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ABSTRACT

ENGINEERING IN VITRO MODELS OF NON-ALCOHOLIC FATTY LIVER DISEASE

Decreased resources and a scarcity of affordable, healthy food is contributing to rising
obesity rates throughout the world. Consequentially, non-alcoholic fatty liver disease (NAFLD),
which is highly correlated with obesity, rates are also increasing with greater than 30% of the US
population currently diagnosed. NAFLD starts as a benign state of fat accumulation within liver
hepatocytes but often progresses to more detrimental conditions such as non-alcoholic
steatohepatitis (NASH), fibrosis/cirrhosis and hepatocellular carcinoma (HCC). There is no cure
for NAFLD or its downstream complications and questions still remain about what factors
contribute to disease progression. Specifically, the cause(s) of insulin resistance, lipid
accumulation, inflammation, and fibrosis are not completely understood. Many of these
questions cannot be elucidated in animal models due to confounding contributions from other
organs, differences in animal disease pathology (relative to humans) and dietary restrictions.
Additionally, if therapies are to be identified for NALFD, human-relevant systems will need to

be used due to species differences in drug metabolism enzymes.

Primary human hepatocytes (PHHs) are the gold standard for assessing drug metabolism
in vitro, but these cells rapidly lose their liver phenotype in vitro. Here we show that
micropatterned co-cultures (MPCCs) of PHHs and stromal cells maintain glucose and lipid
metabolism in hepatocytes, which suggests their utility for in vitro disease models of NAFLD.
Major advances in culturing methods were developed to increase the insulin sensitivity and

overall health of hepatocytes in MPCC:s prior to carrying out studies regarding NAFLD-related

ii



insulin resistance. The highly insulin sensitive MPCC model was then used to develop models of
fatty acid-induced NAFLD and hepatic stellate cell induced NASH phenotypes. Potential
disease mechanisms and treatments for fatty acid-induced insulin resistance and NASH disease

progression were identified using these models.
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Chapter 1

Introduction

1.1 Liver composition and homeostasis

The liver is composed of multiple cells that make up a functional unit called the
sinusoid, where specific tasks are carried out along the functional unit (1). Hepatocytes make up
the majority of the cells in the liver (~60%) where their functions along the liver sinusoid are
zonated. Specifically, hepatocytes produce proteins and glucose in the periportal region, while
they metabolize xenobiotics and store/synthesize lipids in the perivenous region (Fig. 1). Lining
the blood vessels of the liver are the hepatic stellate cells (HSCs), which make up approximately

5% of the cells in the liver, store vitamin A, and aid in regeneration (Fig. 1) (2).
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Figure 1.1. Liver composition and zonated functions across the sinusoid. Oxygenated and
nutrient-rich blood flows into the periportal region (right) where hepatocytes generally have a

1



secretory phenotype. The perivenous region (right) has oxygen-depleted blood and mainly
metabolizes xenobiotics and produces/stores lipids. Adapted from Birchmeirer, W. Nat. Cell.
Bio. 18, 463-465, License granted by Nature Publishing Group Copyright © 2016.

There are other non-parenchymal cells found in the liver such as endothelial cells, immune cells
(Kuppfer macrophages and natural killer cells), fibroblasts and biliary epithelial cells, which
play various roles in liver health and disease (Fig. 1).

Hepatocytes and stellate cells play interdependent roles in maintaining liver functions.
During regeneration, stellate cells produce extracellular matrix (ECM) and growth factors, which
induce hepatocyte expansion (3). Alternatively, hepatocytes produce retinol binding protein and
albumin, which facilitate the uptake of retinol by stellate cells (4). Furthermore, stellate cells
regulate the mechanical properties of the liver by modifying the ECM to maintain a soft (1-6
kPa) substrate for hepatocytes to reside (5). These two cell types act in unison to respond to
adverse nutritional stimuli (ie. Excess glucose, fatty acids) and liver damage, although chronic

liver insults can make this relationship go awry.

1.2 Nutrition related liver disease

Nutritional homeostasis is crucial for the prevention of metabolic disorders such as non-
alcoholic fatty liver disease (NAFLD) and Non-alcoholic steatohepatitis (NASH). NAFLD is
characterized by ectopic lipid accumulation within hepatocytes, where more than 5% of the cells
have visible lipids (Fig. 2). This fat accumulation or steatosis is considered benign, but it
predisposes patients to detrimental downstream complications such as insulin resistance (IR),
NASH, cirrhosis and hepatocellular carcinoma (HCC) (6). NAFLD currently affects more than

30% of the US population and is generally found in obese or type 2 diabetic patients. There is no



cure for this disease and massive efforts are underway to identify potential therapies to reduce

the symptoms of NAFLD.

Figure 1.2. Histology of a normal and fatty liver. H+E stain showing normal (left) and
NAFLD (right) liver histology in human liver. Arrow points to lipid accumulation. Adapted from
Wruck, W. et al. Scientific Data (2), 150068, which is free to disseminate under the CC-BY
license.

1.3 Hepatocyte nutrient metabolism and insulin signaling

Upon ingesting a meal, there is a spike in blood glucose as well as lipid levels, which
triggers the release of insulin from the pancreas. Insulin stimulates adipose tissue to take up
excess fats, while also stimulating the liver to store excess glucose (7). Hepatocytes will store
glucose as a polymer, glycogen, as well as fatty acids after glucose has been broken down
through glycolysis. The liver also has an enormous capability to produce glucose from glycolytic
intermediates, as well as amino acid and lipid precursors during fasting. This process of glucose
production, or gluconeogenesis, is activated by another pancreatic hormone, glucagon, and shut
off by the action of insulin (8). During times of starvation, the liver can provide glucose for the
entire body, although gluconeogenesis can also be overactive in diabetic patients with insulin

resistance (9). Interestingly, diabetic patients have a unique signature in their type of insulin



resistance, termed ‘selective insulin resistance’ where insulin fails to shut down glucose
production in the liver while still stimulating the production of lipids (1,10). This leads to a state
of hyperglycemia, with increasing lipid accumulations in the liver; a vicious cycle that can only
be overcome with exercise and or serious surgical intervention.

Vitamin A aids in normal hepatocyte signaling with regard to drug metabolism and lipid
homeostasis (2,11,12). Additionally, vitamin A has been shown to prevent hepatic stellate cell
activation, which occurs in chronic liver disease (3,13). Although, tissue vitamin A levels have
been shown as one of the first nutrients to decrease in the liver as humans become obese, which

could have detrimental effects on hepatocytes (4,14).

1. 4 Hepatocyte lipid metabolism

The majority of the dietary fat is absorbed by adipose tissue, while the liver mainly takes
up lipids lysed from inflamed fat tissue (5,15). Additionally, excess glucose is also converted to
lipids via the protein Fatty Acid Synthase. The liver also takes up LDL, HDL, and chylomicrons,
which contain free fatty acids, triglycerides and cholesterol. Fatty acids can be used for energy
production through beta-oxidation, while triglycerides need to be broken down into fatty acids
prior to use for energy production. Additionally, fatty acids and cholesterol can be incorporated
into cell membranes to adjust membrane fluidity. Once energy and membrane-associated needs
of the cell are fulfilled, excess lipids, as well as cholesterol sources, combine to form lipid
droplets within hepatocytes (6,16). Healthy hepatocytes package triglycerides and cholesterol
esters into VLDL particles and secrete them for use by the rest of the body. In animal models of

nonalcoholic fatty liver disease, this function is significantly decreased (7,17). The production of



lipids within hepatocytes from precursors such as glucose is also increased in NAFLD (18).
Specific hepatic lipids, such as diacylglycerol and ceramides, have been shown to decrease
hepatic insulin signaling pathway proteins, which contributes to type II diabetes progression in
patients with NAFLD (9,19). Steatotic hepatocytes have also been shown to activate local
stromal cells via exosomal and paracrine signaling, which can further exacerbate disease
progression (20). Within the progressive stages of non-alcoholic steatohepatitis, excessive
cholesterol and lipid peroxides build up in hepatocytes and have been shown to contribute to
hepatocyte malfunction and apoptosis (21). New potential therapies that show efficacy in
reducing or preventing NAFLD in animal models are published often. Unfortunately, there are
key differences between animal disease models and the human progression of NAFLD, which
limits the translation of therapies developed using animal models.

All NAFLD animal disease models have the basic requirement to recapitulate the
abnormal lipid accumulation, >5% of hepatocytes containing visible lipids, seen in NAFLD
patients, but there are major differences between animal and human disease progression. One
major difference is the location within the liver sinusoid where lipids first begin to accumulate.
In humans, steatosis starts in the perivenous region, and then makes its way to the periportal
region before it fills the liver parenchyma completely. Rodent NAFLD models show an opposite
trend, with steatosis starting in the periportal region (22). Additional discrepancies between
animal models and human disease can also be seen when considering metabolic and disease
severity differences. The most common animal model to study non-alcoholic steatohepatitis
(NASH), a progressive stage of NAFLD, is developed by feeding mice a methionine and choline
deficient (MCD) diet (22,23). This causes a massive infiltration of inflammatory cells, fibrosis,

steatosis, and liver injury, similar to NASH (Fig. 3). Alternatively, the animals on this diet



actually become more insulin sensitive, lose weight and never become hyperglycemic. It is
thought that the lack of methionine and choline inhibits phosphatidyl choline production and
subsequent release of VLDL particles out of hepatocytes (17). The MCD diet might allow the
researcher to study the damage of steatohepatitis, although there is little relevance of this diet on
human pathophysiology since a lack of these molecules in most NAFLD patient diets is not a

significant issue.

Lipids
(red)

Inflammatory cells
(brown)

Fibrosis
(red)

Figure 1.3. Comparison of different diets effects on liver histology. Normal chow (wt),
western diet (wt+WD) and MCD diet (wt+MCD) were given to mice for 7 weeks and their lipid,
inflammatory cell infiltrate and fibrosis levels were visualized in histology slides. Adapted from
Schierwaen et al. Sci Reports. 2016.doi:1038/srep12931 which is free to disseminate under the
CC-BY license.



The high-fat diet, as well as genetically altered hyperphagic mouse models, have also
been used to a great extent in NAFLD research. Hyperinsulinemia, weight gain, hyperglycemia
and liver fat accumulation are all found in these models, although the level of disease severity is
nowhere near that of NASH patients or the MCD diet (23). Specifically, these models generally
show less fibrosis, inflammation and liver damage (Fig. 3). Additionally, similar levels of lipid
accumulation found in human NAFLD patients have only been attained in rodent models by
gavage, or forced feeding of high-fat diets. Fortunately, some recently developed diet-induced
models are bridging the gap between human and rodent NAFLD by including components found
in most obese westerner diets, such as high amount of cholesterol, the western diet, and even the
addition of artificial trans-fatty acids, the fast food diet (24). Using these advanced diets,
researchers are able to obtain mouse models with severe fibrosis, steatosis, inflammation, and
liver cell damage. Even so, there still remains the challenge of recapitulating the distinct
differences between rodent and human drug metabolism pathways in order to enable translatable

results on the efficacy of compounds for treating human disease (25).

1.5 Bile acids, transporters, and nuclear receptors

Cholesterol is converted to bile acids, cholic acid (CA) and chenodeoxycholic acid
(CDCA), via the actions of CYP7A1 and CYP8B1 (Fig. 4). This pathway constitutes ~75% of
the bile acids produced in the liver, although an alternative pathway that is regulated by
CYP27A1, also shows significant contributions to bile acid production (26). Importantly, there
are distinct differences between human and rodent bile acids pools. While CA and CDCA make

up the majority of bile acids in humans, mouse bile acids are made up of mostly Beta-muricholic



acid and to a lesser extent CA (27). These differences may play a role in drug development as

bile acids are now recognized as key intracellular signaling molecules that regulate hepatocyte

metabolism (28). Either way, CYP450 enzymes are the major regulators of bile acid production.
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Figure 1.4. Bile acid production, regulation and excretion in hepatocytes. Hepatocytes take
up bile acids from the portal blood circulation and also produce them through CYP 450 mediated
pathways. FXR acts to shut down bile production pathways and increase bile excretion
pathways. Adapted from de Aguiar Vallim, TQ et al. Cell Metab. 17 (5):657-69. 2013, License
granted by Elsevier Inc Copyright © 2013.

Bile acids, such as CA and CDCA, can freely move in and out of the cell membrane,
although most bile acids are amidated with taurine or glycine to increase their pKa and their
ability to form micelles within the acidic duodenum of the small intestine. Within the intestine,
the amphipathic nature of bile salts enables the absorption of lipids and fat-soluble vitamins,

such as vitamin A (29). Bile salts play a role in nutrient absorption as well as regulating negative

feedback loops on bile acid production within hepatocytes. Unlike bile acids, these conjugated



bile salts need transporters to get them in and out of the cell, and their build up within the liver
can cause damage to organelles and subsequent oxidative stress (30).

Common diseases, such as primary biliary and liver -cirrhosis, are characterized by
cholestasis or the buildup of bile within the liver. Additionally, it is now recognized that NASH
patients have abnormal bile as well other biotic and xenobiotic accumulations within the liver
and associated altered transporter expression in the liver (31). Na'-taurocholate cotransporting
polypeptide (NTCP), and to a lesser extent the solute carrier organic anion transporter family of
proteins (SLCOs), mediate the uptake of conjugated bile salts, drugs and biological waste
products such as bilirubin, into the liver (Fig. 4). Multidrug resistant-like proteins (MRPs 1,3 and
4) excrete these same components back into the blood when levels are too high in hepatocytes.
Additionally, MRP2 and the bile salt export pump (BSEP) coordinate the major excretion of
conjugated bilirubin and drugs as well as bile acids into the apical (canalicular) lumen. All of the
aforementioned transporters have been shown to be downregulated, except for MRP4, in human
NASH or fibrotic livers (32). Although, animal disease models have shown opposite trends in
transporter expression (33). Since there is a coordinated down regulation of these transporters,
some believe that NASH mediators, such as inflammation, act on master transcription factors,
such as nuclear receptors, to orchestrate this effect (34).

The farnesoid x receptor (FXR), pregnane x receptor (PXR) and constitutive androstane
receptor (CAR) are all bile-sensitive nuclear receptors found in hepatocytes that act to maintain
normal homeostatic functions of the liver such as elimination of toxins and metabolites and
regulation of drug, glucose and lipid metabolism (28). FXR appears to mostly be affected by bile
acids, while PXR and CAR are also modulated by xenobiotics (35). FXR is activated by a variety

of bile acids and acts as an intracellular bile acid rheostat by downregulating bile acid production



pathways, such as CYP7A1, as well as bile uptake proteins, such as NTCP, and increasing the
expression of bile export transporters, such as MRP2 and BSEP (Fig. 4) (29). Additionally, FXR
can rehabilitate lipid and glucose metabolism in fatty livers by shutting down lipid production
and repressing excessive glucose production. A synthetic form of the natural agonist, CDCA, for
FXR, called obeticholic acid (OCA) has a much higher affinity for FXR than any natural ligand
and has been shown to recapitulate the beneficial effects of FXR activation (36). Additionally,
OCA has shown beneficial effects for type Il diabetic NASH patients by positively regulating the
aforementioned pathways as well as decreasing inflammation (37). PXR and CAR are also
activated by increases in bile acids and respond by increasing bile metabolism and excretion
pathways. PXR, specifically acts by increasing enzymes, such as CYP3A4, and transporters to
increase the removal of bile acids from hepatocytes (35). Importantly, FXR, PXR and CAR have
all been shown to be downregulated in NAFLD/NASH and therefore have been critical targets
for treatment. Human-relevant models will undoubtedly aid the development of therapies that

target these pathways.

1.6 Drug metabolism/toxicity

Along with bile acid regulation, nuclear receptors also control drug metabolism enzymes
that are a part of the cytochrome P450 family. Accordingly, drug metabolism pathways are
altered in NALFD and NASH in humans and animal disease models. Although, studies regarding
the trends in CYP450 have differed tremendously, and the only consistent effects of this disease
have been shown in late stage NASH and associated fibrosis (38). These studies have shown a

general decrease in CYP450 activity, especially for CYP3A4. By administering midazolam, a
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substrate for CYP 3A4, to biopsy-proven NASH patients, it has been shown that the degree of
fibrosis as well as inflammation and hepatocyte ballooning negatively correlate with midazolam
turnover (39). In vitro studies with primary hepatocyte as well as hepatocyte cell lines have
shown that lipid overloading with the saturated fatty acid, palmitic acid, causes steatosis and a
concomitant decrease in CYP3A4. Additionally, Donato et al. also found that NAFLD patient
hepatocytes generally had decreased CYP3A4 enzyme levels (40). However, Niemelé et al.
found CYP3A4 to be upregulated and Fisher et al. found it to be unchanged in patients with
NAFLD. Due to the enormous amount of factors that can contribute to NAFLD pathogenesis, it
is not surprising that conflicting results have been reported. Recent reviews have suggested that
we should stop considering the old NAFLD dogma, termed the ‘two-hit hypothesis’, and
consider NAFLD as a disease where multiple events can simultaneously induce NASH rather
than steatosis being the primary symptom prior to disease progression (41). With this line of
thought, one could imagine that very different results would be obtained by assessing patients
solely based on their hepatic lipid profile and suggest that specific biomarkers need to be
developed in order to identify the main etiology of NASH development. Model systems, either in
vitro or in vivo, that can recapitulate NASH based on specific manipulated etiologies may help

elucidate different subsets of NASH and also identify new targets for disease therapy.

1.7 Hepatic stellate cells

Hepatic stellate cells (HSCs), the mesenchymal vitamin-A storing cells of the liver, aid in
liver regeneration in health, while they contribute to fibrosis and hepatocellular carcinoma

progression in disease (42-44). HSCs have a quiescent phenotype in the normal liver, but upon

11



stimulation, they become activated and secrete various molecules (collagen, MMPs, TIMPs,
growth factors and cytokines) that can engender the organ to an altered functional state (Fig. 5)
(2). Some diseases associated with activated HSCs include viral infection, drug-induced liver
injury, and the most prominent ailment non-alcoholic fatty liver disease (NAFLD), which affects
~30% of the general population (45).

Non-alcoholic steatohepatitis (NASH) is considered the progressive stage of NAFLD and
fibrosis usually accompanies this disease. NASH is increasing in prevalence (5-10% of NAFLD
patients) and the lack of treatment options makes this disease the second highest etiology for a
liver transplant (46). Resident liver and bone marrow-derived hematopoietic cells (Kupffer
macrophages, natural killer T cells etc) have rightly gained the spotlight in the pathogenesis of
NASH due to their well-known pro-inflammatory capabilities and characteristic accumulation in

NASH livers (47).

Normal Liver ' Fibrotic Liver ] Fibrotic Changes

o : - §
Source: J Gastroanterol Hepatol © 2008 Blackwall Publishing

Figure 1.5. Quiescent and activated HSCs. HSCs in the normal liver reside between the
endothelial cells (EC) and parenchymal hepatocytes (PC) in the space of disse (D). These HSCs
are quiescent and store vitamin A. In the fibrotic liver, activated HSCs assume a myofibroblast
phenotype (MFB) while inflammatory cells (blue) infiltrate the parenchyma and significant
extracellular matrix (BM) accumulates. (Right) HSCs become activated in culture. Adapted from
Gressner, O A, et al. J. Gastroenterol Hepatol. 23(7):1024-35. 2008, License granted by The
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Authors. Journal Compilation, Journal of Gastroenterology and Hepatology Foundation and
Blackwell Publishing Copyright © 2008.

Although, fibrosis, not inflammation, has recently been identified as the major predictor of the
long-term outcomes for patients with NASH (48). Therefore, it is plausible that other liver cell
types capable of promoting an immune response and fibrosis could be involved in the
development of human NASH symptoms.

HSCs are generally thought of as innocent bystanders that are activated as a response to
factors first produced by immune cells and hepatocytes during NASH (49). This may not always
be the case, since HSCs can not only initiate inflammation, by secreting cytokines (ie: TNFa and
IL-6), but also become activated by non-hepatocyte/immune cell stimuli such as tissue
compliance and hormonal/nutrient signaling. Specifically, increased substrate stiffness, insulin,
and a loss of vitamin A have been shown to activate HSCs in vitro, all of which are common
symptoms in fibrosis, NASH, and obesity (5,14,50,51). In line with the ‘multiple parallel hit’
hypothesis, HSCs could play a role in initiating NASH, or yet to be defined subsets of the
disease, as well as sustaining the disease phenotype as obese patient livers progress to an insulin
resistant, and inflamed/fibrotic state (6,41). Although the effects of activated primary HSCs on
hepatocytes have scarcely been addressed (52-55). Moving forward, in vitro models of NASH

will need to incorporate hepatic stellate cells, as well as other inflammatory cells.

1.8 Current in vitro liver models

Hepatocytes rapidly dedifferentiate outside of the body when cultured in vitro (56). They

change from having a characteristic cuboidal epithelial morphology, to a flattened, well-spread
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fibroblast-like phenotype (57). Additionally, these hepatocytes secrete many growth factors, such
as TGFp, and cytokines associated with liver disease such as fibrosis (58,59). Even when they
are cultured in a way that maintains hepatocyte functions, they still do not proliferate, which
presents a difficult problem for sourcing these cells. Therefore maintaining their phenotype and
function in vitro is critical to the study of human hepatocytes. Accordingly, many attempts have
been made to identify methods that increase the retention of hepatocyte phenotype in vitro (60).
Sandwich cultures, which sandwiches hepatocytes between two collagen gels, have been shown
to extend the phenotype of hepatocytes in vitro, which could be due to the maintenance of a 3D
environment and or a compliant substrate that mimics the in vivo stiffness (57). Unfortunately,
hepatocytes in this format have a limited lifetime and do not retain all hepatocyte functions such
as glucose metabolism (61). Considering compliance and three-dimensions as important
parameters, many attempts have been made to create long-term hepatocyte cultures by
fabricating cell spheroids (60). Briefly, hepatocytes are seeded into non-adherent wells so that
they self-organize into spherical ‘organoids.” This method allows for the introduction of other
cell types found in the liver and can maintain hepatocyte phenotype for about 4 weeks in vitro.
There are practical limitations to this system since imaging organoids requires sectioning and the
small number of cells makes it difficult to detect changes in hepatocyte secretions. Therefore a

high throughput system based on this method will be difficult to attain.

1.9 Micropatterned co-cultures

In the 1980s Begue et al. fortunately found that co-culturing hepatocytes with supportive

cells extends their lifetime and improves their functions in vitro (62). The major drawback to this
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co-culture format was that the cells were randomly distributed, which decreased consistency
from well to well and made it difficult to elucidate the role of cell-cell interactions in maintaining
hepatocyte phenotype (63). Bhatia et al. overcame this limitation by micropatterning collagen
domains using lithographic techniques, which can be subsequently patterned with hepatocytes
(64). This improved the control over the number of hepatocytes that can attach and the level of
homotypic, same cell, and heterotypic interactions in co-cultures. Khetani et al. then identified
the mouse embryonic 3T3-J2 clone as an optimal supportive cell for hepatocytes from multiple
species, by comparing the ability of other similar cells to support hepatocyte functions (65). This
specific mouse fibroblast clone has been compared to other human liver non-parenchymal cells
(endothlial, Kupffer, and stellate cells) in our lab, and it supports hepatocytes at significantly
higher levels than any cells we tested. Eventually Khetani and Bhatia published a high
throughput micropatterned co-culture (MPCC) platform for human hepatocytes with an
optimized geometry for maintaining hepatocyte functions (66). The architecture of this system
does not reflect the liver sinusoid, but the circular patterns used retain their shape for an extended
period of time while other geometries may become altered. Additionally, hepatocyte transporters,
polarity, and glucose metabolism, key determinants of disease progression in NASH, are retained
at higher levels in the MPCCs than any other model available (61). The MPCC provides the field
with exceptionally long-lived cultures (3-4 weeks), but the suggested lifetime of a hepatocyte in

a healthy liver is about 1 year and therefore there is still room for improvement.
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1.10 Motivation for this dissertation

There is a clear need to develop a better understanding of how metabolic disease affects
the liver as the metabolic syndrome is now spreading throughout the world. With the latter issue
in mind, in vitro models of the liver that retain the aspects of liver physiology (glucose, lipid and
drug metabolism as well as transporters and bile production) that are important for normal liver
health and altered in pathologic conditions in the liver, such as NAFLD and NASH, are in great
need. Models that retain these functions of the liver will undoubtedly aid researchers ranging
from tissue engineers to molecular biologists who’s interests lie in the field of metabolic disease.
Inspired by the lack of effort put forth by the bioengineering community to aid type II diabetes
research, this dissertation has been dedicated to developing tools to further our understanding of
this disease, its related complications in the liver and eventually developing new treatments for
diabetic complications in the liver by making the first in vitro disease models of fatty liver
disease. Major technological hurdles must be overcome to achieve this goal. A human liver
model that retains hepatocyte glucose metabolism and insulin sensitivity must first be developed.
This model will need to have an extended lifetime and durability so that chronic treatments,
necessary for disease development, can be administered. Additionally, non-parenchymal liver
cells will need to be incorporated into this system to recapitulate the critical cell-cell interactions

that occur in NAFLD and NASH.
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Chapter 2

Utilizing a microengineered hepatocyte co-culture system to retain hormone responsiveness
and glucose metabolism in vitro’

Summary:

In order to begin developing in vitro disease models for NAFLD, we first had to establish
protocols and assays as well as a culture system to assess hormonal responses and glucose
metabolism in vitro. The requirements for this systems were that it needed to be scalable, for
high throughput applications, human-relevant, have an extended lifetime and be amendable for
quick readouts to give mechanistic as well as efficacy information. The most basic hepatocyte
culture systems, 2D pure hepatocyte monolayers, rapidly dedifferentiate in vitro and most
importantly lose their glucose metabolism and hormonal responsiveness. This is unfortunate
because many high-throughput technologies have been developed using 2D systems. The
micropatterned co-culture (MPCC) stays within this “2D” realm of culturing systems while
maintaining high levels of hepatocyte functions for weeks in vitro. Here we investigated the
ability of the MPCC to retain glucose metabolism and hormonal responsiveness towards
enabling drug efficacy screening for anti-diabetic drugs. Importantly, this work lays the
groundwork for developing more complex and carefully designed systems to start developing

NAFLD disease models.

'This chapter has been adapted from Davidson, M. D. et al. 2015. Hormone and drug-mediated modulation of
glucose metabolism in a microscale model of the human liver. Tissue engineering Part C. 21 (7): 716-725. With
permission from Mary Ann Liebert, Inc, which does not require authors of the content being used to obtain a license

for their personal reuse of full article, charts/graphs/tables, or text excerpt.
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2.1 Introduction

Relative insulin deficiency due to declining pancreatic functions coupled with insulin
resistance in target tissues (i.e. liver, muscle) can lead to high levels of glucose in the blood or
type 2 diabetes mellitus (T2DM), which accounts for ~95% of total diabetes cases with over 285
million people affected globally (World Health Organization). Insulin resistance has also been
implicated in the pathogenesis of metabolic syndrome, non-alcoholic fatty liver disease
(NAFLD), non-alcoholic steatohepatitis and cardiovascular disease (1-5). The liver plays a
central role in glucose homeostasis (6). Hepatocytes in the liver can regulate blood glucose levels
within 3.9 to 6.1 mM by preventing hyperglycemia in the fed state by storing excess glucose as
glycogen, and avoiding hypoglycemia in the fasting state by releasing glucose via glycogen
breakdown and/or gluconeogenesis. Therefore, with the rise of obesity, T2DM and metabolic
syndrome, the liver has become an important organ for fundamental investigations of metabolic
disorders and for developing novel drugs to treat T2DM and NAFLD (7-10).

While studies in animals are useful for elucidating mechanisms underlying the
aforementioned diseases, there are significant differences across species in liver pathways (11-
13). Thus, in vitro models of the human liver, such as liver slices, cell lines and primary human
hepatocytes (PHHs) are now used to supplement animal data (14-15). However, liver slices
suffer from a rapid (hours to days) decline in liver functions while immortalized/cancerous cell
lines contain abnormal levels of liver functions (14-17). Thus, PHHs are ideal for constructing in
vitro human liver models since they maintain an intact cell architecture and can be used in vitro
for medium-to-high throughput experimentation, including drug screening (18). However,
conventional culture models that expose confluent PHH monolayers to extracellular matrix

(ECM) coatings/gels ignore other key liver microenvironmental cues (i.e. stromal contact), and

24



display a precipitous decline in liver functions, which makes them inadequate for accurate
prediction of human physiology (15). While three-dimensional culture of hepatocytes in
aggregates has been demonstrated, many studies have been restricted to animal hepatocytes (14-
15,18-19), which can display different functional responses as compared to PHHs (11-12).
Furthermore, most studies that culture hepatocytes in engineered platforms have not evaluated
glucose metabolism or responsiveness to hormones over long-term (weeks) culturing (19).

Co-culture with liver- and non-liver-derived stromal cells can stabilize several functions
of primary hepatocytes from both animal and human livers (20-21). Further organization of
homotypic interactions between hepatocytes and heterotypic interactions between hepatocytes
and specific stromal cells can significantly augment the levels and longevity of liver functions.
Indeed, such micropatterned co-cultures (MPCCs) between PHHs and 3T3-J2 murine embryonic
fibroblasts have been shown to be higher functioning with respect to major liver functions than
pure hepatocyte cultures and randomly distributed co-cultures of the same two cell types (22).
However, it remains unclear whether co-culture approaches, including MPCCs, can stabilize
glucose handling capacity and hormonal responsiveness over several weeks in vitro. Thus, here
we assessed gene expression relevant for glucose metabolism, gluconeogenesis and glycogen
dynamics in MPCCs in the presence or absence of hormones over several weeks. Glucose output
and responsiveness to hormones in MPCCs were compared to those obtained in conventional
monolayers using the same donor of cryopreserved PHHs. Lastly, we explored two glucose-
related applications of MPCCs: one for screening small molecules to modulate gluconeogenesis
and another to model hyperglycemia-induced fat (lipid) accumulation in vitro as occurs in

NAFLD.
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2.2 Methods

2.2.1 Culture of primary human hepatocytes (PHHs)

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 (Bioreclamationl VT, Baltimore, MD; Triangle Research Laboratories, Durham,
NC). Lots used were EJW (Age: 29, Caucasian, female) from Bioreclamation] VT and Hum4011
(Age: 26, Caucasian, male) from Triangle Research Laboratories. PHHs were thawed, counted
and viability was assessed as previously described (23). Conventional monolayer cultures and
sandwich cultures were created as previously described (22-23). Briefly, ~350,000 PHHs were
seeded in each collagen-coated (rat tail type I, Corning Biosciences) well of a 24-well plate in
serum-supplemented hepatocyte medium. For creation of sandwich cultures, cultures were
overlaid with ~0.25 mg/mL Matrige]™ (Corning Life Sciences, Tewksbury, MA) the next day
after seeding. Conventional cultures were maintained in serum-free culture medium (500
uL/well) with daily replacement of medium as previously described (22-23).

Micropatterned co-cultures (MPCCs) were created as previously described (22-23).
Briefly, adsorbed collagen was lithographically patterned in each well of a multi-well plate to
create 500 um diameter circular domains spaced 1200 pm apart, center-to-center. Hepatocytes
selectively attached to the collagen domains leaving ~30,000 attached hepatocytes on ~85
collagen-coated islands within each well of a 24-well plate or ~4,500 hepatocytes attached on

~13 collagen-coated islands within each well of a 96-well plate. 3T3-J2 murine embryonic
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fibroblasts (24) were seeded 12 to18 hours later in each well to create MPCCs. Culture medium

was replaced every 2 days (~50 pL/well for 96-well format or ~300 pL/well for 24-well format).

2.2.2 Gene expression profiling

Total RNA was isolated and purified using the RNeasy mini kit (Qiagen, Valencia, CA)
and genomic DNA was digested using the Optizyme'™ recombinant DNase-I digestion kit
(Fisher BioReagents, Pittsburgh, PA). Approximately 10 uL of purified RNA was reverse
transcribed into cDNA using the high capacity cDNA reverse transcription kit (Life
Technologies Applied Biosystems, Foster City, CA). Approximately 250 ng of cDNA was added
to each qPCR reaction along with Solaris™ master mix and pre-made primer/probe sets
according to manufacturers’ protocol (GE Healthcare Dharmacon, Lafayette, CO). RT-qPCR
was performed on a Mastercycler Realplex instrument (Eppendorf, Hamburg, Germany), and
data were analyzed using the comparative C(T) method (25). Gene expression was normalized to

the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

2.2.3 Biochemical 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 (21). ATP in cell lysates was quantified using the
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Celltiter-Glo® kit (Promega, Madison, WTI). Glucose levels were measured using the Amplex

Red glucose/glucose-oxidase assay kit (Life Technologies Molecular Probes, Eugene, OR).

2.2.4 Staining assays

Cultures were fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) for 15 minutes at room temperature (RT), washed three times with 1X PBS (phosphate
buffered saline, Mediatech, Manassas, VA), and stained for intracellular lipids with Nile Red
(AAT Bioquest, Sunnyvale, CA). Briefly, cultures were incubated in Nile Red solution (10 uM
in 1X PBS) for 10 minutes, washed 3 times with 1X PBS, and then imaged using a GFP light
cube (excitation/emission: 470/510 nm) on an EVOS® FL Imaging System (Life Technologies).
Hepatic glycogen content was visualized using the Periodic Acid-Schiff (PAS) staining kit

(Sigma-Aldrich, St. Louis, MO).

2.2.5 Gluconeogenesis and glycogen assays

To assess gluconeogenesis, cultures were first washed 3 times with 1X PBS, and then
incubated with glucose-free and serum-free Dulbecco’s Modified Eagle’s Medium (DMEM, Life
Technologies) containing 100 nM glucagon for ~24 hours to rapidly deplete glycogen stores.
Then, cultures were washed 3 times with 1X PBS and incubated with glucose-free DMEM for an
additional ~24 hours to deplete residual intracellular glycogen. After this 48-hour starvation
period, cultures were washed 3 times with 1X PBS and incubated for up to 24 hours with specific

culture media as detailed below. Control cultures were incubated in glucose-free DMEM while
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other cultures were incubated in glucose-free DMEM mixed with substrates for gluconeogenesis,
specifically 2 mM pyruvate (GE Healthcare Hyclone, Logan UT) and 20 mM sodium DL-
Lactate (Sigma-Aldrich). For some conditions, insulin (100 nM, Sigma-Aldrich) or glucagon
(100 nM, Sigma-Aldrich) were added to the glucose-free culture medium with or without
gluconeogenic substrates. Culture supernatants were collected between 4 and 24 hours post
incubation and assayed for glucose levels as described above.

To assess glycogen lysis, cultures were first incubated with high glucose DMEM (25
mM) for several days to build up hepatic glycogen stores. Next, cultures were incubated in
glucose-free DMEM with or without hormones (100 nM glucagon or 100 nM insulin) for 24
hours. To assess glycogen synthesis, hepatocyte cultures were first depleted of glycogen with the
~48 hour starvation protocol as described above. Then, cultures were incubated with or without
hormones (100 nM glucagon or 100 nM insulin) in glucose-supplemented (5 mM) medium for

24 hours. Glycogen content was assessed using PAS staining as described above.

2.2.6 Drug studies

Hepatic glycogen was depleted for 24 hours as described above. Then, cultures were
washed 3 times with 1X PBS and incubated with gluconeogenic substrates as described above
and increasing concentrations of metformin (10.4, 52, 104, 208 uM, Sigma-Aldrich) for 24 hours
or 3-mercaptopicolinic acid (50, 100, 250, 500 uM, 3-MPA, Santa Cruz Biotechnology, Santa

Cruz, CA) for 4 hours. Culture supernatants were assayed for glucose levels as described above.
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2.2.7 Data analysis

Each experiment was carried out at least 3 times in duplicate or triplicate wells for each
condition. Two different cryopreserved primary human hepatocyte donors identified above were
used to confirm trends. Microsoft Excel was used for data analysis and GraphPad Prism 5.0 (La
Jolla, CA) was used for plotting data. Statistical significance of the data was determined using

the Student’s #-test or one-way ANOVA with Tukey’s post-hoc test (p < 0.05).

2.3 Results

2.3.1 Morphology, gene expression and gluconeogenesis in conventional hepatocyte cultures

We created conventional confluent monolayers of PHHs on adsorbed collagen and also
overlaid select cultures with a Matrigel™ overlay (i.e. sandwich cultures) (Fig. 1a), a commonly
employed ECM for hepatocyte culture (15). PHH morphology declined over time in
conventional cultures with presence of very few bile canaliculi between hepatocytes (Fig. 1b).
However, the cultures maintained low levels (relative to MPCCs) of albumin and urea secretion
over 1 week of culture, suggesting that overall hepatic phenotype was not entirely degraded (Fig.
lc-d). Next, we evaluated expression of transcripts involved in glucose regulation, including
glucose 6-phosphatase (G6PC), phosphoenolpyruvate carboxykinase-1 (PCK1), solute carrier
family 2 (facilitated glucose transporter) member 2 (SLC2A2), and glycogen synthase 2 (GYS2)
(Fig. 1e). After 1 week of culture, PCK1 transcript levels in conventional monolayers decreased

~85% while G6PC transcript levels increased 270% relative to expression levels in 3-day-old
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cultures. On the other hand, expression levels of GYS2 and SLC2A2 were relatively stable

during the time-points tested (93% GYS2 and 134% SLC2A2 after 1 week of culture relative to

expression levels in 3-day-old cultures).
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Figure 2.1. Functional characterization of conventional pure cultures of primary human
hepatocytes (PHHSs). (a) Schematic of conventional culture formats. Hepatocytes were seeded
on top of a thin adsorbed collagen coat on tissue culture plastic to make monolayers, which were
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then overlaid with Matrigel  to create extracellular matrix (ECM) sandwich cultures. Such
conventional cultures were maintained in high glucose medium prior to incubation in glucose-
free medium for data shown in panels ‘f* and ‘g’ below. (b) Morphology of PHHs in confluent
monolayer after 7 days of culture. (¢,d) Albumin production and urea synthesis over 1 week in
monolayer format. (e) Expression of transcripts related to glucose metabolism and transport on
day 7 of culture, normalized to day 3 monolayer gene expression. (f) Glucose release in
supernatants (24-hour time-point, incubation in glucose-free medium) from 3-day- and 7-day-old
monolayer cultures on adsorbed collagen in the presence or absence of gluconeogenic substrates
(lactate, pyruvate) and effects of hormones, insulin and glucagon, on glucose output. +S and -S
refer to incubation with or without gluconeogenic substrates, respectively; -H refers to
incubation without hormones, while +1 and +G refer to incubation with insulin and glucagon,
respectively. (g) Same as panel ‘f* but with sandwich cultures. In all panels, data from a single
representative cryopreserved PHH donor is shown, whereas trends were seen in at least 2 donors.
Error bars represent SD. Scale bar is 400 um. G6PC (Glucose 6-phosphatase, catalytic subunit);
PCK1 (phosphoenolpyruvate carboxykinase-1); SLC2A2 (solute carrier family 2, member 2,
facilitated glucose transporter); and, GYS2 (glycogen synthase 2).

Conventional monolayers released glucose into supernatants in all conditions tested (+/-
gluconeogenic substrates, +/- hormones) after 3 days of culture, but this level dropped by ~95-
97% after 7 days of culture (Fig. 1f). When incubated in glucose-free culture medium in the
presence of gluconeogenic substrates (pyruvate, lactate), monolayers that were 3 days old did not
produce more glucose over control cultures in glucose-free medium alone. Furthermore, glucose
output was not responsive to insulin and glucagon stimulation in conventional monolayers at
either of the time-points tested (3 or 7 days). Lastly, overlaying the confluent monolayers on

adsorbed collagen with a Matrigel™ overlay (sandwich cultures) did not significantly alter the

gluconeogenesis results obtained with conventional monolayers (Fig. 1g).

2.3.2 Morphology, gene expression and gluconeogenesis in MPCCs

MPCCs were created as described in methods using the same PHH donors as that used

for conventional monolayers of Fig. 1 (Fig. 2a). PHHs in MPCCs maintained a prototypical
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hepatic morphology such as polygonal shape, distinct nuclei/nucleoli and bile canaliculi between
hepatocytes (Fig. 2b). Furthermore, albumin and urea secretion levels in MPCCs were relatively
stable for at least 3 weeks and several fold higher (~3 fold for albumin, ~9 fold for urea) than
observed in conventional monolayers (Fig. 2¢-d). In contrast to conventional monolayers,
MPCCs maintained expression of mRNA transcripts (G6PC, PCK1, SLC2A2, GYS2), between
88% and 220% of week 1 levels by the end of the second week of culture (Fig. 2e). By the third
week, we observed down-regulation of these transcripts in MPCCs to 52-70% of week 1 levels
(data not shown), though such down-regulation was significantly less than that observed in the
first week of conventional culture.

Glucose production by 1-week-old MPCCs increased by ~310% upon stimulation with
gluconeogenic substrates. MPCCs that were 2 weeks old had a similar gluconeogenic response as
that observed after 1 week of culture (Fig. 2f). Furthermore, incubation with insulin decreased
gluconeogenesis in MPCCs by ~40% and 60%, while incubation with glucagon increased
glucose output in MPCCs by ~310% and 340% after 1 and 2 weeks of culture, respectively,
relative to hormone-free cultures (Fig. 2g). Glucose output in MPCCs was also responsive to
different concentrations of insulin and glucagon (Supplemental Fig. 1). After 3 weeks of
culture, MPCCs continued to display gluconeogenesis and respond to hormones with
physiologically relevant trends, although glucose production levels dropped by ~51%
(Supplemental Fig. 2). Lastly, MPCCs that were stimulated to undergo gluconeogenesis could
be put back in serum-containing maintenance culture medium and re-stimulated several days
later without loss of glucose output nor insulin responsiveness, thereby showing an ability to

evaluate such functions in MPCC wells over multiple time-points (Supplemental Fig. 3).
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Figure 2.2. Functional characterization of micropatterned co-cultures (MPCCs) containing
primary human hepatocytes (PHHs). (a) Schematic of MPCCs starting with collagen patterned
on tissue culture plastic. MPCCs were maintained in high glucose medium prior to incubation in
glucose-free medium for data shown in panels ‘f” and ‘g’ below. (b) Morphology of PHHs in
MPCCs after 7 days of co-culture. (¢-d) Albumin production and urea synthesis over 3 weeks in
MPCCs. (e) Glucose metabolism gene expression on day 14 normalized to day 7 MPCC gene
expression. (f) Glucose release in supernatants (24-hour time-point, incubation in glucose-free
medium) from 1 week and 2-week-old MPCCs in the presence or absence of gluconeogenic
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substrates (lactate, pyruvate). (g) Effects of hormones, insulin and glucagon, on MPCC glucose
output displayed as a percentage of the substrate-only control at 1 and 2 weeks of culture.
Statistical significance was determined by comparing each condition to its respective hormone-
free control for that week. Data from 1- and 2-week-old MPCCs is shown; however, similar
trends were seen for 3 weeks of culture. +S refers to incubation with gluconeogenic substrates; -
H refers to incubation without hormones, while +I and +G refer to incubation with insulin and
glucagon, respectively. In all panels, data from a single representative cryopreserved PHH donor
is shown, whereas trends were seen in at least 2 donors. Error bars represent SD. Scale bar is 400
um. G6PC (Glucose 6-phosphatase, catalytic subunit); PCK1 (phosphoenolpyruvate
carboxykinase-1); SLC2A2 (solute carrier family 2, member 2, facilitated glucose transporter);
and, GYS2 (glycogen synthase 2). Asterisks represent statistical significance (*, **, *** denote
p-values < 0.05, 0.01 and 0.001, respectively).

2.3.3 Glycogen dynamics in hepatocytes in MPCCs

MPCCs were allowed to build intracellular glycogen stores via incubation in culture
medium containing high glucose (25 mM) for 1-2 weeks in culture. Hepatic glycogen content
was visualized using the PAS stain as described in methods. Next, MPCCs were incubated in
glucose-free culture medium for 24 hours in the presence or absence of hormones, insulin or
glucagon. In the absence of hormones, some of the hepatic glycogen content was depleted during
this timeframe. However, glucagon induced significant lysis of glycogen in PHH islands (Fig.
3a), which appeared as glucose in the culture medium (data not shown). Insulin, on the other
hand, inhibited glycogen lysis in MPCCs relative to the glucagon-treated cultures. Lastly,
MPCCs were first starved for 2 days (as described in methods) to deplete the glycogen almost
entirely in the PHHs. Then, a physiologic concentration of glucose was introduced into the
culture medium (5 mM) and cultures were stained for glycogen after 24 hours. In the presence of
glucose, PHH islands in MPCCs stored glycogen, which was significantly enhanced in the
presence of insulin (Fig. 3b). However, glucagon prevented any glycogen storage and even

stimulated lysis of residual glycogen in PHHs following the starvation period.
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Figure 2.3. Glycogen lysis and synthesis in MPCCs. (a) Representative images of glycogen
lysis in fed (with high glucose) MPCCs over 24 hours of incubation in glucose-free culture
medium in the presence or absence of hormones, insulin or glucagon. (b) Representative images
of glycogen synthesis in starved (in glucose-free medium) MPCCs over 24 hours of incubation in
glucose-supplemented (5 mM) culture medium in the presence or absence of hormones, insulin
or glucagon. Images from 2-week-old MPCCs are shown but similar trends were seen after 1
week of culture. In all panels, data from a single representative cryopreserved PHH donor is
shown, whereas trends were seen in at least 2 donors.

2.3.4 Small molecule-based inhibition of hepatic gluconeogenesis in MPCCs

We stimulated gluconeogenesis in MPCCs as described above while incubating them
with different concentrations of metformin, a type 2 diabetes mellitus drug known to inhibit
glucose output from the liver (7). Concentrations of metformin at 17.5 pg/mL or higher were
capable of inhibiting gluconeogenesis in 1-week-old MPCCs (14-30% inhibition relative to
vehicle-only controls), without causing loss of cell viability at the same doses as assessed by
ATP in cell lysates (Fig. 4a-b). Next, we incubated MPCCs with 3-mercaptopicolinic acid (3-
MPA), a specific inhibitor of phosphoenolpyruvate carboxykinase, an enzyme that carries out the
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rate-controlling step in gluconeogenesis (26). Concentrations of 3-MPA at 9.58 ug/mL or higher
were capable of inhibiting gluconeogenesis in 1-week-old MPCCs (12-63% inhibition relative to
vehicle-only controls), without causing significant depletion of ATP (Fig. 4c-d). Both metformin

and 3-MPA inhibited gluconeogenesis in 2-week-old MPCCs as well (Supplemental Fig. 4).
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Figure 2.4. Utility of MPCC:s for screening of small molecules that effect hepatic glucose
metabolism. (a) Inhibition of gluconeogenesis in MPCCs upon incubation with increasing doses
of metformin over 24 hours. (b) ATP levels in MPCC lysates after dosing with metformin. (¢)
Inhibition of gluconeogenesis in MPCCs upon incubation with increasing doses of
phosphoenolpyruvate carboxykinase (PCK) inhibitor, 3-mercaptopicolinic acid (3-MPA), over 4
hours. (d) ATP levels in MPCC lysates after dosing with 3-MPA. Statistical significance was
determined by comparing each drug-treated condition to its drug-free control. Data from 1-week-
old MPCCs is shown here, but trends were seen for 2 weeks as seen in supplemental figure 4. In
all panels, data from a single representative cryopreserved PHH donor is shown, whereas trends
were seen in at least 2 donors. Error bars represent SD. Asterisks represent statistical significance
(*, **, *** denote p-values < 0.05, 0.01 and 0.001, respectively).
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2.3.5 Hyperglycemia-induced hepatic lipid accumulation in MPCCs

We incubated MPCCs for 6 days with increasing concentrations of glucose (5, 25, 50,
100 mM). Lipid accumulation in PHH islands was then visualized using the Nile Red fluorescent
stain, which was quantified using ImageJ software (http://imagej.nih.gov/ij/) (27). Nile Red
displays a characteristic shift in emission from red to yellow when bound to neutral lipids such as
triglycerides and cholesterol (28). PHHs in MPCCs increased their intracellular lipid content

with increasing glucose concentrations in the culture medium (Fig. 5a).
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Figure 2.5. Hyperglycemia-induced lipid accumulation in MPCCs. (a) Representative images
of Nile Red staining in PHH island in 2-week-old MPCCs following treatment with increasing
levels of glucose for 6 days (started when cultures were 1 week old). (b) Quantification of Nile
Red fluorescence observed in panel ‘a’. (¢) Urea and albumin production in MPCCs following
dosing with glucose as in panel ‘a’. In all panels, data from a single representative cryopreserved
PHH donor is shown, whereas trends were seen in at least 2 donors. Error bars represent SD.
Scale bar is 400 pm. Asterisks represent statistical significance (*, **, *** denote p-values <
0.05, 0.01 and 0.001, respectively).

Quantitatively, PHHs treated with 25 mM glucose accumulated ~256% more lipids, which

saturated at 340% in 50 mM and 100 mM glucose as compared to 5 mM glucose treated cultures
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(Fig. 5b). Furthermore, albumin secretion by MPCCs was decreased by 12% after incubation
with 25 mM glucose, 22% with 50 mM glucose and 34% with 100 mM glucose relative to 5 mM
glucose treated cultures. Urea secretion by MPCCs was decreased by 12% after incubation with
50 mM glucose and 18% with 100 mM glucose relative to incubation with 5 mM glucose (Fig.

5¢).

2.4 Discussion

Due to its central role in glucose homeostasis, the liver is often at risk for developing
diseases related to over-nutrition, such as NAFLD, which has been linked to fibrosis, cirrhosis,
hepatocarcinoma, and T2DM (4, 29-30). Primary human hepatocytes (PHHs) cultured in vitro
can provide a powerful tool to better understand the role of the human liver in the
aforementioned diseases relative to their animal counterparts. Here, we demonstrate that
micropatterned co-cultures (MPCCs) containing cryopreserved PHHs and 3T3-J2 murine
embryonic fibroblasts can be induced to undergo gluconeogenesis (i.e. de novo production of
glucose from precursor substrates) for at least 3 weeks in vitro and that such responses are
sensitive to insulin and glucagon with in vivo-like trends. In contrast, commonly employed
conventional cultures created from the same PHH donor and under identical dosing conditions
lost gluconeogenesis and hormonal responsiveness after only 3 days in culture, which is in
agreement with other studies, and thus limits utility of such models for evaluating the chronic
aspects of drug treatments and disease progression (19,31). Furthermore, even absolute glucose
output from conventional cultures declined by 95-97% after 7 days in culture whereas such

output remained relatively stable in MPCCs for 2 weeks. The stable expression of
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phosphoenolpyruvate carboxykinase-1 (PCK-1) in MPCCs as opposed to its declining expression
in conventional cultures may underlie these differences in glucose output. Indeed, inhibiting
PCK-1 using 3-mercaptopicolinc acid (26), reduced MPCC glucose output.

Culturing MPCCs in a high glucose (25 mM) culture medium (feeding) led to significant
stores of intracellular glycogen in PHH islands. Incubating these fed MPCCs in glucose free
medium (i.e. starvation) then in the presence of insulin inhibited glycogen lysis, while the
presence of glucagon allowed the PHHs to lyse most of their glycogen stores. Once the hepatic
glycogen stores were depleted following a ~48 hour starvation period in glucose-free medium,
PHHs in MPCCs cultured in glucose containing medium (re-feeding) synthesized glycogen when
stimulated with insulin, whereas such synthesis was severely inhibited in the presence of
glucagon relative to hormone-free controls. Thus, these results show that glycogen dynamics
were observed in MPCCs with in vivo-relevant fasting and feeding trends.

A reduction in hepatic glucose production has been shown to be an effective treatment of
hyperglycemia in patients with T2DM (32). Metformin in particular treats hyperglycemia mainly
by decreasing gluconeogenesis (7). Here, metformin reduced gluconeogenesis in MPCCs in a
dose dependent manner; however, doses of 10 times the maximal concentration of metformin
observed in human blood (i.e. Cimax) were needed to elicit statistically significant down-
regulation of gluconeogenesis. The need for such a higher dose could be due to down-regulation
of key pathways in MPCCs being modulated by metformin and/or due to a higher concentration
of metformin in the liver in vivo as a result of transporter-mediated uptake (33). Nonetheless, it is
not uncommon during drug screening to use doses as high as 100 fold of a drug’s anticipated
Cmax 1n order to account for variability across individual patients in drug concentrations in the

liver due to polymorphisms in drug metabolism enzymes and transporters (23,34). Such a
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strategy still allows effective rank ordering of structural analog drugs based on efficacy and
toxicity and prioritization for further development. The effects of metformin on ATP levels in
MPCCs were minimal, suggesting that it was efficacious without causing loss of cell viability.
However, increasing doses of metformin decreased urea synthesis in MPCCs (data not shown),
which merits further investigation since detoxification of ammonia into urea is a key liver
function. Nonetheless, our data shows that MPCCs provide the dual advantage of evaluating both
the efficacy and toxicity of T2DM drug candidates due to the retention of glucose metabolism
functions but also high activities of drug metabolism enzymes and transporters (22, 35).
Furthermore, the use of cryopreserved PHHs in MPCCs allows on-demand creation of cultures
for drug screening applications.

Once glycogen stores in hepatocytes are saturated, glucose is shifted into pathways
leading to fatty acid synthesis (36), thereby leading to accumulation of intracellular triglycerides
and diacylglycerol. Such fat accumulation in hepatocytes has been linked to pathways involved
in inducing insulin resistance (37). Abnormal lipid accumulation is defined as more than 5% of
hepatocytes in the liver containing visible lipids (38). Here, majority of the PHHs in MPCCs
accumulated neutral lipids when incubated with increasing concentrations of glucose, up to
340% more lipids in high glucose conditions (50-100 mM) as compared to incubation in a
physiologic level of glucose (5 mM). Other liver functions (albumin, urea) were also affected
upon incubation with high levels of glucose; however, the effects on lipid accumulation were
significantly greater (i.e. 256% increase in lipid content vs. 12% reduction in albumin secretion
and no effect on urea secretion with 25 mM glucose incubation relative to 5 mM glucose
control). These results suggest that MPCCs are capable of responding to hyperglycemia with in

vivo relevant trends while displaying basic liver functions, as would be the case in a live patient.
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While our results show that, in contrast to conventional culture techniques, MPCCs have
robust utility in the study of glucose metabolism, hormonal responsiveness, drug screening to
reduce hepatic glucose output and effects of hyperglycemia on PHHs, the culture method has
limitations. In particular, we observed down-regulation of gluconeogenesis by the third week of
culture, which limits the ability to evaluate effects of over-nutrition, drugs and other stimuli over
several months. Furthermore, PHHs in MPCCs produce ~2.8 fold lower glucose following
stimulation with glucagon than observed in vivo (39-40), which is likely due to the reduction in
PCK1 transcript expression in MPCCs relative to thawed hepatocytes immediately prior to
plating (data not shown). We also needed to use supra-physiologic concentrations of insulin to
see robust down-regulation of gluconeogenesis (i.e. 1 nM vs. 100 nM). Such deviations from
physiological outcomes are likely due to incomplete presentation of micro-environmental cues in
MPCC:s that play modulatory roles in vivo (i.e. complex mixtures of ECM, liver stromal cells)
(41). For instance, Kupffer macrophages have been implicated in metabolic disorders (42-43).

We chose 3T3-J2 fibroblasts as the support cell type in MPCCs because of ease of
propagation, contact inhibition of growth in culture, lack of detectable liver functions, and
induction of liver phenotype in hepatocytes from multiple species (22, 44). Nonetheless, our
preliminary studies indicate that the fibroblast monolayer can be mixed with Kupffer
macrophages and liver sinusoidal endothelial cells (data not shown), which may ultimately
improve PHH glucose metabolism. While the use of static media allows us to create MPCCs in
industry-standard multi-well formats (i.e. 24- and 96-well plates) for higher throughput
experimentation than larger formats (i.e. petri dishes, glass slides), perfusion of culture medium
in the future will allow subjecting PHHs and stromal cells in MPCCs to gradients of hormones,

among other factors (i.e. oxygen), that are implicated in zonal liver functions in vivo (45).
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In conclusion, PHHs cultured in MPCCs displayed high levels of gluconeogenesis and
glycogen lysis/synthesis, which were responsive to hormones (insulin, glucagon) with in vivo-
relevant trends for at least 3 weeks. In contrast, gluconeogenesis and modulation with hormones
were lost within 3 days in conventional PHH cultures. Furthermore, using prototypical drugs, we
showed that MPCCs could be potentially useful for screening novel drug candidates that
modulate gluconeogenesis in PHHs. Hyperglycemia induced significant lipid accumulation in
PHHs in MPCCs, suggesting utility of this model to explore mechanisms underlying effects of
T2DM on the human liver. Ultimately, the longevity of MPCCs for several weeks allows for the
study of effects of repeat drug dosing and over-nutrition on PHH functions, including glucose

metabolism and insulin sensitivity.
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2.5 Supplemental Figures
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Supplemental Figure 2.5.1. Glucose released from MPCCs in response to various
concentrations of insulin or glucagon. (a) Glucose release in supernatants (24-hour time-point,
incubation in glucose-free medium) from 1-week-old MPCCs in the presence or absence of
gluconeogenic substrates (lactate, pyruvate) and effects of insulin (50nM or 100nM) on glucose
output. (b) Same as panel ‘a’ but with response to glucagon (25nM or 100nM). +S and -S refer
to incubation with or without gluconeogenic substrates, respectively. -H refers to incubation
without hormones, while +I and +G refer to incubation with insulin and glucagon, respectively.
Error bars represent SD.

150~
Bl 1week

2 week

| B 3 week

—_—
o N
g g

Glucose produced
(% of week 1)
(@) ~
o n
1 [

N
(¢]
[

o
L

|
+ Substrates (no hormone)

Supplemental Figure 2.5.2. Gluconeogenesis in MPCCs over time relative to 1-week-old
MPCC:s. By the third week in culture, glucose output from MPCCs declines by ~50% relative to
the first 2 weeks in culture. Error bars represent SD.
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Supplemental Figure 2.5.3. Glucose release in fresh (naive) or reused MPCCs. Fresh
MPCCs were first cultured in maintenance medium (high glucose, serum-supplemented) for 2
weeks and then stimulated once to secrete glucose into supernatants at 2 weeks of culture age.
Re-used MPCCs, on the other hand, were cultured in maintenance medium for 1 week,
stimulated to produce glucose, put back in maintenance culture medium (high glucose, serum-
supplemented) for ~1 more week, and then finally re-stimulated (i.e. re-use) concurrently with
fresh MPCCs above to secrete glucose into supernatants at 2 weeks of culture age. +S and -S
refer to incubation with or without gluconeogenic substrates, respectively. -H refers to incubation
without hormones, while +I refers to incubation with insulin. Error bars represent SD.
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Supplemental Figure 2.5.4. Small molecule inhibition of glucose production in MPCCs
after 2 weeks of culture. (a) Inhibition of gluconeogenesis in 2-week-old MPCCs upon
incubation with increasing doses of metformin over 24 hours. (b) Inhibition of gluconeogenesis
in MPCCs upon incubation with increasing doses of phosphoenolpyruvate carboxykinase (PCK)
inhibitor, 3-mercaptopicolinic acid (3-MPA), over 4 hours. Error bars represent SD.
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Chapter 3

Optimizing available glucose in hepatocyte culture medium towards enabling studies of
lipid accumulation and insulin resistance’

Summary:

In chapter 2 we clearly demonstrated that the MPCC system retains highly functional
hepatocytes that can undergo various metabolic functions that would be important for developing
healthy and diseased liver mimics. One major drawback to the MPCC used in chapter 1 was that
over time, the hepatocyte cultures became lipid-laden and insulin resistant, similar to a NAFLD
patient liver. Although this is the disease model we were looking for, we needed a healthy
control to compare our disease model to. The most basic aspect of type Il diabetes is the
development of hyperglycemia, or high glucose, which can predispose the liver, as well as other
organs, to increased lipid production and insulin resistance. Taking a closer look at the medium
formulation used in chapter 1, we can see that we are giving our cultures excessive,
hyperglycemic, levels of glucose. Therefore here we first assessed the possibility of culturing
MPCCs in normoglycemic levels of glucose and then characterized the potential benefits of
using normoglycemic medium towards eventually developing an in vitro model of NAFLD.
Specifically, we wanted to know if glucose alone could cause any changes in drug metabolism,

insulin resistance and lipid accumulation in our MPCC model.

2 This chapter has been adapted from Davidson, M. D. et al. 2016. Long-term exposure to abnormal glucose levels
alters drug metabolism pathways and insulin sensitivity in primary human hepatocytes. Scientific Reports 6, 28178.
Which is freely available to disseminate under the Creative Commons CC-BY license. URL for CC 4.0 agreement

https://creativecommons.org/licenses/by/4.0/legalcode ,
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3.1 Introduction

The liver maintains blood glucose levels in a tight range (~3.9-7.2 mM glucose) by
carefully balancing its own glucose output with the absorption of glucose in peripheral tissues. In
type 2 diabetes mellitus (T2DM), blood glucose levels rise into the hyperglycemic range (>7.2
mM blood glucose), which is associated with many detrimental effects throughout the body(1).
In the liver itself, the prominent effect of high glucose is ectopic lipid accumulation in
hepatocytes called steatosis(2). Steatosis is the prominent symptom of non-alcoholic fatty liver
disease (NAFLD), which is currently the most prevalent liver aliment and has been implicated in
causing altered drug metabolism(3) and non-alcoholic steatohepatitis (NASH)(4). Conversely,
the liver can experience hypoglycemia (<3.9 mM blood glucose) from fasting, cancer and T2DM
drugs (i.e. oral hypoglycemic drugs). Fasting induces changes in cytochrome P450 (CYP450)
pathways, which could alter drug efficacy and toxicity(5,6). Importantly, the liver is the main site
for cancer metastases, which places this tissue at risk for local glucose deprivation(7,8).
Furthermore, hypoglycemia is common in T2DM patients on drugs and is associated with
cardiovascular disease(9,10).

Owing to its critical role in glucose homeostasis, the liver is emerging as an essential
target for metabolic disorder therapies(11,12). Animal models of metabolic disease, such as
diabetic (db/db) and high fat diet fed mice, have provided important details on disease
pathogenesis(13,14). However, there are important differences in the progression of metabolic
disease and drug metabolism pathways between animals and humans(15,16). Thus, animal data
needs to be supplemented with assays designed using in vitro models of the human liver, which
include liver slices, cell lines and isolated primary human hepatocytes (PHHs) cultured on

adsorbed or gelled extracellular matrices (ECM) such as collagen and Matrigel(17). Liver slices
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are known to rapidly lose viability in vitro and are not amenable to high-throughput drug
screening(17). Cancerous and immortalized hepatic cell lines contain abnormal levels of drug
metabolism enzymes and display an improper metabolism of energy sources(18,19). On the other
hand, untransformed PHHs are relatively simple to use in a medium-to-high throughput culture
format for fundamental investigations and drug screening(20). However, in the presence of ECM
manipulations alone, PHHs display a precipitous decline in liver functions such as CYP450
activities, glucose metabolism and responsiveness to insulin and glucagon(21,22). The
aforementioned limitations with in vitro models of the human liver have thus hampered the
investigation of how various stimuli (i.e. hypo- and hyperglycemia) affect cellular phenotypes in
ways that have implications for the progression and treatment of diseases such as T2DM,
NAFLD, and NASH.

Microfabrication tools can be utilized to control the extent of both homotypic interactions
between PHHs and their heterotypic interactions with supportive nonparenchymal cells (NPCs),
which has been shown to significantly enhance the functions and lifetime of PHHs in vitro(17).
Indeed, micropatterned co-cultures (MPCCs) of PHHs and 3T3-J2 murine embryonic fibroblasts
can maintain prototypical hepatic morphology, secrete albumin and urea, and display high levels
of CYP450 activities for 4-6 weeks(21,23). In this model, PHHs are first organized onto
collagen-coated circular domains of empirically optimized dimensions in 24- or 96-well plates
using semiconductor-driven soft-lithographic tools and then surrounded by 3T3-J2 fibroblasts.
More recently, we have shown that MPCCs created using cryopreserved PHHs maintain glucose
metabolism and sensitivity to insulin and glucagon for several weeks(22). In particular, MPCCs

retained the ability to store glycogen and produce glucose (via gluconeogenesis or glycogen
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lysis) under the nutritional states of feeding and fasting, respectively. Furthermore, such glucose
metabolism in MPCCs responded robustly to insulin and glucagon with in vivo-like trends.

In this study, we utilized MPCCs to investigate for the first time the effects of chronic
stimulation (~3 weeks) with pathophysiologic glucose levels (hypo- and hyperglycemia) on
several aspects of the PHH phenotype, which included: hepatocyte morphology, gene expression,
albumin secretion, urea synthesis, CYP450 activities, hepatic lipid accumulation, and the effects

of insulin on glucose output. We compared our results to a normoglycemic control condition.

3.2 Methods

3.2.1 Cell culture

Cryopreserved primary human hepatocytes (PHHs) were purchased from vendors
permitted to sell products derived from human organs procured in the United States of America
by federally designated Organ Procurement Organizations (Bioreclamationl VT, Baltimore, MD;
Triangle Research Laboratories, Durham, NC). Work with human cells was conducted at
Colorado State University and University of Illinois at Chicago with the approval of the
Institutional Biosafety Committees at each institution. PHHs were thawed, counted and viability
was assessed as previously described(23). Micropatterned co-cultures (MPCCs) were created as
previously described(21). Briefly, adsorbed rat tail collagen I (Corning Life Sciences,
Tewksbury, MA) was lithographically patterned in each well of a 24-well or 96-well plate to
create 500 um diameter circular domains spaced 1200 um apart, center-to-center. PHHs

selectively attached to the collagen domains leaving ~30,000 attached PHHs on ~85 collagen-
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coated islands within each well of a 24-well plate or ~4,500 attached PHHs on ~13 collagen-
coated islands within each well of a 96-well plate. 3T3-J2 murine embryonic fibroblasts were
seeded 18 to 24 hours later at ~90,000 cells per well in a 24-well plate or ~15,000 cells per well
in a 96-well plate to create MPCCs. Culture medium containing ~5 mM D-glucose (Fisher
BioReagents, Pittsburgh, PA) in a DMEM base (Dulbecco’s Modified Eagle’s Medium, Corning
Life Sciences) was replaced on MPCCs every 2 days (300 pL/well for 24-well plate and 50
uL/well for 96-well plate). Other components of the MPCC culture medium have been described
previously(51). Four days after establishment of the contact-inhibited fibroblast monolayer
adjacent to the confluent PHH clusters, MPCCs were treated with varying D-glucose levels,
including hypoglycemia (~0.4-0.5 mM), normoglycemia (~5 mM) and hyperglycemia (~25
mM). For the hypoglycemic culture medium, no additional glucose was supplemented in the

culture medium except for what was present in the 10% vol/vol serum used.

3.2.2 Gene expression profiling

Total RNA was isolated and purified using the RNeasy mini kit (Qiagen, Valencia, CA)
and genomic DNA was digested using the Optizyme recombinant DNase-I digestion kit (Fisher
BioReagents). Approximately 10 pL of purified RNA was reverse transcribed into
complementary DNA (cDNA) using the high capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA). Then, 250 ng of cDNA was added to each qPCR (quantitative
polymerase chain reaction) reaction along with the Solaris™ master mix and pre-made human-
specific primer/probe sets according to manufacturer’s protocol (GE Healthcare Dharmacon,

Lafayette, CO). The primer and probe sequences provided by GE Healthcare Dharmacon are
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provided in Supplemental Table 1. Additionally, for some genes that included: SREBFI (ID:
HS01088691 ml), FASN (ID: HS01005622 m1), GKI (ID: HS04235340 s1), NFE2L?2 (ID:
HS00975961 gl), CYPI1A2 (ID: HS00167927 ml), CYP2C19 (ID: HS00426380 m1l), CYP2E]
(ID: HS00559368 m1), CYP2B6 (ID: HS03044636_m1), CYP2D6 (ID: HS00164385 ml),
HNF44 (ID: HS00230853 ml), NR112 (ID: HS01114267 ml) and NR113 (ID:

HS00901571 _m1), Tagman™ (Thermo Fisher Scientific) master mix and primer/probe sets were
used according to manufacturer’s protocol. The Tagman primer/probe sets were selected to be
human-specific without cross-reactivity to mouse DNA; however, primer/probe sequences are
proprietary to the manufacturer. The primer/probe sets were also tested with pure mouse 3T3-J2
fibroblast cDNA and found to not cross-react. qPCR was performed on a Mastercycler Realplex
instrument (Eppendorf, Hamburg, Germany), and data were analyzed using the comparative
C(T) method. Gene expression was normalized to the housekeeping gene, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), the expression of which did not vary in MPCCs as a

function of glucose levels over at least 18 days of exposure (data not shown).

3.2.3 Biochemical assays

Urea concentration in collected cell culture 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 as previously described(21).

CYP450 enzyme activities were measured by first incubating cultures in substrates for 1 hour at
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37°C and then detecting either the luminescence or fluorescence of metabolites using previously
described protocols(23). In particular, CYP1A2 was measured by cleavage of ethoxyresorufin
into fluorescent resorufin (Sigma-Aldrich, St. Louis, MO); CYP2A6 was measured by
modification of coumarin to fluorescent 7-hydroxy-coumarin (Sigma-Aldrich); and, CYP3A4
was measured by cleavage of luciferin-IPA into luminescent luciferin (Promega, Madison, WI).
In order to assess glucose output in MPCC supernatants, hypo-, normo- or hyperglycemic
cultures were first incubated in hormone-free PHH culture medium for 24 hours, washed 3 times
with 1X phosphate buffered saline (PBS, Corning Cellgro, Manassas, VA), and then incubated
for 4 to 8 hours in glucose-free and serum-free culture medium containing +/- gluconeogenic
substrates (2 mM pyruvate from Corning Cellgro and 20 mM L-lactate from Sigma-Aldrich) and
+/- recombinant human insulin (1 to 100 nM, Sigma-Aldrich). Finally, glucose levels in
collected cell culture supernatants were measured using the Amplex Red glucose/glucose-

oxidase assay kit (Life Technologies Molecular Probes, Eugene, OR).

3.2.4 Cell staining

Cultures were fixed with 4% (vol/vol) paraformaldehyde (Alfa Aesar, Ward Hill, MA)
for 15 minutes at room temperature (RT), washed three times with 1X PBS, and nuclei and
intracellular lipids were stained. Briefly, cultures were incubated in a 300 nM 4',6-diamidino-2-
phenylindole (DAPI, MP Biomedicals, Solon, OH) solution for 10 minutes at RT, followed by
incubation in a 10 uM Nile Red (AAT Bioquest, Sunnyvale, CA) solution for 10 minutes at
37°C. Cultures were then washed 3 times with 1X PBS and imaged using a DAPI light cube

(excitation/emission: 357/447 nm) and GFP (green fluorescent protein) light cube
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(excitation/emission: 470/510 nm) on an EVOS FL Imaging System (Life Technologies). Nile
red staining was quantified by measuring the pixel intensity per island of PHHs using the ImageJ
software(52).

FOXO1 immunofluorescent staining was carried out on normo- or hyperglycemic
cultures after they had first been treated with hormone-free, serum-containing, 5 mM glucose
medium for 24 hours and then treated with serum-free, glucose-free medium with +/- various
concentrations of recombinant human insulin as described above. Cultures were fixed 1 hour
after adding the aforementioned medium using 4% PFA in 1X PBS. Fixed cultures were first
blocked for 1 hour at RT with blocking solution containing 5% (vol/vol) goat serum (Thermo
Fisher Scientific) and 0.3% (vol/vol) Triton-X 100 in 1X PBS. Next, rabbit anti-human FOXO1
antibody (Thermo Fisher Scientific) was diluted in blocking solution at a concentration of 4
pg/mL and incubated with cells overnight at 4°C. Cells were washed three times with 1X PBS,
and then a secondary goat anti-rabbit IgG Alexa Fluor™ 555 conjugated antibody (Thermo
Fisher Scientific) was added at a concentration of 20 pg/ml diluted in blocking buffer for 2 hours
at RT. Cultures were then washed three times with 1X PBS, nuclei were counter-stained with
DAPI, and cells were imaged using the EVOS FL Imaging System as described above. N:C
ratios of FOXO1 labeling were obtained using image J software.

Viability staining of fibroblasts and MPCCs were carried out using ReadyProbes® Cell
Viability Imaging Kit (Thermo Fisher Scientific) and the EVOS FL Imaging System according
to manufacturer’s protocol. Briefly, 2 drops of live cell, NucBlue®, reagent (Hoechst 33342) and
dead cell, propidium iodide, reagent were added per mL of cell culture medium needed and then
incubated with cultures for 15 minutes at 37°C. Cell viability was assessed via the incorporation

of propidium iodide into the nucleus and imaged using the EVOS FL Imaging System.
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Propidium iodide only incorporates into cells with a compromised cell membrane, while Hoechst
33342 can permeate the membranes of live cells and bind to the DNA in the nucleus.

Glycogen was visualized in fixed cells using the periodic acid-Schiff (PAS) kit (Sigma
Aldrich) according to manufacturer’s recommendations. Briefly, fixed cultures were incubated
with periodic acid solution for 5 minutes at RT. Cells were then washed time times with dH,O
and Schiff’s reagent was added for 15 minutes at RT. Cells were then rinsed under tap water for
5 minutes continuously. Cultures were imaged with bright field microscopy and a color camera

using the EVOS XL Core Cell Imaging System.

3.2.5 Statistical analysis

Each experiment was carried out in duplicate or triplicate wells for each condition. Three
cryopreserved PHH donors were used when available to confirm trends. Error bars represent
standard deviation (SD). Microsoft Excel and GraphPad Prism 5.0 (La Jolla, CA) were used for
data analysis and plotting data. Statistical significance of the data was determined using the
Student’s #-test or one-way ANOVA with Dunnett’s multiple comparison test for post hoc

analysis.

3.3 Results

PHHs in MPCCs were initially stabilized in a normoglycemic culture medium (5 mM
glucose) for 4 days to enable fibroblasts to reach a confluent monolayer across all conditions,

and then exposed for up to 18 days to culture media supplemented with different glucose levels.
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In order to induce a hypoglycemic state, no additional glucose was added to the culture medium
except for the amount of glucose (0.4-0.5 mM) that was present in the 10% vol/vol bovine serum
used. In order to mimic a hyperglycemic state, glucose was added to the serum-supplemented
culture medium to yield a concentration of 25 mM, which was also chosen as a comparator to the
high glucose culture media typically utilized for hepatocyte culture(24).

The glucose concentrations in the spent culture supernatants were measured every 2 days
at the fresh medium exchange. MPCCs in the hypo- and normoglycemic culture media
consistently consumed glucose over 3 weeks in culture with average glucose fluctuations from

~0.5 mM down to 0.03 mM (Fig. 1A) and ~5 mM down to 3.11 mM (Fig. 1B), respectively.
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Figure 3.1. Albumin and urea secretion in MPCCs treated with varying levels of glucose.
Fluctuations in culture medium glucose concentration in hypo- (A), normo- (B) and
hyperglycemic (C) MPCCs over 3 weeks of culture. All cultures were initially cultured in a
normoglycemic (5 mM glucose) culture medium for 4 days and then switched to their respective
glycemic conditions (0.4-0.5 mM glucose for hypoglycemic and 25 mM glucose for
hyperglycemic). Glucose levels in the depleted culture medium were measured with every 2-day
culture media exchange. Dashed lines indicate average depleted glucose levels. Levels of
albumin (ALB), arginase 1 (ARGI) and hepatocyte nuclear factor 4 o (HNF44) mRNA
transcripts (D) in MPCCs treated with hypo- and hyperglycemic culture media for either 10 or 18
days. Data is normalized to a normoglycemic control. Albumin (E) and urea secretion (F) in
MPCCs incubated for up to 18 days in the varying glucose levels. Error bars represent SD. * p<
0.05 and ** p< 0.01. Trends were observed in multiple hepatocyte donors.
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On the other hand, hyperglycemic cultures showed more erratic glucose consumption over three
weeks with minor fluctuations in glucose levels at terminal time points and an average drop from
~25 mM down to 22.74 mM (Fig. 1C). The use of propidium iodide (stains nuclei of dead cells)
coupled with Hoechst 33342 (stains nuclei of live cells) showed no significant differences in
PHH or 3T3-J2 viability in MPCCs treated with the various glucose concentrations for ~3 weeks
(data not shown). Furthermore, 3T3-J2 fibroblast numbers, as measured by counting DAPI (4°,6-
diamindino-2-phenylindole)-stained fibroblast nuclei after 3 weeks of culture in MPCCs, were
not significantly altered in the 3 different glucose concentrations (Fig. S1). The 3T3-J2
fibroblasts are required for maintenance of PHH functions in MPCCs(21,23). However, these
non-liver and murine fibroblasts do not express the suman mRNA transcripts measured here nor
do they display liver functions, such as albumin secretion, urea synthesis and CYP450

activities(21).

3.3.1 Albumin and urea in MPCC:s is not affected by the glycemic state

At the gene expression level, ARG (arginase 1, urea cycle enzyme) was not significantly
affected in hypoglycemic MPCCs, and only transiently upregulated in hyperglycemic MPCCs
(~1.6 fold after 10 days of exposure) relative to the normoglycemic control (Fig. 1D). ALB
(albumin) in hypoglycemic MPCCs was upregulated ~1.8 fold after 18 days of exposure relative
to the normoglycemic control, while it was not affected to any significant degree in
hyperglycemic MPCCs. HNF4A (hepatocyte nuclear factor 4 alpha) was upregulated ~1.3 fold in
MPCCs after 10-18 days of exposure to a hypoglycemic culture medium, while it showed a
downregulation (by ~40%) in hyperglycemic MPCCs after 18 days of exposure as compared to

the normoglycemic control.
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In spite of the aforementioned gene expression changes, neither the secretion of albumin
(Fig. 1E) nor urea by MPCCs (Fig. 1F) was affected significantly in any of the glycemic states.
These markers are used to monitor the overall ‘health’ and phenotypic stability of hepatocytes in
vitro(24). On the other hand, the removal of serum from the culture medium caused PHH

functions to decline irrespective of glucose levels (Fig. S2).

3.3.2 CYP450 pathways are modulated by glycemic states

At the gene expression level, CYPIA2, CYP2B6, CYP2C19 and CYP3A4 expression were
significantly increased by ~2.7 fold, 3.1 fold, 1.8 fold, and 3.7 fold after 10 days of treatment
with a hypoglycemic culture medium, respectively, as compared to a normoglycemic control
(Fig. S3). Similar trends were observed after 18 days of treatment with a hypoglycemic culture
medium such that CYPIA2, CYP2D6, CYP2EI and CYP3A44 were increased by ~1.6 fold, 1.3
fold, 1.5 fold and 1.3 fold, respectively, relative to normoglycemic MPCCs. CYP2A6 expression
in hypoglycemic MPCCs remained within the range of the normoglycemic control.

In hyperglycemic MPCCs, we measured a ~1.5 fold increase in CYP2A6 transcript, while
the other CYP450 transcripts (CYPIA2, CYP2B6, CYP2C19, CYP2D6, CYP2EI, and CYP3A44)
were not significantly affected after 10 days of treatment relative to the normoglycemic control
(Fig. S3). However, after 18 days of treatment, hyperglycemic cultures showed upregulation of
CYPIA2 (~1.3 fold) and CYP2D6 (~1.4 fold), while CYP2EI was downregulated (by ~43%) as
compared to the normoglycemic cultures.

When we measured CYP450 enzyme activities in MPCCs using prototypical substrates,

we observed a ~1.7 fold increase in CYP3A4 activity after 4 and 10 days of treatment, and ~2.3
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fold increase after 18 days of treatment with a hypoglycemic culture medium relative to the
normoglycemic control (Fig. 2A). CYP3A4 activity was decreased (by ~40%) in hyperglycemic
cultures after 4 days of treatment, but such a decrease was diminished after 10 and 18 days of
treatment compared to the normoglycemic cultures. On the other hand, neither CYP1A2 activity
(Fig. 2B) nor CYP2AG6 activity (Fig. 2C) in MPCCs was significantly affected as a function of

glucose levels in the culture medium over 18 days of exposure.
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Figure 3.2. Glucose-induced modulation of CYP450 pathways in MPCCs. (A) CYP3A4
enzyme activity in MPCCs (as measured by cleavage of luciferin-IPA into luciferin) treated with
hypo-, normo- and hyperglycemic culture media for up to 18 days. (B) CYP1A2 activity (as
measured by cleavage of ethoxyresorufin into resorufin) in MPCCs treated as in panel (A). (C)
CYP2AG6 activity (as measured by conversion of coumarin into 7-hydroxycoumarin) in MPCCs
treated as in panel (A). (D) Levels of aryl hydrocarbon receptor (4HR), constitutive androstane
receptor (VR113) and pregnane X receptor (NVR112) mRNA transcripts in MPCCs treated with
hypo- and hyperglycemic culture media for 10 or 18 days. Data is normalized to a
normoglycemic control. Error bars represent SD. * p< 0.05, ** p<0.001, *** p< 0.01, and ****
p<0.0001. Trends were observed in multiple hepatocyte donors.

The aforementioned increase in CYP3A4 activity in hypoglycemic MPCCs relative to the
normoglycemic control could potentially be due to the up-regulation of NR/12 (nuclear receptor

subfamily 1, group I, member 2, also known as pregnane X receptor or PXR) and NR1I3 (nuclear
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receptor subfamily 1, group I, member 3, also known as constitutive androstane receptor or CAR)
transcripts(25) by ~1.7 fold and ~1.4 fold, respectively, after 10 days of exposure (Fig. 2D).
Interestingly, the up-regulation of AHR (aryl hydrocarbon receptor) transcripts measured in
hypoglycemic MPCCs by ~1.6 fold relative to the normoglycemic control after 10 days of
exposure did not correlate with the lack of modulation observed in CYP1A2 enzyme activity(26)
(Fig. 2B). However, such upregulation of nuclear receptors at the gene expression level in
MPCCs was diminished after 18 days of exposure to a hypoglycemic culture medium. None of
the aforementioned nuclear receptors’ transcripts were modulated to any significant degree in

hyperglycemic MPCCs as compared to the normoglycemic control.

3.3.3 Hepatic lipid accumulation in MPCCs increases under hyperglycemia

Under all glucose treatments, PHHs cultured in MPCCs remained attached to the distinct
micropatterned collagen islands and maintained prototypical in vivo-like morphology (i.e.
polygonal shape, distinct nuclei/nucleoli, visible bile canaliculi) over ~3 weeks of treatment (Fig.
S4). Additionally, we did not observe any overt changes in the morphology and spreading of
fibroblasts in MPCCs as a function of glucose concentrations. However, PHHs exposed to a
hyperglycemic culture medium in the presence of insulin over a prolonged culture duration
accumulated vesicles in their cytoplasm at a greater rate/level than PHHs exposed to hypo- and
normoglycemic media (Fig. 3A-C, Fig. SSA-C). The vesicles that accumulated in the hepatic
cytoplasm were found to be neutral lipids (i.e. triacylglycerol and cholesterol esters) via Nile red
staining (Fig. 3D-F, Fig. S5D-F). Some lipid accumulation was also observed in PHHs exposed

to a normoglycemic culture medium, while PHHs exposed to a hypoglycemic culture medium
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accumulated little or no lipids throughout the culture duration even in the presence of insulin.
Quantification of the Nile Red fluorescence intensities revealed that there were ~1.7 and ~2.1
fold more lipids after 10 days and 18 days of exposure to a hyperglycemic culture medium,
respectively, when compared to a normoglycemic control (Fig. 3G). In contrast, hypoglycemic

MPCCs had ~50% of the hepatic lipids found in normoglycemic MPCCs.
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Figure 3.3. Glucose-induced accumulation of neutral lipids in MPCCs. Phase contrast
images of MPCCs treated for 18 days with a hypo- (A), normo- (B) and hyperglycemic (C)
culture medium. Nile red (neutral lipids) staining of MPCCs treated for 18 days with a hypo-
(D), normo- (E) and hyperglycemic (F) culture medium. Scale bars represent 400 um. (G)
Quantification of Nile Red staining in hepatocyte islands in MPCCs subjected to hypo-, normo-
or hyperglycemic culture media for 10 or 18 days. (H) Levels of sterol regulatory element
binding protein (SREBF1), carbohydrate response element binding protein (MLXIPL), fatty acid
synthase (FASN), nuclear factor (erythroid-derived 2)-like 2 (NFE2L2) and heme oxygenase 1
(HMOXI) mRNA transcripts in MPCCs treated with hypo- and hyperglycemic culture media for
10 or 18 days. Data is normalized to a normoglycemic control. Error bars represent SD. * p<
0.05, ** p<0.01, and *** p<0.001. Trends were observed in multiple hepatocyte donors.
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Consistent with the aforementioned lipid profile, FASN (fatty acid synthase) and SREBF'1
(sterol regulatory element binding transcription factor 1) mRNA transcripts were upregulated
~2.5 fold and ~1.3 fold, respectively, in hyperglycemic MPCCs relative to a normoglycemic
control after 10 days of exposure (Fig. 3H). After 18 days of exposure, only FASN remained
upregulated by ~1.6 fold in hyperglycemic MPCCs relative to normoglycemic cultures. In
contrast, expression levels of MLXIPL (MLX-interacting protein-like, also known as
carbohydrate responsive element binding protein or ChREBP), HMOX1 (heme oxygenase 1,
oxidative stress marker), and NFE2L2 (nuclear factor (erythroid-derived 2)-like 2, oxidative
stress marker) were not affected to any significant degree in hyperglycemic MPCCs when
compared to a normoglycemic control.

In hypoglycemic MPCCs, FASN and SREBF 1 were downregulated by ~58% and ~44%
after 10 days of exposure, and by ~65% and ~51% after 18 days of exposure, respectively, as
compared to normoglycemic levels (Fig. 3H). Surprisingly, MLXIPL expression in
hypoglycemic MPCCs was increased by ~1.5 fold after 10 days of exposure, although this
diminished after 18 days of exposure. HMOX1 was not increased significantly in hypoglycemic
MPCC:s relative to the normoglycemic control. Finally, NFE2L2 was increased by ~1.4 fold in
hypoglycemic MPCCs relative to the normoglycemic control after 10 days of exposure;

however, such an increase diminished after 18 days of exposure.

3.3.4 Hyperglycemic MPCCs become less sensitive to insulin’s effects on glucose output

We first probed the expression levels of genes involved in glucose metabolism in MPCCs

treated with varying glucose concentrations in the culture medium. PCK/ (phosphoenolpyruvate
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carboxykinase 1) gene expression was upregulated by ~1.4 fold in hypoglycemic cultures as
compared to the normoglycemic control after 10 days of exposure (Fig. 4A). However, after 18
days of exposure, PCK1 expression was downregulated in hypoglycemic cultures by ~31% of
normoglycemic transcript levels. SLC2A42 (solute carrier family 2, facilitated glucose transporter
member 2) gene expression was similar between hypo- and normoglycemic cultures. On the
other hand, G6PC (glucose-6-phosphatase, catalytic subunit) expression was downregulated in
hypoglycemic cultures by ~50% and ~70% of normoglycemic levels after 10 and 18 days of
exposure, respectively. Finally, GK/ (glycerol kinase) expression was not significantly altered in
hypoglycemic MPCCs as compared to normoglycemic MPCCs.

In hyperglycemic MPCCs, PCKI gene expression was upregulated by ~1.4 fold relative
to normoglycemic controls after 10 days of exposure (Fig. 4A). However, after 18 days of
exposure, PCK1 expression was downregulated in hyperglycemic cultures by ~57% of
normoglycemic transcript levels. SLC2A42 gene expression was upregulated by ~1.5 fold in
hyperglycemic cultures relative to the normoglycemic control after 10 days of exposure.
Following 18 days of exposure, SLC2A2 expression became similar across normo- and
hyperglycemic MPCCs. In contrast to hypoglycemic MPCCs, G6PC gene expression was
upregulated in hyperglycemic cultures at 10 and 18 days of exposure to ~2.5 fold and ~1.8 fold
of the normoglycemic control, respectively. Lastly, GK1 expression showed a slight
downregulation in hyperglycemic MPCCs by ~28% of normoglycemic controls, but only after
18 days of exposure.

Next, we assessed the effects of insulin doses on glucose secretion from MPCCs treated
with varying glucose levels. In particular, normo- and hyperglycemic MPCCs exposed to the

respective glucose levels for 10 days were subsequently incubated for 1 day in hormone-free (but
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5 mM glucose-supplemented) culture medium, and then placed in glucose-free and serum-free
culture medium containing substrates for gluconeogenesis (20 mM L-lactate and 2 mM pyruvate)

in the presence or absence of different doses of recombinant human insulin.
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Figure 3.4. Glucose-induced modulation of glucose metabolism pathways and insulin
sensitivity in MPCCs. (A) Levels of glucose-6-phosphatase catalytic subunit (G6PC),
phosphoenolpyruvate carboxykinase-1 cytosolic (PCK1), glucose transporter 2 (SLC2A42) and
glycerol kinase (GK) mRNA transcripts in MPCCs treated with hypo- and hyperglycemic
culture media for 10 or 18 days. Data is normalized to a normoglycemic control. (B) Glucose
output in supernatants of normoglycemic MPCCs (10 days of treatment) treated with
gluconeogenic substrates (20 mM lactate and 2 mM pyruvate) in the presence or absence of
different levels of insulin (see methods for additional details). Arrows indicate no detectable
glucose in supernatants. (C) Glucose output as in panel (B) except hyperglycemic MPCCs were
used. Error bars represent SD. * p<0.05, ** p< 0.01, and *** p<0.001. Similar results were
observed in another primary hepatocyte donor.

After 8 hours of stimulation, normoglycemic hepatocytes produced ~53 pg of glucose per

million hepatocytes in supernatants (Fig. 4B), while hyperglycemic hepatocytes produced 165 ug
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of glucose per million hepatocytes (Fig. 4C). When incubated with a 1 nM dose of insulin,
glucose output from normoglycemic and hyperglycemic MPCCs was reduced by ~64% and
~33% of insulin-free controls, respectively. Increasing the insulin doses to 10 and 100 nM
completely inhibited glucose output from normoglycemic MPCCs. On the other hand, glucose
output was still detected at high levels (32-47 ug/million hepatocytes) in supernatants from
hyperglycemic MPCCs treated with 10 and 100 nM insulin, suggesting an insulin resistant
phenotype in hyperglycemic MPCCs relative to the normoglycemic control.

A time-course assessment showed that the aforementioned insulin resistance trends
started appearing in hyperglycemic MPCCs after 6 days of exposure (but not after 2 days) and
persisted through the exposure period of 18 days (Fig. S6). Furthermore, reducing the glucose
concentration in a hyperglycemic culture medium down to 12.5 mM led to a similar amount of
lipid accumulation as observed in the 25 mM glucose concentration. However, significant insulin
resistance was only observed in the 25 mM glucose culture medium when compared to the
normoglycemic control. Lastly, insulin resistance was also observed in hyperglycemic MPCCs
relative to the normoglycemic control when the PHHs were allowed to produce glucose in
supernatants in the absence of gluconeogenic substrates (Fig. S7). Without gluconeogenic
substrates, PHHs can presumably produce glucose due to potential gluconeogenesis from other
sources (i.e. free amino acids and glycerol) and/or the lysis of built-up glycogen stores, which
were found to be similar across the normo- and hyperglycemic MPCCs prior to incubation with
the hormone-free culture medium as mentioned above (Fig. S7).

As an alternative measure of altered insulin signaling in hyperglycemic MPCCs relative
to their normoglycemic counterparts, we assessed FOXO1 (forkhead box O1) levels in the

nucleus and cytoplasm of cultures after stimulation with different doses of insulin for 1 hour.
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Figure 3.5. Insulin-induced translocation of FOXO1 in hepatocytes. (A) Schematic
illustrating the effect of insulin on translocation of transcription factor, FOXO1 (forkhead box
O1) from the nucleus to the cytoplasm. FOXO1 typically stimulates gluconeogenic gene
expression in the nucleus; however, in the presence of insulin, Akt phosphorylates FOXO1,
thereby causing its translocation from the nucleus to the cytoplasm where it is degraded. MPCCs
treated with a hyperglycemic or normoglycemic culture medium for 10 days were treated for 1
hour with 0, 1 or 10 nM insulin and then FOXO1 protein localization was visualized via
immunostaining (see methods for additional details). (B) Quantification of nuclear to
cytoplasmic (N:C) ratio of FOXO1 labeling in primary human hepatocytes within
normoglycemic MPCCs after stimulation with or without insulin doses (n= 205 cells per
treatment). Representative image of the FOXO1 labeling is shown to the right. (C)
Quantification of N:C ratio of FOXO1 and representative image of the FOXO1 labeling in
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hyperglycemic MPCCs (n= 205 cells per treatment). Scale bars are 30 um. Error bars represent
SD. * p<0.05, ** p< 0.01, and *** p<0.001.

FOXO1 is a transcription factor involved in the transcription of gluconeogenic genes.
Normal insulin signaling leads to the translocation of FOXO1 from the nucleus to the cytoplasm
where it is degraded, thereby decreasing gluconeogenesis(27) (Fig. SA). The nuclear to
cytoplasmic ratio (N:C) of FOXO1 has been previously used to assess FOXO1 sensitivity to
insulin stimulation(28). Here, we found that normoglycemic PHHs in MPCCs showed a
reduction in the FOXO1 N:C ratio from 0.93 in an insulin-free control down to 0.87 and 0.84
with a 1 nM and 10 nM insulin stimulation, respectively (Fig. SB). On the other hand,
hyperglycemic PHHs in MPCCs showed an increase in the FOXO1 N:C ratio from 1.01 in an
insulin-fee control up to 1.1 and 1.07 in 1 nM and 10 nM insulin simulation, respectively (Fig

50).

3.4 Discussion

Hyperglycemia in T2DM has been implicated in the development of NAFLD, which can
further exacerbate insulin resistance and progress to NASH, fibrosis/cirrhosis and hepatocellular
carcinoma(29). Conversely, hypoglycemia in the liver due to fasting, cancer or the effects of
T2DM drugs can induce changes in drug metabolism pathways, which can potentially alter drug
efficacy and/or toxicity(5-8). In vitro models of the human liver can supplement animal studies
for investigating the progression of disease profiles and drug outcomes given species-specific
differences in drug metabolism(15,24). PHHs are considered to be the ‘gold standard’ for
creation of such models; however, these cells rapidly decline in their phenotypic functions in

conventional monolayers, including sensitivity to insulin and glucagon(22). Such a functional
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decline can be mitigated for a few weeks when PHHs are placed in MPCCs(22). Here, we
incubated MPCCs in a hypo- or hyperglycemic culture medium for ~3 weeks and compared
phenotypic changes to those observed in a normoglycemic control. We observed for the first
time that PHHs in MPCCs: a) maintain albumin and urea secretions at similar levels across all
glycemic states; b) significantly upregulate CYP3A4 activity under hypoglycemia; and, c)
accumulate neutral lipids while becoming less sensitive to insulin-mediated reduction in glucose
output under hyperglycemia as compared to a normoglycemic control.

Surprisingly, we found that besides what was found in serum (~0.4-0.5 mM glucose in
medium containing 10% vol/vol serum), no additional glucose supplementation in the culture
medium was required to enable the survival of 3T3-J2 fibroblasts as well as the survival and
major functions (i.e. albumin and urea secretion) of PHHs in such hypoglycemic MPCCs after
~3 weeks of treatment as compared to other glycemic states. Additionally, oxidative stress
markers (HMOXI and NFE2L?2 gene expression) did not vary significantly across MPCCs
treated with varying glucose levels, except for a transient upregulation in hypoglycemic MPCCs
(~1.4 fold relative to a normoglycemic control). However, removal of serum from the culture
medium caused PHH functions to decline irrespective of glucose concentrations, which is likely
due to the lack of fibroblast spreading and growth in serum-free medium, along with other
unidentified factors in serum that may be beneficial for PHHs. Thus, our results suggest that the
levels of glucose (10-25 mM) present in many culture media bases (i.e. Williams E, DMEM,
Alpha-MEM)(21,30) might not be necessary for high functions of stable PHHs in co-culture with
stromal cells; however, serum is a required supplement.

While albumin and urea secretion were not affected in hypoglycemic MPCCs, expression

of CYP450 transcripts (142, 2B6, 344, 2C19) consistently showed significant upregulation
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relative to a normoglycemic control. Such increases in CYP450 gene expression are likely due to
the measured upregulation of NR gene expression (AHR, PXR, CAR) in hypoglycemic MPCCs.
Specifically, PXR and CAR activation induce hepatic CYP3A4 expression(25), while AHR
activation induces CYP1A2 expression(26). NRs are also sensitive to cellular energy status and
can thus mediate glucose metabolism(31). At the enzyme activity level, CYP1A2 and CYP2A6
were not affected under hypoglycemia as compared to normoglycemia; however, hypoglycemia
led to a significant (up to 2.3 fold) increase in CYP3A4 activity, an enzyme involved in the
metabolism of >50% of drugs on the market(32). Such an upregulation in CYP3A4 activity
could have clinical implications for altered drug efficacy and/or toxicity. While our results in
PHHs over long-term culture are novel, they are consistent with the activation of PXR and
upregulation of CYP3A11 (ortholog of CYP3A4) during fasting of rodents(5,6,33).

As with hypoglycemia, hyperglycemia did not affect albumin and urea secretion as
compared to a normoglycemic control. However, expression of some CYP450 transcripts (246,
142, 2D6) showed a slight (~1.3-1.5 fold) upregulation, while 2E/ was downregulated when
MPCCs were exposed to a hyperglycemic culture medium as compared to a normoglycemic
control. In spite of the aforementioned gene expression changes, CYP1A2 and CYP2A6
activities were not affected in hyperglycemic MPCCs relative to the other glycemic states.
Consistent with its gene expression, CYP3A4 activity was similar between hyperglycemic and
normoglycemic MPCCs. The lack of changes in measured CYP450 activities in hyperglycemic
MPCCs are not always consistent with changes in CYP450 activities observed in patients with
NAFLD, such as decreased CYP3A4/3AS5 activity(34-36), decreased CYP1A2 activity(35,37,38)
and increased CYP2AG6 activity(38). However, statistical confidence is not always reached in

clinical studies due to significant donor-to-donor variabilty(38). While our CYP450 results could
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be due to variability in response across PHH donors, they could also suggest that hyperglycemia
and ensuing lipid accumulation are not responsible for all the changes in drug metabolism
enzymes seen in NAFLD patients. In addition to any lipid accumulation due to hyperglycemia,
fatty acids delivered to the liver from adipose tissue also contribute to NAFLD(39). Therefore,
the effects of different types of fatty acids on long-term drug metabolism changes in PHHs
merits further investigation.

Similar to T2DM patients, a hyperglycemic state induced between 1.7 fold and 2.1 fold
greater accumulation of neutral lipids (i.e. triacylglycerol and cholesterol esters) in PHHs relative
to a normoglycemic control. Furthermore, hyperglycemic cultures had elevated FASN and
SREBF1 gene expression, whereas the expression of MLXIPL was unchanged by hyperglycemia
as compared to normoglycemic cultures. The SREBF'1 gene encodes for SREBP-Ic¢, an insulin-
responsive transcription factor that regulations de novo lipogenesis, including the expression of
FASN(40). Thus, it is likely that the increased lipid accumulation observed in hyperglycemic
MPCC:s is due to the excess glucose being shuttled into insulin-stimulated lipogenesis
pathways(41). On the other hand, hypoglycemic MPCCs showed significant downregulation
(~50%) of FASN and SREPFI expression and neutral lipid accumulation relative to
normoglycemic MPCCs.

Hyperglycemic MPCCs became less sensitive to insulin’s effects on gluconeogenesis
over time relative to the normoglycemic control (i.e. insulin resistance). Such a trend was also
observed in the absence of supplemented gluconeogenic substrates. The increase in glucose
output from hyperglycemic MPCCs correlated with significantly higher expression of G6PC as
compared to the normoglycemic control. Interestingly, HMOX1I, a positive predictor of insulin

resistance in obese individuals(42), was not altered in hyperglycemic PHHs at the gene
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expression level. While we cannot rule out differential protein activity, the lack of changes in
transcript potentially suggest a different mechanism by which hyperglycemia induces insulin
resistance in PHHs relative to the insulin resistance observed in individuals whose livers are
being affected by both de novo lipogenesis and delivery of fatty acids from adipocytes.
Importantly, we found that FOXO1 displacement from the nucleus following stimulation with
insulin, which normally inhibits gluconeogenesis, was significantly decreased in hyperglycemic
PHHs relative to the normoglycemic PHHs. Since insulin-stimulated pathways, namely AKT-
mediated phosphorylation, cause the translocation of FOXO1 from the nucleus to the
cytoplasm(43), it is conceivable that this arm of the insulin signaling pathway is inhibited under
hyperglycemia in MPCCs. However, further cell signaling studies would be required to probe
such mechanisms in greater detail.

To our knowledge, our study constitutes the first time that ‘selective’ insulin resistance
has been observed in hyperglycemic PHHs such that insulin continued to simulate lipid
accumulation (steatosis) but did not reduce glucose output to the same extent as the
normoglycemic control. Complete loss of insulin signaling (i.e. lipogenesis and glucose
production) can be achieved using liver-specific insulin receptor knockout mice(44). However,
the selective insulin resistance we observed in PHHs is more akin to a T2DM state in humans in
which insulin fails to suppress gluconeogenesis but continues to activate lipogenesis, thereby
leading to hyperglycemia, hypertriglyceridemia and steatosis(45). Hypertriglyceridemia has been
linked to lipotoxicity in multiple organs, including NASH(46). Furthermore, the resulting
hyperglycemia due to selective insulin resistance continues to stimulate insulin production from
the pancreas, which causes the classic triad of hyperinsulinemia, hyperglycemia, and

hypertriglyceridemia in patients with T2DM.
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While our results provide fundamental insights into how varying glucose levels affect the
PHH phenotype, the liver also contains non-parenchymal cells (NPCs), such as Kupffer
macrophages (KMs), sinusoidal endothelial cells and stellate cells, that can modulate
NAFLD/NASH progression(47,48). The MPCC platform is ‘modular’ in that controlled
interactions between PHHs and different NPCs can be studied without significant changes to
PHH homotypic interactions on the micropatterned ECM domains. In our experience, 3T3-J2
fibroblasts induce higher levels of functions in PHHs than liver NPCs (manuscript in
preparation). However, liver NPCs can be cultured within or on top of the fibroblast layer to
provide a better physiological context while retaining high hepatic functions. For instance, KMs
can be cultured atop pre-established MPCCs to study the effects of KM activation on hepatic
CYP450s(49). This model can also be useful to study how PHHs and KMs interact when
cultured in a NAFLD/NASH-like milieu (i.e. hyperglycemia). Other groups are pursuing
inclusion of stellate cells into PHH models(50), which could be useful to understand the role of
these cells in liver diseases.

In conclusion, we show the utility of long-term PHH cultures for understanding how
energy sources lead to changes in glucose metabolism and hormonal responsiveness that have
been implicated in T2DM, NAFLD and NASH. In the future, MPCCs could be useful for novel
drug discovery efforts for such diseases. Ultimately, coupling MPCCs with other tissue types on

a microfluidic chip can allow a systems level exploration of disease progression.
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3.5 Supplemental Figures
A B
| - |

Supplemental Figure 3.5.1. Effects of glucose concentration on fibroblast numbers in
MPCCs. MPCCs were fixed after 18 days of treatment with various glucose concentrations and
stained with DAPI for cell counting. Images of 3T3-J2 fibroblasts between hepatocyte islands
cultured in hypo- (0.4- 0.5 mM) (A), normo- (5 mM) (B) and hyperglycemic (25 mM) (C)
culture medium on day 18 of treatment. Scale bar is 200 um. (D) Average number of cells per
field of view quantified using ImageJ software. Error bars represent SD.
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Supplemental Figure 3.5.2. Serum removal decreases hepatocyte functions in MPCCs.
MPCCs were established for 4 days and then serum was removed from culture media. (A)
CYP3A4 activity measured with Luciferin-IPA in hypo- and hyperglycemic medium with or
without 10% (vol/vol) serum (-S). (B) Relative albumin production in hypo- and hyperglycemic
medium with or without serum (-S). Data is normalized to the serum-containing control for each
glucose level. Error bars represent SD across 3 wells. Similar results were observed in another
primary hepatocyte donor.
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Supplemental Figure 3.5.3. Glucose-induced modulation of CYP450 gene expression in
MPCCs. Levels of CYP1A2 (142), CYP2D6 (2D6), CYP2B6 (2B6), CYP3A4 (344), CYP2A6
(246), CYP2C19 (2C19), and CYP2EI (2E1) mRNA transcripts in MPCCs treated with hypo-
and hyperglycemic culture media for 10 days (A) and 18 days (B). Data is normalized to the
normoglycemic control. Error bars represent SD. * p< 0.05, ** p< 0.01, *** p<0.001, and ****
p<0.0001.
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4 days of treament 10 days 20 days
Supplemental Figure 3.5.4. Glucose-induced changes in hepatocyte morphology in MPCCs.

Phase contrast image of PHHs in MPCCs treated over time with a hyper- (A), normo- (B), and
hypoglycemic (C) culture medium. Scale bars represent 400 pum.
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Supplemental Figure 3.5.5. Glucose-induced accumulation of neutral lipids in MPCCs after
10 days of treatment. Phase contrast images of MPCCs in hypo- (A), normo- (B) and
hyperglycemic (C) culture medium after 10 days of treatment. Nile red (neutral lipids) staining
of MPCCs in hypo- (D), normo- (E) and hyperglycemic (F) culture medium after 10 days of
treatment. Circles highlight hepatocyte island location and scale bar is 400 um.
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Supplemental Figure 3.5.6. Lipid accumulation and insulin resistance in MPCCs treated
with varying glucose levels. (A) Insulin resistance is calculated by dividing the MPCC glucose
output under insulin stimulation (10 nM) by the glucose output without insulin (“0” means
complete inhibition of glucose output by insulin, while “1” means no effect of insulin on glucose
output). (B) Time course of lipid accumulation, assessed via Nile Red fluorescence
quantification (9 hepatocyte islands quantified per treatment), in MPCCs continuously treated
with culture media containing 5 mM (normoglycemic), 12.5 mM or 25 mM (hyperglycemic)
glucose. (C) Insulin resistance development over time in MPCCs treated as in panel (B). Error
bars represent SD. * p <0.05, and ** p <0.01.
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Supplemental Figure 3.5.7. Glucose-induced modulation of insulin sensitivity in MPCCs.
PAS (glycogen) staining of MPCCs treated with either normo- (A) or hyperglycemic (B) culture
medium for 10 days prior to assessing glucose output in the supernatants as in the subsequent
panels of this figure. Scale bar is 400 um. (C) Glucose output over time in supernatants of
normoglycemic MPCCs (10 days of treatment) treated without any gluconeogenic substrates in
the presence or absence of different levels of insulin (see methods for additional details). Arrows
indicate no detectable glucose in supernatants. (D) Glucose output as in panel (C) except
hyperglycemic MPCCs were used. Error bars represent SD across 3 wells. Similar results were
observed in another primary hepatocyte donor.

SUPPLEMENTAL TABLE 1: Sequences for the GE Healthcare Dharmacon Solaris™ brand
primer/probe sets used in this study.

Gene: GAPDH

Forward Primer: GCCTCAAGATCATCAGCAATG

Reverse Primer: CTTCCACGATACCAAAGTTGTC

Probe: GCCAAGGTCATCCATGA
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Gene: ARG1

Forward Primer: ACTTGCATGGACAACCTGT

Reverse Primer: ATCCTGGCACATCGGGAAT

Probe: GAACTAAAAGGAAAGATTC

Gene: ALB
Forward Primer: AATGTTGCCAAGCTGCTGA
Reverse Primer: TCATCCCGAACTTCATC
Probe: CTGTTGCCAAAGCTCGATG

Gene: AHR

Forward Primer: CGTCTAAGGTGTCTGCTGGATA

Reverse Primer: CCCTTGGAAATTCATTGC

Probe: TCATCTGGTTTTCTGGCAA

Gene: CYP3A4

Forward Primer: CCTCATCCCAATTCTTGAAG

Reverse Primer: GCTGAAGGAAATCCACTC

Probe: GAAGATACACAAAAGCACCG

Gene: CYP2A6

Forward Primer: GATGACCACGTTGAACCT

Reverse Primer: ATGGACCTTGGCCTCCAC

Probe: ATGAAGCACCCAGAGGT

Gene: MLXIPL

Forward Primer: GTTTGATGACTACGTCCGAAC

Reverse Primer: GCCGGATGAGGATGCTG

Probe: AAGTTCTGGGTGTTCAG

Gene: HMOX1
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Forward Primer: ATTGCCAGTGCCACCAAGTTC

Reverse Primer: CTCCTCAAAGAGCTGGATGT

Probe: AGACTGCGTTCCTGCTCAA

Gene: G6PC

Forward Primer: CCTACAGATTTCGGTGCTTG

Reverse Primer: TTCGTGACAGACAGACATTCAG

Probe: TTCTGGGCTGTGCAGCT

Gene: PCK1

Forward Primer: TCGAGAATAACGCTGAGCTGTG

Reverse Primer: TGAGAGCCAACCAGCAGTT

Probe: CTGAAGAAGTATGACAAC

Gene: SLC2A2

Forward Primer: GCTCAACTAATCACCATGCTCTG

Reverse Primer: GCTACTAACATGGCTTTGATTCTTC

Probe: CTTGGGGACACACTTGG
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Chapter 4

Mimicking the dynamics of fasting and feeding cycles to improve the in vitro lifetime and
NAFLD disease profile of hepatocytes in micropatterned co-cultures’

Summary:

In chapter 3 we showed that glucose is a major determinant of hepatocyte lipid
metabolism as well as insulin resistance and overall health. Unfortunately, MPCCs maintained in
physiologic glucose still develop steatosis and some insulin resistance over time. This
significantly limits the long-term studies we can do with our MPCC model if we intend on
studying lipid accumulation and insulin signaling. The development of lipid accumulation and
insulin resistance in MPCC:s is likely due to a lack of some cue normally found in the body that
prevents the hepatocytes from accumulating excess fats. One aspect we had not previously
considered is the dynamic fasting and feeding cycles that occur in the body, which results in
fluctuations in nutrient availability and hormone signals at the cell level. At first, we were not
sure if the MPCC system could handle dramatic changes in medium supplements, but once we
found that cultures could withstand periodic serum removal we developed a simple method for
mimicking the fasting and feeding process in our static cell culture system. Specifically, we
periodically removed serum and hormones from our cell culture medium and then assessed the
potential benefits this may have on hepatocyte drug metabolism enzymes, disease profile and

longevity and utility.

’A manuscript similar to the work described in this chapter is in preparation and will be submitted for publication

shortly.
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4.1 Introduction

Current research and development efforts to bring a drug to market are increasing and
have an average cost of $2.9 billion (1). Post market withdraws are also common and have
detrimental impacts on society and the economy (2). Hepatotoxicity is a leading cause for post
market withdraws of FDA approved compounds, and this can be attributed to a lack of proper in
vitro screening tools. Additionally, lack of drug efficacy is a major issue for therapies once they
reach the clinic due to decreased relevancy of the models tested prior to trials in humans (3).
Since many new therapies for metabolic, viral and parasitic disease are being developed to target
the liver, screening platforms are desperately needed. Ideally we could preemptively identify
efficacious and safe compounds prior to clinical trials, but major hurdles still remain in
developing the best preclinical systems to streamline drug development.

Species-specific differences in drug metabolism require the use of human relevant
systems prior to clinical screens to assess liver toxicity (4). Additionally, disease mechanisms
and progression are significantly different between animals and humans (5,6). Therefore human
systems, ranging from least to most complex, such as microsomes, cell lines, primary
hepatocytes, and liver slices have been utilized to complement animal data (7). The gold standard
for the pharmaceutical industry is the use of primary human hepatocytes (PHHs) since they
retain all of the normal liver enzymes and functions right after they are isolated from the
body(8). Unfortunately, pure cultures of PHHs rapidly decline in vitro, which limits their utility
in long term applications such as drug screening. Recently, tissue-engineering methods, such as
3D culturing, cell patterning and co-culture systems, have been shown to significantly prolong
the lifetime of hepatocytes in vitro. The goal of these platforms is to enable stable liver functions

over time to allow for a diseased state to develop (9-11) or enable chronic drug dosing (12). Even
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in these engineered systems, hepatocytes fail to maintain stable liver functions over extended
periods of time, which limits their utility in the aforementioned applications.

Increasing the lifetime of liver cultures is an increasingly important and necessary goal
for liver cell models since this will enable the development of disease models and toxicity
screening systems that require prolonged exposure. No culture system has been able to
recapitulate the lifetime of hepatocytes that is observed in vivo, >1 year(13), which suggests that
significant advances in culturing systems can still be made. Therefore, any modifications to
hepatocyte culturing conditions that lead to increased functionality or lifetime over existing
models should be widely applicable to the various existing in vitro liver culture systems.

One factor that has not been addressed with liver cell culture is the impact of
nutrient/hormonal fluctuations, or starvation, on hepatocyte lifetime, which is likely due to the
lack of long-term models to properly address this question. In the body, there are dynamic
fasting and feeding cycles that regulate normal processes within cells and may be responsible for
the prolonged lifetime of hepatocytes in vivo (14). Current culture systems, even advanced 3D,
and co-culturing platforms, utilize a consistent culture medium schedule that provides a steady
supply of nutrients every few days. The liver is sensitive to changes in hormones and nutrients
and the lack of these dynamic stimuli may partially explain the premature decline in hepatocyte
functions observed in vitro (15).

Serum starvation and hormone fluctuations have been shown to initiate fasting-stimulated
signaling pathways in cell cultures as well as maintain normal oscillations in gene expression in
hepatocytes, respectively (16,17). Here we hypothesized that periodically starving hepatocyte
cultures of serum and hormones could prolong their in vitro functional lifetime. We utilized a

robust co-culturing system, the micropatterned co-culture (MPCC) that maintains high

91



hepatocyte functions for multiple weeks, to address this question and prevent confounding
variables from declining pure hepatocyte cultures(18). Hepatocytes do not proliferate in this
system and their patterned architecture allows us to easily visualize loss of cells over time.
Additionally hepatocyte cell-cell interactions have been optimized so that liver transporters and
drug enzyme activity can be monitored. We assessed hepatocyte morphology, drug enzyme
activity/induction, hepato-specific protein production, transporter function and the ability to
accurately identify liver toxins/non-toxins after multiple, three to five, weeks of serum/hormone

starvation.

4.2 Methods

4.2.1 Cell culture and MPCC fabrication

MPCCs were fabricated using the same methods described in chapter 2 and 3. One main
difference with this chapter was the use of growth arrested fibroblasts in place of the usual non-
growth arrested fibroblasts. For growth arrested fibroblast cultures we passaged fibroblasts until
they reached 90% confluency and then we treated them with mitomycin C the day of seeding
with micropattenred hepatocytes. Specifically, cultures were first washed with 1x PBS, to
removed residual medium, and then incubated with 1 pg/ml mitomycin C in fibroblast
maintenance medium (10% bovine serum, 1 % penicillin/streptomycin, and high glucose
DMEM) for ~ 4 hours in the cell culture incubator. Mitomycin C containing medium was then
removed and replaced with fibroblast maintenance medium for at least 30 minutes prior to

splitting and seeding fibroblasts into cultures containing patterned hepatocytes.
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4.2.2 Starvation protocol and experimental timeline

Once MPCCs were fabricated, they were cultured in 5 mM glucose containing
maintenance medium for 2 weeks. Cultures were treated with various starvation treatments, 1
hour, 1 day, 2 day and 3 days. To start the starvation, cultures were washed once with 1x PBS,
and then incubated in 5 mM glucose containing serum free medium for the specified time. This
medium was also supplemented with 1% penicillin/streptomycin and 1.5% HEPES buffer. After
the starvation period, cultures were then placed back in maintenance medium for 5-8 days,
depending on the previous starvation period. This was continued for 4 weeks, including the
initial starvation. To mimic starvation, we treated cultures with metformin, which activates
AMPK, at a concentration of 250 pg/ml in hepatocyte maintenance medium during the same

period, 2 days, where cultures were starved.

4.2.3 Biochemical assays

Biochemical assays (albumin production, urea synthesis) and enzyme activity assays
(CYP2A6, CYP3A4 and CYP1A2) were carried out in the same fashion as described in chapter
3. Additionally, CYP2C9 enzyme activity was assessed in these studies and this was carried out
by incubating cultures with the CYP2C9 specific substrate Luciferin-H for 3 hours in serum
free/phenol red free medium. Culture medium was collected after this incubation period and

analyzed according to manufacturer protocols (Promega, Madison, WI).
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4.2.4 Live cell imaging and staining

Hepatocyte island morphology was monitored over time using phase contrast imaging.
Additionally, we assessed bile canaliculi over time using CDCFDA fluorescent staining and
Hoechst 33342 to visualize cell nuclei. Specifically, cultures were washed 1 time with serum free
medium containing 5 mM glucose, 1% penicillin/streptomycin and 1.5% HEPES buffer and
glucose free DMEM containing 4 mM supplemented L-glutamine. CDCFDA and Hoechst 33342
were added to this same serum free culture medium at a concentration of 2 uM and 1 uM,
respectively, immediately before treating cultures, and then cultures were treated for 15 minutes
in the cell culture incubator. This staining medium was then removed and cultures were washed
3 times with serum free medium, and the third wash was left in the culture dish. Cultures were
then imaged using the EVOS FL microscope, where the CDCFDA (bile) stain was imaged using

the GFP light cube, and the nuclear stain was imaged using the DAPI light cube.

4.2.5 Drug screening and enzyme induction

To assess drug toxicity, cultures were incubated with increasing multiples of the specific
drug’s Cpmax, the average maximal concentration the drug reaches in patients after administration.
Specifically, compounds were first dissolved in DMSO at 100,000 times their Cyax, and then
added to serum free culture medium (containing 5 mM glucose, 1% ITS+ (Corning) 1%
penicillin/streptomycin and 1.5% HEPES buffer, 100 nM dexamethasone, 2 nM glucagon and
glucose free DMEM containing 4 mM supplemented L-glutamine) at a concentration of 25*Cppax

or 100*Cpax. By diluting compounds at 100,000* Cpax, we could maintain a concentration of
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0.1% w/v DMSO in the culture medium. Accordingly, 0.1% DMSO was used as the vehicle
control for these studies. Cultures were treated 3 times with compounds, every 2 days, for a total
of 6 days of treatment.

For enzyme induction, cultures were treated with prototypical enzyme inducers (rifampin
for CYP2C9, phenobarbital for CYP3A4 and omeprazole for CYP1A2) or their vehicle control,
over 4 days, which consisted of 2 treatments every 2 days. Specifically, rifampin, phenobarbital,
and omeprazole or the vehicle control was added to the same medium used for drug toxicity
screening at a concentration of 25 uM, 1 mM, and 10 pM. We assessed enzyme induction by
first incubating induced or vehicle treated control cultures with respective enzyme specific
substrates and then secondly quantifying the amount of substrate turnover that occurred over 1-3

hours, depending on the specific enzyme tested.

4.2.6 Statistical analyses

Each experiment was carried out in 2 or more wells for each condition. Two to three
cryopreserved PHH donors were used to confirm observed trends. Microsoft Excel and
GraphPad Prism 5.0 (La Jolla, CA) were used for data analysis and plotting data. Error bars on
average values represent standard deviation (SD) across wells. Statistical significance of the data
was determined using the average and SD across wells in representative experiments using the
Student’s #-test or one-way ANOVA with Dunnett’s multiple comparison tests for post hoc

analysis.
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4.3 Results

4.3.1 Periodic starvation prolongs hepatocyte lifetime in vitro

To mimic a starved state, we developed a protocol where cultures are first washed with
PBS, to remove residual proteins and nutrients, and then incubated with a starvation medium that
has no hormones or serum. This starvation protocol was carried out weekly for 5 weeks and
started 2 weeks after cultures were initially seeded (Fig. 1). To assess any benefit of starvation on
hepatic cultures, we measured albumin production and urea synthesis, two major functions of the
liver, as well as drug metabolism enzyme activity and transporter function after 5 weeks of
starvation (Supplemental Fig. 1). We tried a range of starvation periods and found that a two-
day starvation had the overall highest liver functions when compared to one hour, one day, three
day or no starvation. Consequently, throughout the remainder of the studies we utilized the two-
day starvation period.

Once the optimal starvation time was identified, we then assessed how starvation retained
hepatocyte morphology and survival in culture using phase contrast imaging over 6 weeks in
vitro (Fig. 1). In MPCCs, hepatocytes are patterned into circular domains, and do not proliferate,
so we can easily assess the loss of cells over time. Surprisingly, we found that hepatocyte island
morphology was strongly retained over 6 weeks in starved cultures, whereas non-starved culture
island morphology diminished over time and was almost indistinguishable from the surrounding
fibroblast population by 6 weeks in culture. These results suggest that periodic starvation helps

maintain liver cells in a co-culture model.
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Figure 4.1. Experimental timeline and MPCC morphology over time. (a) Experimental
timeline and procedures for periodically starving cultures. (b) Representative phase contrast
images of MPCC hepatocyte islands before (1 week) and after periodic starvation (left column)
or without starvation (right column). Scale bars represent 400 um.
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4.3.2 Starvation prolongs hepatocyte functional lifetime in vitro

After observing the drastic difference in hepatocyte lifetime mediated by periodically
starving cultures, we assessed how these changes were reflected in hepatocyte functions over
time. We found that albumin production and urea synthesis were on average 3 fold and 4.6 fold

higher in starved cultures for 6 weeks, after initiating the starvation protocol (Fig. 2).
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Figure 4.2. MPCC functions over time with and without starvation. Albumin production (a),
urea synthesis (b) and CYP3A4 enzyme activity (c) in starved and non-starved cultures over 5-6
weeks of culture. Error bars represent SD.

Additionally, we measured drug enzyme activity levels in starved and non-starved cultures over
time. CYP2A6, CYP2C9 and CYP1A2 enzyme activity levels over 5 weeks of starvation were
on average 2 fold, 1.8 fold and 1.3 fold higher in starved cultures (Supplemental Fig. 2).
Importantly, CYP3A4 activity was on average 5.4 fold higher than non-starved cultures when
compared over 5 weeks of culture (Fig. 2). Additionally, at the terminal time point of 6 weeks,
transporter activity was retained in starved cultures, as shown by live cell imaging of transporter
specific dye excretion, compared to the loss of transporter functions in non-starved cultures
(Supplemental Fig. 1). These results suggest that periodic starvation helps retain liver cell

functions over time in an already stable model.
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4.3.3 Periodic starvation keeps supportive fibroblast numbers in check while activating AMPK in

MPCCs

Besides the hepatocyte specific changes we observed between starved and non-starved
cultures, we also noticed changes in fibroblast morphology during starvation and subsequent
density after starvation (data not shown). Fibroblasts assumed a rounded-up morphology
suggesting they may be detaching, which would lower the overall fibroblast number during
starvation, and accordingly the density of nuclear DAPI staining was also lower (Fig. 3). To
confirm fibroblast density was decreased after starvation, we assessed the effects of the
starvation protocol on pure fibroblast double stranded DNA (dsDNA) concentration. We found
that dsSDNA in starved fibroblasts was significantly (p value <0.0001) reduced to 20% of the
non-starved control after 1 starvation at 1 week of culture.

Serum starvation is known to activate adenosine monophosphate (AMP) activated kinase
(AMPK), and is associated with longevity. To probe the possibility that our starvation protocol
may stimulate AMPK activation, we used a human specific phosphorylated AMPK (p-AMPK)
enzyme linked immunosorbent assay (ELISA), which recognizes the phosphorylation that occurs
on threonine 183 (T183) in the AMPK amino acid sequence. We found that the starvation
protocol lead to a 1.5 fold higher concentration of p-AMPK (p value <0.01) than the non-starved
MPCCs after 2 starvations. These results suggest that the starvation protocol reduces fibroblast

numbers, while concomitantly activating AMPK in hepatocytes.
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Figure 4.3. Starvation decreases fibroblasts density and increases adenosine
monophosphate activated kinase (AMPK) activation. Pure fibroblasts were not-starved (a) or
starved (b) after 1 week of culture, fixed and stained with DAPI to visualize nuclei, and DNA
was isolated and quantified (c) (n=4). After 3 weeks of culture and 2 starvation treatments, total
protein was isolated from MPCCs and the level of activated, phosphorylated-T183, AMPK was
quantified and normalized to the total amount of protein (n=3). Error bars represent SD. **, and
*x%x represent p<0.01 and <0.0001, respectively, assessed via t-test between non-starved and
starved cultures.

4.3.4 Maintaining optimal fibroblast numbers as well as activating AMPK benefits hepatocyte in

vitro lifetime, but not to the same extent as starvation

Since fibroblasts can continuously repopulate the culture once starvation medium is

removed, we counted fibroblast nuclei between hepatocyte islands after 5 weeks of starvation
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using Hoechst 33342 to confirm fibroblast numbers were in fact reduced. Image J analysis of cell
nuclei showed that starvation significantly (p value <0.05) reduced fibroblast numbers between
hepatocyte islands in starved cultures when compared to non-starved cultures (Fig. 4). To assess
the effects of reduced fibroblast numbers on hepatocyte functions alone, we growth arrested
fibroblasts using mitomycin C prior to incorporation into MPCCs and assessed their effects on
hepatocytes without serum starvations. Accordingly, we found that fibroblast numbers were
significantly reduced (p value <0.0001) when compared to non-starved cultures (Fig. 4).
Surprisingly we found that MPCCs with growth arrested fibroblasts had on average 2, 2.9, 1.5
and 1.5 fold higher levels of CYP3A4 activity, CYP2AG6 activity, as well as albumin and urea
production, respectively, over time when compared to non-starved cultures. The magnitude of
these functional markers was still below starved culture levels. Transporter activity and
hepatocyte morphology were also better retained in MPCCs with growth-arrested fibroblasts,
although not to the same extent as starved cultures. These results suggest that periodic starvation
may prolong hepatocyte functions by maintaining an optimal level of fibroblasts in culture and
preventing their overgrowth.

To address the effects of AMPK activation on hepatocyte functions alone, we
periodically treated our cultures with metformin during the normal starvation period every week
for 5 weeks in serum-containing medium. Importantly, fibroblasts numbers were not
significantly reduced in metformin treated cultures. We found that on average metformin treated
MPCCs had 1.7, 2.6, 1.5 and 1.6 fold higher levels of CYP3A4 activity, CYP2A6 activity, as
well as albumin and urea production, respectively, over time when compared to non-starved
cultures. The magnitude of these functional markers was still below starved culture levels.

Transporter activity and hepatocyte morphology were also better retained in MPCCs treated with
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metformin, although not to the same extent as starved cultures. These results suggest that

periodic starvation may prolong hepatocyte functions by increasing AMPK activation.
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Figure 4.4. Effects of growth arresting (GA) fibroblasts and metformin (Met) treatment on
MPCC longevity/functions compared to starvation. MPCCs were created with non-growth
arrested (NGA) or GA fibroblasts and then cultured for ~6 weeks. CYP3A4 (a) and CYP2AG6 (b)
activity in MPCCs with various treatments at 4 (first bar) and 6 (second bar) weeks of culture. (c)
Fibroblast numbers, assessed via live cell imaging of nuclei using Hoechst 33342 staining,
between hepatocyte islands were obtained after 6 weeks of treatment. Albumin production (d)
and urea synthesis (e) in MPCCs in the various treatments over 6 weeks of culture. (f)
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Representative phase contrast images and respective bile canaliculi staining of MPCCs with
various treatments. Circles outline hepatocyte islands. Scale bars represent 400 pm. Error bars
represent Sd. *, and **** represent p<<0.05 and <0.0001, respectively, assessed via one way
ANOVA across treatments.

4.3.5 Serum starvation prevents identification of false positive compounds in toxicity screens

To assess the potential utility of the starvation protocol for drug toxicity screening after
prolonged culture, we treated starved and non-starved MPCCs with 5 toxins and 5 non-toxins
after 3 weeks of starvation. To prevent potential drug-protein interactions, we dosed cultures
with compounds in serum free medium. Cultures were treated 3 times over a period of 6 days
(i.e. every 2 days), with multiples of the maximum concentration observed in the blood after
administration to humans, Cpnax. Specifically, cultures were treated with 25%* Cpax, 100* Cppax 01 @
vehicle, Dimethyl sulfoxide (DMSO), control. Albumin and urea production were used to
identify hepatospecific toxicity since fibroblast ATP cannot be distinguished from hepatocyte
ATP and could therefore show non-specific toxicity of cultures. Additionally, albumin and urea
have been shown to be more sensitive markers of hepatotoxicity than ATP in micropatterned co-
cultures (19). Accordingly, when albumin or urea levels dropped below 50% of the DMSO
control, the compound was considered toxic, and the toxic concentration that reduced the
response by 50% (TCsp) was interpolated from the dose response curves between DMSO and
25% Cpax,, if the latter value fell below 50%, or between 25* Cpax and 100* Cyax, and graphed
(Fig. 5).

To screen for toxicity, we treated starved or non-starved cultures with compounds that
have been extensively shown to be hepatotoxins (20). Using toxic compounds we can assess the

sensitivity of the system to identify toxic and non-toxic compounds. Sensitivity is calculated by
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dividing the total number of compounds identified as toxic by the total number of toxic
compounds tested. Diclofenac, troglitazone, piroxicam, amiodarone and clozapine, all of which
are considered liver toxins, were all identified as toxins in both starved and non-starved cultures

and had similar TCs values for albumin and urea outputs (Fig. 5, and Supplemental Fig. 3, 4).
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Figure 4.5. Interpolated TCs values for known hepatotoxins and non-toxins in starved and
non-starved MPCCs. MPCCs were maintained or starved for 4 weeks of culture and then
assessed for the ability to predict toxicity. Albumin (a) and urea (b) based TCs, calculations for
starved and non-starved cultures. Top 5 compounds are known hepatotoxins and bottom five are
not considered hepatotoxins. N.T. represents not toxic.

TCs values for urea were higher than the values obtained for albumin, regardless of culture
treatment. These results suggest that starved and non-starved cultures have a high level of

sensitivity.
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To assess starved and non-starved cultures specificity, we treated cultures with non-liver
toxins at increasing concentrations of the Cax. Specificity is defined as the ability of the system
to correctly distinguish non-toxic compound from toxic compounds. This is calculated by
dividing the number of compound identified as non-toxic by the total number of compounds
tested. Starved cultures did not identify any of the non-toxins as toxic even at the 100*Cy.x dose,
whereas non-starved cultures identified 3 of the 5 non-toxins as potentially toxic (ie: albumin and
urea levels fell below 50% of the control with increasing doses of the compound) (Fig.5 and
Supplemental Fig. 3). Specifically, rosiglitazone, prednisone and miconazole were all identified
as toxic in non-starved cultures. This suggests that the specificity of starved cultures is 100%,

while non-starved cultures have a specificity of 40%.

4.3.6 Small molecule based drug enzyme activity induction is better preserved in periodically

starved cultures over time

To assess the potential utility of the starvation protocol to identify drug-drug interactions
after prolonged culture, we treated starved and non-starved MPCCs with known enzyme
inducers and then assessed drug enzyme activity. Induction of CYP3A4, CYP1A2 and CYP2C9
was carried out with 2 treatments of phenobarbital, omeprazole or rifampin over 4 days in serum
free medium, respectively. Enzyme induction was assessed by comparing the enzyme activity of
cultures treated with either the inducer or the vehicle control after 4 days of treatment.

Major differences in the level of enzyme induction were observed between starved and non-
starved cultures. Non-starved culture CYP2C9 induction was 4.8 (+ 1.2) fold, while starved

CYP2C9 induction was 7.3 (£ 2.5) fold (Fig. 6). Non-starved culture CYP23A4 induction was
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3.7 (£ 1.6) fold, while starved CYP3A4 induction was 10.2 (£ 5.8) fold. CYP1A2 induction was
similar between starved, 2.6 (+ 0.12) fold, and non-starved cultures, 2.2 (+ 0.3) fold. These

results suggest that periodic starvation prolongs the ability of hepatocytes to respond to enzyme

inducers.
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Figure 4.6. Enzyme induction in starved and non-starved MPCCs. MPCCs were maintained
or starved for 4 weeks and then assessed for enzyme induction capabilities. CYP3A4 (a),
CYP1A2 (b), and CYP 2C9 (c) induction in starved (black bars) and non-starved (grey bars)
cultures. Error bars represent SD.

4.4 Discussion

Hepatocytes are notoriously difficult to maintain in vitro using conventional methods,
although recent advances have made it possible to prolong the lifetime of hepatocytes outside the
body (21). Successful efforts have taken inspiration from in vivo microenvironmental cues and
physiological processes (22). One dynamic physiologic process that has not been investigated for
its impact on hepatocyte longevity is nutrient and hormonal fluctuations. Here we sought to
address the potential benefits of mimicking the fasting and feeding cycles in the body on
hepatocyte in vitro lifetime. We developed a protocol where cell culture medium components,

specifically serum and hormones, are periodically removed to mimic some aspects of fasting and
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feeding in the liver, which we termed starvation (23). We found that cyclic starvation every week
had profound effects on hepatocytes ranging from morphologic stability to prolonged hepatocyte
function.

Since hepatocytes are already difficult to maintain in vitro, we utilized the micropatterned
co-culture (MPCC) platform which has been shown to sustain hepatocytes for at least 3 weeks in
vitro for various applications (9). Importantly, we have recently shown that hepatocytes in this
system retain their ability to respond to hormones and nutrients, which is necessary to investigate
the potential utility of dynamic culturing methods such as periodic starvations (10,24). Since our
goal was to increase the functional lifetime of liver cells, the MPCC platform is a great system to
assess this since liver cell secretions and hepatocyte colonies can be tracked over time to assess
the loss of cells using simple phase contrast microscopy. Another aspect that motivates the use of
the MPCC system to address how starvation impacts liver cell lifetime, is that it requires the use
of hormones and serum to support long-term functions, which allows us to modulate those
parameters to more accurately mimic a starved or fasted state. During fasting, nutrients and
insulin levels decrease significantly and we can easily mimic this by removing serum and insulin
from our culture medium (25). Specifically, after 2 weeks of culture stabilization in maintenance
medium, we washed cultures with saline to remove excess nutrients, and then incubated MPCCs
with a base medium lacking any serum or hormones.

Surprisingly, we found that starvation drastically increased the lifetime and function of
hepatocytes in our system. Even a one-hour starvation seemed to benefit hepatocyte functions,
although a 2-day starvation period was found to be the optimal starvation time with respect to
multiple hepatocyte functions. MPCCs that were periodically starved for 5 weeks had similar

morphology and island size as 2-week old cultures. Accordingly, liver cell functions such as
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albumin and urea production were sustained at similar or higher levels to 2-week old cultures
whereas non-starved culture function rapidly declined after 3 weeks of culture. Additionally,
drug metabolism, which is notoriously difficult to retain in liver cells, was retained to at least
50% of the 2-week values in starved cultures after 5 weeks of culture, while non-starved cultures
lost almost all drug metabolism capabilities by 5 weeks in culture. Since hepatocyte homotypic
interactions (i.e. hepatocyte island integrity) was retained, we found a corresponding retention of
hepatocyte transporter function in starved cultures, which was visualized with live cell imaging
of a fluorescent transporter specific dye export, while this was mostly lost in non-starved cultures
(26).

Since altered feeding schedules, abnormal hormone levels and an abundance of nutrients
are associated with altered liver function, the buildup of toxins and metabolic related disease, we
suggest that our periodic starvation prevents these deleterious effects from occurring and
prolongs hepatocyte lifetime in our cultures(14-16,23). The maintenance of liver transporters we
observed should enable proper removal of toxins that build up in hepatocytes over time(27).
Additionally, the retention of drug metabolism enzymes after starvation could allow for turnover
of any toxic biologic compounds unknowingly present in cell culture medium. Lastly,
hepatocytes accumulate less lipid droplets when exposed to the starvation protocol, which could
limit the buildup of toxic lipids and prevent premature apoptosis (28).

Periodic fasting is associated with increased lifetime in species ranging from yeast all the
way up to rodents and humans, and has been classically attributed to the activation of the energy
sensing enzyme adenosine monophosphate (AMP) activated kinase (AMPK) (29,30). Serum
starvation is a simple way to activate this protein in cell cultures, and we found that our

starvation protocol led to increased levels of activated AMPK(17). AMPK activation is also
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associated with increased hepatic nuclear receptor activation, transporters, and lipid turnover,
which may explain why starved cultures had less lipid accumulation when compared to
nonstarved cultures (31). Interestingly, we found that the starvation protocol reduced the number
of fibroblast numbers, either in pure fibroblast or micropatterned co-cultures, when compared to
non-starved cultures. Although this has not been thoroughly investigated, it is well known that
supportive fibroblasts in co-culture with epithelial cells must be prevented from overgrowing the
epithelial population to prevent a decline in epithelial cell colony integrity(32). Taken together,
the starvation protocol likely prolongs hepatocyte functions in co-cultures by activating AMPK
and preventing overgrowth of supportive fibroblasts.

To mechanistically investigate this hypothesis, we carried out experiments where we
artificially activated AMPK using a nontoxic AMPK activator, metformin, and prevented
fibroblast overgrowth, by growth arresting the fibroblast population with mitomycin c, in place
of starvation and assessed how these perturbations affect hepatocyte longevity and functions
(33). Metformin treatment or growth arresting fibroblasts in MPCCs significantly prolonged the
functional lifetime of hepatocytes over an untreated control, although not to the same extent as
the starvation protocol. These studies further suggest that the starvation protocol may prolong
hepatocyte lifetime by activating AMPK and preventing fibroblast overgrowth, although other
factors are clearly involved in prolonging longevity. Since many other liver culture systems and
engineered tissues utilize serum and hormones as culture medium components we suspect that
this protocol will benefit other platforms since it is inspired by a natural dynamic process that
affects the entire body.

To appraise the potential impact of a longer functioning culture, we assessed the impact

of starvation on hepatocyte drug toxicity screening capabilities and identification of potential

109



drug-drug interactions via enzyme induction. MPCCs have been rigorously tested and
successfully utilized for the aforementioned applications, although this utility has not been
characterized at later time points (i.e. >3 weeks) (18,19). MPCCs were fabricated in 96 well
plates for drug toxicity screens and the starvation protocol worked equally well in this format.
After 4 weeks in culture, we found that without starvation MPCCs could still identify
hepatotoxins with 100% accuracy and showed significant enzyme induction. Although non-
starved MPCCs incorrectly identified 3 out of the 5 non-liver toxins as toxic and also had much
lower levels of induction when compared to starved cultures. Importantly, starved cultures
correctly identified all toxic and non-toxic compounds at the drug concentrations tested. The
results from these screening studies highlight the overall benefit of periodic starvation and
suggest that it could be an essential component for the maintenance of proper function of
engineered tissues in drug toxicity studies, which are highly needed (34).

As engineered tissues and cell culture devices continue to evolve we must constantly
question the relevance of our practices towards physiology and pathophysiology. We have
highlighted the impact of dynamic nutrient availability and hormone signaling with hepatocyte in
vitro longevity, both of which are normally fluctuating in the body, but have not gained much
importance in long term cell culture protocols to date (7). Importantly, we show that starvation
not only prolongs hepatocyte lifetime, but it also improves overall cell health to help give proper

responses for important applications such as distinguishing toxic drugs accurately.
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4.5 Supplemental Figures
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Supplemental Figure. 4.5.1. Starvation time optimization based on functional outputs from
MPCCs. MPCCs were starved for 1 hour, 1-, 2 - or 3- days or not starved and assessed for
albumin production (a), urea synthesis (b) over time and CYP3A4 (c) and CYP2A6 (d) enzyme
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after 6 weeks of culture. Circles outline hepatocyte islands and scale bars represent 400 um.
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Supplemental Figure. 4.5.3. Albumin dose response curves with toxins and non-toxins in
starved and non-starved cultures. Starved or non-starved MPCCs were cultured for 4 weeks and
then assessed for sensitivity and specificity in a proof of concept drug toxicity screen. (a) Non-
starved MPCC albumin production in response to a series of known hepatotoxins. (b) Starved MPCC
albumin production in response to a series of known hepatotoxins. (¢) Non-starved MPCC albumin
production in response to a series of non-toxins. (d) Starved MPCC albumin production in response
to a series of non-toxins. Error bars are standard deviation. All data was normalized to the vehicle,
DMSO, control.
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Chapter 5

Biologically inspired cell culture medium prolongs the lifetime and insulin sensitivity of
hepatocytes in micropatterned co-cultures®

Summary:

In chapter 4 we showed that dynamic culturing methods could prolong the lifetime, along
with many other benefits, and lipid profile of hepatocytes in MPCCs. Importantly the lifetime of
hepatocytes in vivo is suggested to be around 1 year and we observed clear declines in
hepatocyte numbers and function with the starvation protocol described in chapter 4. The culture
medium used in theses studies still has supraphysiologic levels of insulin and bovine serum, both
of which could have major detrimental effects on hepatocyte insulin signaling and longevity.
One alternative to using bovine serum is the use of pooled human serum and potentially reducing
the level of insulin in culture medium down to physiologic levels. Human serum is commercially
available and economically feasible. Therefore we developed a culture medium where bovine
serum is replaced with human serum. Human serum could successfully be used to maintain
MPCCs and we fortuitously found that it also enabled the use of physiologic levels of insulin
without losing hepatocyte functions, as was seen with the use of bovine serum. We then assessed
how this bioinspired, physiologically relevant, medium altered hepatocyte longevity, drug
metabolism and insulin sensitivity over time towards developing the optimal cell culture medium

for NAFLD disease model applications as well as other engineered liver tissue systems.

*A manuscript similar to the work described in this chapter is in preparation and will be submitted for publication

shortly.
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5.1 Introduction

The drug development pipeline is a long and rigorous pathway that commonly leads to
hundreds of millions of dollars being wasted in pre-clinical drug screening (1). Costly issues
faced during drug development include identifying efficacious therapies and verifying that those
compounds will be safe in the clinic (2). Accordingly, many efforts are being put forth to
develop sensitive cell-based pre-clinical screening systems that can identify efficacious and safe
compounds prior to initiation of costly and dangerous phase I clinical trials (3). The advantage of
such models is that they can be scaled up to high throughput formats, which enables the
screening of tens of thousands of compounds simultaneously. One major area of focus is on the
development of liver models since many new therapies are being developed to target liver
disease while hepatotoxicity remains a major cause for post-market withdraw of compounds (4-
6).

Owing to species-specific differences in drug metabolism enzymes, human-relevant
systems are needed to properly model human drug metabolism/toxicity/efficacy (7).
Additionally, to model human diseases, such as viral infection and fatty liver disease, human-
based systems will likely be necessary since animal models are not susceptible to infection, as is
the case with hepatitis C, and disease development is significantly different in humans (8). Cell-
based systems, ranging from simple 2D cultures up to complex bioprinted 3D tissues, have
gained the most interest for these areas of drug development. Regardless of culture setup,
primary human hepatocytes (PHHs) remain the gold standard for the pharmaceutical industry
since they retain the entire set of drug metabolism enzymes necessary for processing candidate
compounds and they accurately predict human drug metabolism/toxicity (9). The drawback to

using PHHSs is that they rapidly, 24-72 hours, lose their liver phenotype in vitro. The liver tissue
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engineering field has evolved around this issue and consequently, methods have been developed
to prevent the premature decline of PHHs (10). Unfortunately, even with the major advances that
have been made, hepatocyte in vitro functional lifetime seems to be limited to 4-6 weeks, while
the in vivo lifetime is expected to be >1 year (11).

One area that has lacked substantial improvement over the years is the formulation of cell
culture medium. Current culture systems either oversupply nutrients and hormones to cells while
using animal-based products, such as serum, or undershoot the vast complexity of the soluble
factors found in the body using chemically defined medium(12). Once the ideal liver culture
system is designed, these soluble cues will be major determining factors for cell function and
lifetime. Additionally, for regenerative medicine purposes, all human or synthetic based cell
culture medium supplements will be necessary to prevent non-human component induced
immune reactions(13), and the transmission of infectious agents (14).

Recently it has been shown that physiologic concentrations of glucose and bile acid
supplementation to culture medium can prevent an insulin resistant and inflamed state from
developing in hepatocytes, respectively (15,16). Inspired by this work and the remaining issues
with liver cell culture, we developed a xeno-free cell culture medium with physiologically
relevant concentrations of insulin and glucose to address how a more physiologically relevant
medium might enhance hepatocyte lifetime and functionality. We utilized an already established
long-term hepatocyte culture system to address how this xeno-free cell culture medium may
provide any significant advantage over similar animal based components. In this culture system,
hepatocytes are micropatterned onto collagen domains to facilitate homotypic, self-self,
interactions and then surrounded by supportive 3T3-J2 murine embryonic fibroblasts, which

enables important heterotypic interactions (17-19). Micropatterned co-cultures (MPCCs) have a
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lifetime of 4-6 weeks and are normally cultivated in animal-based products. This provides a
system to address how a xeno-free culture medium may further improve cultures that already
have a significantly high level of function and lifetime. Over 4-10 weeks, we assessed how this
new medium formulation affects hepatocyte morphology, lifetime, functions, transporter
formation and insulin sensitivity. Additionally, we verified that this system could still be used to

identify hepatotoxic and non-toxic compounds as well as drug-drug interactions.

5.2 Methods

5.2.1 Cell culture and MPCC fabrication

MPCC fabrication was carried out as described in chapter 2 and 3. Growth arresting
fibroblast cultures and seeding into MPCCs was carried out as described in chapter 4. To account
for potential differences in fibroblast growth and spreading between physiologic medium and
traditional medium, cultures were first created and maintained in traditional medium for 4 days

and then switched to their respective medium.

5.2.2 Biochemical and enzyme activity assays

Urea synthesis and glucose production were quantified using the same methods described
in chapter 2 and 3. Since human serum contains significant amounts of human serum, we used an
alternative protocol to quantify MPCC albumin production. Specifically, after 2 and 3 weeks of

culture, cultures were washed 3 times with 1x PBS and then incubated for 24 hours in serum-free
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medium. Albumin was then measured in this medium using the sandwich ELISA method
described in chapter 2 and 3. To account for potential residual albumin in cell culture medium,
we looked for any differences in albumin production between cultures incubated in 5%, 7.5%,
and 10% serum. We found no significant differences in albumin production between these
cultures, which suggested that most residual albumin had been successfully removed with the
PBS washing steps prior to the 24 hour incubation period. Enzyme activity was assessed using

the methods described in chapter 3 and 4.

5.2.3 Imaging and transporter visualization

Bile canaliculi (CDCFDA) and phase contrast imaging were carried out in the same
fashion described in chapter 4. Importantly, bile canaliculi imaging was carried out after 4 weeks

of culture in these studies.

5.2.4 Insulin resistance assay

To assess the insulin sensitivity of these cultures we utilized similar methods described in
chapter 3. Cultures were first cultured in hormone-free, serum-containing medium for 24 hours,
and then washed 3 times with 1x PBS to remove residual glucose. Cultures were then incubated
in glucose-free medium containing 4 mM L-glutamine, 1% penicillin/ streptomycin, 1.5%
HEPES buffer, 20 mM lactate and 2 mM pyruvate to and +/- 10 nM insulin. Insulin resistance
was calculated by dividing the insulin-stimulated glucose output by the basal level of glucose

output.
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5.2.5 Drug toxicity and enzyme induction studies

Drug toxicity and enzyme induction were assessed in the same manner described in
chapter 4. Importantly, in these studies, drug toxicity and enzyme induction were carried out
after 2 weeks of culture, and the level of these metrics was not directly compared to traditional
medium since these MPCC utilities have clearly been demonstrated in previous publications

(17,25).

5.2.6 Statistical analyses

Each experiment was carried out in 2 or more wells for each condition. Two to three
cryopreserved PHH donors were used to confirm observed trends. Microsoft Excel and
GraphPad Prism 5.0 (La Jolla, CA) were used for data analysis and plotting data. Error bars on
average values represent standard deviation (SD) across wells. Statistical significance of the data
was determined using the average and SD across wells in representative experiments using the
Student’s #-test or one-way ANOVA with Dunnett’s multiple comparison tests for post hoc

analysis.
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5.3 Results

5.3.1 Optimizing culture medium to enable proper comparison of physiologically relevant

medium to traditional medium

Traditionally, hepatocyte maintenance medium utilizes bovine serum and an excessive
amount of glucose as well as insulin. Bovine serum could potentially have proteins which
negatively affect hepatocyte insulin pathways(20) on human hepatocytes while it could also
contain pathogenic proteins or cause an immune response in humans if used for regenerative
medicine purposes. Additionally, high amounts of glucose and insulin are major contributors to
fatty liver disease and we have recently shown this is recapitulated in the MPCC system (15).
These abnormalities in culture medium inspired us to develop a more physiologic medium that
did not contain any animal products, xeno-free medium. Specifically, we formulated medium
that had physiologic glucose (~5 mM), human serum (in place of bovine serum) and physiologic
levels of insulin (0.5-1 pM versus the traditional 1 uM).

Since we have already shown that glucose levels can be reduced in medium without
adverse effects on MPCC performance, we focused on how changing insulin levels and serum
type affected hepatocyte function and longevity. Surprisingly, we found that reducing insulin to
physiologic levels in MPCCs cultured with bovine serum led to declining hepatocyte urea
production and lower CYP3A4 activity, whereas lowering insulin in MPCCs cultured with
human serum maintained stable hepatocyte urea production and CYP3A4 activity after 3 weeks
in culture (Supplemental Fig. 1). These results suggested that human serum enables culturing

MPCCs in physiologic concentrations of insulin, whereas MPCCs cultured in bovine serum
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decline without excessive insulin supplemented in the culture medium. Consequently, the
remainder of these studies were carried out using the traditional amount of insulin (1 pM) in
cultures with bovine serum containing medium, while cultures carried out in medium with
human serum had physiologic (500 pM) levels of insulin.

To further optimize the medium formulation, we cultured MPCCs in different
percentages of serum and assessed the effects of serum concentration on hepatocyte albumin
production and urea synthesis. Within the range we tested, 5-10% serum containing medium, we
found no significant change in hepatocyte function with different amounts of human serum,
while we did find that 10% bovine serum seemed to be the optimal percentage of serum for
MPCC albumin production (Supplemental Fig.2). Therefore, subsequent studies were carried out
using 10% human and 10% bovine serum. Since fibroblasts enable hepatocyte functions in
MPCCs and we wanted to get a proper comparison between physiologic medium and the
traditional medium, we growth-arrested fibroblasts using mitomycin C prior to incorporation into
MPCCs (Fig. 1). Growth arrested fibroblasts can still support hepatocytes while their growth and

numbers should be consistent with different medium supplements.

5.3.2 Physiologically relevant medium prolongs the lifetime of hepatocytes in micropatterned co-

cultures

Once the optimal medium formulations were identified, we carried out long-term studies
(10 weeks) to assess the possibility of culturing hepatocytes in a xeno-free and physiologically
relevant medium, where we assessed hepatocyte colony morphology, and functions over time.

Surprisingly, physiologically relevant medium was not only compatible with MPCCs, but
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hepatocyte colony morphology, as assessed by phase contrast imaging, showed dramatic
stabilization of hepatocytes compared to traditional medium (Fig. 1). Specifically, hepatocyte
morphology and island integrity were diminished by 6 weeks in traditional medium, whereas
hepatocyte morphology was greatly retained up to 10 weeks using physiologically relevant

medium

A Collagen coated plastic

IpPatterned collagen I

I_> o ®

Soft lithography | uPatterned hepatocytes |
based ppatterning @
I—> P -cul M
Seed 1° human @ @ Ip atterned co-culture (MPCC) I

hepatocytes @ ~Gomnaeses

Seed mitomycin C RO
treated (growth arrested)
3T3-J2fibroblasts

28 days

Figure 5.1. Physiologically relevant medium prolongs the lifetime of hepatocytes in
micropatterned co-cultures. (A) MPCC fabrication scheme. Representative phase contrast
images of MPCC hepatocyte islands in traditional medium (B) and Physiologic medium (C) over
time. Scale bar represents 400 um.
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5.3.3 Hepatocyte functional lifetime is significantly longer in a physiologic medium

Along with hepatocyte morphology, hepatocyte functions were also maintained in the
physiologic medium. Specifically, when we measured CYP3A4 activity in MPCCs over time we
found that traditional medium enzyme activity was ~1% of 1-week levels, while physiologic
medium MPCC enzyme activity was ~60% of 1-week levels (Fig. 2). CYP2A6 enzyme activity
was also assessed for 8 weeks, and traditional medium CYP2A6 activity was completely absent
by 62 days in culture, while physiologically relevant medium CYP2AG6 levels were still 45% of

1-week levels.
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Figure 5.2. Hepatocyte functional lifetime is significantly longer in a physiologic medium.
MPCCs were carried out in the traditional or the physiologic medium for 8-10 weeks and
assessed for CYP3A4 (A), and CYP2AG6 (B) enzyme activity. Urea synthesis (C) and albumin
production (D) were assessed in cultures treated with traditional or physiologic medium over 10
weeks and at 3 weeks of culture, respectively. Error bars represent SD.
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Urea synthesis was also maintained in the physiologic medium at 57% and 23% of 1-week levels
at 5 and 10 weeks in culture, respectively. Alternatively, urea synthesis of MPCCs in the
traditional medium was ~7% and 5% of 1-week levels by 5 weeks and 10 weeks in culture,
respectively. Importantly, albumin production was ~ 3 fold higher at 3 weeks of culture in the
physiologic medium relative to the traditional medium. These results suggest that physiologic
medium supports a high level of hepatocyte function in MPCCs while also prolonging the

lifetime of hepatocytes in culture.

5.3.4 Polarized hepatocyte transporters remain intact in physiologic medium

A CDCFDA stain Phase contrast

Figure 5.3. Polarized hepatocyte transporters reain intact in physiologic medium. MPCCs
were cultured for 4 weeks in the physiologic (A) or traditional (B) medium and then assessed for
bile canaliculi function, with CDCFDA transporter dye, and corresponding phase contrast
imaging.

Since hepatocyte islands had sustained integrity in physiologic medium, we hypothesized

that hepatocyte islands would have greater levels of transporter function, which requires a high
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degree of homotypic hepatocyte-hepatocyte interactions (21). To probe transporter function, we
used a fluorescent dye, which is selectively transported through the hepatospecific multidrug
resistance-associated protein 2 and 3 (MRP2, -3). At early time points, (~2 weeks, data not
shown) hepatocytes had significant transporters in all conditions, while after 4 weeks there was a
significant loss of transporters in hepatocyte islands cultured in traditional medium (Fig. 3).
Importantly, hepatocyte transporters were mostly retained in hepatocyte islands cultured in the
physiologic medium. This loss or retention of transporters correlated with the retention of island
integrity, as shown by corresponding phase contrast images. These results suggest that

physiologic medium retains hepatocyte polarity and transporters over at least 4 weeks in vitro.

5.3.5 Hepatocyte insulin sensitivity is retained in physiologically relevant medium

One critical function of the liver is to maintain glucose levels in the blood by responding
to hormones secreted from the pancreas and to a lesser extent by factors secreted from adipose
tissue (22). This function of liver cells is almost always overlooked in in vitro liver models,
although it is a key determinant of liver health. Additionally, bovine factors, such as fetuins, and
high amounts of insulin could contribute to insulin resistance in vitro (20,23). Therefore we
assessed MPCC insulin resistance after treatment with the traditional or physiologic medium
over 4 weeks. Insulin resistance is calculated by dividing the insulin-stimulated glucose output
from cultures by the non-insulin stimulated glucose output over 8 hours of glucose production,
where completely insulin resistant cultures have a value of 1 and completely insulin sensitive
cultures have a value of 0 (Fig. 4). We found that hepatocytes in the traditional medium were

~50% insulin resistant after 2 weeks and completely insulin resistant after 4 weeks of culturing
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in the traditional medium. Alternatively, hepatocytes cultured in the physiologic medium were
almost completely insulin sensitive, 2.5% insulin resistant, after 2 weeks of culture, and 23%
insulin resistant after 4 weeks of culture. This increased rate of insulin resistance was likely from
bovine serum factors since even hepatocytes cultured in physiologic insulin (~500pM) developed
insulin resistance faster than cultures in human serum (Fig. S3). These results suggest that

physiologic medium retains insulin sensitivity in hepatocytes longer than traditional medium.
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Figure 5.4. Hepatocyte insulin sensitivity is retained in physiologically relevant medium.
(A) Diagram describing how to calculate insulin resistance in MPCCs. Insulin resistance after 2
and 4 weeks of culture in traditional (B) and physiologic (C) medium. Error bars represent SD.
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5.3.6 Physiologically relevant medium allows for sensitive and specific hepatotoxicity screening

as well as drug-drug interactions

Since these changes in medium formulation led to increased longevity, function, and
hormone responses, we wanted to ensure that these cultures could also accurately predict
hepatotoxins and drug-drug interactions. Therefore we carried out a drug screen with cultures
after they were subjected to physiologic medium for 10 days (Fig. 5). Specifically, cultures were
treated with 5 known hepatotoxins, and 5 non-toxins 2 times over a period of 5 days with
increasing concentrations of Cpax (25*Cpax, and 100*Cyax), the average maximal drug
concentration observed in patients after administering the drug. The compounds tested have
previously been identified as hepatotoxins or non-toxins in comprehensive hepatotoxicity studies
(24). Drug treatments were carried out in serum free medium to prevent potential drug-protein
interactions. Compounds were categorized as toxic if urea synthesis in MPCC supernatants,
which has recently been shown to be a more sensitive marker of liver toxicity than ATP, dropped
below 50% of the vehicle (DMSO) treated control (25). After 2 treatments with toxins, MPCCs
cultured in physiologic medium correctly identified all 5 hepatotoxins (diclofenac, troglitazone,
clozapine, amiodarone, and piroxicam) as toxic, as shown by a concentration and time dependent
decrease in urea synthesis (Fig. 5). Calculated TCs, values, the interpolated concentration of the
drug where urea synthesis drops below 50% of the vehicle control, for the various compounds
were 282 uM, 334 uM, 63 uM, 41 uM and 475 uM for diclofenac, troglitazone, clozapine,
amiodarone, and piroxicam, respectively (Supplemental Table. 1). Importantly, MPCCs in
physiologic medium also correctly categorized all 5 non-toxins (aspirin, dexamethasone,

rosiglitazone, prednisone, and miconazole), as shown by no significant loss in urea synthesis
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over time with increasing concentration of compound (Fig. 5). These results suggest that
hepatocytes cultured in physiologic medium retain the ability to correctly identify potential
hepatotoxins and non-toxic compounds.

To assess the potential of MPCCs in physiologic medium to predict drug-drug
interactions, we treated cultures with known enzyme inducers and quantified their enzyme
activity (26). Specifically, to induce CYP3A4, CYP1A2, and CYP2C9, we treated MPCCs twice
with phenobarbital, omeprazole or rifampin, respectively, over 4 days in serum-free medium.
Cultures were treated with the respective vehicle control, water or DMSO, as a non-induced
control. Induction was carried out after 10 days of culture in the physiologic medium. MPCCs in
physiologic medium showed a 3.5 (£ 0.25) fold induction of CYP3A4 activity, 2.75 (+ 0.24) fold
induction of CYP1A2 and a 7.2 (% 1.8) fold induction of CYP2C9 activity (Fig. 5). We also
found slightly higher levels of basal CYP1A2 and CYP2C9 activity in MPCCs after 3 weeks of
culture in the physiologic medium compared to traditional medium (Supplemental Fig. 5). These
results suggest that MPCCs cultured in physiologic medium retain the ability to identify potential

enzyme induction and drug-drug interactions.
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Figure 5.5. Physiologically relevant medium allows for sensitive and specific hepatotoxicity
screening as well as drug-drug interactions. MPCCs were cultured in physiologic medium for
10 days and then placed in a liver toxicity screen (A,B) or assessed for induction capabilities (C-
E). (A) Urea synthesis in treatments with liver toxins after the first and second drug treatment or
day 3 and 5 of dosing. (B) Urea synthesis in treatments with non-toxins after the first and second
drug treatment or day 3 and 5 of dosing. CYP3A4 (C), CYP1A2 (D) and CYP2C9 (E) enzyme
induction with prototypical inducers. Error bars represent SD.

5.4 Discussion

Primary human hepatocytes are the gold standard for pharmaceutical drug screening and
also the development of bio-artificial livers and implantable constructs for regenerative medicine
applications. Since hepatocytes are inherently difficult to maintain outside of the body this poses
significant hurdles for drug screening and regenerative medicine applications and any advances
in maintaining hepatocytes outside the body should benefit these areas. One area of optimization
that can be broadly applicable across these inherently different research fields is advancements in

the medium by which nutrients and signaling proteins are supplied to cell and tissue cultures.
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Inspired by recent cell culture medium modifications and the need for a medium that is free of
animal components, we developed a xeno-free culture medium that better mimics the
physiologic concentrations of glucose and insulin in vivo while maintaining the complexity of
human blood profile by using pooled human serum (16). Surprisingly, we found that the
physiologically relevant medium formulation we developed could not only support normal
hepatocyte functions enabled by micropatterned co-cultures (MPCCs) but that it significantly
prolonged the lifetime and functions of hepatocytes in this co-culturing system without losing its
utility for drug screening and glucose metabolism studies.

The use of human serum, more than any other modification we made, is what enabled the
long lifetime and functions of hepatocytes, as we were able to sustain hepatocytes for extended
periods of time over cultures with bovine serum even with abnormal levels of insulin and
glucose. Although, our overall goal was to develop a more physiologically relevant medium that
would be useful for a variety of applications, including disease modeling, so we further modified
the culture medium to have the ideal amount of serum, and insulin. Surprisingly, we found that
by using 10% serum in our medium we could lower the amount of insulin supplemented in
medium down to a physiologically relevant concentration, ~500 pM, while this amount of insulin
supplementation in medium containing bovine serum as a base led to declining hepatocyte
functions. Using this optimized xeno-free medium we showed that hepatocyte functions, such as
drug metabolism enzyme activity, urea synthesis, and albumin production, were retained longer
than traditional medium. Serum is a complex mixture of proteins, lipids, and biomolecules, and
we are currently assessing how individual components of serum may prolong the lifetime of

hepatocytes in vitro. Since bile acid and lipid profiles are unique across different species, we
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suspect these components may be responsible for the prolonged longevity of human hepatocytes
in human serum (27).

When human serum is supplemented for bovine serum there is a substantial change in
hepatocyte morphology and this is reflected with more cuboidal cells, distinctive hepatocyte
borders (between surrounding fibroblasts and hepatocyte islands), and extensive bile canaliculi.
This was confirmed with hepatocyte transporter specific dye export, where the fluorescent dye
accumulated in the canaliculi between hepatocytes. The hepatocyte colonies in MPCCs cultured
in the physiologic medium are sustained for an unprecedented 10 weeks in vitro. Over the last 2
weeks of culture the island geometry begins to morph into random shapes, rather than the initial
circles they were patterned in, while the loss of cells seems to be much slower than colonies in
bovine serum.

One major benefit of the MPCC is that it greatly retains the ability of hepatocytes to
respond to insulin(28). Unfortunately, insulin signaling studies must be carried out within the
first 2 weeks of culture or else hepatocytes lose the ability to respond to insulin, which is likely
due bovine serum factors, such as fetuins, and overstimulation with excessive amounts of insulin
in traditional medium (15,23,29). Accordingly, hepatocytes in physiologic medium, which has
low levels of insulin, greatly retained the ability to respond to insulin even after 4 weeks in vitro,
while cultures in the traditional medium were completely insulin resistant by this time. Another
possibility for the retained lifetime of hepatocytes in physiologic medium is that bovine serum
has components, such as fetuins, which may cause the decreased insulin signaling (insulin
resistance), which could lead to premature cell death since insulin signaling is necessary for cell
survival (20,30,31). Along with this theory, hepatocyte insulin resistance occurred at a much

higher rate in hepatocytes cultured with bovine serum, compared to cultures in human serum.
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Additionally, even cultures in bovine serum with low insulin, which have decreased hepatic
functions, also developed insulin resistance at a faster rate than cultures in human serum. This
has major implications for diabetes and insulin signaling research since MPCCs, or possibly
other liver cell culture platforms, could be maintained in the physiologic medium while also
supplementing various factors that are implicated in insulin resistance development to ultimately
identify mechanisms behind disease progression in a human-relevant system (8).

Lastly, the most widely used application of the MPCC platform is drug toxicity screening
and we found that physiologic medium did not prevent the platform from correctly identifying
potential hepatotoxins and drug-drug interactions (17). Since hepatocyte functions are sustained
for extended periods of time in this physiologic medium, we would expect to also obtain highly
sensitive drug screening results after prolonged periods of culture. This will be especially
important for liver disease modeling applications where disease development takes extended
periods of time to develop, such as non-alcoholic steatohepatitis (NASH), and fibrosis (32).

This medium formulation should also aid regenerative medicine efforts for multiple
reasons. The most common methods of engineering liver tissue constructs to potentially replace
failing livers is to fabricate and stabilize the tissue in vitro, and then implant the construct (33).
This optimized medium should greatly enhance the stabilization of liver cells prior to
implantation and also prevent them from developing disease phenotypes prior to implantation.
Additionally, for the FDA to approve implantable engineered tissue constructs in the future,
these tissues will need to be created using good manufacturing practices (GMP), which prevents
the use of xeno-based factors(34). Our work provides a substantial advance for hepatocyte

culturing while considering this aspect.
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Although we have identified the critical benefits of this optimized medium, it is still
unclear what soluble factors in human serum-mediate this effect. Some clear differences between
human and bovine serum are the ratios of high-density lipoprotein to low density lipoprotein
(HDL:LDL), as well as the amounts and species of fatty acids(35). Lipids and cholesterol have
numerous effects on hepatocyte metabolism and survival, which might explain the benefits of the
human serum. Another clear difference is the bile acid pool, which seems to be species specific
(27). Bile acids have pleiotropic effects on hepatocytes, of which binding to nuclear receptors
being a major function and this has been clearly shown to affect hepatocyte pathways and aid in
maintaining differentiation of hepatocytes (36,37). Accordingly, we are currently assessing the
effects of supplementing these components into hepatocyte culture medium on hepatocyte
functions and longevity.

For all cell culture applications, optimized medium formulations are critical for ensuring
the conclusions of studies are made in the relevant setting. For instance, based on this work we
now know that the results from our past work with the MPCC model could be more
representative of an insulin resistant diabetic liver rather than that of a healthy liver. Therefore
we hope that the ideas presented within this work will inspire researchers to appraise their cell
culture medium more thoroughly and ask if certain components could lead to abnormal
experimental outcomes. Additionally, we hope that the optimized medium we developed will
find utility in multiple aspects of liver cell culture and possibly in other types of cell and tissue

culture.

137



5.5 Supplemental Figures
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Supplemental Figure. 5.5.1. Optimizing culture medium to enable proper comparison of
physiologically relevant medium to traditional medium. (a) Urea synthesis in MPCCs
cultured in medium containing bovine serum and physiologic or the normal high insulin. (b)
Urea synthesis in MPCCs cultured in medium containing human serum and physiologic or the
normal high insulin. (c,d) 3 week relative CYP3A4 activity in MPCCs cultured in medium
containing bovine serum (c) or human serum (d) and physiologic or the normal high insulin,
normalized to the high insulin control. Error bars represent SD.
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Supplemental Figure. 5.5.3 Insulin resistance over time with varying insulin concentration
and serum type. MPCCs were cultured in the traditional medium, with the normal high insulin
concentration or physiologic insulin concentration (low insulin), or physiologic medium and
assessed for insulin resistance as described in Fig. 4. This figure shows the same data depicted in
Fig. 4 for comparison. Error bars represent SD.
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Supplemental Table. 5.5.1. Calculated TCs values for cultures in the physiologic medium.
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Supplemental Fig. 5.5.5. CYP1A2 and CYP2C9 activity in MPCCs cultured in the
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Chapter 6

Fatty acids can be used to model steatosis and insulin resistance in vitro using MPCCs’

Summary:

The previous chapters helped to clearly establish the benefits and limitations of the
MPCC platform specifically for NAFLD-related studies. The advancements make it possible to
now start developing disease models that recapitulate certain aspects of NAFLD. The major
cause for lipid accumulation in NAFLD and diabetic patient livers is excessive amounts of fatty
acids in the blood released from fat tissue. The most common of which is the triacylglycerol
molecule, which is a high energy compound that is stored in the lipid droplet organelle of
hepatocytes. Ectopic lipid accumulation within the liver has been highly correlated with insulin-
resistant glucose output (ie. fasting hyperglycemia) for many years, although it is still unclear
how lipid accumulation contributes to insulin-resistant glucose output from the liver. Many
theories have been proposed, although these are mainly developed using animal model systems
and in vivo studies, which cannot directly show how lipids contribute to hepatocyte glucose
output due to confounding factors from other tissues. Therefore here we used or modified MPCC
system to address how fatty acids might contribute to insulin-resistant glucose output over
different times scales. Initially, we were unsure of how toxic fatty acid treatments may be to
MPCCs, so we extensively studied their basic functions prior to making any conclusions about
insulin-resistant glucose output. Eventually, we addressed how intracellular fatty acid pathways

might contribute to insulin resistance.

> 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

The liver dynamically regulates blood glucose levels to maintain nutrient homeostasis
throughout the body. During times of fasting, when the insulin to glucagon ratios is low, the liver
produces glucose for the body and inhibits the storage of fatty acids. Conversely, after feeding,
insulin and nutrient (fatty acids and glucose) levels rise, which is followed by a reduction in liver
glucose production and the storage of excess nutrients. In the fed state, insulin stimulates lipid
production and storage, while inhibiting glucose production pathways (1). In type II diabetic
(T2D) patients, this homeostatic function of the liver is lost, and in the face of excess nutrients, it
continues to produce glucose, which leads to chronic hyperglycemia (2). This abnormal
production of glucose is the hallmark feature of insulin resistance (IR) and has long been
correlated with hepatic fat accumulation (3). Within the last ~20 years there have been extensive
theories proposed on the potential cellular mechanisms for insulin resistance within the liver, but
a unified theory still remains to be described (4,5).

The canonical insulin signaling pathway in the liver is mediated by the insulin receptor,
which carries out its intracellular functions by activating the downstream kinase AKT/protein
kinase B to modulate lipid and glucose metabolism (6). Activated AKT then stimulates the
production and storage of lipids partly through activating mechanistic target of rapamycin
(mTorcl) (7,8). Conversely, forkhead box protein O1 (FOXO1), a transcription factor that
increases lipolysis gene expression such adipose triglyceride lipase (ATGL), is displaced from
the nucleus after AKT phosphorylation, which limits lipid breakdown (9). The more
characterized function of FOXO1 is to increase glucose output from the liver during times of

fasting by increasing the expression of gluconeogenic genes and promoting the release of fatty
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acids for oxidation (9-11). This process is also inhibited by insulin via AKT phosphorylation
(12).

One controversial hypothesis has been the idea of “selective insulin resistance” in the
liver, which suggests that the insulin-stimulated lipogenesis pathway is intact while the insulin
pathway to inhibit glucose production is somehow faulty (13). Recent studies that selectively
remove the canonical insulin signaling pathway in the liver have shown that the liver can still
regulate blood glucose levels by responding to extrahepatic factors (14-17). Importantly, Vatner
et al. showed that lipid re-esterification in the liver is regulated by substrate, fatty acid,
availability and not insulin signaling, which undermines the selective IR theory by suggesting
that the liver could be completely IR and still accumulate lipids (18). Conversely, Titchenell et
al. recently showed that the insulin signaling pathway is required to stimulate lipid production in
the liver, which also throws a wrench in the selective IR hypothesis by suggesting that the insulin
signaling pathway is intact in the diabetic liver and mediates the increased de novo lipogenesis
observed in patients with diabetes (19). These highly important studies are laying the
groundwork for what will likely be the next generation of targets for diabetic drug therapy
development.

Many of the hypotheses derived from these studies focus on how the hepatocyte responds
to various nutritional and hormonal stimuli, yet researchers still struggle to study these in vivo
phenomena in an in vitro setting with isolated hepatocytes due to their limited lifetime outside
the body 1-3 days, and lack of response to hormonal stimuli (20,21). Furthermore, most of these
studies are carried out in mouse or rat models, which do not accurately recapitulate the
progression of NAFLD or insulin resistance (22). Additionally, there are critical species-specific

differences between rodents and humans in drug metabolism enzymes, which will limit the
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translation of therapies developed using these model systems (23). Primary human hepatocytes
are the gold standard for the pharmaceutical industry since they retain all of the enzymes
necessary for human drug metabolism (24). Therefore to properly model human diseases such as
NAFLD or IR, and develop therapies for these ailments, we need human-relevant systems that
can retain primary human hepatocytes outside of the body for extended periods.

Fortunately, methods have been developed to maintain the hepatocyte phenotype in vitro
by co-culturing these cells with non-parenchymal cells (25). Khetani and Bhatia have expanded
upon this idea by using microfabrication techniques to carefully pattern hepatocytes into
optimized circular domains and then surround them with supportive fibroblasts, which enables
long-term hepatocyte cultures with consistent cellular outputs (26). We have modified this
micropatterned co-culture system so that it retains hepatocyte insulin sensitivity as well as
healthy glucose and lipid metabolism for at least 2 weeks in vitro (27). Now we can finally use
this system to address some of the lingering and controversial hypotheses in the diabetes research
field that has been hampered by the lack of a culturing system that retains hepatocyte functions
outside the body.

Here we used the modified form of the MPCC to address: 1. If hepatocytes can be treated
with fatty acids to induce a state of steatosis without lipotoxicity, 2. If insulin-resistant glucose
output can be induced in hepatocytes after acute or prolonged fatty acid treatment, 3. Which
pathways induced by fatty acid treatment can bypass insulin signaling. We believe that our
isolated approach will help clarify current misunderstandings surrounding selective IR, provide a
human-relevant perspective on IR and help develop a unifying hypothesis on what drives IR
glucose production in the liver. The insulin signaling pathway has been clearly shown to be

altered in the diabetic liver, however, the biochemical implications of this inhibition might be
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irrelevant for controlling glucose production (18). Here we show that lipid-filled hepatocytes can

retain the insulin signaling pathway while displaying insulin-resistant glucose output.

6. 2 Methods

6.2.1 Cell culture and MPCC fabrication

Cell culture and MPCC fabrication were carried out as described in chapter 3. For fatty
acid treatments, cultures were stabilized for 4-6 days and then treated with the various fatty acids
and mixtures every other day for up to 10 days. Importantly, cultures were carried out in 5 mM
glucose maintenance medium that did not have supplemented linoleic acid that is normally found
in the ITS(+) supplement, specifically the (+) stands for linoleic acid and therefore we added ITS

in place of this supplement.

6.2.2 Fatty acid preparation and treatments

Single and mixtures of fatty acids were complexed to BSA to increase their solubility in
the aqueous medium as well as facilitate their uptake by hepatocytes. Specifically, concentrated
stocks of palmitic (PA), stearic (SA), oleic (OA) and linoleic acid (LA) (all purchased from NU-
CHEP PREP INC Elysian, MN) were prepared in molecular grade ethanol (Thermo Scientific).
To increase the solubility of saturated fatty acids (PA and SA), fatty acid-ethanol solutions were
incubated in a 70 °C water bath for 5 minutes and then 1 M NaOH was quickly added to achieve

a final concentration of 0. 02 M NaOH. After adding NaOH, these solutions were incubated for
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another 5 minutes at 70 °C. Concurrently, a solution of 10% w/v fatty acid-free BSA (Sigma
Aldrich, St. Louis, MI), diluted in glucose-free DMEM, containing a stir bar, was warmed in a
45 °C water bath with stirring. After NaOH precipitate went into solution in the saturated fatty
acid ethanol mixtures (~5 minutes), fatty acids were added to the pre-warmed BSA solution
dropwise to achieve a final concentration of 3.03 mM fatty acid and 1.515 mM BSA, to achieve
a 2:1 fatty acid to albumin ratio. For OA and LA, NaOH addition was not necessary and these
fatty acids could be directly added to the BSA solution. For BSA controls, pure ethanol was
added to BSA at the same concentration as fatty acids. These solutions were stirred overnight in
the 45°C water bath sterile filtered, aliquoted and stored at -20°C.

Alternatively, two different fatty acid mixtures, 2:1 and 7:1 fatty acid to albumin
mixtures containing equal molar concentrations of all four fatty acids previously used, were
created. To make these mixtures, saturated fatty acids were added firsts, as previously described,
and then unsaturated fatty acids were added. For the 2:1 solution, each fatty acid was added at a
concentration of 0.758 mM and for the 7:1 solution each fatty acid was added at a concentration
of 2.65 mM.

For fatty acid treatments, each single fatty acid solution or the 2:1 fatty acid mixture was
added to cell culture medium at a concentration of 260 uM. The 7:1 fatty acid mixture was added
to cell culture medium at a concentration of 910 uM. The BSA concentration was maintained at
the same concentration, 130 uM, for all treatments. One important difference between the 2:1
and 7:1 treatment was that significantly more ethanol was added to the 7:1 mixture and BSA

control since more fatty acid-ethanol solution was needed to make these mixtures.
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6.2.3 Biochemical and enzymatic assays

All biochemical and enzyme activity assays were carried out as described in chapter 2
and 3. In-cell ELISAs for the phosphorylation of AKT, a downstream insulin signaling protein,
were carried out on fixed MPCC cultures stimulated with insulin after 1 hour according to
manufacturer protocols (R&D systems). Briefly, fixed cultures were first incubated in a 1%
hydrogen peroxide solution in PBS for 20 minutes, washed twice with PBS and then incubated
again with the peroxide solution to remove any endogenous peroxides. Fixed culture antigens
were then blocked with blocking buffer (R&D systems) for 1 hour and then incubated with
primary antibodies for p-AKT and total AKT (t-AKT) overnight in blocking buffer. Some
cultures were incubated in only blocking buffer as a no primary control. Cultures were then
washed 3 times with wash buffer (R&D systems) and then incubated with secondary antibodies
containing alkaline phosphatase (AP) or horseradish peroxidase (HRP) specific for the animal
the primary antibodies were raised in (R&D systems) were incubated with fixed cells for 2 hours
at room temperature. Cultures were then washed 3 times with wash buffer and first incubated
with a fluorometric HRP specific substrate, to detect p-AKT, for 1 hour. Next a fluorometric AP
specific substrate was added to detect the level of t-AKT. The fluorescence of each of these
substrates was detected using a fluorometric plate reader and the data was presented as the level

of p-AKT fluorescence divided by the t-AKT fluorescence.
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6.2.4 Live cell imaging, staining, and immunocytochemistry

All live cell imaging and staining were carried out as described in chapter 3 and 4.
Importantly, here we also assessed mitochondrial membrane potential (MMP) using the
fluorescent dye tetramethylrhodamine methyl ester (TMRM). This dye is added to serum-free
cell culture medium at a concentration of 200 nM and then incubated with cultures for 15
minutes. Specifically, cultures are washed once in serum free medium, incubated in TMRM
containing medium, and then washed 3 times and imaged on the EVOS FL microscope using the
RFP light cube. Immunocytochemistry for FOXO1 was carried out on fixed cultured as

described in chapter 3.

6.2.5 Glucose production and insulin resistance/response assays

Here we developed a new assay to assess insulin resistance and insulin responsiveness.
Specifically, cultures were incubated 18-24 hours a minimal serum-free medium containing 5
mM glucose, 1% penicillin/streptomycin and 1.5% HEPES buffer and glucose-free DMEM
containing 4 mM L-glutamine to essentially starve the cultures and prevent any insulin signaling
that may occur with hormones present in serum. To assess insulin responsive phosphorylation of
AKT (p-AKT, S473) and FOXO1 nuclear displacement we treated cultures with gluconeogenic
medium (described in chapter 2 and 3) for 1 hour and then fixed the cultures with 4% PFA for 15
minutes at room temperature. To detect insulin resistance, cultures were incubated for 1 or 6
hours in gluconeogenic medium and the level of glucose production under insulin stimulation

was divided by the basal level of glucose production.
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6.2.6 Gene expression

Gene expression and analysis was carried out as described in chapter 3. Importantly, in
these studies, basal gene expression after fatty acid treatment and insulin-responsive gene
expression were assessed. To assess insulin-responsive gene expression, cultures were treated
with the same protocol used to assess insulin-resistant glucose production, except at the terminal
time point RNA was isolated and assessed via qPCR. The data are presented as the relative
expression of each gene normalized to the same treatment’s non-insulin stimulated expression

level, rather than across different treatments as was carried out for basal levels of expression.

6.2.7 Inhibitor treatments

To inhibit ATGL and CPT1, we treated cultures with increasing doses of atglistatin and
etomoxir. Specifically, atglistatin was first diluted in DMSO and was then diluted into
gluconeogenic medium containing insulin and serially diluted to achieve the desired
concentrations. A precipitate formed upon atglistatin addition to aqueous medium so this
medium was incubated in a 37 degrees C water bath for 5 minutes, which solubilized the
precipitate. The DMSO concentration in these studies was maintained at 0.1% w/v DMSO. For
etomoxir treatments, etomoxir was first diluted in DMOS and then added to gluconeogenic

medium containing insulin. The DMSO concentration used was 1.2% DMSO.
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6.2.8 Statistical analyses

Each experiment was carried out in 2 or more wells for each condition. Two to three
cryopreserved PHH donors were used to confirm observed trends. Microsoft Excel and
GraphPad Prism 5.0 (La Jolla, CA) were used for data analysis and plotting data. Error bars on
average values represent standard deviation (SD) across wells. Statistical significance of the data
was determined using the average and SD across wells in representative experiments using the
Student’s #-test or one-way ANOVA with Dunnett’s multiple comparison tests for post hoc

analysis.

6.3 Results

6.3.1 Fatty acids are not toxic to primary human hepatocytes in MPCCs

Hepatocellular toxicity can be assessed through various metrics (28), such as
mitochondrial membrane potential (MMP) and adenosine triphosphate (ATP), although these
outputs can be altered with different nutritional inputs, such as fatty acids, which may artificially
raise the amount of a substrate such as ATP. Additionally, in the micropatternd co-culture
(MPCC) system, many of these outputs can be confounded by changes in the surrounding
fibroblast population while the hepatocyte population is unchanged. Accordingly, to assess the
potential toxicity of fatty acid treatments we first assessed the hepatocyte-specific outputs
albumin production and urea synthesis, which have been shown to be sensitive markers of liver

toxicity (29). We first stabilized hepatocytes for 4-6 days in maintenance medium, and then
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began treating cultures with single fatty acids (palmitic (PA), stearic (SA), oleic (OA) and
linoleic (LA) acid at a 2:1 fatty acid to albumin ratio and a concentration of ~260 uM) or a
mixture of fatty acids (with equal molar contribution of PA, SA, OA, SA ata 2:1 and 7:1 fatty
acid to albumin ratio and a total concentration of 260 uM or 910 uM, respectively) at a low, 2:1,
and high, 7:1, fatty acid to albumin ratios to mimic physiologic and obese/diabetic ratios (30).
Past experience with known liver toxins has suggested that treatments which cause a
decrease in albumin or urea levels to values lower than 50% of our vehicle control, BSA in this
case, should be considered potentially toxic, and we found that none of our fatty acid treatments
reduced these hepatocyte-specific outputs below 50% of the control over 10 days of treatment
(Figure 1). To further confirm this, we carried out propidium iodide (data not shown),
tetramethylrhodamine methyl ester (TMRM) and 5(6)-carboxy-2',7'-dichlorofluorescein-
diacetate (CDCFDA) staining and confirmed a lack of cell death, retained MMP and bile
canaliculi formation in hepatocyte islands after 8 days of treatment with representative fatty acid
treatments (Supplemental Fig.1). These results suggest that fatty acid treatments to do not

significantly altered the viability of hepatocytes in MPCCs over extended periods of treatment.
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Figure 6.1. Fatty acid treatments are not toxic to hepatocytes in MPCCs. MPCCs were
stabilized for 5 days and then treated with single saturated fatty acids (a,d), unsaturated fatty
acids (b,e) and mixtures of fatty acids (c,f) for 10 days (n= 3-4). Albumin production (top row)
and urea synthesis (bottom row) were assessed over this treatment period and normalized to the
respective BSA-treated control. Error bars represent Sd. PA, SA, OA, and LA represent palmitic,
stearic, oleic, linoleic acid. 2:1 and 7:1 FA mix represent fatty acid mixtures containing all four
fatty acids at 2:1 or 7:1 fatty acid: BSA ratios.

NAFLD is associated with changes in drug metabolism enzymes, which could have
implications for drug development efforts in this space. This encouraged us to address how 10
days of fatty acid treatment may alter MPCC CYP3A4 and CYP2AG6 activity using the enzyme-
specific substrates luciferin-IPA and coumarin, respectively. We found that saturated fatty acids
significantly increased CYP3A4 activity, 1.3 and 1.16 fold for PA and SA respectively, while
concomitantly decreasing CYP2A6 activity, to 60% and 78% of the control levels for PA and
SA, respectively (Supplemental Fig. 2). Unsaturated fatty acids had no significant effect on
CYP3A4 activity, while they significantly decreased CYP2AG6 activity to ~80% of the BSA
control. Importantly, when we incubated cultures with mixtures of fatty acids, either 2:1 or 7:1,
we found that this normalized CYP3A4 and CYP2AG6 activity to control levels. These results
suggest that single fatty acids can alter drug metabolism enzyme activity, while mixtures of fatty

acids have no considerable effect on drug enzyme activity.

6.3.2 Fatty acids can acutely push glucose production, but this glucose production is sensitive to

insulin inhibition

Since fatty acid treatments can be carried out without causing hepatocyte toxicity or cell
death, we first addressed the effects of acute fatty acid treatment on hepatocyte glucose output
with and without insulin stimulation. Glucose production is highly retained in hepatocytes

cultured in MPCCs and we have recently developed culture medium that further retains
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hepatocyte insulin sensitivity (27). We found that acute treatment with a fatty acid mixture (250
uM with a 2:1 fatty acid to albumin ratio) during glucose production significantly reduced
glucose output from MPCCs to ~60% of the BSA-treated control, while adding substrates for
gluconeogenesis, lactate, and pyruvate, along with fatty acids increased glucose production 1.36
fold over the BSA-treated control, which had added substrates (Fig. 2). We can also measure
insulin resistance (IR) in MPCCs by stimulating them with insulin while they are making
glucose. We then quantify the amount of glucose in supernatants and divide the insulin-
stimulated glucose output by the basal glucose output to give us a number between 0 and 1,
where 0 corresponds to a completely insulin sensitive culture while 1 corresponds to a

completely insulin resistant culture (Fig. 2).
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Figure 6.2. Acute fatty acid treatments stimulate glucose production that is sensitive to
insulin repression. MPCCs were stabilized for 4 days and then starved overnight in serum-free
medium prior to assessing glucose output and insulin resistance. (a) Glucose output with and
without gluconeogeneic substrates in the presence or absence of 2:1 exogenous fatty acid
mixture (250 uM) (n=3-4). (b) Insulin resistance assessment protocol and calculation. (c) Insulin
resistance with and without gluconeogeneic substrates in the presence or absence of 2:1
exogenous fatty acid mixture (250 uM) (n=3-4). Error bars represent SD. * represents p<0.05 as
assessed by one-way ANOVA.

Importantly, when the same treatments were carried out in the presence of insulin (10
nM), there was no significant difference in glucose output and therefore insulin resistance. These
results suggest that fatty acids can acutely increase glucose production in hepatocytes, while this

fatty acid-induced glucose production is sensitive to insulin inhibition.
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6.3.3 Prolonged fatty acid treatment induces steatosis and insulin-resistant glucose production in

hepatocytes

Since fatty acid re-esterification is the major source of lipid accumulation in the liver
during NAFLD, we assessed how prolonged fatty acid treatment contributes to lipid
accumulation and insulin resistance in MPCCs. All single fatty acid treatments (PA, SA, OA,
and LA) led to noticeably more neutral lipid accumulation, assessed via Nile red staining, and
significantly more insulin resistance than BSA treated cultures (Supplemental Fig. 3).
Importantly, the 7:1 fatty acid mixture led to extensive lipid accumulation and significantly
higher levels of Nile red staining, ~2.3 fold higher fluorescence than the BSA control (Fig. 3).
We also observed significantly higher insulin resistance in the fatty acid treated cultures over the
BSA treated cultures after 2, ~1.8 fold, and 4 days, ~1.6 fold, of treatment. This difference in IR
was still apparent after 8 days of fatty acid treatment, ~1.3 fold higher, although not significantly

higher than the BSA control.
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Figure 6.3. Prolonged fatty acid treatments cause steatosis and insulin-resistant glucose
production. MPCCs were stabilized for 4 days and then treated with the 7:1 fatty acid mixture
or the associated BSA control. (a,b) Nile red staining (green) of MPCCs treated with BSA or the
7:1 fatty acid mixture for 10 days. Circle highlights island and scale bar represents 400 uM. (c)
Average Nile red fluorescence/hepatocyte island at the same time point as (a,b) (n=10 hepatocyte
islands). (d) Insulin resistance after 2, 4 and 8 days of fatty acid treatment (n=3-4). Error bars
represent SD. ** represents p<0.01 as assessed by t-test between BSA and fatty acid insulin
resistance at the respective time point.

157



Since glucose levels must rapidly adjust after ingesting a meal to maintain
normoglycemia, we assessed glucose production under insulin stimulation after 1 hour. Cultures
responded to insulin stimulation after 1 hour and cultures treated with 7:1 fatty acid mixture had
a blunted response to insulin compared to BSA-treated cultures (Supplemental Fig. 4).
Importantly, we also found that after 1 hour of insulin stimulation, MPCC protein kinase B/AKT
phosphorylation (S473), was higher or the same in fatty acid treated cultures compared to BSA-
treated cultures after 2 and 8 days of treatment, respectively (Supplemental Fig. 5). Overall these
studies suggest that fatty acid accumulation leads to insulin-resistant glucose output in human
hepatocytes over different time scales and that this insulin-resistant glucose output does not

correlate with an insulin resistant signaling pathway.

6.3.4 Fatty acids lead to the retention of FOXO1 in the nucleus after insulin stimulation and

downstream gene expression

Due to the abnormal drug metabolism enzyme activity levels we observed with excessive
levels of single fatty acids and the significant amount of steatosis and IR observed with fatty acid
mixtures, we carried out the remaining studies with the 7:1 fatty acid mixtures. Since we
observed significant insulin resistance after 2 days of fatty acid treatment, we assessed
hepatocyte FOXO1 nuclear to cytoplasmic (N:C) ratios with and without 1 hour of 10 nM
insulin stimulation in fatty acid and BSA treated cultures (Figure 4). FOXO1 N:C ratios in BSA-
pretreated cultures were significantly decreased, ~20% reduction (n > 350 cells across 6 separate
hepatocyte islands), after insulin stimulation, while fatty acid pretreated cultures N:C ratios only

decreased by ~2% (n > 350 cells across 6 separate hepatocyte islands). Along with increased
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nuclear FOXO1, we also found that the expression of phosphoenolpyruvate carboxykinase
(PCK1I) and ATGL was significantly increased in MPCCs, ~7.8 and ~10 fold, respectively, after
a 2-day treatment with fatty acids and normalized to the BSA-treated control (Figure 4).

We also found that MPCC gluconeogenic gene expression (PCK/ and glucose 6
phosphatase (G6PC)) was responsive to insulin stimulation, and that fatty acid treated MPCC
PCK1 expression was slightly repressed when compared to BSA treated cultures, but not

significantly (Supplemental Fig. 6).
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Figure 6.4. Fatty acid treatment leads to reduced FOXO1 insulin response and increased
expression of FOXO1 regulated genes. (a,b) Representative FOXO1 (red, left), DAPI (blue,
center) and merged channels (right) immunolabeling and staining after insulin (10 nM)
stimulation in hepatocytes treated for 2 days with BSA (a) or the 7:1 fatty acid mixture (b). Scale
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bar represents 50 pM. (c) Relative nuclear to cytoplasmic (N:C) ratios of FOXO1 fluorescence
intensity after insulin stimulation in hepatocytes treated for 2 days with BSA or the 7:1 fatty acid
mixture (n>300 individual hepatocytes). Basal phosphoenolpyruvate carboxykinase catalytic
subunit (PCK1), and adipose triglyceride lipase (47GL) gene expression in hepatocytes treated
with BSA or the 7:1 fatty acid mixture after 2-day treatment, normalized to the BSA-treated
control (n=3). Error bars represent SD. * ** and **** represent p < 0.5, <0.01 and <0.0001,
respectively, assessed by a t-test between +/- insulin stimulation for (¢) and a t-test between BSA
and fatty acid treated cultures for (d,e).

Surprisingly, regardless of treatment, MPCC lipogenic gene expression (sterol regulatory-
element binding protein 1 C (SREBF 1), fatty acid synthase (FASN), and stearoyl-CoA
desaturase-1 (SCD1)) was not responsive insulin stimulation (Supplemental Fig. 6). Last, we
assessed ATGL expression and found that ATGL was significantly increased, ~1.5 fold, in fatty
hepatocytes upon insulin stimulation over the non-insulin treated fatty hepatocyte control, while
it was non-significantly repressed in BSA-treated cultures. These results suggest that fatty acid
treatment activates FOXO1 and reduces the ability of insulin to translocate FOXO1, which likely

accounts for the increased expression of FOXOI1 responsive genes A7GL and PCK].

6.3.5 ATGL and beta-oxidation drive insulin-resistant glucose production in steatotic

hepatocytes

Since we observed increased ATGL expression after fatty acid treatment, we assessed
how ATGL may affect insulin-resistant glucose production by inhibiting this enzyme with the
specific ATGL inhibitor atglistatin (31). We found that increasing doses of atglistatin
significantly rescued insulin-resistant glucose production in MPCCs (Fig. 6). Atglistatin
treatment also reduced hepatocyte glucose output without insulin treatment (data not shown).
Atglistatin did not cause overt toxicity, which was assessed by monitoring culture morphology

during glucose production, and 2 days after treatment.
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Once fatty acyl-CoAs are liberated from the lipid droplet by ATGL, they can either be re-
esterified into glycerides or shuttled to the mitochondria for oxidation. To assess the contribution
of fatty acid oxidation (FAO) to insulin-resistant glucose production, we treated cultures with the
carnitine palmitoyl transferase 1 (CPT1) inhibitor, etomoxir, to effectively block fatty acid entry
into the mitochondria. Similar to ATGL inhibition, we found that increasing doses of etomoxir
significantly reduced insulin-resistant glucose output (Fig. 6). Etomoxir had no considerable
effect on BSA treated culture glucose output, if anything it slightly increased insulin-stimulated
glucose output (data not shown). Etomoxir did not cause overt toxicity, which was assessed by
monitoring culture morphology during glucose production, and 2 days after treatment. These
results suggest that ATGL activity and fatty acid oxidation significantly contribute to steatotic

hepatocyte insulin-resistant glucose production.
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Figure 6.5. ATGL and fatty acid oxidation drive IR glucose output in steatotic hepatocytes.
MPCCs were incubated with the 7:1 fatty acid mixture or BSA control for 2 days and then
assessed for insulin resistance in the presence of increasing doses of atglistatin (n=4) (a) or
etomoxir (n=3) (b) or the vehicle control, DMSO. Error bars represent SD. **** represents p
<0.0001 assessed via one-way ANOVA.
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6.4 Discussion

With NAFLD on the rise and associated IR and type II diabetes (T2D), now is the time
for engineers and biologists alike to work together to develop tools and therapies to help better
understand the pathology that underlies these diseases and treat them, respectively.
Unfortunately, the bioengineering community has put forth very few efforts to contribute to this
field, which could potentially be due to the intimidating and heavy emphasis on signaling and
metabolic pathways, which are traditionally molecular biologist specialties. Although there is a
clear need for human-relevant models and ways to maintain functional and healthy liver cells
outside the body. This is a great opportunity for tissue engineers to step in and contribute the vast
knowledge we have on advanced cellular models. Here we developed a diseased liver cell culture
model that mimics certain aspects of NAFLD and IR and can sustain this diseased state for at
least 8 days in vitro using substrates, fatty acids, known to contribute to liver disease.

Using this disease model, we surveyed how fatty acids could potentially cause insulin-
resistant glucose production in the liver. Surprisingly, we found that fatty acid treatments were
not toxic to our primary human hepatocytes and that they could be treated multiple times over a
period of 8 days without toxic effects. This is in sharp contrast to many primary hepatocyte
experiments where abrupt apoptosis was seen (32,33). Most researchers have resorted to using
cell lines for this type of work, but we clearly show here that MPCCs allow one to chronically
treat hepatocytes with at least 4 major lipid species (palmitic (16:0), stearic (18:0), oleic (18:1)
and linoleic (18:2) acid) at physiologically relevant concentrations (34,35).

Importantly, many in vivo studies with human samples and corresponding cell-based

approaches have found that fatty acid treatments can alter drug metabolism enzymes, and we
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confirmed these accounts (36-39). Although, we did find that treating MPCCs with mixtures of
fatty acids, which more closely mimics the fatty acid lipid profile in the blood rather than an
abnormal excess of one fatty acid, normalized drug metabolism enzyme activity back to the
vehicle control levels, which suggests that fatty acids alone are likely not the major contributors
to altered drug metabolism activity observed in NAFLD patients (40). We suspect that pro-
inflammatory secretions, prominent in advanced NAFLD or non-alcoholic steatohepatitis
(NASH), are likely the major contributors to altered drug metabolism, as they are known to alter
hepatic drug metabolism and transporter activity (41). Supporting this we also found that fatty
acid treatments did not disrupt bile canaliculi formation between hepatocytes, which is mediated
by the localization and functional transport of the hepatic transporters multidrug resistance
associated protein 2 and 3 (MRP2 and MRP3)(42).

We found that saturated and unsaturated fatty acids, either mixtures of or single
treatments, led to significant lipid accumulation over § days of treatment and this was mirrored
by increased insulin-resistant glucose production over BSA-treated controls. This insulin-
resistant glucose production occurred in cultures that had intact insulin signaling pathways, as
assessed by measuring the amount of phosphorylated AKT in fixed MPCCs stimulated with
insulin, which suggests that a non-insulin sensitive pathway to produce glucose exists within
hepatocytes.

Importantly, we showed that hepatocytes respond to insulin rapidly, within ~ 1 hour, with
respect to their glucose output and over longer periods, ~ 6hrs, with respect to their
gluconeogenic gene expression, PCK 1, and G6PC. The liver rapidly adjusts to changes in
nutrients and hormones after ingesting a meal, and we found that isolated hepatocytes in

micropatterned co-cultures can respond to insulin acutely with respect to their glucose output. It
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is important to note that some have speculated that cell-non-autonomous factors, such as
adipose-derived fatty acids, acutely control glucose output from the liver (15,43). Accordingly,
we were able to modulate glucose production in MPCCs with acute fatty acid treatments during
glucose production assays via a substrate push mechanism, but this fatty acid-induced glucose
production was not able to overcome insulin’s inhibitory effect on glucose production. These
studies suggest that fatty acids can increase glucose production in the liver through multiple
pathways that are not interdependent, either excess delivery during the postprandial state and or
from stored fatty acids within the liver itself.

The latter aspect of fatty acid-induced glucose production, accumulated hepatic lipid, has
garnered great attention since it is strongly associated with IR, yet multiple studies have provided
seemingly contradictory results on the mechanism of IR in fatty livers. Fabbrini et al. correlated
the degree of steatosis with IR and others have found that reducing intrahepatic lipid
accumulation, via dietary changes, can significantly enhance overall insulin sensitivity in
patients (44,45). Other studies have shown that inhibiting lipolysis proteins and their co-
activators, namely ATGL and comparative gene identification-58 (CGI-58), respectively, leads
to increased steatosis, but retained insulin sensitivity and glucose tolerance (46-48), which
suggests that regulating hepatic triacylglycerol (TAG) may be important for insulin to control
hepatic glucose production. Importantly, FOXO1 regulates ATGL expression, and the
overexpression of ATGL increases fatty acid oxidation (FAO), which may contribute to insulin-
resistant glucose production (9,49). Here we show that fatty acid treatment alone caused
increased ATGL expression and FOXO1 nuclear retention under insulin stimulation in human
hepatocytes. Insulin represses 4A7GL expression in adipose tissue, yet here we found the opposite

trend in fatty acid treated hepatocytes, where insulin-stimulated 47GL expression. Additionally,
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we found that we could rescue insulin-resistant glucose output from hepatocytes by selectively
inhibiting ATGL, with the small molecule atglistatin, or carnitine palmitoyltransferase I (CPTI),
using etomoxir, which effectively blocks fatty acid release from hepatocyte lipid droplets and
fatty acid entry into the mitochondria for oxidation, respectively (31,50). Overall these studies
support a unified theory for NAFLD associated insulin-resistant glucose production, where
stored fatty acids in hepatocytes are liberated by ATGL, even in the face of insulin signaling,
which allows them to undergo FAO and activate glucose production through the generation of
acetyl-CoA, and NADH, which allosterically activates pyruvate carboxylase and provides
reducing equivalents for phosphoenolpyruvate carboxykinase (PEPCK) to carry out
gluconeogenesis, respectively (51,52).

Surprisingly, lipogenic gene expression, SREBF'1, FASN, and SCD1, in hepatocytes was
not responsive to insulin stimulation in MPCCs, which may be due to a zonated phenotype that
develops in hepatocytes when cultured in an incubator with atmospheric oxygen conditions. De
novo lipogenesis is predominantly localized to the hypoxic perivenous zone 3 of the liver
sinusoid (53). Supporting this, it has been shown that a hypoxic environment is needed for
insulin stimulation of glucokinase expression in hepatocytes, and we also did not detect this
transcript after insulin stimulation (54). Additionally, hepatocytes in MPCCs undergo robust
gluconeogenesis, produce urea and albumin and store glycogen, all of which are thought to be
part of the hyperoxic periportal zone 1 of the liver (55)

It is still unclear as to why fatty acids alone lead to FOXO1 nuclear retention. This is the
first study with isolated primary human hepatocytes where insulin-stimulated FOXO1 nuclear
displacement was assessed after prolonged treatment with fatty acids and steatosis establishment.

We postulate that fatty acids may activate SIRT1 or its co-activator PGCla, which would
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deacetylate FOXO1 and enable its interaction with transcriptional promoters (56,57). Additional
studies are needed to clarify why FOXO1 in hepatocytes seems to be less response to insulin
stimulation in an environment with excess fatty acids. Another unexpected result was that insulin
stimulation increased the expression of ATGL in fatty hepatocytes, whereas insulin is normally
thought to inhibit the expression of ATGL (58). Since FOXO1 regulates the expression of ATGL,
we believe this increased A7GL may be due to nutrient fluxes that occur upon insulin
stimulation, such as increased glucose utilization, which further activates FOXO1 as we have
previously seen that hyperglycemia can activate this transcription factor (27). Either way, if this
occurs in vivo in fatty livers after ingesting a meal, when insulin levels rise, this could explain
why NAFLD is highly correlated with insulin-resistant glucose output and predisposes patients
to diabetes.

This is the first look at how human hepatocytes adapt to fatty acid fluxes over time, and
we believe we are providing the field with not only important results but also a great tool to
study isolated hepatocyte physiology over time in a human-relevant system. From a translational
perspective, our results suggest that once the liver becomes steatotic, regardless of the lipid
species causing steatosis, it is filled with fatty acids which are primed to be shuttled to the
mitochondria for fatty acid oxidation, to fuel insulin-resistant glucose production. This
intrahepatic lipid accumulation along with excess delivery from insulin resistant fat tissue can
help explain how, regardless of insulin sensitivity, the liver continues to produce glucose in the
postprandial state. The coordinated release of fatty acids, either from adipose tissue or
intrahepatic stores, can be attributed to ATGL actions and our results suggest that targeted
ATGL inhibition in the liver, and or fat tissue, may provide benefits for patients with NAFLD

and T2D. Importantly, lipid-laden human hepatocytes can in have intact insulin signaling
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pathways (p-AKT) and insulin-responsive gluconeogenesis gene expression, but still display
insulin-resistant glucose production, which suggests that these metrics, although clearly

correlated with IR, should not be the major determinants of efficacious therapies in the future.
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6.5 Supplemental Figures

2:1 Mix 7:1 Mix OA PA BSA

Supplemental Figure. 6.5.1. Fatty acid treatments do not alter bile canaliculi or
mitochondrial membrane potential (MMP) in MPCCs. MPCCs were treated with various
fatty acid treatments or the BSA control for 8 days and then assessed for bile canaliculi function
(a), via fluorescent excretion of CDCFDA stain, or MMP (b) with live cell fluorescent imaging.
Images show representative island staining. PA, OA and represent palmitic, and oleic acid. 2:1
and 7:1 mix represent fatty acid mixtures containing all four fatty acids at 2:1 or 7:1 fatty acid:

BSA ratios.
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Supplemental Figure. 6.5.2. Single fatty acid mixtures alter CYP450s, while mixtures do
not. MPCCs were treated with various fatty acid treatments or the BSA control for 10 days and
then assessed for CYP3A4 or CYP2A6 enzyme activity function. (a,b) Relative CYP3A4 activity
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assessed via L-IPA substrate incubation and subsequent luminescence, n MPCCs treated with
saturated (a) or unsaturated (b) fatty acids normalized to the BSA control. (c,d) Relative
CYP2AG6 activity, assessed via coumarin incubation and subsequent detection of 7-hydroxy-
coumarin, in MPCCs treated with saturated (c) or unsaturated (d) fatty acids normalized to the
BSA control. CYP3A4 (e) and CYP2A6 (f) enzyme activity in MPCCs treated with fatty acid
mixtures, normalized to the respective BSA control. PA, SA, OA, and LA represent palmitic,
stearic, oleic, linoleic acid. 2:1 and 7:1 FA mix represent fatty acid mixtures containing all four
fatty acids at 2:1 or 7:1 fatty acid: BSA ratios. Error bars represent SD and n=4. *** and ****
represent p <0.001 and <0.0001, respectively, assessed by a one-way ANOVA.
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Supplemental Figure. 6.5.3 Single fatty acids induce lipid accumulation and insulin
resistance in MPCCs. MPCCs were treated with various fatty acid treatments or the BSA
control for 10 day or 8 days and then assessed for lipid accumulation or insulin resistance
respectively. (a-e) Representative Nile red staining of hepatocyte islands after 10 days of fatty
acid or BSA treatment. Circles surround hepatocyte islands. (f,g) Calculated insulin resistance in
saturated (f) and unsaturated (g) fatty acid treated MPCCs. Error bars represent SD. ***%*
represents p <0.0001 assessed via one-way ANOVA.
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Supplemental Figure. 6.5.4. 1-hour glucose production and insulin response in MPCCs
treated with BSA or fatty acid mixture for 8 days. Error bars represent SD. *,and ***
represent p < 0.5, <0.001, respectively, assessed by a t-test between +/- insulin stimulation for
respective treatment.
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Supplemental Figure. 6.5.5. Phosphorylated AKT (p-AKT, serine 473)/ total AKT (t-AKT)
in BSA and fatty acid treated cultures over time. MPCCs were treated with BSA or fatty acids
for 2 (a) or 8 (b) days, starved overnight and then treated with +/- insulin for 1 hour and then
fixed. In-cell ELISAs were performed to assess the level of AKT phosphorylation. Error bars
represent sd. * represents p < 0.5 assessed by a t-test between +/- insulin stimulation for
respective treatment.
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Supplemental Figure. 6.5.6. Gene expression under insulin stimulation. MPCCs were treated
with BSA or fatty acids for 2 days, starved overnight, and incubated with +/- insulin for 6 hours
and then RNA was collected. Gluconeogenesis (a), lipogenesis (b) and ATGL (c) expression was
quantified and normalized to the non-insulin stimulated control for each treatment. Error bars
represent sd. * represents p < 0.5 assessed by a t-test between +/- insulin stimulation for
respective treatment.
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Chapter 7

Engineering an in vitro model of non-alcoholic steatohepatitis using hepatic stellate cells

and MPCCs®

Summary:

Given species-specific differences in drug metabolism pathways, modeling interactions
between activated human hepatic stellate cells (HSCs) and primary human hepatocytes (PHHs)
in vitro can aid in the development of therapeutics for non-alcoholic steatohepatitis (NASH) and
fibrosis. However, current human liver platforms do not adequately model the negative effects of
activated HSCs on the phenotype of otherwise functionally stable PHHs as occurs in vivo. Thus,
we engineered a micropatterned tri-culture (MPTC) platform that allows stabilized PHHs to
interact with activated HSCs over several weeks. Specifically, we integrated HSCs into a
modified version of the MPCC containing growth-arrested fibroblasts, which was optimized in
chapter 4. We could increase the severity of the NASH-like phenotype by increasing the number
of HSCs we added to the culture. Furthermore, we discovered critical pathways that HSCs alter
in hepatocytes to drive them into a diseased phenotype, which could have implications for
understanding NAFLD disease progression. Importantly, we were also able to use this MPTC

system to identify efficacious compounds that are currently in clinical trials for NASH.

A manuscript similar to the work described in this chapter is in preparation and will be submitted for publication

shortly.

177



7.1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is reaching epidemic proportions in the U.S.
population due to the concurrent rise in obesity and type 2 diabetes mellitus (1). While the onset
of NAFLD is asymptomatic, ~5-10% of patients with NAFLD will develop non-alcoholic
steatohepatitis (NASH), which is the progressive stage of NAFLD characterized by fatty liver,
inflammation, and fibrosis that predisposes individuals to cirrhosis and hepatocellular carcinoma
(2). During NASH, hepatocytes accumulate abnormal amounts of lipids (steatosis), swell
(balloon), and display altered cytochrome-P450 (CYP450) enzyme and drug transporter
activities (3,4), while pro-inflammatory macrophages and natural killer T cells accumulate in the
liver (5,6). Additionally, hepatic stellate cells (HSCs), which normally store vitamin A and aid in
regeneration, can become activated in NASH and differentiate into myofibroblast-like cells that
secrete factors (i.e. proinflammatory cytokines, excessive collagen which leads to fibrosis) that
can negatively affect hepatic functions (7), such as drug metabolism pathways (8). Since fibrosis
has been identified as the major predictor of long-term outcomes in patients with NASH (9),
developing novel liver models containing activated HSCs and hepatocytes should aid in the
development of NASH therapeutics.

While animal models have provided important insights into NAFLD/NASH (10),
significant differences across species in drug metabolism (11) and disease pathways (12)
necessitate the supplementation of animal data with human-relevant in vitro assays for
understanding species-specific cellular mechanisms and drug development. Untransformed
primary human hepatocytes (PHHs) are widely considered to be the “gold standard” for building
human liver models since they are relatively simple to use in medium-to-high throughput culture

formats and are the closest representation of hepatic functions in the human liver (13). However,
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in the presence of ECM manipulations alone, PHHs display a precipitous decline in liver
functions such as CYP450 activities (14) and insulin responsiveness (15), which is likely due to
the severe downregulation of the expression of a master liver transcription factor, hepatocyte
nuclear factor 4 alpha or HNF4a (16). Furthermore, gene regulatory network alterations of de-
differentiating hepatocytes in monolayers and to a lesser extent in 3D self-assembled spheroids
resemble those of inflammatory liver diseases (i.e. cirrhosis, carcinoma, hepatitis B virus
infection) (16).

In contrast to pure hepatocyte monolayers, co-culture with both liver- and non-liver-
derived non-parenchymal cells (NPCs) has been long known to enhance hepatic functions in
vitro (17). HSCs have been previously explored towards transiently enhancing hepatocyte
functions in co-cultures relative to declining mono-cultures (18-22). However, these studies were
not designed to model the negative effects of activated HSCs on the phenotype of otherwise
stable and highly functional hepatocytes, as would be important for testing a novel therapeutic
that alleviates such effects in NASH/fibrosis. More recently, bioprinted human liver tissues
containing PHHs, HSCs, and endothelial cells were used to model drug-induced accumulation of
fibrillar collagen, hepatocellular damage and transient secretion of proinflammatory cytokines
(23). However, beyond testing the effects of fibrogenesis-inducing drugs, the utility of bioprinted
tissues for recapitulating a progressive NASH-like phenotype (i.e. modulation of drug
metabolism/transporter pathways and development of hepatic steatosis) and ameliorating it using
drug candidates has not been shown. Additionally, bioprinted tissues are slow to produce and
mature, and not amenable to high-throughput drug screening. Therefore, there remains a need for

high-throughput culture systems that can functionally stabilize PHHs, while simultaneously
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allowing for the incorporation of activated HSCs towards developing in vitro disease models for
anti-NASH/fibrosis drug screening.

Semiconductor-driven microfabrication is useful for enhancing and stabilizing liver
functions in co-cultures for several weeks by controlling the extent of homotypic interactions
between PHHs and their heterotypic interactions with NPCs (24). In particular, Khetani and
Bhatia organized PHHs onto collagen-coated circular domains of empirically optimized
dimensions and surrounded them with 3T3-J2 murine embryonic fibroblasts (14), which are
devoid of major liver functions but express hepatocyte-supporting molecules present in the liver
(25). These ‘micropatterned co-cultures’ (MPCCs) maintain prototypical PHH morphology,
secrete albumin, synthesize urea, retain polarized and functional drug transporters, and display
high levels of CYP450 activities for ~4 weeks (26). Furthermore, we have shown that PHHs in
MPCCs develop steatosis and selective insulin resistance following treatment with a
hyperglycemic culture medium (27). However, the lack of HSCs in MPCCs limits their utility for
developing NASH/fibrosis disease models. Therefore, here we engineered PHH-HSC
interactions using the MPCC platform such that PHHs remained differentiated for several weeks,
but could interact with HSCs at physiologically-relevant ratios. We then determined the effects
of activated HSCs on diverse PHH phenotypic functions over long-term culture, identified target
pathways involved in such effects, and screened key compounds and their combinations to

demonstrate platform utility in drug development.
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7.2 Methods

7.2.1 Hepatic stellate cell culture

Cryopreserved primary human stellate cells (HSCs) were commercially obtained from
Sciencell Research Laboratories (Carlsbad, CA) and Zen-Bio (Durham, NC). HSCs were seeded
onto poly-L-lysine (PLL) (Sciencell) coated flasks (20 pg/mL) and passaged 1-3 times in
Sciencell proprietary stellate cell medium. One passage prior to experiments with hepatocytes,
HSCs were activated by culturing in 10% vol/vol fetal bovine serum (FBS, Thermo Fisher
Scientific, Waltham, MA) with high glucose Dulbecco’s Modified Eagle’s Medium (DMEM,
Corning Life Sciences, Manassas, VA), 1% vol/vol penicillin/streptomycin (Corning), and 15
mM HEPES (Corning) on PLL-coated flasks. In some experiments, HSCs were labeled in
suspension with a fluorescent PKH67 membrane dye (Sigma-Aldrich, St. Louis, MO) per
manufacturer’s protocols. In conditioned culture medium experiments, supernatants from pure
HSC cultures were collected, sterile filtered through a 0.2 pm cellulose acetate filter, and then
added to hepatocyte cultures within 1 hour following collection. In some experiments, the
conditioned culture medium was spiked with a neutralizing antibody for interleukin-6 (IL-6) or
an isotype-matched IgG control antibody (R&D Systems, Minneapolis, MN) prior to incubation

with hepatocytes.
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7.2.2 Micropatterned co- and tri-culture fabrication and drug dosing

Cryopreserved primary human hepatocytes (PHHs) were commercially obtained from
Triangle Research Labs (Durham, NC). PHHs were thawed, counted and viability was assessed
as previously described (27). Micropatterned co-cultures (MPCCs) were created as previously
described (24). Briefly, adsorbed rat tail collagen I (Corning) was lithographically patterned in
each well of a 24-well or 96-well plate to create 500 um diameter circular domains spaced 1200
um apart, center-to-center. PHHs selectively attached to the collagen domains leaving ~30K
attached PHHs on ~85 collagen-coated islands within each well of a 24-well plate or ~4.5K
attached PHHs on ~13 collagen-coated islands within each well of a 96-well plate. 3T3-J2
fibroblasts were passaged as previously described (14), and growth-arrested by incubating in
culture medium containing 1 pg/mL mitomycin-C (Sigma-Aldrich) for 4 hours prior to
trypsinization. These growth-arrested 3T3-J2 murine embryonic fibroblasts were seeded at
~90,000 cells per well in a 24-well plate or ~15,000 cells per well in a 96-well plate 18 to 24
hours after PHH seeding to create MPCCs. To create MPCCs with HSCs (passage 1-4) as the
supportive cell type, HSCs were seeded instead of the fibroblasts at ~90,000 cells per well in a
24-well format onto adhered micropatterned PHH colonies.

To create micropatterned tri-cultures (MPTCs), activated HSCs at different numbers were
mixed into a suspension of ~90,000 or ~15,000 growth-arrested fibroblasts, and then this mixture
was seeded onto micropatterned PHH colonies in each well of 24-well or 96-well plate formats,
respectively. For transwell® experiments, 0.4 pm polycarbonate 24-well inserts (6.5 mm
diameter) were coated with collagen (100 pg/ml) and HSCs were seeded at a density of 15 x 10°

cells/cm? (~5K cells/insert). The transwell inserts were placed atop pre-established MPCCs
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adhered to the bottom of each well in 24-well plates. Culture medium containing ~5 mM D-
glucose (Fisher BioReagents, Pittsburgh, PA) in a DMEM base (Corning) was replaced on
MPCCs and MPTCs every 2 days (300 pL/well for a 24-well plate and 50 pL/well for a 96-well
plate). For transwell experiments, MPCCs at the bottom of each well in a 24-well plate were
cultured in 600 pL/well of culture medium, while the transwell insert on top was cultured in 50
pL/well. Other components of the culture medium have been described previously (27).

For drug dosing studies, cultures were dosed with obeticholic acid (Selleck Chem, Houston, TX)
or GKT137821 (Cayman Chemical Company, Ann Arbor, MI) or a combination of the two drugs
using dimethylsulfoxide (DMSO) as the vehicle solvent at 0.1% vol/vol final concentration in the

culture medium.

7.2.3 Quantitative polymerase chain reaction (qQPCR)

Total RNA was isolated, purified, and reverse transcribed into complementary DNA
(cDNA) as previously described (27). Then, 250 ng of cDNA was added to each qPCR reaction
along with the Tagman™ master mix (Thermo Fisher Scientific) and pre-designed Solaris™ (GE
Healthcare Dharmacon, Lafayette, CO) or Tagman human-specific primer/probe sets according
to manufacturers’ protocols. The primer/probe sets were selected to be human-specific without
cross-reactivity to 3T3-J2 mouse DNA; however, Tagman primer/probe sequences are
proprietary to the manufacturer. Hepatic gene expression was normalized to the housekeeping
gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), while HSC gene expression was
normalized to the housekeeping gene, hypoxanthine-guanine phosphoribosyltransferase (HPRT).

qPCR was performed on a MasterCycler RealPlex-2 (Eppendorf, Hamburg, Germany).
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7.2.4 Biochemical assays and cell staining

Concentrations of albumin and urea in collected cell culture supernatants were assayed
using previously published protocols (27). CYP450 enzyme activities were measured by first
incubating cultures in substrates for 1 hour at 37°C and then detecting either the luminescence or
fluorescence of metabolites using previously described protocols (27). CYP2A6 was measured
by the modification of coumarin to fluorescent 7-hydroxy-coumarin (Sigma-Aldrich), and
CYP3A4 was measured by cleavage of luciferin-IPA into luminescent luciferin (Promega,
Madison, WI). Interleukin-6 (IL-6) secretions were quantified using a sandwich enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems).

Live MPCCs or MPTCs were incubated with 2 pg/mL 5(6)-carboxy-2',7'-
dichlorofluorescein-diacetate (CDCFDA) and NucBlue® (Thermo Fisher Scientific) for 15 min
in serum-free culture medium at 37°C. Cultures were then washed 3X with a serum-free culture
medium and imaged using the GFP (green fluorescent protein) and DAPI (4',6-diamidino-2-
phenylindole) light cubes on an EVOS FL microscope (Thermo Fisher Scientific). Additionally,
mitochondrial membrane potential in cells was imaged by incubating cultures with 200 nM
tetramethylrhodamine, methyl ester (TMRM, Thermo Fisher Scientific) for 15 min at 37°C.
Cultures were then washed 3X with serum-free medium and imaged using the RFP (red
fluorescent protein) light cube. Paraformaldehyde (4% vol/vol)-fixed cultures were stained for

intracellular lipids using the Nile Red dye as previously described (27).
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7.2.5 Statistical analysis

Each experiment was carried out in 2 or more wells for each condition. Two to three
cryopreserved PHH donors and two to three HSC donors were used to confirm observed trends.
Microsoft Excel and GraphPad Prism 5.0 (La Jolla, CA) were used for data analysis and plotting
data. Error bars on average values represent standard deviation (SD) across wells. Statistical
significance of the data was determined using the average and SD across wells in representative
experiments using the Student’s #-test or one-way ANOVA with Dunnett’s multiple comparison

tests for post hoc analysis.

7.3 Results

7.3.1 Engineering an MPCC platform containing HSCs

Cryopreserved PHHs were first seeded onto micropatterned collagen islands, and then
growth-arrested 3T3-J2s or primary HSCs activated by prior passaging on tissue culture plastic
in serum-supplemented culture medium (28,29) or a combination of both NPCs were seeded at
different densities the next day onto micropatterned PHHs (Fig. 1a-e). PHH islands retained their
shape and morphology for at least 2 weeks when the 3T3-J2s were present in the culture (90K
3T3-J2s: 30K PHHs in each well of a 24-well format) in the presence or absence of HSCs. On
the other hand, in co-cultures containing PHHs and only HSCs (90K HSCs: 30K PHHs),
uncontrolled HSC growth led to the loss of hepatic morphology and island integrity.

Furthermore, albumin secretion, urea synthesis and CYP3A4 activity in MPCCs containing 37T3-

185



J2s were ~3.1 fold, ~7.8 fold and ~47 fold higher, respectively, after ~2 weeks as compared to
HSC-containing MPCCs (Fig. 1f vs. Fig. 1g). These results suggest that HSCs cannot stabilize
PHH functions to the same extent as the 3T3-J2 fibroblasts.

Growth-arrested 3T3-J2s (90K cells in a 24-well format) were co-mixed with HSCs at
different densities (1.25K, 2.5K or 5K cells) and this NPC mixture was seeded onto pre-
established micropatterned PHH colonies (30K cells). The 2.5K HSCs with 30K PHHs
corresponds to the approximate ratio in the human liver (i.e. 5% HSCs and 60% PHHs of the
total number of cells in the liver) (24). In such micropatterned tri-cultures (MPTCs), hepatic

albumin and urea secretions did not vary significantly with different numbers of HSCs (Fig. 1h),
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Figure 7.1. Engineering micropatterned co-cultures (MPCCs) and micropatterned tri-
cultures (MPTCs) containing hepatic stellate cells (HSCs). (a) The creation of MPCCs starts
with the patterning of extracellular matrix (ECM) proteins (e.g. collagen) into each well of a
tissue culture polystyrene plate. (b) Primary human hepatocytes (PHHs) then selectively attach
to the ECM domains. Phase contrast image on the day of seeding is shown. (¢) 3T3-J2 fibroblasts
are seeded the next day to create MPCCs. Phase contrast image after 7 days of culture is shown.
(d) HSCs can be seeded instead of the 3T3-J2 fibroblasts to create MPCC-HSCs (phase contrast
image on day 7 is shown). (e) Growth-arrested 3T3-J2s can be co-mixed with HSCs at ratios that
are at or near physiologic with the PHHs to create MPTCs (phase contrast image on day 7). The
2.5K HSCs with 30K PHHs in a 24-well format corresponds to the approximate ratio in the
human liver (i.e. 5% HSCs and 60% PHHs of the total number of cells in the liver). (f) Albumin
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and urea secretion in standard MPCCs (with only 3T3-J2s and PHHs) is shown on top, while
CYP3A4 activity is shown at the bottom. (g) A similar set of graphs as panel ‘f” except data from
MPCC-HSCs is shown. (h) Albumin (top) and urea (bottom) secretion in MPTCs that contain
HSCs at different numbers. The data for the HSC-free control (i.e. MPCCs) is shown in panel ‘f’.
Similar trends were observed in multiple PHH and HSC donors. Error bars on average values
represent SD (n=3 wells). Scale bars on images represent 400 pm.

and were similar to the secretions measured in MPCCs (Fig. 1f). Fluorescent PKH67-labeled
HSCs were observed around and on top of PHH islands that were stained for mitochondrial
membrane potential (Fig. 2a-b). Therefore, the inclusion of activated HSCs within a growth-

arrested 3T3-J2 monolayer enabled high/stable levels of albumin and urea in PHHs over at least

2 weeks and did not compromise the ability of HSCs to interact with PHHs.

7.3.2 Activated HSCs downregulate hepatic CYP450/transporter functions and cause steatosis

In MPTCs, CYP3A4 (Fig. 2¢) and CYP2AG6 (Fig. 2d) enzyme activities were
increasingly downregulated with increasing numbers of activated HSCs as compared to the HSC-
free MPCC control. Specifically, at the HSC:PHH ratio of 2.5K:30K (physiological seeding
ratio), CYP3A4 was downregulated by ~89% and CYP2A6 was downregulated by ~70% after 2
weeks relative to MPCCs. Downregulation of CYP3A4 activity in MPTCs was also observed
after 1 week (Fig. S1). Such a downregulation in hepatic CYP450 activities occurred with a
concomitant increase in mRNA transcripts for HSC activation markers, LOX (lysyl oxidase) and
COLIAI (collagen type I alpha I), as compared to HSC gene expression prior to seeding into tri-
cultures (Fig. 2e), suggesting that HSCs get further activated within MPTCs.

Consistent with the downregulation of hepatic CYP450 activities, transcripts for nuclear

receptors, NR112 (nuclear receptor subfamily 1, group I, member 2, also known as pregnane X
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receptor or PXR) and NR113 (nuclear receptor subfamily 1, group I, member 3, also known as
constitutive androstane receptor or CAR) showed significant downregulation (by ~70%) in
MPTC:s relative to MPCCs (Fig. 2f). Such downregulation of nuclear receptor transcripts also
correlated with a downregulation (by ~92%) of CYP3A4 transcripts in MPTCs as compared to

MPCCs.
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Figure 7.2. Activated hepatic stellate cells (HSCs) cause downregulation of drug
metabolism pathways in primary human hepatocytes (PHHs). (a) Schematic of the
micropatterned tri-cultures (MPTC) model with PHH colonies that are surrounded by a mixture
of growth-arrested 3T3-J2 fibroblasts and HSCs at different ratios with PHHs. (b) HSCs (labeled
with PKH67 green dye) are observed to be interacting around (left image) and on top (right
image) of PHH islands labeled with a mitochondrial membrane potential dye (magenta).
HSC:PHH ratio in these MPTCs was 5K:30K cells. (¢) Downregulation of CYP3A4 activity in
MPTCs (week-2 time point) as a function of the number of HSCs seeded initially into the model.
Similar trends were seen at other time points (see Fig. S1). The ‘O HSC’ control is the
micropatterned co-culture (MPCC) containing PHH colonies surrounded by only 3T3-J2
fibroblasts. (d) Similar data as panel ‘c’, but CYP2A6 activity is shown. (e¢) HSCs in MPTCs
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(week-2 time point) display increased gene expression of activation markers (lysyl oxidase or
LOX and collagen, type I, alpha 1 or COL1A41). Data is normalized (dotted line) to HSC gene
expression immediately prior to seeding into MPTCs. (f) Gene expression of drug metabolism
pathways in MPTCs cultured with 2.5K HSCs (physiologic ratio with 30K PHHs). Week 2 time-
point is shown, but trends were observed over multiple weeks. Data is normalized (dotted line) to
HSC-free MPCCs. CYP3A44: cytochrome P450 3A4; NRI12: nuclear receptor subfamily 1, group
I, member 2, also known as pregnane X receptor or PXR; and, NR113: nuclear receptor subfamily
1, group I, member 3, also known as constitutive androstane receptor or CAR. Similar trends
were observed in multiple PHH and HSC donors. Error bars on average values represent SD
(n=3 wells). * p< 0.05, *** p<0.001, and **** p<0.0001. In all panels, statistical significance is
displayed relative to the HSC-free MPCC control condition. Scale bars on images represent 80
pum.

Transwell cultures, containing MPCCs on the bottom well and HSCs in the insert,
allowed us to isolate hepatocyte-only functions/gene expression and compare responses to
MPTCs (Fig. S2). In such a transwell format, we confirmed that while hepatic albumin secretion
and urea synthesis were not affected significantly, the gene expression of PXR, CAR, and
CYP3A4 as well as the activity of CYP3A4 were severely downregulated in MPCCs in the
presence of activated HSCs as compared to the MPCCs cultured with cell-free transwell inserts.
The MPTC data, as well as that obtained from transwell cultures, suggests that the addition of
activated HSCs to MPCCs leads to a severe downregulation of multiple drug metabolism
pathways in otherwise functionally stable hepatocytes (as assessed by albumin and urea
secretion). Since we observed downregulation of hepatic CYP450 activities and an increase in
HSC activation markers as a function of HSC density in MPTCs, we proceeded to utilize the

physiologic seeding ratio for HSCs and PHHs (2.5K HSCs: 30K PHHs) for all subsequent

studies unless otherwise noted.
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Figure. 7.3. Activated hepatic stellate cells (HSCs) cause downregulation of drug
transporter pathways in primary human hepatocytes (PHHs). (a) Representative image of a
PHH island in micropatterned co-cultures (MPCCs) with 3T3-J2 fibroblasts after 13 days in
culture showing export of fluorescent dye into the bile canaliculi between PHHs (see methods for
additional details). Nuclei are stained with Hoescht 33342. (b) Similar image as in panel ‘a’
except micropatterned tri-cultures (MPTCs) containing 2.5 K HSCs and 3T3-J2 fibroblasts
around the PHH colonies are shown (day 13 of culture). (¢) Gene expression of hepatic
transporters in MPTCs relative to the HSC-free MPCC control. Data from week 2 cultures is
shown, but trends were observed for multiple time points. SLC10A1: also known as
sodium/taurocholate co-transporting polypeptide (NTCP, involved in basolateral uptake);
ABCCI: ATP-binding cassette, sub-family C, member 2, also known as multi-drug resistance
associated protein 2 (MRP2, involved in canalicular export), and, ABCBI I: also known as bile
salt export protein (BSEP, involved in canalicular export). Similar trends were observed in
multiple PHH and HSC donors. Error bars on average values represent SD (n=3 wells). * p<
0.05, ** p< 0.01, *** p<0.001, and **** p<0.0001. In panel ‘c’, statistical significance is
displayed relative to the HSC-free MPCC control condition. Scale bars on images represent 400
pum.

We observed a significant loss of bile canaliculi structures between adjacent PHHs in
MPTC:s relative to PHHs in MPCCs as assessed by the active excretion of fluorescent 5 (and 6)-
carboxy-2’,7’-dichlorofluorescein (CDF) dye into bile canaliculi presumably by MRP2
(multidrug resistant-like protein 2) and MRP3 (30) (Fig. 3a-b). Additionally, transcripts of
several hepatic transporters were significantly modulated in MPTCs relative to MPCCs (Fig. 3¢).
The basolateral uptake transporter, SLC10A1 (solute carrier family 10 member 1, also known as

sodium/taurocholate co-transporting polypeptide or NTCP), was downregulated by 86%, while

the major ATP-binding cassette (ABC) canalicular transporters, ABCC2 (also known as multi-
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drug resistance associated protein 2 or MRP2) and ABCB11 (also known as bile salt export
protein or BSEP), were downregulated by 70-74% in MPTCs as compared to MPCC controls.
Finally, after ~8-9 days, PHHs in MPTCs accumulated cytoplasmic vesicles at a greater
rate/level than PHHs in MPCCs (Fig. 4a). After 13 days, a majority of the PHHs in MPTCs had
vesicle accumulation, which was identified to be neutral lipids (i.e. acylglycerols and cholesterol
esters) via Nile red staining (Fig. 4b). The level of lipid accumulation also directly correlated
with the initial number of HSCs seeded into MPTCs. Importantly, MPTCs had reduced
expression of the bile acid-sensitive receptor, NR1H4 (nuclear receptor subfamily 1 group H
member 4, also known as farnesoid X receptor or FXR) (Fig. 4¢), which regulates transporter as
well as glucose and lipid homeostasis (31). Transwell experiments to isolate PHH gene
expression also showed severe downregulation of transporter (SLC1041, ABCC2, and ABCBI11)
(Fig. S3) and NR1H4 gene expression in MPCCs cultured with HSC-containing inserts as
compared to MPCCs cultured with cell-free inserts (Fig. S4). These data sets suggest that

activated HSCs decrease transport flux as well as induce lipid accumulation in PHHs.
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Figure 7.4. Activated hepatic stellate cells (HSCs) cause steatosis in primary human
hepatocytes (PHHs). (a) Phase contrast images of micropatterned co-cultures (MPCCs) (left)
and micropatterned tri-cultures (MPTCs) (right) at days 9, 11, and 13 of culture. The PHH
islands within MPTCs accumulate vesicles over time. (b) Representative Nile red (neutral lipids)
stained PHH islands in MPCCs (0 HSCs) and MPTCs with 1.25 K, 2.5 K and 5K seeded HSCs
after 2 weeks of culture. Thus, the accumulating vesicles observed in phase contrast images were
verified to be neutral lipids. Circles outline PHH islands. (¢) NR1H4 (nuclear receptor subfamily
1 group H member 4, also known as farnesoid X receptor or FXR) expression in MPCCs and
MPTCs after 2 weeks of culture. Similar trends were observed in multiple PHH and HSC
donors. Error bars on average values represent SD (n=3 wells). * p< 0.05. Scale bars on images
represent 400 pm.

7.3.3 HSC-derived paracrine factors are involved in the downregulation of hepatic functions

Activated HSCs are known to secrete inflammatory cytokines that can negatively
modulate hepatic functions (8). Thus, we assessed interleukin 6 (IL-6) protein levels in the
supernatants of MPCCs and MPTCs. While MPCC supernatants were devoid of detectable levels

of IL-6, this cytokine was detected at increasing levels in MPTC supernatants (Fig. S5).
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Additionally, IL-6 expression was not detected in MPCCs cultured with HSC-containing
transwells, while /L-6 was highly expressed in pure HSCs (Fig. S6), suggesting that IL-6
detected in MPTC supernatants is secreted by the activated HSCs. Therefore, we assessed the
contribution of HSC-derived paracrine factors alone in the downregulation of CYP3A4 activity
in MPCCs. Activated HSCs were cultured in separate wells alongside MPCCs. Then, the HSC-
conditioned supernatants were filtered to remove cell contaminants and added to MPCCs with
each medium exchange every 2 days (Fig. 5a). We observed a significant downregulation of
CYP3A4 activity in MPCCs (by 99% after 13 days in culture) that were treated with activated
HSC-conditioned culture medium as compared to non-conditioned MPCCs (Fig. 5b). After ~2
weeks of treatment, hepatic steatosis and loss of bile canaliculi structures were also observed
(Fig. S7). IL-6 protein levels were found to increase in activated HSC-conditioned supernatants

over time as the cells grew to confluence (Fig. 5c¢).
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Figure 7.5. Conditioned culture medium from activated hepatic stellate cells (HSCs) causes
downregulation of CYP3A4 in primary human hepatocytes (PHHs) through interleukin-6
(IL-6) signaling. (a) Pure HSCs were cultured on collagen-coated tissue culture polystyrene
concurrently to micropatterned co-cultures (MPCCs) containing PHHs colonies surrounded by
3T3-J2 fibroblasts in separate wells of a 24-well plate format. Conditioned culture medium from
the HSC cultures (initial seeding density of 5K cells per well) was filtered to remove cell
contaminants and transferred to MPCCs every 2 days for ~2 weeks. (b) CYP3A4 activity in
MPCCs that were either incubated with HSC-conditioned culture medium or non-conditioned
culture medium (n=3 wells, except n=2 wells for conditioned MPCCs on day 13 of culture). (¢)
IL-6 levels in HSC-conditioned culture medium over time as the HSCs grew to confluence. (d)
HSC-conditioned culture medium was spiked with either an anti-IL-6 neutralizing antibody or its
isotype-matched anti-IgG antibody control. MPCCs on day 3 of culture were then incubated with
these conditioned media for 48 hours and CYP3A4 activity was assessed on day 5 of culture.
Similar trends were observed in multiple PHH and HSC donors. Error bars on average values
represent SD (n=3 wells except where otherwise noted). ‘ns’ not significant, and *** p<0.001.
Statistical significance is displayed relative to the non-conditioned MPCC control.

Importantly, a neutralizing antibody against IL-6 ameliorated the effects of activated HSC-

conditioned culture medium on CYP3A4 activity in MPCCs, while an isotype control antibody,
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anti-IgG, had no considerable effect (Fig. 5d). These results support the idea that activated HSCs
can downregulate liver drug metabolism pathways partly through IL-6 secretion.

We also incubated pure PHH monolayers with conditioned culture medium from
activated HSCs to determine the effects on PHHs alone without the presence of the growth-
arrested fibroblasts. CYP3A4 activity in PHH monolayers was significantly downregulated in the
presence of activated HSC-conditioned culture medium as compared to the non-conditioned
control (Fig. S8). However, PHH monolayers displayed a severely de-differentiated morphology
after 6 days in culture with CYP3A4 activities that were ~10 fold lower than activities measured

in MPCCs.

7.3.4 NADPH oxidase (NOX) inhibition and farnesoid X receptor (FXR) activation rescue PHH

functions in the presence of activated HSCs

In MPTCs, we observed an increase (relative to MPCC controls) in the gene expression
of NFE2L2 (nuclear factor, erythroid 2 like 2 or Nrf2), which is a transcription factor involved in
oxidative stress signaling (32) (Fig. S9). Reactive oxygen species (ROS) generated via NOX1
and NOX4 enzymes can mediate fibrogenic pathways in HSCs (33) and hepatocytes (34). We
did not detect the expression of either NOXI or NOX4 in MPCC controls, but both were detected
in pure activated HSC cultures with NOX4 expression being higher than NOX1 (Fig. S9).
However, only NOX4 gene expression was detected in MPTCs, likely due to contribution from
the activated HSCs at the physiological seeding ratio. Since the inhibition of NOX1&4 with the
small molecule GKT137831 has shown anti-fibrotic effects in mouse models of NASH (34), we
hypothesized that incubating MPTCs with GKT137831 could alleviate the hepatic dysfunctions

observed due to the presence of activated HSCs. Furthermore, FXR is a major regulator of
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hepatocyte metabolism and bile production/transport that is downregulated in NASH patients
(31). Activation of FXR via obeticholic acid (OCA, a semi-synthetic bile acid analog agonist for
FXR) has shown positive effects in ameliorating lipid accumulation and fibrosis in patients with
NASH (35). Since we observed a strong downregulation of NR1H4 (FXR) gene expression in
hepatocytes, we hypothesized that treatment of MPTCs with OCA could alleviate the hepatic
dysfunctions observed. Finally, we explored the effects of combining these two compounds on
hepatic dysfunctions.

We first determined the effects of the drugs on albumin and urea secretion, sensitive
markers of hepatotoxicity (36), in MPTCs fabricated in a high-throughput 96-well plate format
(Fig. 6a). Drug doses that did not cause a significant downregulation of albumin and urea
secretions (Fig. S10) were also tested on PHH functions that are severely affected in MPTCs.
We found that GKT137831, but not OCA, helped rescue CYP3A4 activity in MPTCs to ~81%
and ~60% of MPCC controls after 4 and 10 days of treatment, respectively, as compared to
DMSO-treated MPTC controls (Fig. 6b). Such a rescue in CYP3A4 activity was not due to
nuclear receptor-mediated induction as GKT137831 did not induce CYP3A4 activity in MPCC
controls (Fig. S11). A similar rescue of CYP3A4 activity was observed with the
GKT137831+OCA mixture as with GKT137831 alone. On the other hand, OCA, but not
GKT137831, caused a partial recovery of bile canaliculi (Fig. 6¢) and reduced steatosis (Fig. 6d)
in hepatic colonies within MPTCs. The GKT137831+OCA drug mixture also caused partial
recovery of bile canaliculi and a reduction in steatosis in MPTCs; however, the effects were not
enhanced over OCA alone.

Gene expression analysis was also conducted on drug-treated MPTCs to compare and

contrast with the aforementioned functional effects. Consistent with the rescue of CYP3A4
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activity, GKT137831, but not OCA, caused a ~1.4 fold increase in NR1I2 (PXR) expression,
while GKT137831+0OCA caused a ~1.9 fold increase in NR112 expression in MPTCs relative to
DMSO-treated controls (Fig. 6e). The expression of ABCC2 showed different trends as
compared to the functional trends observed with the recovery of bile canaliculi. In particular,

GKT137831, but not OCA, caused a ~1.9 fold increase in ABCC2 (MRP2) expression, while

Micropatterned

tri-cultures (MPTCs) Allow for NASH-like phenotype to develop

1.5
and screen arange of compounds
Hl DMSO B OCA
oL
e? iﬁ’%i 2 ; GKT137831 GKT +OCA
\>° st CAST . ] ,_*I_ﬂ
" T Fekkk
€ %
e € %o e O

o

Sy © O
SR i

DMSO control)
I
i
_‘

Assess efficacy and toxicity of
candidate compounds:
-Functional outcomes

Relative CYP3A4 activity
(normalized to 0 HSC

High throughput -Phenotypic changes 0.0
format (96 well plate) -Gene expression T4 10 4 10 4 10 4 10
-Cytokine production Days of treatment
c Drug treatment on MPTCs

GKT137831 OCA

Bile canaliculi
(green)

Lipids
(green)

®
3
-
S
-
.
@

(normalized to DMSO control)
N
IL-6 secretion (pg/ml)

ABcCC2

*
Sk
w

Relative gene expression

1 5

Relative gene expression

(normalized to DMSO control)

DMSO GKT1'37831 OCA GKT + OCA DMSO GKT1l?:7831 OCA GKT + OCA DMSO GKT1'37831 OCA GKT;-OCA

Treatment Treatment Treatment

Figure 7.6. Simultaneous inhibition of NADPH oxidase 4 (NOX4) and activation of
farnesoid X receptor (FXR) rescues hepatocyte phenotype in the presence of activated
hepatic stellate cells (HSCs). (a) Schematic showing how MPTCs in a higher-throughput 96-
well plate-based format can be used for investigating the effects of drugs on PHH functions that
are affected by activated HSCs. (b) CYP3A4 activity in micropatterned tri-cultures (MPTCs)
treated for 4 and 10 days with either vehicle solvent (dimethylsulfoxide or DMSO), GKT137831,
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obeticholic acid (OCA) or a mixture of both drugs (GKT137831+0OCA). Data is normalized to
CYP3A4 activity in HSC-free micropatterned co-culture (MPCC) controls (dashed line) (n=5
wells). (¢) Functional bile canaliculi or lack thereof in MPTCs as visualized by transport of
fluorescent (green) dye into the canaliculi between PHHs. MPTCs were treated with drugs or
their combinations for 12 days. The MPCC control treated with DMSO is shown to the far right
of the image panel for reference. (d) Nile red (neutral lipids, green) staining of primary human
hepatocytes (PHHs) in MPTCs treated with drugs and their combinations for 12 days. The
MPCC control treated with DMSO is shown to the far right of the image panel for reference. (e)
NRI112 (nuclear receptor subfamily 1, group I, member 2, also known as pregnane X receptor or
PXR) gene expression in MPTCs treated as described in panel ‘b’ for 12 days. Data is
normalized to a DMSO-treated MPTC control (n=3 wells). (f) Gene expression as in panel ‘e’,
except ABCC2 (ATP-binding cassette transporter, family ¢, member 2, also known as multi-drug
resistance associated protein 2 or MRP2) is shown (n=4 wells). (g) Interleukin-6 (IL-6) levels in
MPTC supernatants treated with individual drugs and their combination for 6 days (n=3 wells).
Similar trends were observed in multiple PHH and HSC donors. Error bars on average values
represent SD (n=3-5 wells as indicated for each panel above). * p< 0.05, ** p< 0.01, ***
p<0.001, and **** p<0.0001. In panels ‘b’, ‘¢’, ‘f” and ‘g’, statistical significance is displayed
relative to the DMSO-treated MPTC control at the respective time point. Scale bars on images
represent 80 um.

GKT137831+0CA caused ~2.5 fold increase in ABCC?2 expression in MPTCs relative to
DMSO-treated controls (Fig. 6f).

Finally, OCA reduced IL-6 levels by ~10% (albeit statistical significance was not reached
across all HSC donors), GKT137831 reduced IL-6 levels by ~20%, and GKT137831+OCA
reduced IL-6 levels by ~40% in MPTCs relative to DMSO-treated controls (Fig. 6g). Therefore,
the abovementioned functional and gene expression trends suggest that GKT137831+OCA was
more effective than the individual drugs in alleviating the key hepatic dysfunctions, potentially
due to a greater reduction in IL-6 levels. However, neither the drugs nor their combination
caused a significant reduction in HSC activation markers, LOX and COLIAI, in MPTCs (data

not shown).
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7.4 Discussion

We developed and characterized a high-throughput micropatterned tri-culture (MPTC)
platform that recapitulates key hepatic dysfunctions observed in NASH/fibrosis due to activated
HSC-derived factors. Studies with prototypical drugs suggest MPTC utility for screening novel
anti-NASH/fibrosis therapeutics. In contrast to previously developed liver models, MPTCs offer
advantages such as a high-throughput 96-well format for screening, stabilization of PHH
functions (i.e. CYP450s and transporters) independently of HSCs, and the ability to modulate
diverse PHH functions (including the development of steatosis) via increasing numbers of
activated HSCs as occurs in progressive steatohepatitis.

In our first attempt to develop a model containing activated HSCs and functionally stable
PHHs, we replaced 3T3-J2s with activated HSCs (assessed by LOX and COLIA1 expression) as
the supportive cell type surrounding micropatterned PHHs within MPCCs. However, hepatic
functions in MPCCs containing HSCs as the sole NPC were significantly blunted, and PHH
islands lost morphology/integrity with overgrowing HSCs. Nonetheless, we confirmed findings
by others that HSCs can enhance some PHH functions (i.e. albumin, CYP3A4) over time in
culture relative to declining PHH monolayers (18-22). Our previous results indicated that urea
secretion and CYP3A4 activity in MPCCs containing 3T3-J2s are ~70% and ~50% of levels
observed in fresh PHHs, respectively(37), while albumin secretion recovers to physiologically-
relevant levels (14). Therefore, in contrast to HSCs, 3T3-J2s enhance/stabilize PHH functions to
levels that are closer to physiological outcomes.

Since 3T3-J2s support high levels of PHH functions, we postulated that we could add
HSCs into MPCCs (with PHHs and growth-arrested 3T3-J2s) at physiologic ratios to the number

of PHHs to develop a model in which the negative effects of activated HSCs on the phenotype of
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otherwise functionally stable PHHs can be measured and modulated with drugs. Once we
identified the appropriate range of HSCs that could be incorporated into MPTCs without
compromising a differentiated PHH phenotype (as assessed by albumin and urea secretions),
dramatic changes in certain PHH functions were observed that scaled with the increasing
numbers of activated HSCs in MPTCs over time. Consistent with clinical findings in patients
with NASH/fibrosis (3,4), PHHs displayed a significant loss in the activities of enzymes that
metabolize and transport xenobiotics/biomolecules, while the transcription factors responsible
for controlling these pathways were also altered in MPTCs as compared to MPCC controls.
Importantly, the gene expression of PXR, a nuclear receptor that regulates liver transporters and
metabolic pathways (38), was downregulated in MPTCs. Accordingly, CYP3A4 and CYP2A6
activities were severely downregulated in MPTCs. CYP3A4 metabolizes ~50% of prescribed
medications, including lipid-lowering statins that may help reduce the chances of cardiovascular
complications in patients with NAFLD (39), while CYP2AG6 is involved in the metabolism of
nicotine (40) and the cancer drug, tegafur (41). Lastly, dye transport into hepatic bile canaliculi
was noticeably diminished in MPTCs, and such correlated with the downregulation of key
transporters (NTCP, MRP2, and BSEP). Altered CYP450/transporter activities could have major
implications for drug development efforts in this disease space.

An increase in the number of activated HSCs within MPTCs correlated with an increase
in hepatic steatosis. Previously, paracrine signaling between HSCs and hepatocytes has been
shown to mediate ethanol-induced steatosis in mice through increasing lipogenesis (42). Our
study constitutes the first time that HSCs have been shown to induce steatosis in PHHs in the

absence of ethanol treatment, which could be useful to develop targeted therapies against
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NAFLD since recent studies have shown that HSC-altering therapies can have efficacious
outcomes in patients with NAFLD (43).

In order to confirm that the aforementioned dysfunctions measured in the supernatant and
via gene expression in MPTCs were specific to PHHs, we incubated pre-established MPCCs
with transwell inserts containing activated HSCs, which allowed paracrine signaling between the
cell types while enabling assessment of cell-specific responses. Indeed, while albumin and urea
secretion were not affected, CYP3A4 activity and the expression of key genes (CYP344, PXR,
CAR, NTCP, MRP2, and BSEP) were severely downregulated in MPCCs cultured with HSC-
containing transwell inserts as compared to MPCCs cultured with cell-free inserts. However, in
contrast to the transwell configuration, MPTCs allow for modeling of both cell-cell contact and
paracrine signaling between stabilized PHHs and activated HSCs as occurs in vivo.

Paracrine factors from activated HSCs in pure cultures (i.e. in the absence of PHH
influence) were sufficient to significantly downregulate CYP450/transporter activities and cause
steatosis within MPCCs when compared to the non-conditioned control. Since IL-6 levels are
increased in livers of patients with NASH (44), and IL-6 can cause downregulation of multiple
nuclear receptors in intestinal ischemic/reperfusion injury (45), we investigated the role of this
cytokine in the paracrine effects of activated HSCs on PHH functions. We observed increased
IL-6 secretion in pure HSC cultures and MPTCs over time. Blocking IL-6 with a neutralizing
antibody led to a rescue of CYP3A4 activity in MPCCs treated with HSC-conditioned culture
medium relative to non-conditioned MPCC controls. HSCs can produce a multitude of signaling
molecules (46) that may also be involved in modulating diverse PHH functions, and thus a

thorough molecular profiling of HSC-conditioned culture medium is important for future work.
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Nonetheless, our studies with IL-6 demonstrate MPTC utility for developing therapeutics that
can block the activity of one or more secreted factors from activated HSCs in NASH/fibrosis.

As in MPCCs, we observed significant downregulation of CYP3A4 activity when short-
term pure PHH monolayers were treated with activated HSC-conditioned culture medium as
compared to non-conditioned controls. These results suggest that HSC secretions can directly
affect hepatic CYP3A4 instead of indirectly through the 3T3-J2s in MPTCs. Furthermore,
albumin/urea secretion levels in MPTCs, even with increasing numbers of HSCs, were similar to
MPCCs, which suggests that the ability of the fibroblasts to support a differentiated PHH
phenotype is not affected by HSC contact and/or paracrine signaling. Such an outcome allows
the same hepatocyte-stabilizing strategy to be used across conditions and their controls,
something that is not possible with declining PHH monolayers. Ultimately, MPTCs constitute a
more suitable model than PHH monolayers for fundamental studies and drug screening due to
the higher levels and long-term stability of PHH functions.

Since we observed an upregulation of NFE2L2 (Nrf2, involved in oxidative stress) and
NOX4 in MPTCs, we treated the cultures with GKT137831, a selective dual inhibitor of
NOX1&4 (34), which are ROS-generating enzymes involved in liver fibrosis (43). NOX4 levels
are increased in livers of patients with NASH, and hepatocyte-specific deletion of NOX4 or
treatment with GKT137831 can ameliorate fibrosis in mouse models of NASH (43). In MPTCs,
a non-toxic dose of GKT137831 increased the expression of PXR and rescued CYP3A4 activity,
which was not due to nuclear receptor-mediated CYP3A4 induction as observed with other drugs
such as rifampin (47). Since we found that NOX4 was expressed in MPTCs and pure HSC

cultures but not in MPCCs, it could be that HSCs inhibit drug metabolism pathways in PHHs via
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the generation of ROS via NOX4. We plan to further elucidate the role of ROS and NOX4 in
MPTC:s in future studies.

We also observed that FXR, a bile acid-sensitive nuclear receptor that regulates
hepatocyte metabolism and bile production/transport (48), was downregulated in MPTCs and
MPCCs incubated with HSC-containing transwell inserts relative to MPCCs that were devoid of
HSC influence. FXR was shown to be downregulated in livers of patients with NASH (31), and
activating it via OCA can ameliorate lipid accumulation and fibrosis in such patients (35). Thus,
here we incubated MPTCs with a non-toxic dose of OCA and found a significant reduction in the
steatosis and restoration of some of the bile canaliculi within PHH colonies. Others have also
shown that FXR activation can inhibit lipogenesis and upregulate transporters within hepatocytes
(49), while FXR expression is inhibited by IL-6 (45). Thus, HSCs may cause hepatic steatosis in
MPTC:s by altering lipogenesis/beta-oxidation pathways and/or inhibiting transporter flux, which
is also associated with steatosis development (50). Since neither GKT137831 nor OCA
alleviated all three types of hepatic dysfunctions observed in MPTCs, we treated the cultures
with a combination of the two drugs. The GKT137831+0OCA treatment significantly alleviated
all three types of hepatic dysfunctions and reduced IL-6 levels by ~40% in MPTCs relative to
vehicle-treated controls; however, neither the drugs individually nor their combination reduced
HSC activation markers (LOX and COLIAI) in MPTCs. Thus, the MPTC platform allows for
better discrimination of the effects of different drug types on the phenotype of PHHs and
activated HSCs, and can be used to discover efficacious drug combinations and ultimately, novel
drug classes.

While activated HSCs play a critical role in negatively affecting key hepatic functions

and causing fibrosis in NASH, this disease can also be modulated by Kupffer macrophages
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(KMs), liver sinusoidal endothelial cells (51) and natural killer T cells (6). The MPCC platform
was designed to be ‘modular’ such that controlled interactions between PHHs and different
NPCs can be studied without significant changes to PHH homotypic interactions on the
micropatterned ECM domains, which are critical for the proper formation of bile canaliculi. For
instance, KMs can be cultured atop pre-established MPCCs to study the effects of KM activation
on hepatic CYP450s (52). This model can also be useful to study how pro-inflammatory
KMs/macrophages further activate HSCs as has been observed previously (28). In the future,
combining all of the liver NPCs in the same microfabricated platform while also maintaining
PHH stability (i.e. CYP450s) could be beneficial for modeling more complex cell-cell
interactions in NASH and allow screening for therapeutics that target different cell types.

In conclusion, we engineered a platform useful for investigating and therapeutically
modulating the negative effects of activated HSCs on functionally stable PHHs as observed in
NASH/fibrosis. Ultimately, coupling liver models with other tissue types on a microfluidic chip

will allow a systems level exploration of NASH/fibrosis progression.
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7.5 Supplemental Figures
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Supplemental Figure. 7.5.1. Activated hepatic stellate cells (HSCs) cause downregulation of
CYP3A4 activity in primary human hepatocytes (PHHs). Micropatterned tri-cultures
(MPTCs) contain PHH colonies that are surrounded by a mixture of growth-arrested 3T3-J2
fibroblasts and activated HSCs (see Figure 1 of the main manuscript for fabrication schematic).
The 2.5K HSCs with 30K PHHs in a 24-well format corresponds to the approximate ratio in the
human liver of 1 HSC to 12 PHHSs (i.e. 5% HSCs and 60% PHHs of the total number of cells in
the liver). Downregulation of CYP3A4 activity in MPTCs is shown over time relative to the
HSC-free micropatterned co-culture (MPCC) control containing PHH colonies surrounded by
3T3-J2 fibroblasts only. Similar trends were seen with multiple PHH donors and multiple HSC
donors. Error bars on average values represent SD (n=5 wells). **** p<0.0001 relative to the
micropatterned co-cultures (MPCC) control.
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Supplemental Figure. 7.5.2. Paracrine signaling between activated hepatic stellate cells (HSCs)
and primary human hepatocytes (PHHs) in a transwell” configuration leads to downregulation
of CYP3A4 activity and gene expression in PHHs. (a) Schematic depicting the process used to
fabricate transwell tri-cultures containing micropatterned co-cultures (MPCCs) of PHHs and 3T3-J2
fibroblasts on the bottom of the well and activated HSCs cultured in the insert placed on top within 1-
2 days following the separate establishment of both MPCCs and HSC cultures. (b) Urea levels over
time in supernatants of MPCCs cultured with either HSC-containing inserts or cell-free inserts (n=3
wells). (¢) Albumin secretion over time for the same conditions as those shown in panel ‘b’ (n=3
wells). Neither albumin nor urea levels were significantly different in the conditions tested. (d)
CYP3A4 activity after 2 weeks of culture for the same conditions as those shown in panel ‘b’ (n=2
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wells). (e) Gene expression is shown after 2 weeks of culture in MPCCs cultured with HSC-
containing inserts. Data is normalized to gene expression in MPCCs cultured with cell-free inserts
(n=3 wells). CYP3A44: cytochrome P450 3A4; NRII2: nuclear receptor subfamily 1, group I,
member 2, also known as pregnane X receptor or PXR; and, NR1/3: nuclear receptor subfamily
1, group I, member 3, also known as constitutive androstane receptor or CAR. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. Similar trends were
observed in multiple PHH and HSC donors. Error bars on average values represent SD (n=2-3
wells as indicated above for each panel). ** p< 0.01, *** p<0.001, and **** p<0.0001. In panels
‘d” and ‘e’, statistical significance is displayed relative to the HSC-free MPCC control condition.
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Supplemental Figure. 7.5.3. Paracrine signaling between activated hepatic stellate cells
(HSCs) and primary human hepatocytes (PHHs) in a transwell configuration leads to
downregulation of transporter gene expression in PHHs. Transwell tri-cultures containing
micropatterned co-cultures (MPCCs) on the bottom of the well and HSC-containing inserts on top
were fabricated as shown in supplemental figure 2a. Gene expression values of key transporters are
shown after 2 weeks of culture in MPCCs cultured with HSC-containing inserts. Data is normalized
to gene expression in MPCCs cultured with cell-free inserts. SLC10A1: also known as
sodium/taurocholate co-transporting polypeptide (NTCP, involved in basolateral uptake);
ABCCI: ATP-binding cassette, sub-family C, member 2, also known as multi-drug resistance
associated protein 2 (MPR2, involved in canalicular export), and, ABCBI I: also known as bile
salt export protein (BSEP, involved in canalicular export). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the housekeeping gene. Similar trends were observed in
multiple PHH and HSC donors. Error bars on average values represent SD (n=3 wells). ***
p<0.001, and **** p<0.0001. Statistical significance is displayed relative to the HSC-free MPCC
control condition.
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Supplemental Figure. 7.5.4. Paracrine signaling between activated hepatic stellate cells
(HSCs) and primary human hepatocytes (PHHs) in a transwell configuration leads to
downregulation of VR1H4 (nuclear receptor subfamily 1 group H member 4, also known as
farnesoid X receptor or FXR) gene expression in PHHs. Transwell tri-cultures containing
micropatterned co-cultures (MPCCs) on the bottom of the well and HSC-containing inserts on top
were fabricated as shown in supplemental figure 2a. NR1H4 (FXR) gene expression is shown after 2
weeks of culture in MPCCs cultured with HSC-containing inserts. Data is normalized to gene
expression in MPCCs cultured with cell-free inserts. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the housekeeping gene. Similar trends were observed in multiple PHH
and HSC donors. Error bars on average values represent SD (n=3 wells). * p<0.05. Statistical
significance is displayed relative to the HSC-free MPCC control condition
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Supplemental Figure. 7.5.5. Interleukin-6 (IL-6) protein levels increase over time in
supernatants from micropatterned tri-cultures (MPTCs) but were not detected in
supernatants from micropatterned co-cultures (MPCC). MPTCs (containing 2.5K hepatic
stellate cells) and MPCCs (devoid of hepatic stellate cells) were created as described in figure 1
of the main manuscript. Arrows indicate undetectable IL-6 protein in MPCC supernatants. Error
bars on average values represent SD (n=3 wells).
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Supplemental Figure. 7.5.6. Interleukin-6 (IL-6) transcripts were detected in pure cultures
of activated hepatic stellate cells (HSCs) but not detected in micropatterned co-cultures
(MPCCs) cultured with HSCs in the transwell configuration. Transwell tri-cultures containing
micropatterned co-cultures (MPCCs) on the bottom of the well and HSC-containing inserts on top
were fabricated as shown in supplemental figure 2a. /L-6 gene expression is shown after 2 weeks of
culture in pure HSCs and MPCCs cultured with HSC-containing transwell (TW) inserts on top. Data
is normalized to the housekeeping gene, hypoxanthine-guanine phosphoribosyltransferase
(HPRT), via the delta Ct method. While /L-6 was highly expressed in pure HSC cultures, it was
not detected in MPCCs with HSC-containing transwell inserts on top. Error bars on average
values represent SD (n=3 wells).
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Supplemental Figure. 7.5.7. Conditioned culture medium from activated hepatic stellate
cells (HSCs) causes loss of bile canaliculi and leads to steatosis in primary human
hepatocytes (PHHs) within micropatterned co-cultures (MPCCs). Pure HSCs were cultured
on collagen-coated tissue culture polystyrene concurrently to MPCCs containing PHHs colonies
surrounded by 3T3-J2 fibroblasts in separate wells of a 24-well plate format. Conditioned culture
medium from the HSC cultures (initial seeding density of 5K cells per well) was filtered to
remove cell contaminants and transferred to MPCCs every 2 days for ~2 weeks. (a)
Representative images of a PHH island in MPCCs (denoted by the white circle) after 2 weeks in
culture showing export of fluorescent dye into the bile canaliculi between PHHs (see methods for
additional details). Fewer functional bile canaliculi were detected in PHHs within MPCCs that
were incubated with HSC-conditioned culture medium (right image) as compared to PHHs
within MPCCs that were incubated with non-conditioned culture medium. (b) Similar conditions
as in panel ‘a’ except phase contrast micrographs of PHH islands within MPCCs are shown.
Macrovesicular steatosis (white arrows) is visible in PHHs within MPCCs that were incubated
with HSC-conditioned culture medium (right) as compared to PHHs within MPCCs that were
incubated with non-conditioned culture medium. The scale bars represent 400 um.
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Supplemental Figure. 7.5.8. Conditioned culture medium from activated hepatic stellate
cells (HSCs) leads to the downregulation of CYP3A4 activity in pure primary human
hepatocyte (PHH) monolayers. Pure HSCs (initial density of 5K cells per well) were cultured
on collagen-coated tissue culture polystyrene concurrently to pure PHH monolayers (seeded on
collagen-coated tissue culture polystyrene at 1.05M cells/cm?) in separate wells of a 24-well
plate format. Conditioned culture medium from the HSC cultures was filtered to remove cell
contaminants and transferred to PHH monolayers every 2 days for 6 days. (a) CYP3A4 activity
in PHH monolayers (at day 6 of culture) that were either incubated with HSC-conditioned
culture medium (n=5 wells) or non-conditioned culture medium (n=2 wells). (b) Representative
phase contrast image of PHH monolayer after 6 days in culture. Error bars on average values
represent SD (n=2-5 as indicated above for each panel). * p< 0.05 relative to non-conditioned
control. Scale bar on image represents 80 pm.
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Supplemental Figure. 7.5.9. Oxidative stress-related signaling in micropatterned co-
cultures (MPCCs), micropatterned tri-cultures (MPTCs), and pure cultures of activated
hepatic stellate cells (HSCs). MPCCs containing primary human hepatocytes (PHHs) and 3T3-
J2 fibroblasts, and MPTCs containing PHHs, 3T3-J2 fibroblasts, and 2.5K HSCs were created as
described in figure 1 of the main manuscript. (a) Nuclear factor Erythroid 2 like 2 (NFE2L2, also
known as Nrf2) gene expression after 2 weeks of culture in MPTCs (n=2 wells) normalized to
MPCC controls (n=3 wells). (b) Delta Ct levels of NADPH-oxidase 4 (NOX4) gene expression
in MPTCs and lack of NOX4 gene expression in MPCCs (N.D., not detected) after 2 weeks of
culture. NOX1 was not detected in MPCCs or MPTCs (not shown). (¢) Delta Ct levels of NOX1
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and NOX4 gene expression in pure HSC cultures after 2 weeks in culture (n=3 wells). Note the
significantly higher expression (lower Delta Ct) of NOX4 relative to NOXI. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the housekeeping gene for panels ‘a’ and ‘b’,
while hypoxanthine-guanine phosphoribosyltransferase (HPRT) was used as the housekeeping
gene for panel ‘c’. Error bars on average values represent SD (n=2-3 wells as indicated above for
each panel).
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Supplemental Figure. 7.5.10. Albumin and urea secretions (as markers of hepatotoxicity) in
micropatterned tri-cultures (MPTCs) treated with drugs and their combinations. (a)
Albumin secretion over time in MPTCs (containing micropatterned primary human hepatocytes,
growth-arrested 3T3-J2 fibroblasts, and 2.5K hepatic stellate cells) treated with vehicle control
(dimethylsulfoxide, DMSO), two doses of GKT137831 (GKT), two doses of obeticholic acid
(OCA), and a mixture of both GKT (20 uM and 10 uM) and OCA (1 uM) at the indicated doses.
(b) Dosing as in panel ‘a’ except urea synthesis from MPTCs is shown. Error bars on average
values represent SD (n=3 wells).
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Supplemental Figure. 7.5.11. CYP3A4 activity in micropatterned co-cultures (MPCCs)
treated with individual drugs, drug combination, and the vehicle control. CYP3A4 activity
over time in MPCCs treated with vehicle control (dimethylsulfoxide, DMSO), 20 uM
GKT137831 (GKT), 1 uM obeticholic acid (OCA), and a mixture of both GKT (20 uM) and
OCA (1 puM). Data is normalized to the CYP3A4 activity measured in DMSO-treated MPCCs.

Error bars on average values represent SD (n=5 wells). **** p<0.0001 relative to vehicle control
for the respective time point.
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Chapter 8

Conclusions and future work

8.1 Conclusions

This dissertation methodically developed healthy and diseased in vitro culture platforms
that can be used for various applications but were inspired by the need for human-relevant
metabolic liver disease models. This was done by first developing methods to measure and
quantify hepatocyte health and disease and then using those methods to constantly re-appraise
the health status of hepatocytes in this culture system. This relentless pursuit of the healthiest
cells possibly led to the identification of physiologically relevant ways to improve cell health.
These include normoglycemic culture medium, dynamic serum and hormone removal (ie.
starvation), normoinsulinemia as well as the use of human serum. After identifying these
retrospectively simple factors that dramatically improved cell function and health, one major
conclusion that could be drawn is that researchers should always question every component
found in the medium that is suggested for their cell type, and have a clear reason why that
component is necessary. Regardless, the advancements made with these culture medium
alterations and practices made it possible to develop the disease models that inspired this entire
dissertation. These models consisted of a NAFLD mimic model where exogenous fatty acids
were used to induce a steatotic state, which could then be probed for pathways and enzymes
responsible for the detrimental symptoms of type II diabetes. Additionally, the modified MPCC

was amenable to the incorporation of another liver cell, the hepatic stellate cell, which allowed
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for the development of an in vitro model of NASH. Importantly, we were able to screen this
model for efficacious therapies and we believe this system holds great promise for identifying
therapies to alleviate this fatal disease. Overall the advances described within lay the groundwork

for substantial and important future studies.

8.2 Future work

&.2.1 Periodic starvation

The dramatic changes we observed by simply starving our MPCCs could not have been
predicted a priori and it raises the question of how a more physiologically relevant fasting and
feeding cycle may benefit hepatocyte functions and lifetime over the static starvation protocol
we developed. Current work in out lab is geared towards developing microfluidic devices that
allow the user to dynamically tune all components that are administered to cultures housed
within these chips. One great application for such technology would be to systematically
oscillate every component in our cell culture medium to identify which factors, when
administered dynamically, can further boost the lifetime and health of hepatocytes. Insulin,
glucagon, and glucose are known the fluctuate in the body, so this would be a great starting
point.

We are also still unclear about why the starvation protocol increased the lifetime of our
cultures over metformin-treated cultures. We suspect that the lack of excess nutrients found in
serum during the starvation period allow the hepatocytes to activate more starvation pathways

than what is activated via metformin treatment (ie. AMPK). Another possibility is that, as the
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insulin resistance studies in chapter 5 showed, bovine serum ultimately has detrimental effects on
hepatocytes over time. It will be important to assess how starvation benefits hepatocytes over

non-starved cultures using the physiologic medium developed in chapter 5.

8.2.2 Physiologic medium and human serum

As mentioned in chapter 5, the physiologic medium formulation greatly enhanced various
outputs from hepatocytes, but this was mostly enabled by the use of human serum, as these
benefits were still seen in cultures maintained in human serum containing high levels of insulin.
This suggests that human-specific factors may be critical to the dramatic enhancement in
longevity that was observed by the use of human serum. Identifying these factors should enable
the development of a fully defined serum-free medium that still enables high levels of hepatocyte
functions. This will be especially beneficial for regenerative medicine efforts. The top human-
specific candidates are lipid species, and bile acid/salt species.

Arachidonic acid is found in high levels in human plasma and it is known to activate AMPK,
which we have previously shown is correlated with increased hepatocyte lifetime. As shown in
chapter 7, bile acids, or synthetic derivatives, can have substantial effects on hepatocyte
transporters. Specifically, obeticholic acid (OCA) treated cultures had increased transporter
levels over DMSO-treated MPCC controls and bile acids have also been shown to activate
AMPK and increase the level of transporter expression. Importantly, we did assess AMPK
activation in cultures treated with human serum and observed less AMPK activation than bovine

serum treated cultures.
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Ultimately, screening the human serum lots we identified as beneficial for hepatocyte
longevity should unlock the critical factors needed for gaining the benefits of the human serum.
Lipidomics, metabolomics, and proteomics approaches could be used to compare human serum
to bovine serum lots that we have validated with MPCCs over long-term culture. This
comprehensive approach would eventually lead to identifying the critical factors for reverse

engineering a defined serum replacement.

8.2.3 Studying insulin resistance in MPCCs

The highly insulin sensitive MPCC model developed throughout this dissertation should
greatly enhance diabetes researcher abilities. Researchers that have been restricted to using
animal models for all of their studies can finally confirm the trends they observe in their in vivo
disease models with isolated human cells. Additionally, one great direction for this work is to use
the same factors we identified as important for maintaining insulin sensitivity to create a rodent
based hepatocyte model that is highly insulin sensitive. This would enable researchers to isolate
hepatocytes from their genetically modified mouse/rat strains and confirm the trends observed in
vivo with isolated cells.

This system also holds great promise for understanding the role of cell-cell interactions in
insulin resistance development. Specifically, Kupffer macrophages have been shown essential in
the development of insulin resistance in animal models. It would be interesting to incorporate
macrophages into this system and see how different types of macrophages, either
proinflammatory, M1, or anti-inflammatory, M2, macrophages modulate hepatocyte glucose

output under insulin stimulation. Additionally, it could be interesting to assess how hepatic
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stellate cells modulate hepatocyte insulin sensitivity since they cause massive lipid
accumulations in hepatocytes and secrete IL-6, which is hypothesized to cause insulin resistance
through activation of STATS3.

Ultimately, this system will be very useful for understanding organ-organ interactions.
Specifically, a large body of evidence currently suggests that the adipose tissue is the major
regulator of liver glucose output. Coupling the lab's current expertise in microfluidics with other
researchers that have engineered adipose tissue mimics could enable some of the first highly

functional liver-adipose-on-a-chip platforms.

8.2.3 Developing a high throughput model of liver fibrosis

Since hepatic stellate cells (HSC) were successfully incorporated into MPCCs, the next logical
step is to assess the system's ability to model fibrosis. One unfortunate aspect of a 2D system like
the MPCC is that the cultures reside on plastic, which is exceptionally stiff, compared to the
liver, and likely activates HSCs without any additionally soluble cues since these cells are
mechanosensitive. Studies will need to be carried out to first see if co-culturing HSCs with
fibroblasts, as they are in MPTCs, prevents their activation over plastic alone. Additionally,
prototypical fibrotic stimuli, such as transforming growth factor —beta (TGFb), will need to be
tested on MPTCs to see if HSC activation markers can be further increased over the basal level
in maintenance medium. This will be essential to have a model that mimics aspects of fibrosis
and could eventually identify pro-fibrotic drugs.

Another area for development could be in the medium formulation as various factors found in

the hepatocyte maintenance medium could lead to HSC activation. One factor left out of the

224



medium that is essential for HSC quiescence is vitamin A, and its addition could potentially
reduce HSC activation in MPTCs. Additionally, if MPCCs could be created on compliant
substrates, such as soft polyacrylamide gels, HSCs on this substrate might have a completely
quiescent phenotype, which would allow for the development of a fibrotic response from a non-

activated state.
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