyte cultures
without the use of KCs'?. While this platform is useful to initially screen for candidate
idiosyncratic drugs, it is unclear whether such a model would allow for mechanistic insights into
the cause for toxicity as it lacks KCs and drug dosing was limited to 48 hours. Furthermore,
clinical drug and cytokine exposure can be cyclical in vivo, which is difficult to recapitulate in
such a short-term model.

Thus, to investigate the role primary human KCs play in idiosyncratic DILI, we utilized
the MPCC-KC model that Nguyen et al used since this model kept both PHHs and KCs highly
functional for several weeks in vitro'°. First, we assessed whether co-culturing with 3T3-J2
fibroblasts was required to stabilize PHH-KC co-cultures or if KCs alone could stabilize PHHs.
We then characterized both PHHs and KCs in the MPCC platform to determine whether utilizing
PHHs and KCs from mismatched human donors resulted in significant functional differences of
either cell type compared to using cells from matched donors. Next, we evaluated the effects
lipopolysaccharide (LPS)-activated KCs had on hepatic functionality and toxicity over a dosing
period of 6-8 days using a panel of 23 drugs. Finally, we took a subset of 7 drugs: 4 drugs for
which inflammation exacerbated hepatotoxicity (chlorpromazine, clozapine, mexiletine, and
trovafloxacin) and 3 non-toxins (aspirin, buspirone, and levofloxacin), to assess whether dosing
with exogenous pro-inflammatory cytokines as Cosgrove et al demonstrated resulted in similar

drug responses compared to activated KCs in the model'*.
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5.2 Materials and methods
5.2.1 Cell processing

Cryopreserved PHHs were purchased from vendors permitted to sell products derived
from human organs procured in the United States by federally designated Organ Procurement
Organizations (BioreclamationIVT, Baltimore, MD; Triangle Research Laboratories, Research
Triangle Park, NC). Information (lot classifier, age, sex, ethnicity, cause of death, available
medical history) on the PHH lots utilized in this paper is provided in Table 5.1. PHHs were
processed as previously described!?. Briefly, the cells were thawed at 37°C for 120 seconds and
transferred into pre-warmed cell seeding medium, the formulation of which has been described
previously'?. The cells were then spun at 50xg for 10 minutes, the supernatant was discarded,
and the cells were re-suspended in hepatocyte seeding medium prior to assessment of viability
using trypan blue exclusion (typically 80-95%). Liver-derived non-parenchymal cells were
consistently found to be less than 1% of all the cells.

Cryopreserved KCs were obtained from BioreclamationIVT (Baltimore, MD). Donor
information is provided in Table 5.1 where available. KCs were thawed at 37°C for 120 seconds
and transferred into cell seeding medium at ~23°C without glucocorticosteroids, as
glucocorticosteroids can inhibit LPS-induced responses'#. The cells were then spun at 800xg for
5 minutes, the supernatant discarded, and the cells were re-suspended in seeding medium prior to

the assessment of viability using trypan blue exclusion (typically 80-95%).
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Table 5.1 Demographics and available medical histories of the primary human hepatocyte
and Kupffer cell donor lots used for the in vitro experiments. NA indicates that data is not

available.

Lot
Identifier
(Vendor)

Cell Type

Ethnicity

Sex

Cause
of
Death

Medical
History

Abbreviation
in Paper

IQV

Kupffer
cell

NA

NA

NA

NA

SSX

Kupffer
cell

NA

NA

NA

NA

LCU

Kupffer
cell

THM

Hepatocyte

80
yr

Cardio
vascul
ar
arrest

No ETOH,
tobacco, or drug
use;
Hysterectomy,
prolapsed uterus
X Syrs; anxiety;
arthritis in neck,
legs, ankles;
broken femur
w/pins;
hypertension,;
depression;
COPD; stroke;
Toxo I1gG+;
EBV-positive;
Meds: Natural
supplements,
cayenne pepper,
chia seeds,
vitamin B
injection,
anxiety meds,
Lotrel, Atenolol,
Lorazepam,
Paxil

KC1

PHHI

HSS

Kupffer
cell

JLP

Hepatocyte

10

AA

Anoxia

No ETOH,
tobacco, or drug
use; No medical

history

KC2

PHH2

Hum
4055A

Hepatocyte

54
yr

Stroke

1 wine/day; No
drug or tobacco
use; CMV+,
EBV+

Hum

Hepatocyte

4016

46

Anoxia

No drug, alcohol
or tobacco use
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5.2.2 Creation of micropatterned cultures

Micropatterned hepatocytes (MPHs) were created as previously described!’. Briefly, type
I rat-tail collagen at a concentration of 25 pg/mL in ddH>O was adsorbed to industry-standard
24-well or 96-well tissue culture-treated polystyrene (TCPS) plates and lithographically-
patterned using a polydimethylsiloxane mask to create 500-um diameter circular domains with a
center-to-center spacing of 1200-um. PHHs that were processed as described above selectively
attached to the collagen domains, leaving ~5,000 or ~30,000 attached PHHs within each well of
a 96-well plate or 24-well plate, respectively. To create micropatterned hepatocytes with Kupffer
cells (MPH-KCs), KCs were processed as described above and seeded at a density of 200,000
cells per well in a 24-well plate format 18 to 24 hours after seeding the PHHs.

To create MPCCs, 3T3-J2 murine embryonic fibroblasts were seeded at ~15,000 and
~90,000 cells per well in 96-well and 24-well formats, respectively, 18 to 24 hours after seeding
of the PHHs'!. To create MPCCs with KCs (MPCC-KCs), MPCCs were stabilized for ~1 week
prior to KC seeding. KCs were seeded at physiologically-relevant ratios of 10 PHHs:1 KC
(normal state) or 10 PHHs:4 KCs (inflamed state)'%!¢. To activate the KCs in the inflamed
conditions, 50 ng/mL or 1 pg/mL of LPS was added to the cultures for 24 hours for
characterization studies or continuously for drug dosing studies, respectively. To assess whether
culturing PHHs and KCs from the same donor resulted in variable functionality of either cell
type compared to culturing donor-mismatched cells, PHHs and KCs from the same donor or
different donors (as indicated in Table 5.1) were obtained and seeded as described above prior to
the assessment of functionality with and without 50 ng/mL of LPS stimulation. Serum-
supplemented culture medium, the formulation of which has been described previously, was

replaced on the cultures every 2 days!”.
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5.2.3 Drug and cytokine treatments

MPCCs were stabilized for approximately 1 week prior to KC seeding as described
above. MPCC-KCs were stabilized for an additional 2 days prior to drug dosing. A panel of 23
drugs consisting of 20 known hepatotoxins (herein referred to as toxins) and 3 non-liver-toxins
(herein referred to a non-toxins) were incubated on cultures at a single concentration between 10
and 100xCmax (Table 5.2)'%. All drugs were purchased from Sigma-Aldrich (St. Louis, MO),
reconstituted in dimethyl sulfoxide (DMSO), and further diluted in serum-free culture medium
comprising of Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich), 15 mM HEPES
buffer (Corning Cellgro, Manassas, VA), 1% vol/vol ITS+ supplement (Corning Life Sciences,
Tewksbury, MA), 1% vol/vol penicillin-streptomycin (Corning Cellgro), and 100 nM glucagon
(Sigma-Aldrich). Although glucocorticosteroids such as hydrocortisone and dexamethasone are
commonly used for in vitro hepatocyte maintenance, they were omitted from the medium
formulation since they can suppress LPS-induced activation of the KCs'*. The normal cultures
with a low KC density (10 PHHs:1 KC) were treated with the 23 drugs or the DMSO-only
controls without LPS stimulation in the serum-free dosing medium. The inflamed MPCC-KC
cultures with a high KC density (10 PHHs:4 KCs) were concurrently treated with 1 pg/mL LPS
and each of the 23 drugs or the DMSO control with LPS in the serum-free dosing medium.
Culture medium, drug, and LPS (in the inflamed cultures) were replaced every other day for 6-8
days. The DMSO concentration that the cultures were exposed to was kept between 0.1% and
0.5% (vol/vol) relative to the culture medium for all compounds and control cultures were
treated with DMSO at corresponding concentrations. Cell culture supernatant was collected
every other day for the assessment of alanine aminotransferase (ALT), lactate dehydrogenase

(LDH), albumin, and urea secretion levels.
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To assess if the presence of activated KCs could be recapitulated with the treatment of
cultures with recombinant cytokines known to be secreted by KCs, MPCCs without KCs were
simultaneously treated with a subset of 7 drugs and 10 pg/mL LPS, 100 ng/mL IFNy, 20 ng/mL
IL-1a, 20 ng/mL IL-6, and 100 ng/mL TNF-a; however, such a cytokine cocktail at the specified
doses caused overt toxicity in the hepatocytes' (data not shown). Thus, the experiment was
repeated and instead, cultures were treated with a subset of cytokines at lower doses chosen
based on previously-obtained empirical data: 1 pg/mL LPS, 10 pg/mL TNF-a, and 600 pg/mL
IL-6. MPCCs were treated every other day simultaneously with both the drug of interest and the

cytokine mixture.
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Table 5.2 Drugs used for toxicity experiments. The Cmax, Cmax used to treat the cultures,
and percentage of DMSO used for each drug are specified.

Concentration % DMSO
Drug Cmax [uM] [xCmax] used
Diclofenac 8.032 25 0.1
Nortriptyline 0.122 50 0.1
Mebendazole 0.126 50 0.1
Nefazodone 0.859 25 0.1
Tamoxifen 0.162 25 0.1
Riluzole 1.652 50 0.1
Sulindac 31.986 50 0.2
Troglitazone 6.387 10 0.1
Ranitidine 1.425 50 0.1
Acetaminophen 151.177 25 0.1
Amiodarone 0.806 25 0.1
Trazodone 5.065 50 0.1
Bromfenac 16.4 50 0.2
Quinine 9.254 10 1
Phenacetin 13.401 75 1
Clarithromycin 3.34 50 0.2
Chlorpromazine 0.844 25 0.1
Clozapine 0.951 50 0.1
Mexiletine 3.18 50 0.1
Trovafloxacin 4.078 25 1
Aspirin 5.526 50 0.1
Buspirone 0.005 50 0.1
Levofloxacin 15.773 50 1

5.2.4 Hepatocyte functionality and toxicity assays

Cell viability was assessed using PrestoBlue (Life Technologies, Carlsbad, CA)
following the manufacturer’s protocol. Alanine aminotransferase (ALT) levels in the supernatant
were assessed using a commercially-available colorimetric assay (Biovision, Milpitas, CA).
Briefly, supernatant was collected and immediately processed according to the manufacturer’s
protocols and absorbance was obtained after 10 minutes and 1 hour of incubation. The difference
in absorbance values was plotted against the standard curve to determine the amount of ALT
activity. Secreted lactate dehydrogenase (LDH) was assessed using a colorimetric assay from
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Pierce Biotechnology (Rockford, IL). Albumin levels were measured using an enzyme-linked
immunosorbent assay (MP Biomedicals, Irvine, CA) with horseradish peroxidase detection and
3,3’,5,5’-tetramethylbenzidine (TMB, Fitzgerald Industries, Concord, MA) as the substrate. Urea
concentration in supernatants was assessed using a colorimetric endpoint assay utilizing diacetyl
monoxime with acid and heat (Stanbio Labs, Boerne, TX). CYP3A4 activity in the cultures was
measured using a luminescence-based assay by Promega (Madison, WI). Following incubation
for 1 hour with the CYP3A4-glo substrate, luciferin-IPA, culture supernatants were processed
according to manufacturer instructions and luminescence was measured. Absorbance and
luminescence readings for the above-mentioned assays were obtained using a luminometer

(BioTek, Winooski, VT).

5.2.5 Kupffer cell functionality assays

After stimulation of KC-only or MPCC-KC cultures with 50 ng/mL of LPS for 18-24
hours, IL-6 and TNF-a levels in supernatants were assessed using commercially-available
ELISA kits (R&D Systems, Minneapolis, MN) (Saad et al., 1995). Bioparticle uptake was
utilized to assess the presence, location, and phagocytic ability of the KCs. PHrodo red S. aureus
bioparticles (Life Technologies, Eugene, OR) were added to the wells at 1 mg/mL, incubated at
37°C for 30 minutes, rinsed 3 times with 1X phosphate buffered saline (PBS), and imaged using
a red fluorescent protein (RFP) light cube (excitation/emission: 560/585 nm) on an EVOS FL

Imaging System (Life Technologies).

5.2.6 Data analysis
Each experiment was carried out twice with at least duplicate wells for each condition.

Multiple PHH and KC donor lots (Table 5.1) were used to confirm trends. Data from
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representative experiments are presented, whereas similar trends were observed in repeat
experiments. Microsoft Excel and GraphPad Prism 7.0 (La Jolla, CA) were used for data analysis
and graphing. For the drug dosing studies, albumin and urea data were normalized to the
appropriate DMSO control. Error bars on graphs represent standard errors of the means.
Statistical significance of the data was determined using Student’s #-test or one-way ANOVA

coupled with Tukey’s post-hoc analysis (p<0.05).

5.3 Results
5.3.1 Engineering a culture platform to stabilize both PHHs and KCs

Micropatterned hepatocytes (MPHs) were established without KCs or with 200,000 KCs
per well (MPH+KCs) to assess if KCs alone could help stabilize hepatocyte morphology and
functionality as compared to micropatterned co-cultures of hepatocytes and 3T3-J2 fibroblasts
(MPCCs). Culture supernatant was collected every other day for the assessment of albumin and
urea secretion levels while CYP3A4 activity was assessed on days 7 and 15. MPH+KCs did not
help sustain albumin (Figure 5.1A) or urea (Figure 5.1B) secretion levels relative to MPH
controls. Albumin levels for both MPHs and MPH+KCs were consistently at less than 7% of
levels observed in MPCCs, whereas urea levels were initially similar to MPCCs, but declined
quickly by day 5 of culture to less than 50% of the levels observed in MPCCs. CYP3A4 activity
on both days 7 and 15 in MPH+KCs were lower than those in MPHs alone, while activity in both
MPH-+KCs and MPHs was lower than in MPCCs (Figure 5.1C). On day 7, CYP3A4 activities in
MPHs and MPH+KCs were ~50% and ~7% of activity in MPCCs, respectively. By day 15,
CYP3A4 activity increased in MPCCs and activity in MPHs dropped to ~14% of MPCCs while

activity in MPH-KCs remained at ~7% of MPCCs. Phase contrast images of MPHs, MPH+KC:s,
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and MPCCs on day 8 of culture are shown in Figure 5.1D. Unlike the 3T3-J2s in MPCCs, KCs
do not fill in around the hepatocyte islands and thus, do not facilitate controlled homotypic and

heterotypic cell-cell interactions.
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Figure 5.1 Kupffer cells (KCs) alone cannot help sustain the phenotype of micropatterned
hepatocytes (MPHs). (A) Albumin secretion and (B) urea secretion levels in micropatterned co-
cultures (MPCCs) of hepatocytes and 3T3-J2s. (C) CYP3A4 activity levels for the 3 conditions
were assessed on days 7 and 15. (D) Phase contrast images of the 3 model types on day 8 of
culture are shown.

5.3.2 Non-activated KCs do not negatively impact hepatocyte functionality in MPCCs

To verify that KCs do not affect hepatic functionality, MPCC-KCs were established at a
ratio of 10 PHH:4 KCs and functions were compared to those measured in MPCC controls. The
schematic in Figure 5.2A depicts an overview for creating MPCC-KCs. Phase contrast images
from day 9 of culture are shown in Figure 5.2B with MPCC-only cultures on the left and

MPCC-KC cultures on the right. Additionally, a bioparticle uptake assay was performed in
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MPCC-only controls (left) and MPCC-KCs (right) on day 20 to confirm the presence, location,

and phagocytic ability of KCs (Figure 5.2C).

A
==
Micropatterned Micropatterned Micropatterned Co-culture
Hepatocytes Co-culture with Kupffer Macrophages

C

Figure 5.2 Micropatterned co-cultures with Kupffer cells (MPCC-KCs). (A) The creation of
MPCC-KCs starts with collagen coating and patterning industry-standard tissue culture plates.
Primary human hepatocytes (PHHs) attach to the collagen domains while 3T3-J2 fibroblasts
seeded 18-24 hours post hepatocyte seeding attach to the areas surrounding the PHH islands.
MPCC:s are then stabilized for approximately 1 week prior to KC seeding. (B) Phase contrast
images of MPCCs (left) and MPCC-KCs (right) on day 9 of culture are shown. (C) The
bioparticle uptake assay performed on day 20 of culture demonstrates that KCs are present and
functioning.

Culture supernatant was collected every other day for 19 days for the assessment of
albumin and urea secretion levels. The secretion of albumin and urea between non LPS-
stimulated MPCC-only cultures and MPCC-KCs were similar as shown in Figures 5.3A and
5.3B. TNF-a (Figure 5.3C) and IL-6 (Figure 5.3D) secretion levels in the supernatant were
assessed on days 9, 12, 17, and 20 after MPCCs and MPCC-KCs were stimulated with 50 ng/mL
of LPS on days 8, 11, 16, and 19 for 24 hours. MPCC-only cultures did not secrete TNF-a and
showed low levels (<50 pg/mL) of IL-6, whereas MPCC-KC cultures displayed ~6 to 20-fold

higher levels of both TNF-a (~0-10 pg/mL) and IL-6 (~50-350 pg/mL). KC endotoxin tolerance
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was observed where the LPS stimulations on days 11 and 19 resulted in decreased secretion of

TNF-a and IL-6 as compared to the day 8 and 16 stimulations.
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Figure 5.3 Kupffer cells (KCs) do not significantly down-regulate hepatic functions in
micropatterned co-cultures (MPCCs). (A) Albumin and (B) urea secretion levels in MPCC-
only controls and MPCC-KCs are shown over the course of 19 days with KCs seeded on day 5.
(C) TNF-a and (D) IL-6 secretion levels in MPCC-only and MPCC-KC cultures after 50 ng/mL
LPS stimulation on days 8, 11, 16, and 19 for 24 hours.

5.3.3 Comparing donor matched and mismatched PHHs and KCs

MPCC-KCs were created using PHHs (donor 1 lot: THM and donor 2 lot: JLP) and KCs
(donor 1 lot: LCU and donor 2 lot: HSS) from the same donor (THM-LCU and JLP-HSS) and
from different donors (THM-HSS and JLP-LCU) (Table 5.1) to assess differences in hepatic and

macrophage functional levels between the two conditions. KCs were seeded at a ratio of 10
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PHHs:4 KCs after MPCCs had been established for 5 days. MPCC-only and KC-only controls
were also established as controls. Results from day 12 of culture are shown in Figure 5.4 with
similar trends observed throughout the time-series. No significant differences were observed in
albumin (Figure 5.4A) or urea (Figure 5.4B) secretion levels across MPCC-only controls,
MPCCs created using matched donors, and MPCCs created using mismatched donors. For PHH
donor 1, there was a significant difference in CYP3A4 activity between the matched and
mismatched-donor conditions. Additionally, both conditions were significantly different from the
MPCC-only control with the matched donor condition at ~82% and the mismatched condition at
~57% of the MPCC-only control. On the other hand, PHH donor 2 did not show a significant
difference between the matched and mismatched donor conditions, but both were significantly
different than the MPCC-only control with the matched donor condition at ~74% and the
mismatched condition at ~70% of the MPCC-only control (Figure 5.4C). When KC-only
cultures and MPCC-KC cultures created using matched and mismatched donors were stimulated
on day 11 with 50 ng/mL of LPS for 24 hours, IL-6 secretion levels on day 12, as shown in
Figure 5.4D, demonstrated that for both donors, there were no significant differences observed
between the matched and mismatched donor conditions. However, both of the matched and
mismatched donor conditions were significantly different than the KC-only controls, suggesting
that KCs respond more robustly to LPS stimulation when they are co-cultured with stabilized
PHHs in MPCCs. TNF-a secretion showed similar trends to IL-6 secretion (data not shown).
Overall, using mismatched PHH and KC donors results in similar functions as the matched

donors for both cell types across multiple donors.
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Figure 5.4 Micropatterned co-cultures (MPCCs) created using primary human hepatocytes
(PHHs) and Kupffer cells (KCs) from the same versus different donors does not
significantly affect hepatocyte or macrophage functionality. (A) Albumin and (B) urea
secretion in MPCC-only and MPCC with matched donor KCs and mismatched donor KCs are
shown for 2 different donors (1 and 2) on day 12 of culture. No significant differences were
observed. (C) CYP3A4 activity was assessed on day 12 after 50 ng/mL LPS stimulation on day
11 for 24 hours. Asterisks on individual bars indicate significant differences from the MPCC
control (black bar), whereas the asterisk on the bracket indicates that the 2 indicated bars are
significantly different from each other. (D) IL-6 secretion levels were assessed on day 12 after 50
ng/mL LPS on day 11 for 24 hours. Asterisks on the individual bars indicate statistically-
significant differences as compared to the KC-only controls. *p<0.05.
5.3.4 Comparing hepatic functionality and toxicity using levofloxacin and trovafloxacin as
a case study

Normal and inflamed MPCC-KC cultures were established as described earlier. Briefly,
MPCCs were seeded and stabilized prior to KC seeding on day 7 with a PHH:KC ratio of 10:1
for normal cultures and 10:4 for inflamed cultures. Starting on day 9, the inflamed cultures were
simultaneously stimulated with 1 pg/mL LPS and treated with the two drugs while the normal
cultures were treated with the drugs only. Freshly-prepared levofloxacin at 50xCmax or
trovafloxacin at 25xCmax with or without LPS was added to the cultures every other day for 6

days. ALT was assessed on day 15 (Figure 5.5A) and demonstrated similar levels in both the

normal and inflamed cultures treated with levofloxacin and normal cultures treated with
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trovafloxacin. In contrast, the inflamed cultures treated with trovafloxacin showed a 2.3-fold
increase in ALT compared to the normal cultures treated with trovafloxacin. LDH was measured
on day 13 with significant differences between the normal and inflamed cultures treated with
both levofloxacin and trovafloxacin (Figure 5.5B). Cell viability was assessed on day 15 with
significant differences between the normal and inflamed cultures treated with both levofloxacin
and trovafloxacin (Figure 5.5C). Specifically, cell viability increased by 30% when the inflamed
model was treated with levofloxacin, whereas viability decreased by 51% in the trovafloxacin-
treated inflamed cultures compared to the normal cultures treated with the respective drugs.
Albumin (Figure 5.5D) and urea (Figure 5.5E) levels were evaluated on day 17 and normalized
to the control cultures without drugs. While there were no significant differences between the
normal and inflamed cultures when they were treated with levofloxacin, toxicity was observed
when the cultures were treated with trovafloxacin. Specifically, trovafloxacin caused a 94%
reduction in albumin secretion levels and a 67% reduction in urea secretion levels in the
inflamed cultures as compared to the normal cultures treated with the respective drugs.
Downregulation of hepatic functionality precedes upregulation in hepatic toxicity markers and
thus, albumin and urea secretion levels were measured for the other 21 drugs that were assessed

in this study.
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Figure 5.5 Hepatotoxicity and functionality endpoints after dosing with S0xCmax
levofloxacin and 25xCmax trovafloxacin in the normal and inflamed cultures. (A) Alanine
aminotransferase (ALT) levels 6 days post dosing, (B) lactate dehydrogenase (LDH) levels 4
days post dosing, and (C) cell viability 6 days post dosing are shown. (D) Albumin and (E) urea
secretion levels after 8 days of dosing indicate no significant differences for levofloxacin
between the normal and inflamed models, but a significant decrease in function for trovafloxacin
in the inflamed model compared to the normal model. Asterisks on the brackets indicate that the
2 indicated bars are significantly different from each other. *p<0.05.
5.3.5 Drug modulation of hepatic functionality in the normal versus inflamed MPCC-KC
models

Normal and inflamed MPCC-KC cultures were established as described earlier. Freshly-
prepared drug solution with or without 1 pg/mL LPS was added every other day for 6 days. A
panel of 23 drugs was chosen with 20 prototypical hepatotoxins and 3 non-liver-toxins (aspirin,
buspirone, and levofloxacin). One concentration between 10 and 100xCmax was chosen for each
drug to ensure no overt toxicity was seen (Table 5.2). Albumin and urea secretion levels were
assessed as markers of toxicity and normalized to the appropriate DMSO control without LPS for

the normal cultures and with LPS for the inflamed cultures. Out of the 20 toxins tested, 7

demonstrated increased drug-induced downregulation of albumin and urea in the inflamed model
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compared to the normal model (Figure 5.6). After normalizing to the respective controls, there
was a 29%, 38%, 25%, 37%, 49%, 91%, and 22% difference in albumin secretion levels and a
39%, 31%, 23%, 20%, 44%, 39%, and 10% difference in urea secretion levels between the
normal and the inflamed cultures dosed with chlorpromazine, clozapine, mexiletine,
trovafloxacin, nefazodone, acetaminophen, and bromfenac, respectively. On the other hand, there
were no significant decreases in functional levels between the normal and inflamed cultures
when treated with the 3 non-toxins (aspirin, buspirone, and levofloxacin). Additionally, albumin
and urea secretion levels were above the 50% toxicity cut-off for the non-toxic compounds,

demonstrating the specificity of this test!®!°,
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Figure 5.6 A panel of 23 drugs (20 toxins and 3 non-toxins) were incubated on normal (10
PHH:1 KC, no LPS) and inflamed (10 PHH:4 KC, 1 pg/mL LPS) cultures. Out of the 20
toxins, 7 demonstrated differences in albumin and urea secretion levels between the normal and
inflamed models. (A) Albumin and (B) urea secretion levels were assessed and normalized to the
appropriate DMSO controls. Asterisks indicate significant differences between the normal and
inflamed cultures. *p<0.05.

155



5.3.6 Exogenous cytokines can mimic the toxicity seen in MPCC-KCs

To assess if a mixture of cytokines could be used in lieu of cryopreserved KCs for the
assessment of inflammation-mediated adverse drug effects, we treated MPCCs (without KCs)
simultaneously with a mixture of cytokines at concentrations cryopreserved KCs secrete and a
subset of 7 drugs (4 toxins: chlorpromazine, clozapine, mexiletine, and trovafloxacin; 3 non-
toxins: aspirin, buspirone, and levofloxacin); the toxicity in these cytokine-treated MPCCs was
compared to the results obtained using MPCC-KC cultures. A cytokine mixture (10 pg/mL LPS,
100 ng/mL IFNy, 20 ng/mL Il-1a, 20 ng/mL IL-6, and 100 ng/mL TNF-a) based off of a
previous study was used initially but caused significant toxicity (data not shown) so the cytokine
components and concentrations were altered'>. MPCCs were instead, treated with fresh 1 ug/mL
LPS, 10 pg/mL TNF-a, and 600 pg/mL IL-6, and the panel of 7 drugs every other day for 6 days.
Clozapine, mexiletine, aspirin, buspirone, and levofloxacin were at 50xCmax, whereas
chlorpromazine and trovafloxacin were at 25xCmax due to significant toxicity observed at
50xCmax in preliminary experiments. An MPCC model without cytokines but dosed with the
same panel of 7 drugs was utilized as the control. As shown in Figure 5.7, similar trends as the
inflamed MPCC-KCs were observed such that increased toxin-induced downregulation of
hepatic functionality occurred in the conditions with the added cytokines as compared to the
conditions without the cytokines. For the non-toxins, there were no significant decreases in
albumin and urea secretion between the conditions with cytokines and the conditions without

cytokines.
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Figure 5.7 A panel of 7 drugs (4 toxins and 3 non-toxins) were dosed in MPCC-only
cultures with and without simultaneous treatment with a mixture of exogenous cytokines: 1
pg/mL LPS, 10 pg/mL TNF-a, and 600 pg/mL IL-6. (A) Albumin and (B) urea secretion
levels were assessed and normalized to the appropriate DMSO controls. Asterisks indicate
significant differences between the models with and without cytokines. *p<0.05.

5.4 Discussion

DILI is a leading cause of acute liver failure and drug withdrawal'!. Although there are
models available for the assessment of hepatotoxicity, there are some compounds that do not get
flagged during in vitro screening, but can cause adverse reactions in select patients during
clinical trials. This may be due to idiosyncratic DILI being caused by the interactions of liver
parenchymal and non-parenchymal cells (NPCs), such as KCs. As the primary macrophages of
the liver, KCs are responsible for systemic blood clearance through phagocytosis of cell debris,
macromolecules, and endogenous and foreign entities. KCs can also present antigens to other
cell types in the liver and secrete cytokines to communicate with the immune system during
inflammation. Inflammation-mediated toxicity involving the innate and adaptive immune
response is believed to be an important factor in idiosyncratic DILI but is not trivial to assess in

vitro due to intra- and extrahepatic signaling as well as genetic factors?>®2!. Therefore, in vitro

157



models in which we can study the role of KC-mediated inflammation in idiosyncratic DILI are
necessary.

Most hepatocyte-KC studies have utilized immortalized monocytic/macrophage cell
lines, such as THP1?%% or U937%*%7, but it is unclear how comparable these cell lines are to
primary macrophages. Schildberger et al found that upon LPS stimulation, THP-1 cells had a
different cytokine release profile as compared to peripheral blood mononuclear cells (PBMCs),
monocytes, or whole blood?®. Additionally, although THP-1 and whole blood both secreted equal
amounts of TNF-q after stimulation, conditioned media from the two conditions resulted in
differing levels of subsequent human umbilical vein endothelial cell activation. Other groups
have used freshly-isolated KCs from animals?*-**. For example, one of the first studies in which
porcine hepatocytes and KCs were co-cultured for the study of drug hepatotoxicity was by
Hoebe et al. where hepatocyte-only and hepatocyte-KC cultures seeded at a 1:1 ratio were dosed
with tiamulin and chlorpromazine®?. While chlorpromazine caused higher toxicity in co-cultures
as measured by mitochondrial activity due to increased secretion of TNF-a, IL-6, and ROS, there
were no significant differences in toxicity between the hepatocyte-only culture and the
hepatocyte-KC cultures for tiamulin®*. In another study using porcine cells, co-cultures of
hepatocytes and KCs were used to study the effects of anti-inflammatory substances®> and how

mycotoxins and LPS interact to affect cytokine levels®7.

3841 rat liver slices*?, and rat cells have also been

Rodent and murine animal models
utilized to study LPS-induced inflammatory responses and how it affects drug toxicity. For
example, rats have been used to study the effects the TNF-a on LPS- and ranitidine-induced

inflammatory liver injury*. Zinchenko and Coger was one of the first groups to micropattern rat

hepatocytes and KCs to control cell-cell interactions**. Billiar et al showed that co-cultures of rat
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hepatocytes and activated KCs may result in hepatocellular dysfunction*>*. Co-cultures of rat
hepatocytes and KCs have been used to study downregulation of CYP1A2%, drug-inflammation
interactions*®, and the role of IL-6 in regulating insulin-like growth factors*’. Rose et al
developed and utilized a donor-matched rat co-culture model to assess hepatotoxicity in a panel
of 6 drugs>®. However, since there are significant differences between humans and animals in
drug metabolism pathways, human-relevant models are required to assess drug disposition’!-2,
Additionally, it is difficult to assess complex cellular interactions that take place either
simultaneously or sequentially in whole animal studies>*. Thus, in vitro cultures of PHHs and
KCs are ideal for the evaluation of human-relevant DILI outcomes and their interactions with
inflammatory stimuli®'.

While most human-relevant models for drug toxicity screening include only
hepatocytes?’, some groups have developed platforms that include KCs for drug screening
applications. In one example, Long et al co-cultured PHHs and KCs in the LiverChip bioreactor
platform and demonstrated that IL-6 was able to modulate CYP3A4 activity and C-reactive
protein (CRP) secretion over 2 weeks>*. Tocilizumab, an anti-IL-6R antibody, showed an effect
on IL-6 signaling by de-suppressing CYP3A4 activity and decreasing CRP levels. The half-life
of simvastatin hydroxy acid, a CYP3A4 substrate, was subsequently decreased. However, these
PHH-KC co-cultures were stimulated with exogenous IL-6 rather than activating the KCs for
endogenous IL-6 secretion, and no hepatocyte-only controls were assessed so it is uncertain what
effects KCs alone would have on hepatic response to the stimulants. In another study by Kegel et
al, PHHs and KCs were cultured separately’. The authors found that KCs treated directly with
the hepatotoxins, acetaminophen and diclofenac, did not demonstrate significant activation based

on reactive oxygen intermediate (ROI) production, but cytokine secretion was not assessed.
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However, KCs treated with the supernatants of hepatocyte cultures that had been treated with
acetaminophen and diclofenac were activated as assessed by ROI production and cytokine
secretion. Cultures of hepatocytes and KCs were carried out separately and KCs were only able
to be cultured for up to 5 days. Thus, cell-to-cell contact and signaling as it would occur in vivo
could not be mimicked and the concentrations of the parent compound, metabolites, and other
factors in the supernatants that would affect KCs is unknown. Cell-to-cell contact is important
because co-cultures may demonstrate increased sensitivity to cytokine stimulation compared to
hepatocyte- or KC-only cultures, augmenting hepatic injury'®*2. Therefore, in vitro models that
include both PHHs and KCs where KCs can be activated and secrete cytokines that may further
sensitize hepatocytes to potential toxins is necessary to screen for drugs that may be toxic in a
sub-population of patients. In this study, we developed and validated a model that incorporated
both PHHs and KCs towards the screening of compounds for which inflammatory stimuli can
exacerbate hepatocellular injury.

We first characterized the MPCC-KC model that had been utilized by Nguyen et al
previously and confirmed that 3T3-J2s are required to stabilize hepatic functions'. For
characterization studies, MPCCs were stabilized for approximately 1 week prior to KC seeding.
Albumin and urea were assessed as biomarkers of hepatic functionality and found to be stable
throughout the study'2. IL-6 and TNF-a secretion levels were assessed for KC functionality since
they have been shown to be two of the most important cytokines in the regulation of acute phase
protein synthesis during inflammation*>>. Although stimulation with 50 ng/mL LPS in MPCC-
only controls showed little to no secretion of IL-6 and TNF-0, MPCC-KCs displayed higher
levels of IL-6 and TNF-a secretion. However, TNF-a concentration was frequently too low to be

assessed. Other in vitro studies have shown that TNF-a levels peak quickly within the first
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couple of hours and then decrease after 24-48 hours, which we have also confirmed (data not
shown)>®. We also observed that repeated exposure to LPS resulted in endotoxin tolerance where
KCs secrete lower amounts of pro-inflammatory cytokines over time, which has been
demonstrated in other studies>®>’. In our study, the 4-day period between days 12 and 16 where
the cells were not treated with LPS allowed the KCs to recover from tolerance and respond
robustly to LPS stimulation again on day 16. This correlates with previous studies in which KC
tolerance against LPS-stimulation was observed®. The extent to which IL-6 downregulated
CYP3A4 activity in our MPCC-KC cultures compared to MPCC-only cultures (57%-82%) is
comparable to other studies, indicating that the platform is responding to cytokines as
expected!®>’,
Since other studies have indicated that there may be immune reactions due to
incompatibility between using PHHs and KCs from 2 separate donors®, we wanted to verify that
using cells from different human donors didn’t result in differential functions compared to using
cells from the same donor. We did not observe significant differences in hepatic or macrophage
functions when matched-donor or mismatched-donor cells were used. Donor differences with
respect to cytokine secretion levels after KCs have been stimulated with LPS may be attributed
to differences in the intestinal flora of the donors prior to cell isolation®®. We also observed that
KC-only cultures demonstrated lower and more inconsistent responses to LPS stimulation
compared to MPCC-KC cultures, suggesting that hepatocytes, 3T3-J2s, or the combination of
both cell types may help to stabilize KCs in vitro.

After characterization of cell functions, we demonstrated that the MPCC-KC platform
could be used to assess hepatocellular toxicity in the presence or absence of LPS-stimulated KCs

and recombinant cytokines known to be secreted by KCs. Toxicity (ALT, LDH, cell viability)
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and functionality (albumin, urea) markers were first assessed using trovafloxacin and
levofloxacin. We observed both significant downregulation of functionality as well as
differences in toxicity. Thus, albumin and urea were assessed for an additional 21 drugs.
However, changes in toxicity markers are also important as increasing levels of enzymes like
aspartate transaminase (AST), ALT, and LDH are utilized clinically to diagnose various liver
diseases. MPCC-KCs were treated with 20 toxins and 3 non-toxins and in the inflamed
conditions, stimulated with 1 pg/mL of LPS 2 days post KC seeding®. For 35% of the toxins (7
out of 20), we observed a more drastic downregulation in hepatic functionality in the inflamed
model as compared to the normal model, suggesting that KC-mediated inflammation can
exacerbate hepatocellular injury. For the other 65% of the toxins, the inflamed model did not
demonstrate increased toxicity compared to the normal model, suggesting that there are other
mechanisms of toxicity causing idiosyncratic injury. Cosgrove et al had previously demonstrated
that for a panel of 90 drugs that were dosed in PHH cultures with cytokines for up to 48 hours,
19% of the toxins and 3% of the non-toxins showed synergistic drug-cytokine hepatotoxicity'>.
The lower percentage of drugs that demonstrated synergistic effects may be due to the shorter
drug treatment period as compared to our study and the use of exogenous cytokines rather than
activated KCs. We also assessed drug-cytokine synergy by treating MPCCs (without KCs) with
4 toxins (chlorpromazine, clozapine, mexiletine, trovafloxacin) and 3 non-toxins (aspirin,
buspirone, levofloxacin) in the presence of a mixture of recombinant cytokines that are known to
be secreted by KCs. We found that treatment with recombinant cytokines was sufficient to
mimic drug toxicity effects observed in MPCC-KC inflamed cultures. Nonetheless, the presence
of live KCs may be important when one wants to study intercellular interactions, the actual

concentration of many signals and factors that are released by KCs, the time sequence, and
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resulting type of cellular damage. For example, activated KCs secrete a multitude of cytokines
and treating PHHs with all of these recombinant cytokines to mimic in vivo temporal patterns

that would be impractical®!

. The presence of KCs is also required for LPS-induced hepatic lipid
accumulation which may be important for nutritional studies®’.

Our study and previous studies have demonstrated that activated KCs in co-culture with
hepatocytes can affect drug disposition through various mechanisms. Drug exposure can directly
stimulate the release of KC-derived factors, hepatocytes can metabolize drugs into intermediates
which can then stimulate KCs, or drugs can cause hepatocellular injury which is then enhanced
after exposure to KC-derived factors>>>. In this study, we have demonstrated the utility of the
MPCC-KC model for the study of increased hepatocellular injury caused by activated KCs.
Because this platform has the capability to mimic an inflammatory response by enabling cellular
cross-talk, it is more physiologically-relevant than hepatocyte-only models. In the future, this
model can be used in combination with high content imaging to identify the mechanistic
pathways (mitochondrial injury, inflammation, and endoplasmic reticulum stress) that lead to
increased DILI susceptibility in patients with concurrent or pre-existing liver inflammation®?. By
identifying how inflammatory stimuli can affect drug disposition, drug doses can then be
adjusted, and biomarkers can be developed and validated for predicting the effects inflammation
will have on drug disposition for a particular sub-population. This model can also be used in the
screening of biologics in which a biologic targeting an inflammatory cytokine could result in
increased CYP450 activity, increased drug clearance, reduced exposure, and diminished drug
efficacy. In addition to drug screening, we anticipate that such a model can be used to study
PHH-KC interactions in diseases such as liver steatosis, fibrosis, alcoholic liver disease, and

hepatitis since studies have shown that such diseases can affect plasma endotoxin levels, which
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may then affect drug disposition®, and toxins that cause upregulation of cytokine secretion from
KCs can affect downstream lipid metabolism®°. Additionally, the platform can be combined with
other liver NPC types or gut cells in a microfluidic device platform since the interactions
amongst all of these cell types is important in modeling inflammation-mediated drug
disposition®. Therefore, the model establishment and characterization presented in this study

sets the stage for many future augmentations and lines of inquiry.
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Chapter 6

Hepatitis B and C infection in micropatterned co-cultures of induced pluripotent stem cell-

derived human hepatocytes®

Summary

Hepatitis C virus (HCV) and hepatitis B virus (HBV) affect ~130-170 million and >250
million people worldwide, respectively, and chronic infection can lead to advanced liver
diseases. Because preventative and therapeutic options are limited and costly, human liver
models are essential for studying host-pathogen interactions to better understand disease and
patient-specific pathogenesis towards developing better HCV and HBV therapies. While primary
human hepatocytes (PHHs) are the gold standard for in vitro studies given differences between
animals and humans in drug metabolism pathways and abnormal liver functions in immortalized
cell lines, PHHs are a limited and expensive resource. Induced pluripotent stem cell-derived
human hepatocyte-like cells (iIPSC-HHs or iHeps) can mitigate the aforementioned limitations of
existing liver cell sources, as well as provide an avenue to investigate inter-individual differences
in viral disease progression and drug susceptibilities. Therefore, we have developed a
functionally mature and stable micropatterned iPSC-HH coculture model that can be infected
with both HCV and HBV, recapitulate the viral lifecycle, demonstrate a robust antiviral

response, and has utility in drug development.

% A manuscript similar to the work described in this chapter is in preparation and will be
submitted for publication shortly.
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6.1 Introduction

Hepatotropic viruses are a worldwide problem with hepatitis C virus (HCV) affecting
~130-170 million people and hepatitis B virus (HBV) affecting >250 million people globally'-2.
Chronic infection can lead to advanced liver diseases such as fibrosis, cirrhosis, and
hepatocellular carcinoma?®. Viral suppression can lead to decreased rates of liver complications
and thus, effective treatments that improve liver histology are required. There are currently no
vaccines available for HCV and the cost of existing HCV treatments is prohibitively high
(~$1000/pill), which necessitates continued discovery of novel drugs that are more accessible to
the developing world*. Additionally, these direct-acting antivirals (DAAs) are not pan-genotypic
and how patients respond to the treatment regimens will depend on both host factors and viral
genotype’. While prophylactic vaccines and nucleotide/nucleoside analog therapies are available
for HBV, treatments are usually lifelong and do not fully cure chronically-infected patients due
to the persistence and stability of covalently closed circular DNA (cccDNA)®. Thus, the presence
of the suppressed virus leads to chronic liver inflammation that can still progress towards end-
stage liver diseases’.

HBYV and HCV exhibit distinct life cycles, but both demonstrate narrow host and tissue
tropism so human-relevant models are required for the study and identification of therapeutic
targets. While animal models such as chimpanzees and tree shrews (Tupaia belangeri) have been
utilized for the study of hepatitis, it is difficult to manipulate and analyze these large models for
human relevance®’. Specifically, real-time analysis of cellular parameters to gain insight into
specific signaling pathways is impossible. There are also differences between animals and
humans in drug metabolism pathways'?. Thus, in vitro liver models are more commonly used for

the study of hepatotropic viruses as the complexity of the model can be easily manipulated to
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assess specific virological and cellular endpoints. Many in vitro studies utilize
cancerous/immortalized cell lines, but cell lines display abnormal liver functions and do not
always mount a physiologically-relevant antiviral response, which is important to study why
some individuals demonstrate a sustained virologic response (SVR) to available viral therapies
while other patients are non-responders'!?. Therefore, primary human hepatocytes (PHHs) are
ideal for studying the viral lifecycle and virus-host interactions since their functions are closest to
what is found in vivo. However, PHHs in conventional culture formats decline quickly in
phenotype, losing their susceptibility to viral infection, and are a limited and expensive resource
for high-throughput drug screening'?.

Induced pluripotent stem cell-derived human hepatocyte-like cells (iPSC-HHs or iHeps)
can mitigate the aforementioned limitations of existing liver cell sources and potentially be used
to investigate inter-individual differences in viral disease progression and drug
susceptibilities'*!>. However, hepatic functional levels in conventionally-differentiated iPSC-
HHs are typically <10% of those observed in stable PHH cultures'®. Towards addressing such a
shortcoming, we have previously microengineered a more functionally mature and stable iPSC-

1'® and demonstrated its utility for drug screening'”. We found that by

HH culture mode
controlling the homotypic and heterotypic cell-cell interactions between iPSC-HHs and 3T3-J2
murine embryonic fibroblasts, iPSC-HH functionality could be significantly enhanced and
prolonged such that these micropatterned cocultures (iMPCCs) became highly sensitive for drug
toxicity detection!’. Maintenance of cellular polarity, host factors, and innate immunity may
allow for viruses to better replicate its lifecycle as it occurs in vivo'®. In this study, we sought to

demonstrate infection of iPSC-HHs with both HBV and HCV in various formats in comparison

to PHHs, show that a robust antiviral response can be obtained when iMPCCs were infected with
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HCV, and that HCV-infected iMPCCs can be utilized to test clinically-relevant HCV drugs. We
anticipate that in the future, this model can be utilized to study the pathogenesis of these
hepatotropic diseases towards the development of vaccines. Additionally, panels of multiple
iPSC-HH donors with various genetic polymorphisms can be used to investigate inter-individual
responses to HBV and HCV drugs and thus, allow for the discovery and screening of novel

compounds which can alleviate these global burdens.

6.2 Materials and methods
6.2.1 Cell processing

Cryopreserved vials of iPSC-HH/iHeps (commercially available as iCell and myCell
hepatocytes) were obtained from Cellular Dynamics International (CDI, Madison, WI) and
processed following CDI’s protocols. Briefly, the vials were thawed at 37°C for 3 minutes and
diluted with 10 mL of pre-warmed iHep thawing medium. The cell suspension was spun at
200xg for 3 minutes, the supernatant was discarded, the cells were re-suspended in iHep plating
medium, and viability was assessed using trypan blue exclusion (typically 75-95%).

Cryopreserved PHHs were obtained from a vendor permitted to sell products derived
from human organs procured in the United States by federally designated Organ Procurement
Organizations (Triangle Research Laboratories, Research Triangle Park, NC). PHHs were
processed as previously described!®. The cells were first thawed at 37°C for 2 minutes and
transferred into pre-warmed hepatocyte seeding medium. The cells were then spun at 50xg for 10
minutes, the supernatant was discarded, and the cells were resuspended in hepatocyte seeding
medium prior to the assessment of viability using trypan blue exclusion (typically 80-95%).

Liver-derived non-parenchymal cells were consistently found to be less than 1% of all the cells.
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6.2.2 Establishing cell models

Standard 24-well tissue culture polystyrene (TCPS) plates were coated with 25 pg/mL of
rat tail type 1 collagen for 2 hours at 37°C and rinsed twice with water. To create confluent
conventional cultures of iHeps (iCCs) or PHHs (CCs), cells were processed as described above
and seeded at ~500,000-600,000 cells per well. Random co-cultures of iHeps (iRCCs) or PHHs
(RCCs) and 3T3-J2 murine embryonic fibroblasts were established by seeding either 30,000
(30k) or 100,000 (100k) hepatocytes per well in the collagen-coated TCPS plates and left
overnight to attach. Within the next 1-5 days, 3T3-J2s were seeded at a density of 90,000 cells
per well. To establish micropatterned iHeps (iMPHs) or PHHs (MPHs), the collagen-coated
TCPS plates were lithographically patterned using a polydimethylsiloxane mask to create 500-
pum diameter circular domains with a center-to-center spacing of 1200-um as has been previously
described!®. The iHeps or PHHs selectively attached to the adsorbed collagen domains leaving
~30,000 attached cells within each well. To create micropatterned co-cultures of iHeps
(iIMPCCs) or PHHs (MPCCs), 90,000 3T3-J2 fibroblasts were seeded 5 days or 1 day later,
respectively.

PHH and iHep cultures were maintained in culture medium as has previously been
described!®. In some cases, FPH2 (Sigma Aldrich, St. Louis, MO), a small molecule (SM), was
included in the cell culture medium to help maintain the phenotype of the iHeps, as has been
previously described?’. CCs were infected on day 1 while RCCs and MPCCs were maintained
for ~7 days prior to viral infection to allow for stabilization of functions. Unless otherwise
indicated, iCCs and iMPHs were maintained for 5 days and iRCCs and iMPCCs were maintained
for 11 days prior to viral infection due to the rapid decline in iHep phenotype in iCC and iMPH

formats.
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6.2.3 HBV infection of cultures

Cell culture-derived HBV at 1.4x10!! viral particles/mL was obtained from Dr. Jisu Li at
Brown University. For 24-well format plates, 3 pL of the HBV stock was diluted in hepatocyte
maintenance medium with 4% PEG-8000 to a total volume of 300 pL per well. For some
conditions, a Janus kinase (JAK)-inhibitor (EMD Millipore, Burlington, MA) at 1 or 0.5 uM was
added to the medium 24 hours prior to infection and during infection (pulse) or prior to infection
through the end of the experiment (continuous)'®. For all conditions, the virus was removed 24
hours after infection, the cultures were rinsed 3 times with medium, and fresh hepatocyte
maintenance medium was added. Media was changed every other day and collected at 1 and 2
weeks post infection to quantify HBV e antigen (HBeAg) and surface antigen (HBsAg) using
commercially-available ELISA kits (Cell Biolabs, San Diego, CA). Cultures were fixed at 2

weeks post infection for immunofluorescent staining of HBV core antigen (HBcAg)?'.

6.2.4 HCV infection of cultures

Cell culture-derived HCV (JFH-1 and Jc1 clones??) were obtained from Dr. Hugo Rosen
at the University of Colorado at Denver and Dr. Raymond Chung at Massachusetts General
Hospital and was propagated in Huh7.5.1 cells. The TCID50 of the Jc1 stock was 2.51-3.16x10
(TCID50/mL=31623-39811). The stock viral material was filtered through a 0.45-um filter to
remove cell debris prior to use. Cultures were infected with undiluted HCV inoculum for 24
hours before the virus was removed, the cultures rinsed 3 times with medium, and fresh medium
added. Media was changed every other day and cultures were typically lysed 5-21 days post

infection for assessment of intrahepatic HCV gene expression via quantitative PCR.
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6.2.5 HCV drug studies

Interferon a-2A (IFNa-2A) and ribavirin were obtained from Sigma Aldrich (St. Louis,
MO), daclatasvir and danoprevir were obtained from ApexBio (Houston, TX), and sofosbuvir
was obtained from Santa Cruz Biotechnology (Dallas, TX). All drugs were reconstituted in
dimethyl sulfoxide (DMSO) and the concentration of DMSO in the dosing culture media was
kept at 0.1% (vol/vol). iMPCCs were established, infected with HCV (Jcl) on day 11, and rinsed
on day 12 as described in the previous section. The cultures were then dosed with the 5 HCV
drugs on days 14 and 16 at concentrations ranging from 0.00001 pM to 100 uM. Viability of the
cells was assessed on days 16 and 18 using PrestoBlue reagent (Themo Fisher, Waltham, MA) to
ensure that the drugs were not causing hepatotoxicity. The cultures were lysed on day 18 for

quantification of HCV expression via qPCR.

6.2.6 Gene expression profiling

To quantify intrahepatic HCV gene expression, cultures were lysed for RNA isolation.
RNA was prepared using the GeneJET RNA Purification Kit (Thermo Fisher Scientific), treated
with recombinant DNase I (New England Biolabs, Ipswich, Massachusetts), and reverse
transcribed into cDNA. qPCR was performed on a MasterCycler RealPlex-2 machine
(Eppendorf, Hamburg, Germany) using probe-primer gene expression assays. The HCV primer
sequences utilized were: CGACACTCCGCCATGAATCACT (forward),
CACTCGCAAGCGCCCTATCA (reverse), and FAM-
AGGCCTTTCGCAACCCAACGCTACT-TAMRA (probe). Expression levels were normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and calculated using the delta-delta Cr
method relative to the indicated controls. Global gene expression profiling was also performed

on freshly-isolated primary human hepatocytes from 2 separate donors and day 21 iMPCCs
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using an Affymetrix whole genome human microarray and data was quantified using previously

published protocols'’.

6.2.7 Data analysis

Experiments were repeated 2 times with triplicate samples for each condition. Data from
representative experiments are presented, whereas similar trends were seen in both experiments.
Error bars on graphs represent standard deviations. Microsoft Excel and GraphPad Prism 7.0 (La

Jolla, CA) were used for data analysis and graphing.

6.3 Results
6.3.1 Characterization of iHeps

Conventional cultures (iCCs), random cocultures (iRCCs), micropatterned iHeps
(iIMPHs) and micropatterned cocultures (iMPCCs) were established as described in the methods
section. Schematics and phase contrast images from days 9 and 19 of culture for each of these
models are depicted in Figures 6.1A and 6.1B, respectively. iHeps in both iCC and iRCC
formats detached over time as demonstrated by the lower cell density at later timepoints while
those in iMPHs spread out and dedifferentiated. While iHep domains in iMPCCs also spread out
over time, cell morphology was better maintained compared to the other model formats over
several weeks in culture. Our previous publications have demonstrated that albumin and urea
production by iMPCCs reach steady-state levels of 5-6 pg/hr/million cells in ~1 week and
remained stable for 3 more weeks'®. Additionally, activity levels for several CYP450 enzymes
were maintained in iMPCCs for 27 days'®.

We identified 71 HCV host factors from global gene profiling. 45 of these host factors

were present in freshly isolated hepatocytes obtained from 2 human donors. Out of these 45
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HCYV host factors present in fresh PHHs, 43 (95.6%) were also present in iMPCCs on day 21 of
culture. Compared to the average expression levels from the 2 freshly isolated primary human
hepatocytes, 12 of the HCV host factors were downregulated, 22 were similar, and 9 were
upregulated in iMPCCs from day 21. Downregulation and upregulation of gene expression were
defined as greater than a 2-fold difference. All of the identified HCV host factors and fold

differences are shown in Table 6.1.
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Figure 6.1 Culture of iHeps in various model configurations. (A) Schematics for iHep
conventional cultures (i1CC), random cocultures (iIRCCs), micropatterned hepatocytes (iMPHs),
and micropatterned cocultures (iIMPCCs) with the number of iHeps per well indicated in
parentheses. (B) Phase contrast images of each of model are shown from days 9 and 19 of
culture.
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Table 6.1 Fold change of HCV host factor expression in iMPCCs from day 21 of culture are
compared against the average of two freshly-isolated human hepatocyte donors.

Fold change in Day 21
of IMPCC relative to
HCYV Host Factor fresh primary human
hepatocytes (average
of 2 donors)

PPIL4 /// ZC3H12D: peptidylprolyl isomerase (cyclophilin)-like 4

/] zinc finger CCCH-type containing 12D NA

PPIL6: peptidylprolyl isomerase (cyclophilin)-like 6 NA

FKBP11: FK506 binding protein 11, 19 kDa 0.065

HS3ST3B1: heparan sulfate (glucosamine) 3-O-sulfotransferase

3B1 0.185

PPID: Peptidylprolyl isomerase D 0.194

CLK1 /// PPIL3: CDC-like kinase 1 /// peptidylprolyl isomerase

(cyclophilin)-like 3 0.236

LDLR: low density lipoprotein receptor 0.237

HSP90AAT1: heat shock protein 90kDa alpha (cytosolic), class A

member 1 0.261

PPIL1: peptidylprolyl isomerase (cyclophilin)-like 1 0.263

CIDEB: cell death-inducing DFFA-like effector b 0.314

FKBP2: FK506 binding protein 2, 13kDa 0.355

FKBPS5: FK506 binding protein 5 0.362

EGFR: epidermal growth factor receptor (erythroblastic leukemia

viral (v-erb-b) oncogene homolog, avian) 0.384

OCLN: occludin 0.488

MTFR1: mitochondrial fission regulator 1 0.555

PPIF: peptidylprolyl isomerase F 0.583

PPILA4: peptidylprolyl isomerase (cyclophilin)-like 4 0.641

CD81: CD81 molecule 0.665

FKBPL: FK506 binding protein like 0.790

HSP90BI1: heat shock protein 90kDa beta (Grp94), member 1 0.810

SCARBI: scavenger receptor class B, member 1 0.964

FKBP4: FK506 binding protein 4, 59kDa 0.972

FKBP3: FK506 binding protein 3, 25kDa 0.992

FKBP1B /// MFSD2B: FK506 binding protein 1B, 12.6 kDa ///

major facilitator superfamily domain-containing protein 2b 1.024

PPIB: peptidylprolyl isomerase B (cyclophilin B) 1.044

HSP90ABI: heat shock protein 90kDa alpha (cytosolic), class B

member 1 1.073

DPP4: dipeptidyl-peptidase 4 1.079

PPIG: peptidylprolyl isomerase G (cyclophilin G) 1.093

NPCILI1: NPC1 (Niemann-Pick disease, type C1, gene)-like 1 1.178
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FKBP15: FK506 binding protein 15, 133kDa

LTB: lymphotoxin beta (TNF superfamily, member 3)
PPIE: peptidylprolyl isomerase E (cyclophilin E)
FKBP14: FK506 binding protein 14, 22 kDa
FKBP1A: FK506 binding protein 1A, 12kDa
CLDNI: claudin 1

PPILS: peptidylprolyl isomerase (cyclophilin)-like 5
PPIC: peptidylprolyl isomerase C (cyclophilin C)
TNIK: TRAF2 and NCK interacting kinase

PPIL3: peptidylprolyl isomerase (cyclophilin)-like 3
HS6STI: heparan sulfate 6-O-sulfotransferase 1
HRAS: v-Ha-ras Harvey rat sarcoma viral oncogene homolog
PPIA: peptidylprolyl isomerase A (cyclophilin A)
FKBP7: FK506 binding protein 7

FKBP9: FK506 binding protein 9, 63 kDa

FKBP1B: FK506 binding protein 1B, 12.6 kDa

1.238
1.463
1.464
1.526
1.607
1.704
1.783
2.239
2.263
2431
2.705
3.089
3.188
3.688
5.960
8.879
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6.3.2 HBV infection of iHeps

Conventional cultures (iCCs) with 600,000 iHeps and random cocultures (iRCCs),
micropatterned iHeps (iMPHs), and micropatterned cocultures (iMPCCs) with 30,000 iHeps,
were established as described in the methods section. iCCs and iMPHs were infected on day 5
and iRCCs and iMPCCs, on day 11. Culture supernatant was collected approximately 1 and 2
weeks post infection for quantification of HBeAg and HBsAg. iCCs, iRCCs, and iMPHs did not
show detectable levels of HBeAg (Figure 6.2A) or HBsAg (Figure 6.2B). On the other hand,
iMPCC:s, either without or with the small molecule (SM), FPH2, and without/with JAK inhibitor
(JAKi1), showed sustained levels of both HBeAg and HBsAg for 2 weeks post infection. We
found that HBV antigen levels were similar between treating the cultures with 1 uM JAKi for 24
hours prior to and during infection (pulse) or with 0.5 uM JAK starting 24 hours prior to
infection through the end of the experiment (continuous). The addition of 1 pM JAKi
continuously led to hepatotoxicity (data not shown). While antigen levels were lower for
iMPCCs without JAKI, they are still stable for at least 2 weeks post infection. These trends were
confirmed via immunofluorescent staining for HBcAg 2 weeks post infection (Supplemental
Figure 6.5.1). We also confirmed that 3T3-J2 fibroblasts alone do not retain or secrete HBV

antigens (data not shown).

6.3.3 HCV infection of iHeps

Conventional cultures (iCCs) with 600k iHeps, random cocultures (iRCCs) with 30k and
100k iHeps, micropatterned iHeps (iMPHs) with 30k iHeps, and micropatterned cocultures
(IMPCCs) with 30k iHeps were established as described in the methods section. iCCs were
infected on day 5 and iRCCs, iMPHs and iMPCCs, on day 11. Cultures were lysed 5 days post

infection and RNA processed for relative quantification of HCV using qPCR (Figure 6.2C). We
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observed the highest levels of HCV in iCCs. HCV expression levels in iMPHs and iMPCCs were

at approximately 60% of iCCs. iRCCs with 100k iHeps showed an expression level at

approximately 30% of iCCs while iRCCs with 30k iHeps had almost undetectable HCV.
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Figure 6.2 HBV and HCYV infection of iHeps. (A) The various iHep models were infected with
HBYV and HBV envelope antigen (HBeAg) was assessed 1 and 2 weeks post infection. (B) The
same cultures from panel A were assessed for HBV surface antigen (HBsAg). (C) The various
iHep models were infected with HCV, and HCV expression levels were assessed 5 days post
infection. (D) iMPCCs were infected with HCV, and HCV expression assessed at multiple

timepoints.
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We also assessed the longevity of HCV expression in iMPCCs. iMPCCs were infected on
day 11 and cell lysate was collected on days 16, 22, 28, and 34 for quantification of HCV
expression. As shown in Figure 6.2D, HCV expression was stable until day 28 and showed an
approximately 50% decrease on day 34. Additionally, to assess de novo generation of HCV
infectious particles, supernatant from HCV-infected iMPCCs were collected on days 14, 18, 22,
and 26, and added to naive iMPCCs on day 11 of culture for 24 hours. The cells were lysed 4
days later (on day 16) for quantification of HCV expression. As shown in Supplemental Figure
6.5.2, supernatant from all 4 days were infectious with supernatant from day 22 of culture

showing the highest levels of infectivity.

6.3.4 HBYV infection of PHHs

CCs (510,000 PHHs), RCCs (30,000 or 100,000 PHHs), and MPCCs (30,000 PHHs)
were also established for comparison against iHep cultures. Phase contrast images from days 5,
10, and 15 of culture for these models are shown in Figure 6.3. CCs were infected on day 1
while RCCs and MPCCs were infected on day 7 with quantification of HBeAg (Figure 6.4A)
and HBsAg (Figure 6.4B) 1 and 2 weeks post infection. Unlike iCCs, CCs showed high levels of
HBeAg with levels increasing by ~3.8-fold from 1 to 2 weeks post infection. RCCs also
demonstrated HBV permissivity with the 100k hepatocyte condition showing a ~35% reduction
in HBeAg from 1 to 2 weeks. RCCs with 30k hepatocytes showed lower levels of infection (~9%
of 100k) 1 week post infection as compared to the 100k condition. By week 2, HBeAg levels had
dropped by 60% compared to week 1. MPCCs showed more stable infection with a ~13% drop
in HBeAg from 1 to 2 weeks post infection. HBsAg showed similar trends as HBeAg. Overall,
HBYV infection levels appear to be higher in MPCCs created using PHHs compared to iHeps. We

also observed HBcAg in MPCCs 2 weeks post infection via immunofluorescent staining
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(Supplemental Figure 6.5.3). Additionally, the addition of 1 pM JAKi 24 hours prior to and
during infection (pulse) did not increase HBeAg or HBsAg levels as it did in iMPCCs

(Supplemental Figure 6.5.4).

RCC (30k)

MPCC (30k)

CC (510k)

Figure 6.3 Culture of PHHs in various model configurations. Phase contrast images of PHHs
cultured in conventional cultures (CCs), random cocultures (RCCs), and micropatterned
cocultures (MPCCs) from days 5, 10, and 16 of culture.

In order to compare our models against conventional platforms, we attempted to infect
HepG2 and HepaRG cultures with HBV as shown in Supplemental Figure 6.5.5. HepG?2 cells,
either in conventional confluent monolayers (CC) or in the MPCC format, did not show any
detectable HBeAg. On the other hand, confluent monolayers of HepaRG with the addition of 2%

DMSO showed stable HBeAg levels for at least 2 weeks post infection.
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Figure 6.4 HBV and HCYV infection of PHHs. (A) The various PHH models were infected with
HBYV, and HBV envelope antigen (HBeAg) was assessed 1 and 2 weeks post infection. (B) The
same cultures from panel A were assessed for HBV surface antigen (HBsAg). (C) The various
PHH models were infected with HCV, and HCV expression levels were assessed 5 days post
infection.

6.3.5 HCV infection of PHHs

RCCs with 30,000 and 100,000 hepatocytes and MPCCs with 30,000 hepatocytes were
established using PHHs for comparison against HCV infection in iHeps. Cultures were infected
on day 7 and RNA collected 9 days post infection (day 16) for the assessment of HCV
expression. HCV expression was higher in MPCCs as compared to RCCs with 30k or 100k

hepatocytes as shown in Figure 6.4C.

6.3.6 Attenuation of HCV in iMPCCs using existing DAAs

iMPCCs were established as previously described in the methods section and infected
with HCV on day 11. Cultures were treated with a panel of 5 drugs at various concentrations on
days 14 and 16. Viability of the cultures was assessed on days 16 and 18. Cultures were lysed for
RNA on day 18 to assess HCV expression levels as compared to the infected vehicle (DMSO)-
treated control. All 5 drugs demonstrated a dose-dependent attenuation of HCV expression

(Figure 6.5) with no significant loss of viability in the cultures (Supplemental Figure 6.5.6).
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Figure 6.5 Drug attenuation of HCV in iMPCCs. Dose-dependent attenuation of HCV
expression was observed in HCV-infected iMPCCs treated with a panel of 5 HCV drugs as
compared to infected iMPCC treated with the vehicle control.

6.4 Discussion

The study of hepatitis B and C has been difficult due to the narrow host and tissue
tropism of these viruses and subsequent lack of relevant experimental models. Robust models of
HBYV and HCV infection are necessary for the study of viral-host interactions towards the
creation of better prophylactic therapies and treatment regimens. While in vivo models of
hepatitis have offered valuable insight into the mechanisms of infection, the use of large animals,
such as chimpanzees, tree shrews, ducks, and woodchucks, for drug screening is impractical due
to cost and differences in drug metabolism pathways between human and animal livers’.
Recently, humanized murine models have allowed for completion of the entire viral life cycle,
but there are issues with robust engraftment of human hepatocytes, low breeding efficiency, and

high mortality®*. Thus, in vitro liver models are more commonly used®*. Ideally, these models
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should exhibit expression of viral entry factors, host factors that support virus replication and
longevity of the virus, maintenance of hepatocyte functionality such that the cells can mount an
antiviral response, and scalability/reproducibility for drug screening applications.

While there have been multiple cell culture systems that support HCV replication such as
the Huh 7.5 cell line or HepG2 ectopically expressing miR-122 and CD81°, systems that are
physiologically-relevant are required. Primary hepatocytes have been infected with HCV through
the use of serum-derived virions and HCV-like particles®. More recently, the replicon system
has been instrumental in the study of HCV replication and virus-host cell interactions®. For
example, the genotype 2a replicon (JFH-1) can replicate efficiently, produce infectious viral
particles, and can be passaged in vitro?®. Chimeric constructs with the J6 genotype 2a clone (Jc1)
improved the infectivity of the system?’-?8, Thus, we utilized these replicons for HCV infection

of our iPSC-HH platform. Although iPSC-HHs have been utilized by several groups for various

29-32 33-35

drug screening””~ and disease modeling™ > applications, the maturity and functionality of these
cells are far from those found in primary human hepatocytes. In this study and previous studies,
we have shown that through co-culturing and controlling cell-cell interactions between iPSC-
HHs and 3T3-J2 fibroblasts through micropatterning techniques, iPSC-HH functions are
significantly enhanced and stabilized such that these iMPCCs become highly sensitive to drug
toxicity detection'®!”. This platform also allows for maintenance of cell polarity, which is
important for defining accurate entry mechanisms since disruption of cell junctions (claudin-1
and occludin) may lead to disrupted viral entry*®. Through global gene expression analysis, we
were able to demonstrate that the majority of HCV host factors that appear in fresh PHHs are

also expressed in day 21 iMPCC cultures. We found that although iCCs, iRCCs, iMPHs, and

iMPCCs could all be infected with HCV with iCCs and iMPHs showing similar intrahepatic
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HCYV expression levels as iMPCCs, iMPCCs constitute a more robust model for drug screening
due to functional stability and higher expression of CYP450 enzymes that are critical for drug
metabolism!®!”. HCV infection of PHHs in MPCC format has previously been demonstrated by
Ploss et al*” and we determined that the level of HCV expression in iMPCCs was higher than
those in MPCCs based on PCR cycle numbers (data not shown). For both iHeps and PHHs, the
higher levels of HCV expression in MPCCs compared to RCCs at 30k (density-matched to
MPCCs) and 100k cells may be due to the maintenance of cell polarity over time and higher
expression of host factors since MPCCs allow cells to function better than RCCs as has been
shown previously'.

Although therapeutics are available for HCV, they are still cost-prohibitive and patients
respond to various drugs and drugs concentration differently. iPSC technology allows for the
study of inter-individualistic responses to infection and drugs since the limited availability of
PHH lots does not allow for adequate modeling of genetic diversity in patients. To establish
proof-of-concept, IMPCCs were dosed with a panel of 5 drugs that attenuate HCV through
different targets. IFNa-2A has multiple mechanisms of action, including immunomodulatory and
antiproliferative effects, but its use is limited due to severe side effects®. The mechanisms of
ribavirin, which is a guanosine analogue, are also not well understood, but it may inhibit HCV
polymerase. DAAs, such as danoprevir (protease inhibitor), 2’CMA and sofosbuvir (NS5B
polymerase inhibitors), and daclatasvir (NS5A inhibitor) were also assessed. Attenuation of viral
expression in the iIMPCC model showed similar trends compared to MPCCs treated with some of
the same HCV drugs®’. This model can also be used to assess drug-drug interactions by dosing

with combinations of these drugs as they are prescribed to patients in the clinic. We anticipate
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that lower concentrations of individual drugs may be utilized when used in combination with
other drugs.

We also demonstrated the utility of iPSC-HHs for HBV infection. While cell lines such
as HepG2°%* and HepaRG*® have allowed for insight into viral entry mechanisms, they require
additional manipulation to maintain a more polarized or differentiated state**. Indeed, although
our DMSO-differentiated HepaRG cells were permissive to HBV, our HepG2 cells were not,
possibly due to the lack of ectopically-expressed NTCP, which has been identified as an
important receptor for HBV#!#2_ Cell lines also do not fully mimic physiological responses due
to numerous morphological and functional abnormalities and defective innate immune signaling.
Thus, the use of PHHs and iPSC-HHs is preferred for the study of HBV pathophysiology and
screening of drugs for efficacy and toxicity. Due to issues with low viral permissivity and donor
dependence in PHHs, groups have utilized integrated HBV genomes, transfection of HBV DNA
into cells, or the addition of factors such as DMSO, PEG*, and immunosuppressants**. PEG has
been shown to increase cell susceptibility to HBV so we included it in our studies, but found that
even with the addition of PEG, HBV was only permissive to iMPCCs and not iCCs, iRCCs, or
iMPHs, which is in contrast to what we observed with HCV. This highlights the importance of
maintaining iHep polarity through controlled homotypic cell interactions for HBV infection.
Additionally, Shlomai et al found that the addition of a JAK inhibitor was necessary for robust
infection with various PHH donors!*. However, since HBV does not induce a strong antiviral
response, suppressing antiviral signaling should not be necessary for robust infection***. We
found that while suppressing the JAK signaling pathway in iMPCCs resulted in higher levels of
HBYV, infection was still observed in multiple donors when JAK signaling was not inhibited.

Overall, HBV infection seems to be only slightly lower (<35% decrease) in iMPCCs with JAKi
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compared to MPCCs based on quantification of secreted HBsAg and HBeAg and
immunofluorescent staining of HBcAg. Unlike iHeps, PHHs in CC and RCC formats also
showed robust HBV infection for at least 2 weeks, which Winer et al have demonstrated”!. These
differences may be due to the lower functional maturity of iHeps, especially in the CC and RCC
formats. This lack of maturity may result in lack of viral entry and replication factors. Thus, in
the future, iHeps in the iMPCC format can be utilized for the identification and screening of
HBYV therapeutics.

In conclusion, we have demonstrated that iHeps in the iMPCC platform are permissive to
cell culture-derived HBV and HCV isolates. In the future, this model can be augmented for the
study of host-pathogen interactions through the inclusion of other cell types that are also
involved in infection in vivo. For example, virions have been shown to bind to liver sinusoidal
endothelial cells, which affect downstream infection in hepatocytes through the secretion of
cytokines and exosomes*’. Furthermore, the activation of Kupffer and hepatic stellate cells by
HCYV induces an immune response that can affect patients’ responses to therapy and progression
towards advanced liver diseases*®. While the HCV strains we used in this study are of genotype
2a derived from a Japanese patient with fulminant hepatitis C, in vitro infection with other
genotypes are important to study differences in genotypic responses to therapies*’. Besides cell
culture-derived virus, other sources of virus such as patient isolate-derived HBV and HCV can
be used to infect these cultures. Through the utilization and augmentation of the iIMPCC model,
we anticipate that panels of multiple iPSC-HH donors can eventually be used to investigate inter-
individual susceptibility to both HBV and HCV drugs and thus allow discovery and screening of

novel compounds which can alleviate these global diseases.
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6.5 Supplemental Figures

iMPCC -SM iMPCC +SM

iMPCC +SM +1 uM JAKi pulse iMPCC +SM +0.5 uM JAKi continous

Figure 6.5.1 Immunofluorescent staining of HBV-infected iHep cultures in various model
configurations. Each model type was infected with HBV on day 11 and fixed for staining of
HBcAg (green) and DAPI (blue) 2 weeks post infection.
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Figure 6.5.2 iMPCCs demonstrate de novo production of infectious HCV particles.
Supernatant from HCV-infected iMPCCs was collected on days 14, 18, 22, and 26, and added to
naive iMPCCs on day 11 of culture for 24 hours. The cells were rinsed after 24 hours, media was
changed 2 days post infection, and the cells were lysed 4 days post infection (on day 16) for
quantification of HCV expression.
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Mock Infected

Figure 6.5.3 Immunofluorescent staining of mock and HCV-infected MPCCs. MPCCs
created using primary human hepatocytes were infected with HCV or mock media on day 7 and
fixed for staining of HBcAg (green) and DAPI (blue) 2 weeks post infection.
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Figure 6.5.4 Primary human hepatocytes of a different donor compared to the one shown
in Figure 6.4 were infected with HBV, and HBeAg and HBsAg were measured 1 week (1%
bar) and 2 weeks (2" bar) post infection. MPCCs treated with 1 uM of JAKi 24 hours prior to
and during HBV inoculation (pulse) showed similar HBeAg and HBsAg secretion levels as
compared to non-JAKi-treated MPCC controls.
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Figure 6.5.5 Cell lines were infected with HBV and secreted HBeAg was measured 1 and 2
weeks post infection. HepG?2 cells, either in conventional confluent monolayers (CC) or in the
MPCC format, had undetectable levels of HBeAg. Confluent monolayers of HepaRG with the
addition of 2% DMSO showed stable HBeAg levels for at least 2 weeks post infection.
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Figure 6.5.6 Viability was assessed in HCV-infected iMPCCs treated with HCV drugs as
compared to the non-infected and non-treated QC (quality control), and vehicle (DMSO)-
treated mock and infected iMPCCs. iMPCCs were infected with HCV on day 11, treated with
the drugs on days 14 and 16, and assessed for viability on days 16 (top) and 18 (bottom).
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Chapter 7

Conclusions and future work’

7.1 Conclusions

Liver diseases such as DILI and hepatitis are major global health burdens and it is clear
that animal studies are not sufficient to fully predict and understand human-relevant outcomes’.
While the development of human liver models was initiated many decades ago with the isolation
and culture of PHHs on ECM, the rapid functional decline of these cells outside of their native
liver microenvironment limits the prediction of clinical DILI outcomes?*. Over the last few
years, engineers have developed tools that now allow for more precise control over the
microenvironment of PHHs such that functions can be stabilized for several weeks to months.
This dissertation sought to improve upon existing in vitro liver models for drug screening and
disease modeling applications. This was accomplished first by utilizing more physiologically-
relevant biomaterials. Specifically, polyelectrolyte multilayers were used to present growth
factors to liver cultures in a more physiologic manner and liver ECM was also utilized as a
complex cell culture substrate that’s more similar to what hepatocytes experience in vivo. In
addition to assessment of substrates, we sought to augment the micropatterned coculture

(MPCC) model with Kupffer cells. While many studies have validated the MPCC model for drug

7 Sections of this chapter have been adapted from: Lin, C. and Khetani, S.R. Advances in
engineered liver models for investigating drug-induced liver injury. BioMed Research
International: 1829148 (2016) and Lin, C. et al, The application of engineered liver tissues for
novel drug discovery. Expert Opinion on Drug Discovery 10(5):519-540 (2015).

With permission from Hindawi Publishing Corporation (open access) and the Taylor & Francis
Group.
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disposition and disease modeling applications, the addition of non-parenchymal cell types of the
liver is necessary to gain a more complete picture of pathophysiological states. For example, the
incorporation of Kupffer cells has allowed for us to screen for drugs which may induce
idiosyncratic toxicity. We believe that this platform will be invaluable towards the discovery of
better therapeutics since many hepatic disease states will induce an inflammatory response by the
Kupfter cells. One such disease is hepatitis viral infection. In this dissertation, we have
demonstrated that the MPCC model with either PHHs or iHeps can be infected with hepatitis B
and C and responds to current HCV therapeutics as expected. The genetic variability that iHep
technology offers can allow for the study of antiviral responses and personalized medicine.

Overall, the work described here has set the foundation for future studies into human diseases.

7.2 Future work
7.2.1 Comprehensive in vitro liver models

Over many years of research, the field of engineered liver models has come to realize
some important considerations in the design of such models, including the addition of multiple
liver cell types at physiologic ratios in vitro and control over homotypic and heterotypic cell-cell
interactions. These liver NPCs play vital roles in liver homeostasis and diseases states through
heterotypic cell-cell communication. For instance, activation of Kupffer cells into a more
inflamed state can downregulate certain CYP450s in PHHs, which can modulate the toxicity of
drugs that are metabolized by those enzymes*. Additionally, drugs can activate hepatic stellate
cells into becoming myofibroblasts that deposit excessive amounts of ECM and secrete cytokines
which affect hepatocyte functions due to the changing microenvironment®. While in this

dissertation, we have augmented the MPCC model with Kupffer cells, hepatic stellate cells, liver
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sinusoidal endothelial cells, and cholangiocytes should also be included in the model to gain a
more comprehensive insight into cell-cell interactions during pathophysiology.

Additionally, human liver models are now being coupled with models of other
organs/tissues to better predict and understand how drug metabolism in the liver affects toxicity
in other tissue types and how other organs can modulate liver functionality. Such integration is
being done in vitro using microfluidic perfusion through biochip platforms. As candidate drugs
progress through the drug development pipeline, such organs-on-a-chip platforms could be used
to determine how different tissue types interact to produce toxicity in one or more tissue types®.
Additionally, these chips are useful for modeling the pharmacokinetics and pharmacodynamics
of drugs in a single device through the creation of gradients of molecular factors such as those
that occur in vivo (zonation). There is always a chance that a candidate drug is flagged as toxic

only when the most complex/complete culture system such as an organs-on-a-chip is utilized.

7.2.2. LBM and PEMs substrates for the delivery of growth factors to iHeps

Although LBM and PEMs were only utilized for the culture of PHHs in this dissertation,
it is conceivable that such substrates may be used for iHep maturation. These biomaterials can be
used to present important microenvironmental factors that are critical for the maturation of
iHeps, such as oncostatin M (OsM). In pilot studies, we observed that OsM adsorbed to PEMs
induced 40-65% more albumin secretion in iMPCCs compared to the soluble OsM control
delivered via media changes over the course of 2 weeks (i.e. 25.6 pg/mL vs 16.8 pg/mL). The
same trends were seen for urea production (20% higher concentrations in PEM-adsorbed
conditions) and CYP450 activities. The iMPCC model also stabilized the effects of OsM on

iHeps since in conventional pure cultures, the adsorbed OsM conditions functionally crashed
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after 1 week while the soluble OsM conditions were able to survive for at least 2 weeks,
presumably due to fresh OsM delivery every 2 days. In the future, PEMs could be used to deliver
multiple growth factors to iMPCCs in a spatiotemporally-controlled manner. Additionally,
decellularized LBM may contain several factors that may aid in iHep maturation. It would be
interesting to see if LBM could be used to present growth factors to iHeps to mimic maturation

pathways as they occur in vivo.

7.2.3 Utilization of KCs for insight into mechanisms of other liver diseases

Although in this dissertation, KCs were only utilized as a drug screening platform to
identify drugs that may show increased toxicity in the background of an inflamed liver, the
MPCC-KC model may also be used for the study of other diseases, such as hepatitis and diseases
related to over-nutrition, including steatosis, non-alcoholic fatty liver disease (NAFLD), and
NASH (non-alcoholic steatohepatitis).

In vivo, liver NPCs are thought to be involved in the presentation of HCV to hepatocytes,
spreading of HCV infection, and inflammation. However, the specific roles and pathways that
liver NPCs such as KCs are involved in and the downstream effects they have on HCV infection
are still unknown. During infection, HCV induces IFN within hepatocytes and liver stromal cells.
IFN-mediated activation of the immune system, including upregulation of ISGs, may lead to
divergent outcomes in HCV infection. It has been demonstrated that HCV interacts with host
factors such as IFN-y and LPS to activate KCs, which may favor chronic inflammation in HCV
patients’. KC activation assessed using the CD163 activation marker has recently been
associated with inflammation and fibrosis in chronic HCV infection. After successful treatment

with antivirals, serum CD163 levels dropped significantly in vivo®. KCs themselves are also a
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source of IFN and based on basal IFN and subsequent ISG expression levels, patients will either
respond or not respond to interferon therapy’. High IFN baseline production by KCs can lead to
innate immune tolerance, lack of ISG expression, and lack of response to IFN therapy’. KCs
have also been shown to bind and phagocytose HCV in vivo'%!!. However, another study stated
that although KCs phagocytose HCV particles, they do not serve as a reservoir for the virus and
cytokine secretions by KCs are not induced'?. Additionally, Jilg et al showed that by treating
hepatocytes with IFN-a or IL28B, different kinetics of ISG induction were achieved and
substantially altered by HCV infection'®. Finally, HCV can evade the innate immune response by
cleaving and inactivating signaling molecules that react to HCV PAMPs that induce IFNs.
Despite these escape mechanisms, ISGs are still induced in chronically-infected patients.
However, these patients do not respond well to IFN therapy'#. Thus, in the future, we would like
to assess how the presence of quiescent and TLR-ligand-activated KCs modulate HCV uptake
and progression through IFN signaling pathways in MPCCs. We hypothesize that by
incorporating activated KCS, upregulation of IFNs and ISGs will occur post infection.
Additionally, we postulate that activation of KCs via TLR ligands may lead to the increased
secretion of inflammatory cytokines, such as IL-6 and TNF-a, which has been demonstrated in
vivo'.

Liver NPCs, such as KCs and hepatic stellate cells are also believed to play important
roles in over-nutritional diseases. A liver is considered fatty when lipids account for more than

5% of the liver’s weight!?

. Triglycerides are stored in the hepatocyte cytoplasm, which leads to
micro- and macro-vesicular steatosis. Steatosis can result from alcohol consumption resulting in

alcoholic fatty liver disease, or a high-fat diet leading to NAFLD and NASH. NAFLD has been

implicated in causing insulin resistance in hepatocytes and may contribute to the pathogenesis of
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liver fibrosis, cirrhosis, hepatocellular carcinoma, and type 2 diabetes'®!”. Cell-based liver
models can also be used to better understand how fat accumulation affects the liver on a cellular
level, which can aid in the development of novel therapeutics. In a human-relevant study,
cultures of PHHs and HepG2 were incubated with both saturated and unsaturated long-chain free
fatty acids (FFAs), and while both types of fats caused lipid accumulation, saturated FFAs led to
more lipotoxicity and subsequent apoptosis'®. Additionally, steatosis led to a down-regulation of
CYP enzymes, which may affect the metabolism of administered drugs'®. Ultimately, how
NAFLD leads to fibrosis, which can then ultimately lead to cirrhosis and hepatocellular
carcinoma are complex questions that will require multicellular, human-relevant, and long-term
culture models to be able to properly answer to a degree that accurately mimics human liver

biology.

7.2.4 Hepatitis mechanistic studies utilizing iHeps

While pilot studies of iHep infection with hepatitis were conducted in this dissertation,
the potential of utilizing panels of iHep donors for the study of interindividual differences in
response to viruses and drugs were not assessed. We anticipate that iHep models will eventually
allow for the study of inter-individual differences in HCV infection and progression. HCV
persists in 85% of those who are infected and standard therapies of pegylated-interferon and
ribavirin or direct-acting antivirals (DAAs) such as boceprevir and telaprevir will cure 50-80%
of infected patients?’. The differences in responses to HCV therapeutics can be partially
attributed to the different genotypes of HCV. Genetic polymorphisms may also affect how an
individual will respond to HCV therapy. For example, patients with IL28B polymorphisms will
respond better to interferon therapy when infected with certain HCV genotypes®!. This may be

due to an initially lower level of KC activation in these patients as IFN lowers the KC activation
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marker, CD163, after successful treatment®. The outcome of infection will depend on the HCV
genotype as well as the specific patient. For example, HCV genotype 3a leads to significant lipid
accumulation, which can be associated with fibrosis progression??. Some patients will start out
with varying levels of IFN and ISGs, which can then affect response to therapeutics. For
instance, patients with high pretreatment levels of ISG expression may not respond to
therapeutics’. Additionally, certain HCV genotypes may lead to more pronounced induction of
inflammatory pathways?.

With current in vitro liver models, it is not possible to predict how specific individuals
will progress through infection and which of these individuals will adapt to drug-induced cell
stress and which individuals will experience severe DILI. Creation of hundreds and thousands of
iPSC lines from different individuals may ultimately be necessary to fully understand
interindividual variations in antiviral response and treatment outcomes due to genetic makeup.
However, iPSC-HH functions need to be further improved to be similar to PHHs before their
potential for investigating DILI can be fully realized. In this dissertation and previous studies, we
have shown that engineering tools have shown great promise in improving iPSC-HH functions.
However, more progress needs to be made with further functional maturation and the use of
standardized endpoints for appraising such maturity before this model can be used to study inter-

individual differences in HCV infection, progression, and response to therapeutics.
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