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Abstract

Nonalcoholic Fatty Liver Disease (NAFLD) and Nonalcoholic Steatohepatitis
(NASH) are related liver pathologies whose prevalence has increased in recent decades
due to over nutrition and widespread adoption of a sedentary lifestyle. Protease-
activated receptor-2 (PAR2) is a member of the PAR-family of G protein coupled
receptors that are activated by extracellular serine proteases. This thesis focuses on the
role of PAR2 in the development of NAFLD and NASH and seeks to understand the
mechanisms by which PAR2 influences their development.

Both NAFLD and NASH result from unhealthy lifestyle and are generally
comorbid with: obesity, diabetes, and cardiovascular disease. Additionally, NASH and
NAFLD share a common etiology and are generally accepted as existing on a
pathological spectrum. NAFLD is assumed to be relatively benign while the development
of NASH presages cirrhosis and hepatocellular carcinoma. PAR2 represents a novel
point for therapeutic intervention in NAFLD and NASH as PAR2 has been implicated in
hepatocellular dysfunction, fibroblast activation, and inflammatory cell recruitment. The
broad range of roles played by PAR2 in disease progression and its effects on so many
varied cell types implies that PAR2 is an important mediator in the development and
progression of NAFLD and NASH. Using PZ-235, a cell-penetrating pepducin, we show
that inhibiting PAR2 reduces the metabolic and inflammatory pathologies that stem from
a methionine choline deficient diet. We further show that PZ-235 inhibits PAR2-mediated
activation of stellate cells to myofibroblasts in vitro and inhibits their activation and the
development of fibrosis caused by carbon tetrachloride. Unexpectedly, we observed that
treatment with PZ-235 also appears to reduce the level of hepatocellular necrosis
associated with carbon tetrachloride challenge. Additionally, we show through the use of
multiple mouse models of diabetes and obesity that PAR2 appears to be a critical factor

in the development of hepatic insulin resistance, a crucial step in the development of



NASH. We further demonstrate that PAR2-mediated insulin resistance is most likely a
result of increased PAR2-triggered increases in intracellular calcium. Finally, we show
that treatment of diabetic animals with PZ-235 partially restores hepatic insulin sensitivity
and reduces total glucose exposure. In aggregate this work shows that PAR2-signaling
is a critical component and viable point of therapeutic intervention in the development of

liver pathology.
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Chapter 1. Introduction

1.1 Pathophysiology and Epidemiology of Nonalcoholic Steatohepatitis and Fatty Liver
Disease

1.1.1 Historical Perspective and Epidemiology of Nonalcoholic Steatohepatitis and
Fatty Liver Disease

Nonalcoholic Steatohepatitis (NASH) is a complex pathology of the liver that
involves metabolic dysregulation, inflammation, and the development of fibrosis. Owing
to the overall complexity of the disease’s pathology, and with no obvious causative agent
as in Alcoholic Steatohepatitis, NASH was initially treated as a sporadic medical oddity
and cryptogenic disease. The term cryptogenic implies a lack of knowledge concerning
the development or source of a pathological medical condition. This lack of
understanding can be attributed to many factors but generally stems from the relative
rarity of the condition. For much of human history NASH has been rare and even as it
became recognized in the early 1980’s (Ludwig et al., 1980) as a distinct fibrotic
pathology of the liver its pathological origins remained largely unknown. What could be
discerned, even with the paucity of information at the time, was that there existed a link
between obesity, type 2 diabetes mellitus (T2DM) , and the development of liver fibrosis

(Batman and Scheuer, 1985; Eriksson et al., 1986; Lee, 1989).
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Figure 1.1 World Rates of Inactivity, Fat Consumption, and Obesity



Map of global inactivity reprinted with permission from: World Health Organization. (2015).
Prevalence of insufficient physical activity among adults, ages 18+ (age standardized
estimates) Males, 2010. Published online at Global Health Observatory Map Gallery.
Retrieved From:
http://gamapserver.who.int/mapLibrary/Files/Maps/Global_InsufficientActivity Adults_Mal
es_2010.png [online resource].

Map of fat intake reprinted with permission from: Food per person by Roser, M., Ritchie H.
(2018). Food per Person. Published online at OurWorldinData.org. Retrieved From:
https://ourworldindata.org/food-per-person [online resource].

Map of global BMI reprinted with permission from: World Health Organization. (2017).
World: Mean Body Mass Index (BMI), ages 18+, age standardized: Male, 2016. Published
online at Global Health Observatory Map Gallery. Retrieved From:

http://gamapserver.who.int/mapLibrary/Files/Maps/Global_BMI_2016_Male.png [online
resource].

The grouping of NASH with these other conditions has led to its general
acceptance as the liver manifestation of metabolic syndrome. Metabolic syndrome is an
energy storage disorder characterized by abdominal obesity, high blood glucose,
hypertriglyceridemia, low high-density lipoprotein (HDL), and hypertension. All of these
closely associated comorbidities have been rapidly increasing over the last 50 years as
industrialization and automation have allowed for a more sedentary life style and dietary
preference has continued to favor over-nutrition. The role of life style can be seen in
even starker detail when the rates of obesity, physical inactivity, and fat consumption are
placed in geographical context (Figure 1.1). Indeed, the extent of overlap between these
three factors appears to be a function of economic development and abundance. As
automation and the movement away from daily physical continue, the number of people
who experience significant weight gain is only expected to increase.

Over two thousand years ago Hippocrates noted that “Corpulence is not only a
disease itself but also a harbinger of others.” This truism is bolstered by the fact that
many, if not all of, the components of the metabolic syndrome are founded in the
development of obesity, in particular T2DM. This is notable as the majority of obese and

diabetic patients (90% in the US) are also diagnosed with the NASH related liver



pathology Nonalcoholic Fatty Liver Disease (NAFLD) (Perry et al., 2014). The
prevalence of NAFLD is difficult to determine but the pathology appears to afflict roughly
24.13% (19.73-29.15, 95% ClI) of the population in the United States (Younossi et al.,
2016). This rate is lower than the current 39.8% rate of obesity calculated by the Centers
for Disease Control, but based on symptoms these values represent different measures
of the same patient population- Implying that roughly 60% of all obese individuals have
NAFLD. Globally, the rate of NAFLD correlates well with the overall level of obesity in a
particular region; the highest incidence of NAFLD is found in the Middle East (31.79%)
and the lowest in Africa (13.48%). These data very clearly suggest that obesity is the
largest contributing factor to the development of NAFLD. NAFLD and NASH are
generally considered to exist on a continuum of disease where the more benign NAFLD
is sometimes viewed as being a precursor to NASH. This continuum is sometimes
referred to as the “two-hit hypothesis” wherein NAFLD, with repeated metabolic and
inflammatory insult, develops into NASH. Although this view has been largely
discredited, there is an undeniable overlap in incidence between these two pathologies:
in fact, it is estimated that 60% of NAFLD patients could also be identified as having
NASH (Younossi et al., 2016). These trends further imply that NAFLD and NASH share
a common etiology linked to the development of obesity and the metabolic syndrome.
The major unifying theme between both the development of NAFLD and that of NASH is
hepatocellular dysfunction. The hepatocyte is the dominant parenchymal cell of the liver
and has multiple functions that respond to and alter whole body physiology. Dysfunction
of hepatocytes generally leads to dramatic shifts in tissue function and the metabolic

activity of the liver.



1.1.2 Hepatic and Hepatocellular Physiology in Healthy and Disease States
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Figure 1.2 Insulin-AKT Signaling
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and anabolic functions. Oxygen-rich blood from the arterials, accounting for 25-30% of
total blood (Abdel-Misih and Bloomston, 2010), allows for the process of catabolic
oxidative metabolism in particular B-oxidation, the major pathway by which lipid is
degraded to create ATP. The venous blood reaching the liver is enriched with nutrients
from the mesentery; those nutrient are imported by hepatocytes and subsequently:
stored, broken down, and/or repackaged for export to peripheral tissues. The interplay
between the processes of catabolism and anabolism is controlled by a series of
hormones that vary in their time of release and response to nutrients. Chief among these
signaling molecules are insulin and glucagon which help tune hepatic function to
nutritional state.

Insulin is an extremely potent pro-anabolic hormone secreted by pancreatic -
cells. Insulin acts to facilitate the internalization of glucose from the blood for
downstream cellular metabolism (De Meyts, 2000). In healthy individuals, fasting insulin
levels are relatively low but rapidly increase in response to rising blood glucose levels.
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Extacellular glucose passively enters pancreatic -cells and the increase in intracellular
glucose triggers the activation of glucose responsive mechanisms driving the release of
insulin. Insulin’s actions in tissues such as white adipose tissue (WAT) and skeletal
muscle, the largest consumers of glucose by total body mass, operate via a well-studied
mechanism involving AKT-phosphorylation (Figure 1.2). Among many other outcomes,
this action leads to an increase in Glucose Transporter 4 (GLUT4) membrane
abundance resulting in glucose internalization (De Meyts, 2000). Following
internalization glucose is then phosphorylated by the enzyme hexokinase and broken
down via glycolysis to produce pyruvate (Figure 1.3). While this simplified model is true
for most tissues, glucose uptake in the liver differs in that it occurs through a non-insulin
dependent process.

Hepatic glucose uptake occurs predominantly through a largely passive process
owing to the expression and utilization of glucose transporter 2 (GLUT2). GLUTZ2 is the
most abundant glucose transporter in the liver and acts as the primary channel for
glucose entry into hepatocytes with loss of GLUT2 effectively suppressing hepatic
glucose uptake (Seyer et al., 2013). Because GLUT?2 is a bidirectional transporter,
hepatocytes rely on glucose phosphorylation to trap glucose in the cells by way of the
enzyme glucokinase (GCK). The activation of GCK, the dominant hexokinase of the
liver, is at least partially controlled by the concentration of intracellular glucose, which
inhibits the association between GCK and its inhibitor glucokinase regulatory protein.
The activation of GCK is also thought to be partially controlled through insulin signaling
(Agius, 2008). The action of insulin, in the case of the liver, causes retention and
commitment of glucose to further downstream processes, notably- glycolysis and
glycogenesis. While glycolysis operates to provide energy for the hepatocyte,
glycogenesis acts to create a pool of energy for the entire body that can be mobilized
during physical activity or short term fasting. Glycogen and glucose are both used to
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meet immediate energy needs but the higher latent energy of lipid makes it more
appealing for energy storage and as a fuel source in long term fasting or physical
exertion.
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Figure 1.3 Overview of Hepatic Metabolism

De novo lipogenesis (DNL) and triglyceride production are highly unified
processes of the liver, both promoted by insulin. Insulin signaling through the
mammalian-target-of-rapamycin-complex-1 pathway causes a significant increase in the
expression and activity of fatty acid synthase (FASN) (Sanders and Griffin, 2016).
Formation of lipids by FASN occurs through the extension of malonyl-CoA by addition of
acetyl-CoA. Malonyl-coA is initially formed by acetyl-CoA carboxylase (ACC) from two
molecules of acetyl-CoA. The lipids formed by this process are either stored by the liver
for later consumption or exported as very-low-density lipoprotein (VLDL) to peripheral
tissues. Glycolysis represents the major source of acetyl-CoA in hepatocytes and
thereby links the major pathways of the liver activated by insulin signaling (Figure 1.3).

While insulin is a hormone of glucose abundance, triggering energy utilization and



anabolic metabolism, its signaling activities and physiological effects are almost entirely
counteracted by glucagon.

Glucagon is released in fasting states by pancreatic alpha cells to increase blood
glucose levels for use by peripheral tissues. Glucagon increases blood glucose levels by
triggering the processes of glycogenolysis and gluconeogenesis within hepatocytes
leading to the secretion of glucose (Dunning and Gerich, 2007). Via these two
mechanisms glucagon causes a depletion of glucose from hepatocytes and a switching
of hepatocellular metabolism from utilization of glucose to lipid by increasing the rate of
B-oxidation. In terms of cellular metabolism, 3-oxidation is a degradative process that
yields more ATP than glucose degradation but also utilizes a greater amount of oxygen,
so much greater that the liver consumes more oxygen during sleeping than waking
states. The release of glucose, which is caused by glucagon, eventually acts to cause
the release of insulin from B-cells; the two hormones thereby exist as a kind of yin and
yang of metabolism. The loss of insulin, as in type-1 diabetes, can be catastrophic and in
addition to poor control of glucose levels can cause increased glucagon mediated (-
oxidation. The increase in -oxidation can cause a reciprocal increase in ketone
production and occasionally the life-threatening condition of ketoacidosis. In T2DM the
overabundance of insulin also upsets this balance causing a unique set of conditions in
the liver.

T2DM is a unique condition in that insulin levels are increased but can no longer
control blood glucose levels. While many reasons for this shift have been proposed,
there is still little consensus on which factor if indeed there is one master regulator of
T2DM causes the primary insult leading to insulin resistance. Despite the various
debates, a major commonality between the different proposed mechanisms is that
insulin resistance is linked to accumulation or pathological deposition of lipid (Perry et
al., 2014; Snel et al., 2012). Pathological lipid deposition in the liver, steatosis, is
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generally believed to cause the over-activation of novel-type protein kinase Cs (PKC), in
particular PKCg, to inhibit insulin signaling (Birkenfeld and Shulman, 2014; Samuel et al.,
2004). Insulin resistant hepatocytes possess a strange phenotype typified by an
overabundance of glycogen, heightened lipid synthesis, and increased basal levels of
gluconeogenesis (Rui, 2014). Indeed, rather than a simple inability to internalize
glucose, insulin resistance in the liver is an exceedingly complex assortment of
metabolic phenotypes. It is important to note that steatosis typically precedes the
development of hepatic insulin resistance and increased lipogenesis. The initial source
for most of the lipid found in the liver prior to the development of insulin resistance
comes from the peripheral fat, implying that obesity is generally a prerequisite for the
development of steatosis.

Fat from the diet comes in the form of triglycerides, which are themselves highly
insoluble and not readily transported into cells or released into the mesenteric blood. In
order to be internalized, triglycerides must be cleaved by extracellular lipases that break
triglycerides down to singular fatty acids. Single or free fatty acids can then be
internalized and repackaged by enterocytes into chylomicrons, which are low-protein
and high lipid-content structures, as triglycerides (Feingold and Grunfeld, 2000).
Chylomicrons are predominately transported by the lymphatic system to the peripheral
tissues. The majority of fats in the chylomicrons are thus removed and residual amounts
are then taken up by the liver, accounting for only about 14% of the fats found in
steatosis (Donnelly et al., 2005). White adipose tissue operates to take up and sequester
fats from both the diet and the liver (VLDL) for later use. White adipose tissue can then
mobilize stored fat as free fatty acids (FFAs) in the blood stream for use during low
energy/fasting states. In patients classified by various criteria as “pre-diabetic” there is a
general increase in FFAs owing to insulin mediated increases in lipolysis (Stinkens et al.,
2015). FFAs can be absorbed by many tissues including the liver and are either broken
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down for energy or stored as triglycerides. However, in prediabetes the absorption of
FFAs by these peripheral tissue (such as muscle) is greatly reduced leaving the liver to
absorb the majority of the circulating fat. In NAFLD patients these circulating fats
contribute to 60% of observed steatosis with only 26% coming from DNL. As pre-diabetic
patients become more obese there are additional increases in FFA abundance. In an
effort to compensate for these changes, the liver increases mitochondrial content and
the level of B-oxidation.

This elevation in fat catabolism is initially a physiologically appropriate response
to counter the amount of lipid entering into the liver, but as oxidative metabolism
increases so does the production of oxygen radicals (Koliaki et al., 2015). Increased free
radical production is known to cause an increase in cellular damage, principally through
oxidative modification of cellular components. Mitochondria are the principle sites of
metabolism-related reactive oxygen species (ROS) production and while multiple
systems exist to mitigate the effects of oxidative processes, persistent damage can
result in loss of mitochondrial function. Damaged mitochondria and other cellular
components can be cleared by autophagy (Cuervo, 2004) but damaged mitochondria
can also release cytochrome C into the cytoplasm leading to caspase-9 activation and
the cell-death cascade (Li et al., 1997). Large amounts of ROS production can also
cause the activation of other pro-inflammatory signaling cascades, notably nuclear
factor-kB (NF-kB)(Morgan and Liu, 2011), leading to both reduced cellular function and
the recruitment of inflammatory cells. By these varied process the long term elevation in
fatty-acid metabolism therefore creates an environment that is both toxic to hepatocytes
and generally inhibitory of proper liver function. In addition to the effects caused by
increased fat degradation, large-scale increases in FFAs can cause lipotoxicity, another

form of hepatocellular cell death.
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The process of lipotoxicity is poorly understood but is generally thought to occur
by an overabundance of FFAs within hepatocytes causing elevations in cell stress and
the activation of cell death pathways. This form of hepatocellular toxicity appears to be
solely linked to the level of intracellular FFAs while the production of triglycerides has
been shown to be protective against lipotoxic effects (Mendez-Sanchez et al., 2018).
Steatosis can therefore be seen as an adaptive response on the part of hepatocytes to
block toxicity brought upon by increased intracellular FFAs. This system loses its ability
to effectively protect hepatocytes if levels of intracellular FFAs rises too dramatically, as
is the case in NAFLD and T2DM patients from both increased import and utilization of
lipids along with increased DNL. As with the over-production of ROS brought upon by
increased beta-oxidation, the overabundance of lipid further contributes to reduced
hepatocellular viability.

The reduction in hepatocellular viability brought upon by hyperlipidemia (a
common occurrence in T2DM) and ROS overproduction causes a dramatic increase in
local inflammatory signaling. The evolution of these various conditions in patients with
NAFLD and T2DM has historically been seen as the driving force in the development of
NASH (Angulo, 2002). Although this view does not explain the multiple, varied ways in
which NASH develops, indeed the development of NASH appears to be highly
heterogeneous (Buzzetti et al., 2016; Schuster et al., 2018), it is a useful framework for
understanding the development of the pathology. In particular hepatocellular cell death
causes the release of numerous molecules that increase local inflammation and the
activation of stellate cells. Generally stellate cells are a minority hepatic cell population of
comparatively little functional importance under basal conditions. However, the activation
of these cells leads to their adoption of a completely different functional role in the liver

and the development of hepatic fibrosis.
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1.1.3 Stellate Cell Activation and the Development of NASH

Hepatic stellate cells are a specialized cell type within the liver that act to
sequester vitamin A, serving as the body’s major site for vitamin A storage (Sauvant et
al., 2011). Stellate cells also occupy a unique anatomical niche within the liver. The liver
can be broken down into a series of visually discernable functional unites called lobules.
The hepatic lobule is a roughly hexagonal arrangement and at each “point” of the
hexagon there exists an arrangement of three vessels known as the “portal triad” (Abdel-
Misih and Bloomston, 2010). Two of these vessels carry blood— venous blood from the
mesentery and oxygen rich blood from the arterial system, while the third vessel carries
newly synthesized bile to the gall bladder in an anti-parallel direction of blood flow. The
blood coming from the portal region drains inward toward the central vein of the lobule,
which continues back to the heart. The vessel where both blood supplies meet and

traverse though the lobule is termed the sinusoid (Figure 1.4).
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Figure 1.4 Anatomy of the Hepatic Sinusoid

Reprinted here with permission from Wikipedia. (2018). Liver Sinusoid. Published
online at Wikipedia.org. Retrieved from:
https://en.wikipedia.org/wiki/Liver_sinusoid [online resource].

Adapted from: Frevert, U., Engelmann, S., Zougbede, S., Stange, J., Ng, B.,
Matuschewski, K., Liebes, L., and Yee, H. (2005). Intravital observation of
Plasmodium berghei sporozoite infection of the liver. PLoS biology 3, e192.
Figure was adapted to remove plasmodium.
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Figure 1.5 Stellate Cell Activation

Stellate cells can be activated by multiple stress related
pathways. Reprinted here with permission from:
Tsuchida, T., and Friedman, S.L. (2017). Mechanisms
of hepatic stellate cell activation. Nature reviews
Gastroenterology & hepatology 14, 397-411.

allowing nutrients to exit
the vessel and interact with
the surrounding
parenchyme (Fernandez-
Iglesias and Gracia-Sancho, 2017). Endothelial cells lining the sinusoid form stable
passageways through their cytoplasm, known as fenestrae, allowing the endothelium to
act as a sieve between the sinusoidal lumen and the cells lining the outside of the
sinusoid. Instead of being lined with a basement membrane the sinusoids form a zone
called the space of Disse that exists between the basal membrane of the endothelium
and the surface of the hepatocyte. The space of Disse, in addition to being the primary
site of exchange between blood and hepatocytes, is also the anatomical region in which
stellate cells are found.

As comparatively small cells in the space of Disse, stellate cells were historically
thought of as mere passive components of the liver serving as sites of vitamin A storage.
The role of stellate cells in liver fibrosis was not discovered until the mid-1980s as rates
of incidence and interest in NASH were increasing (Friedman et al., 1985). There are
other cell types that also give rise to the development of fibrosis but, in general, their
contributions can be viewed as trivial. Indeed, one very thorough study using lineage
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tracing experiments found that, regardless of the experimental model used to induce
hepatic fibrosis, roughly 90% of all myofibroblasts in the liver develop from stellate cells
(Mederacke et al., 2013). The switch in phenotype from that of benign vitamin A store to
myofibroblast is a result of many of the processes seen in NAFLD and generally
associated with the development of NASH.

Stellate cell activation can occur from multiple signals (Figure 1.5), many of
which are the result of hepatocellular dysfunction. Many of the signals given off by
hepatocytes in distress, namely inflammatory cytokines and peroxidated lipids, have
been shown to cause stellate cell activation (Tsuchida and Friedman, 2017).
Additionally, intracellular components released into the extracellular environment as a
result of hepatocellular cell death can lead to activation of pattern activated receptors in
stellate cells, leading to their conversion to myofibroblasts. Activated stellate cells
change their cell shape and lose their vitamin A deposits and begin to produce and
secrete collagen causing increased extracellular matrix production. These cells are also
highly proliferative and mobile, dividing rapidly and moving around the lobule. The
activation of stellate cells, while pathological in its origin, is entirely physiologically
appropriate. When the liver is damaged it requires these cells to maintain tissue integrity
and, in certain studies, stellate cells have been found to aid in resolution of tissue
damage (Michelotti et al., 2013). At the end of an acute period of tissue damage, stellate
cells will “deactivate” with half of the cells dying off while the balance return to their
original physiologic role (Kisseleva et al., 2012). The cells that return to their original
state are, however, changed and more likely to convert to the fibroblast phenotype.
Despite these considerations, transient activation of stellate cells is entirely manageable
by the liver and likely evolved to deal with short-term infection. True long-term damage

to the liver from stellate cells only occurs in conditions of chronic disease.
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Chronic hepatocellular death and the increased inflammatory signaling that are
common in NASH result in long-term activation of stellate cells and progressively
worsening fibrosis. Stellate cells in states of recurrent injury will continue to expand and
increase the level of collagen within the hepatic lobule. Despite the heterogeneity of
disease onset of NASH and other fibrotic diseases of the liver, fibrosis proceeds in a
reasonably stereotyped fashion. Stellate cells generally begin by expanding outward
from the portal triad, which is known as fibrosis stage 1 or F1 using the NASH CRN
criteria (Kleiner et al., 2005). The level of fibrosis in stage 1 can be grouped into multiple
subclasses depending on the pattern of fibrosis. Stage 2 fibrosis eventually develops
from the outward movement of fibrosis toward the other portal triads surrounding the
lobule. Eventually, there develops a bridging between portal triads (F3). Stage 3 fibrosis
is assumed to be a largely irreversible modification of the tissue architecture. The
formation of bridging fibrosis begins to exert pressure on the blood flowing into the liver,
reducing the level of oxygen and nutrients that hepatocytes come into contact with. The
lowered rate of oxidative metabolism further increases the level of metabolic distress as
well as the expansion of fibroblasts along and through the space of Disse. This ingress
of fibrosis towards the central vein of the lobule which reduces the oxidative rate of
hepatocytes causes a condition termed burned out NASH (Koliaki et al., 2015). In this
state, hepatocellular viability and hepatic function are drastically reduced leading to ever-
greater levels of fibrosis and increases in portal hypertension. Stage 4 fibrosis, also
called cirrhosis, is a state where most organ function has been lost and much of the
parenchyme has been replaced with collagen.

Death from liver fibrosis can take decades to occur and happens through a
variety of mechanisms. Liver failure caused by loss of appreciable productive hepatic
activity can cause toxification of the blood stream, precipitating multi-organ failure
(Figueiredo et al., 2012). Portal hypertension and the associated decompensation
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creates a state of chronic hyperdynamic blood flow and an increase in the formation of
esophageal varices and variceal bleeding. The progressive nature of fibrosis also
provides a persistent selective pressure on hepatocytes, causing the development of
pre-tumorous clonal cell populations. However, this process does not explain all
observed NASH related cases of hepatocellular carcinoma or HCC (Massoud and
Charlton, 2018). These masses can eventually develop into HCC and, like many deep
tissue cancer types, go undetected until late in disease progression resulting in fatality.
Despite how gruesome death from liver fibrosis can be, the majority of patients
with NAFLD and NASH generally succumb to cardiovascular disease before fibrosis can
advance to cirrhosis (Kovalic and Satapathy, 2018). It is important to remember that
most patients with NASH also have T2DM and are severely hyperlipidemic, a condition
associated with monocyte-to-macrophage activation and vascular injury. While the
effects on the cardiovascular system caused by macrophages can be viewed as
systemic there exist analogous localized processes within the liver that drive the
development of NASH. Hepatic macrophages are a highly heterogeneous population
that reside in the sinusoids enabling them to respond to inflammatory signals and effect
change on the local parenchyme. The recruitment and activation of hepatic
macrophages is thought to be a critical step in the development and progression of

NASH.

1.1.4 Macrophage Populations of the Liver and Their Contributions to Disease

Hepatic macrophages play an important role in disease, but their origins are
complicated and described by multiple different and ultimately non-congruent views. The
first of these views defines hepatic macrophages as cells that develop early in
embryogenesis and then migrate to the liver forming a population distinct from that of

macrophages derived from circulating monocytes (Gomez Perdiguero et al., 2015). Early
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theories, and some current ones, identify hepatic macrophages as a bone marrow
derived cell lineage that migrates to and is retained by the liver in a fashion similar to
what is seen in WAT and white-adipose-tissue macrophages (Scott et al., 2016; Sheng
et al., 2015). Other data tends to promote the view that, while there is a resident
population of non-hematopoietic macrophages in the liver, there is also a considerable
influx of monocytes from the circulation that can differentiate into macrophages when
prompted by inflammatory signals (Karlmark et al., 2009). Differentiating between what
is and is not a truly resident hepatic macrophage is not helped by the tendency of
authors to describe any macrophage found in the liver as a Kupffer cell. The term
Kupffer cell was originally a pathological observation used to describe any macrophage
of the liver that resides in the sinusoid. Currently, this term tends to be reserved for
hepatic macrophages that are resident within the liver and are not likely to be descended
from circulating monocytes. Based upon studies using whole-body irradiation and
genetic methods to deplete hepatic macrophages there are a significant number of
circulating monocytes that can compensate for the loss of endogenous hepatic
macrophages (Scott et al., 2016). However, based on lineage tracing and in the absence
of methods used to deplete endogenous macrophages, the two macrophage populations
appear to be reasonably distinct (Gomez Perdiguero et al., 2015). Yet even without
genetic modification or depletion of hepatic macrophages, there is still an appreciable
level of monocyte-derived macrophages that regularly enter the liver, in particular during
injury (Karlmark et al., 2009). For these reasons, this section will use the generic term
“hepatic macrophage” with the understanding that this term describes a highly
heterogeneous population of inflammatory cells. Hepatic macrophages represent the
largest pool of macrophages in the body (Lee et al., 1985), roughly 80% of all tissue

macrophages (Crispe, 2009), and have the ability to either suppress or promote hepatic
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pathology based on their polarization and ability to activate and recruit hepatic stellate
cells and other inflammatory cells (Ju and Tacke, 2016; Koyama and Brenner, 2017).

The blood leaving the mesentery, in addition to carrying nutrients for processing
by the liver, can also carry pathogens harmful to hepatocellular viability and hepatic liver
function (Koyama and Brenner, 2017). Hepatic macrophages in this instance monitor for
the presence of pathogens and adopt an M1 or pro-inflammatory phenotype (Sica et al.,
2014). The adoption of the M1 phenotype is associated with secretion of inflammatory
cytokines leading to the activation of other inflammatory cells, the closing of fenestrae,
and the activation of stellate cells. Additionally, hepatic macrophages can secrete tumor-
necrosis-factor-related apoptosis-inducing ligand (TRAIL) which is extremely toxic to
hepatocytes (Ju and Tacke, 2016). M1-macrophages in the liver, while necessary for the
inhibition of pathogens, can cause large scale pathological alterations to the liver via the
changes described above. In contrast to this inflammatory phenotype, macrophages can
also adopt an M2 phenotype that is supposed to be more active in resolution of disease
(Sica et al., 2014). M2-macrophages act to reduce inflammation and reduce fibrosis,
thus returning the liver to its properly functioning state. In conditions of chronic
inflammation, hepatic macrophages predominantly adopt the M1-phenotype causing an
extension and continuation of inflammatory signaling.

The activation of hepatic macrophages in NAFLD has been seen by many labs
as the critical step for the development of not only of fibrosis but also the development of
hepatic insulin resistance. In experimental models of metabolic disease, the use of high
fat dietary (HFD) chow is often used to induce obesity in mice. These mice ultimately
begin to develop steatosis and insulin resistance, but depletion of hepatic macrophages
reverses both effects (Stienstra et al., 2010). It has therefore been extrapolated from

these data that hepatic macrophage activation is the dominant factor in the development
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of metabolic dysfunction of the liver. This work is congruent with dominant theories of
how insulin resistance develops in other tissues such as peripheral adipose tissue.

In adipose tissue it has long been supposed that the large concentration of FFAs
associated with obesity causes macrophage activation by toll-like receptor 4 (TLR4)
signaling (Boutens and Stienstra, 2016). The activation of macrophages by TLR4 causes
the adoption of an M1-phenotype and the secretion of pro-inflammatory cytokines such
as tumor-necrosis factor a (TNFa), which inhibits the secretion of adiponectin (an insulin
sensitizing hormone) reducing insulin sensitivity systemically and in WAT. This view has
its limitations and there is an increasing body of data showing that macrophage
recruitment and activation can also be a consequence, in addition to a contributing
factor, of insulin resistance (Shimobayashi et al., 2018). There also exist experimental
models, such as leptin-receptor deficient mice, that develop hepatic insulin resistance
and steatosis but without significant changes to the number or activation status of
hepatic macrophages (Lau et al., 2017; Van Herck et al., 2017). Additional criticism of
HFD studies have been made as HFD does not elevate inflammation in the liver enough
to cause appreciable amounts of fibrosis, unlike dietary models supplemented with
simple sugars, some of which do not cause obesity (Van Herck et al., 2017). The reason
for these somewhat contrary and confusing data is that the models employed do not
promote disease in the same way. While the use of HFD is quite effective for inducing
metabolic dysfunction it also creates a state of dysbiosis. Dysbiosis, or overgrowth of
certain types of intestinal bacteria, is presumed to lead to the secretion of endotoxin.

Bacterial-derived factors released during dysbiosis can drive inflammatory cell
activation (Schnabl and Brenner, 2014). The first stop for most of these factors is the
liver where hepatic macrophages come in to contact with, and are activated by, these
factors (Koyama and Brenner, 2017). The activation of hepatic macrophages
demonstrably contributes to the development of steatosis and insulin resistance, but
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macrophages are not the only factors causing disease and pathology. Indeed, over-
activation of inflammatory cells in these methods may be causing an overstatement of
their importance to the onset of pathology. Overall, the movement of inflammatory
signals from the intestine to the liver appears to be highly similar between murine
models and human patients, but their overall contribution to disease is not. The extent of
dysbiosis in NAFLD and NASH patients is somewhat difficult to ascertain, as these
studies can only truly examine correlations between dysbiosis and liver disease. In these
cases, there is a strong association of steatosis with dysbiosis but only very mild
associations with inflammation and fibrosis (Schnabl and Brenner, 2014). Additionally,
the types of bacteria found to be overgrown in NAFLD patients do not appear to be the
same as in NASH patients with comparisons between different studies often showing
contradictory findings.

The heterogeneity in cause and extent of inflammation and fibrosis is very
representative of the multiple causes and routes of progression of NAFLD and NASH.
While these two pathologies have previously been considered to exist on a spectrum, it
is more correct to say they exist as a conglomeration of various signaling pathways in
different cell and tissue types, ultimately driving pathology. For this reason, NASH and
NAFLD are part of a constellation of metabolic disease with each aspect providing a “hit”
that induces some portion of the pathology (Buzzetti et al., 2016). The many factors
contributing to NASH and NAFLD have made for ample development of multiple
compounds all targeting different aspects of these diseases with intriguing but variable

levels of efficacy.

1.2 Therapeutics and Therapeutic Strategies in NASH and NAFLD
The last decade has been extremely productive in terms of research into the

underlying causes of NAFLD and NASH and therapies for both conditions. One well
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recognized issue with the development of therapeutics for these diseases has been the
identification of a quantifiable benchmark for success (Hannah et al., 2016). The
PIVENS trial, the earliest multicenter trial, relied extensively on liver function tests
(LFTs), or quantification of the liver enzymes alanine aminotransferase (ALT) and
aspartate aminotransferase (AST), and biopsy-based qualification of disease (Sanyal et
al., 2010). In the PIVENS trial the compounds pioglitazone and vitamin E both showed
reductions in the composite NAFLD activity score or NAS (Kleiner et al., 2005) namely:
steatosis, inflammation, and hepatocellular ballooning. Yet neither of the two compounds
in PIVENS, nor another antioxidant called metadoxine (Shenoy et al., 2014), showed
any change in fibrosis a key component of NASH. However, this study led to the
definition of success of a compound in humans as a reduction of at least 2 points by
NAS with no worsening of fibrosis.

In general, many drugs that augment the metabolic functions of the liver (Table
1.1) meet the criteria of lowering NAS with no worsening of fibrosis. Two of these
metabolic-modifiers are the known compounds Liraglutide and Metformin, which have
been used as T2DM therapies and do show significant improvement in LFTs and some
improvement in NAS but no impact on fibrosis (Armstrong et al., 2016; Lavine et al.,
2011). Recently developed compounds that more directly affect lipid metabolism, such
as Elafibranor and GS-0976, also have the ability to significantly reduce NAS. However,
these compounds also have limited effects on fibrosis and somewhat troublesome side
effects such as increases in plasma triglycerides observed with GS-0976 (Loomba et al.,
2018), also seen in the related compound MK-4074 (Kim et al., 2017), and an apparent
increased rate of renal failure seen with Elafibranor (Ratziu et al., 2016). While these
drugs may vyield fruitful data or efficacious results in the future, possibly as combination
therapy, treatments that directly target NAFLD do not appear to be effective in causing
fibrotic regression.
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Table 1.1 Experimental Therapeutics for NASH

Class Type | Drug&Reference Target Results

Hepatoprotective | Inhibitor Emricasan (Loomba pan-caspase | Reduction in portal
et al., 2018) pressure

Hepatoprotective | Inhibitor Nivocasan (Ratziu et | pan-caspase | Reduction in
al., 2012) biomarkers

Hepatoprotective | Inhibitor Selonsertib (Loomba | ASK1 Moderate decrease in
etal., 2017) fibrosis

Metabolic Agonist Elafibranor (Ratziu et | PPARa/d Reduced NAS no
al., 2016) change in fibrosis

Metabolic Agonist Liraglutide GLP-1 Reduced LFTs
(Armstrong et al., Receptor
2016)

Metabolic Activator Metformin (Lavine et | AMPK Reduction in NAS no
al., 2011) change in fibrosis

Metabolic Inhibitor MSDC-0602K Mitochondrial | No Data

Pyruvate
Carrier

Metabolic Inhibitor GS-0976(Loomba et | ACC Reduction in NAS,
al., 2018) increases serum TGs

Metabolic Agonist NGM282 (Harrison et | FGFR4 Reduction in liver fat,
al., 2018c) (FGF19 fibrosis not assessed

analog)

Anti-inflammatory | Agonist Obeticholic acid FXR Reduction in NAS,
(Neuschwander-Tetri moderate decrease of
et al., 2015) fibrosis

Anti-inflammatory | Agonist Tropifexor (LIN452) FXR Unknown, will be

combined with
Cenicriviroc

Anti-inflammatory | Agonist Pioglitazone (Sanyal | PPARy Reduction in NAS no
et al., 2010) change in fibrosis

Anti-inflammatory | Inhibitor Pentoxifylline (Zein et [ TNFa mRNA | Decrease in NAS, no
al., 2011) appreciable change

in TNFa expression

Anti-inflammatory | Antagonist | Cenicriviroc CCR2/5 Small change in NAS
(Friedman et al., (1), decrease in
2018b) fibrosis

anti-oxidant Anti- Vitamin E (Lavine et ROS Reduction in NAS no

oxidant al., 2011; Sanyal et change in Fibrosis
al., 2010)
anti-oxidant Anti- Metadoxine (Shenoy | ROS Non-efficacious
oxidant etal., 2014)

Anti-fibrotic Antagonist | GR-MD-02 (Harrison | Galectin-3 Reduction in portal
et al., 2016) Receptor pressure (claimed)

Anti-fibrotic Inhibitory | Simtuzumab Lysyl Non-efficacious

Antibody (Harrison et al., oxidase-like 2
2018a)
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While metabolic drugs have yielded some success associated with altering
hepatocellular metabolism and reducing NAS-components, other programs have
focused on the necro-inflammatory axis in liver injury. The compound obeticholic acid
(OCA), a modified bile acid and specific farnesoid x receptor (FXR)-agonist, is potentially
the most well-known of this particular drug class. Stimulation of FXR is known to cause
reduction of hepatic triglycerides and was shown to be efficacious in experimental
fibrosis (Fiorucci et al., 2004b; Fiorucci et al., 2005). In patients, OCA did reduce the
components of NAS without increasing or appreciably decreasing fibrosis
(Neuschwander-Tetri et al., 2015). However, patients receiving the compound showed
increases in low-density lipoprotein (LDL) levels and their apparent levels of insulin
resistance (HOMA-IR). Another problematic side effect was the level of pruritus that
affected the individuals in the treatment group as a result of an increase in the level of
systemic bile acids (OCA). To circumvent the issue of cholestatic-like pruritus, Novartis
produced the non-bile acid derived FXR agonist Tropifexor (LJN452). Rather than
advancing Tropifexor for mono-therapy, Novartis has opted to partner with Takeda to
make a combination therapy with the C-C chemokine receptor 2/5 (CCR2/5) inhibitor
known as Cenicriviroc. In terms of efficacy, Cenicriviroc appears to cause an
improvement in fibrosis but little to no change in NAS (Friedman et al., 2018b) potentially
prompting the partnership with Novartis. Rather than targeting inflammatory cells or
hepatic metabolism Gilead and Conatus have opted to try and reduce hepatocellular cell
death. The STELLAR trial evaluated the efficacy of Selonsertib, an inhibitor of apoptosis
signal-regulating kinase (ASK1), and found significant reductions in hepatocellular
necrosis associated fibrosis with moderate reductions in NAS (Loomba et al., 2017). The
ENCORE trial, which evaluated the use of the capsase inhibitor Emricasan, found
significant effects in portal hypertension of patients with severe decompensation (Garcia-
Tsao et al., 2018). This severe decompensation group, defined as patients with 212
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mmHg portal pressure, saw a significant decrease of over 3 mmHg in pressure. Overall
compounds that target necro-inflammatory mechanisms show more promise than
metabolic drugs at reducing fibrosis and treating NASH as they aim to reduce the level
of stellate-cell activation.

Direct inhibition of stellate cells and the targeting of fibrosis are also core
components of current research in NASH but with so many inputs for stellate cell
activation (Figure 1.5) it may not be plausible to entirely inhibit their activation. So far
only one company, Galectin Pharmaceuticals, is even attempting to create a stellate cell
inhibiting compound GR-MD-02, a galectin-3 receptor inhibitor. Galectin-3 is a lectin
secreted largely by monocytes and has been found to promote insulin resistance in
obesity (Li et al., 2016). Galectin-3 also has been identified as having a role in the
development of fibrosis (Henderson et al., 2006). Galectin Therapeutics has released
data from their phase | trial and an explanation of the imaging methods they used in their
Phase Il trial (Harrison et al., 2018b; Harrison et al., 2016) but have not yet published
data showing efficacy. Despite this, Galectin Therapeutics has claimed that their
completed Phase Il trial has led to significant reductions in portal hypertension and they
are currently planning a Phase Il trial. Circumventing the question of stellate cell
activation and inhibition, targeting the formation of collagen fibers through antibody
blockade of Lysl oxidase-like 2 with Simtuzumab was shown to be ineffective in reducing
or reversing fibrosis (Harrison et al., 2018a). Despite this mixed record on the blockade
of fibrosis, development of stellate cell and fibrotic inhibitors in general are still fertile
ground for exploration and may ultimately yield compounds capable of reducing fibrosis
and portal hypertension.

Additional compounds to treat NASH continue to appear in the literature but the
primary readout for many of these compounds continues to be based on NAS which may
not ultimately be predictive of liver-fibrosis related mortality. As more drugs move closer
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to the clinic, the importance of reductions in NAS is likely to decrease while other
measures of disease such as fibrosis, portal pressure, and survival will become more
important. Based on the aggregated data from current clinical trials and the basic
science, it is possible to construct what outcomes a successful NASH drug will have.
The successful drug, or combinatorial therapies, will likely moderate inflammation and
steatosis while having profound reductions in hepatocellular cell death and fibrosis, thus
leading to reduced portal hypertension in patients with advanced fibrosis. While no
single target may be able to achieve all of these aims, there still exist a plethora of
unexplored factors that are ripe for therapeutic exploitation. Among these candidates are
multiple G protein coupled receptors (GPCRs) and, in particular, protease-activated

receptor 2 (PAR2).

1.3 Mechanisms of GPCR Signaling

1.3.1 Functional Significance of Structural Elements and Interactions of G proteins and
GPCRs

GPCRs are membrane receptors composed of 7 transmembrane a-helices that
primarily, although not exclusively, propagate signaling phenomena through the
activation of G proteins. The activation of a GPCR generally occurs through a ligand
entering a physically defined region of the receptor known as the binding site. The
various residues within the binding site interact with the ligand, leading to physical
alterations of the receptor and the activation of that receptor’s G protein (Kobilka, 2007).
G proteins are a heterotrimeric complex with the subunit that associates with the
receptor termed a Gq protein. A G, protein associates with two other proteins that exist
as a very tightly bound dimer called Gg,. The Gq subunit is similar in structure to RAS-
guanosine-triphosphotases (GTPases) in that both classes possess a GTP-binding motif

and GTPase. Gq proteins further require the exchange of guanine diphosphate (GDP) for
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Figure 1.6 Summary of G Protein Activation Cycle

Physical association between G proteins and their receptor's functionally
resembles that of RAS proteins. Reprinted with permission from: Flock, T.,
Ravarani, C.N.J., Sun, D., Venkatakrishnan, A.J., Kayikci, M., Tate, C.G,,
Veprintsev, D.B., and Babu, M.M. (2015). Universal allosteric mechanism for
Galpha activation by GPCRs. Nature 524, 173-179.

GTP in order to attain a functional conformation (Oldham and Hamm, 2006). For RAS
GTPases this exchange is facilitated by guanine exchange factors (GEFs) that expose
and push the GDP out of the binding pocket. In the context of the GPCR-Gq-protein
complex this exchange is mediated by the receptor through processes that are
analogous to those of GEFs. The physical rearrangement of GPCRs during activation
causes the opening of the GTP-binding pocket and GDP-GTP exchange (Figure 1.6).
Additional mechanisms of Gq activation exist through the actions of a class of non-
receptor GEF like proteins that contain an evolutionarily conserved Gq-binding and -

activating motif (Coleman et al., 2016). The actions of this motif, while functionally similar
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to those seen in GPCR-activation of G, operate by an entirely different mechanism (de
Opakua et al., 2017).

The functional association between GPCRs and G activation is conceptually
easy to understand but highly complex in terms of physical interaction and process of
rearrangement. Despite the large number of GPCRs and varied activating stimuli that
trigger signal propagation, the association between receptors and G proteins appears to
be highly conserved and centered around interactions between a common core of
physical interactions (Venkatakrishnan et al., 2016). The specific activation of G proteins
appears to occur through a conserved series of structural rearrangements involving
transmembrane a-helices (TMs) 3, 6, and 7 and the C-terminal a-helix of the G protein.
These associations are notable as the region in question is physically distant from that of
the ligand binding pocket of the receptor. Key among these changes is the movement of
TM6 outward from the receptor which causes an opening of the GTP-binding pocket of
the G protein allowing for release of GDP and binding of GTP (Flock et al., 2015).
Crystal structures of the heterotrimeric G protein revealed that the GDP-binding pocket,
in addition to being responsible for G4 activation/inactivation, is also in close physical
association with the interface of the Ggy subunits (Lambright et al., 1996). The binding of
GTP results in further physical alterations of the heterotrimeric G protein and the ability
of both Gy and the Gg, to activate downstream effectors.

G protein mediated signaling is terminated by hydrolysis of the GTP bound to the
Gq subunit. This termination occurs because of the inherent GTPase activity of the G
protein, accelerated by the association of regulators of G protein signaling (RGS
proteins, a type of GTPase activating protein), leading to adoption of the GDP bound
state and inactivation of the G protein (Hilger et al., 2018). The activated GPCR is also
subject to time dependent regulation as the extended TM6 allows for the attachment of
multiple factors that modify and facilitate internalization. For most, but not all GPCRs,
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these factors take the form of G protein receptor kinases (GRKs) that phosphorylate the

c-terminal region of the GPCR. This phosphorylation allows for interaction with 3-

arrestins, which facilitate internalization (Hilger et al., 2018). Despite the generalizability

of G protein activation and inactivation the signaling effects that occur downstream of an

activated receptor complex tend to be unique and modified by secondary signals

stemming from initial G protein activation.
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GPCR signaling occurs through activated G protein mediated interactions
with downstream effectors as well as through B-arrestin scaffolding. Reprinted
with permission from: Rosenbaum, D.M., Rasmussen, S.G., and Kobilka, B.K.
(2009). The structure and function of G-protein-coupled receptors. Nature

459, 356-363.

1.3.2 The Myriad Downstream Signaling Cascades of GPCRs

The numerous responses that GPCRs are capable of promoting is rooted in the

diversity of G proteins and the selectivity that they have for downstream effectors. Gq

proteins consist of 21 different proteins encoded by 16 genes but can be placed into four

different classes based on activity: Gs, Gio, Ggi11,and Gi2/13 (Simon et al.
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these classes has a preferred set type of downstream effectors through which they act to
modulate cell function. Often the action of one class of G proteins, or their effectors, will
overlap with or inhibit the actions of a different class (Neves et al., 2002), see Figure 1.7.
Gs proteins are known to activate adenylyl cyclase, thus increasing cyclic adenosine
monophosphate (CAMP) levels in the cell and causing the activation of downstream
processes. The functions of Gs are largely inhibited by the actions of proteins in the G
class, which inhibit adenylyl cyclase activity. Additionally, Gi, protein signals are thought
to be somewhat amorphous and engage many other downstream effectors that might be
particular to specific cell types and are regulated through the actions of the specific Ggy,
subunits with which they are associated. Proteins of the G411 class act to stimulate the
activity of phospholipase C-B (PLCPB), which creates diacylglycerol (DAG) and inositol 3-
phosphate (IP3) from phosphatidylinositol 4,5-bisphosphate (PIP2). The creation of these
two secondary messengers leads to the activation of PKC from DAG and the release of
calcium from the endoplasmic reticulum through activation of the IPs-recetor. G213
proteins have the ability to signal through Rho-GTPases, thus connecting this pathway
to cytoskeletal rearrangement as well as other pathway interactions. While G, proteins
represent the majority of studied GPCR-related signaling phenomena additional
interactions and activities of the Gg, subunits can either augment G, signals or cause
their own series of downstream signaling events.

While smaller in size and less well studied in terms of their signaling potential,
the Gg, subunits are responsible for multiple important features of GPCR signaling. Ggy
subunits are almost uniformly found as dimers forming tight non-covalent bonds that are
only disassociated under denaturing conditions (Oldham and Hamm, 2006). The major
function of Gg, subunits in most cell types is to activate RGS proteins that stimulate
GTPase activity in G4, subunits causing inactivation of the signal. Intriguingly, Gg,
subunits that associate with G; are also capable of activating: PLC-8, K* channels,
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adenylyl cyclase, and PI3K. It should be noted that the range of these interactions is
limited to a specific set of isoforms that are likely cell-type dependent (Neves et al.,
2002). Additionally, the Gg, subunits are capable of recruiting GRKs to phosphorylate the
activated receptor. In addition to their ability to phosphorylate GPCRs GRKs can also
phosphorylate other non-GPCR receptors causing a reduction in their activity (Ribas et
al., 2007). Data from multiple complexes suggests that the local interactions constrain
localization of activated GRKSs to a specific receptor complex (Oldham and Hamm,
2006). The recruitment of B-arrestins to receptors following phosphorylation causes
internalization but also acts a scaffold for the recruitment of additional factors in order to
facilitate downstream signaling.

In addition to internalization of receptors and desensitization of cells to
extracellular signals, B-arrestins appear to have their own unique signaling signatures
and downstream effectors. Initially B-arrestin (both 1 and 2) signaling was inferred
following the observation that their expression was required for ERK-phosphorylation
following PAR2 activation (DeFea et al., 2000). Following this initial observation the field
has expanded and several other groups have identified similar interactions through novel
and G-protein-independent pathways (Smith and Rajagopal, 2016). Shockingly, the
association of B-arrestin with ERK was found to prolong its signaling through
sequestration of ERK in the cytoplasm and reduction of ERK-mediated transcription.
Additional factors that appear to be arrestin signaling-dependent include JNK1/2 and
p38. While B-arrestin signaling is purported to be a completely separate signaling mode
there have been, until recently, very few genetic tools available to assess one signaling
mode in the absence of the other. The advent of CRISPR technology has allowed for
studies in signaling environments that are completely G, or B-arrestin deficient. Under
these conditions it was found that in the absence of G, proteins (regardless of type),
there was no appreciable level of ERK phosphorylation (Grundmann et al., 2018) but
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that lack of B-arrestins had no impact on G protein coupled ERK phosphorylation.
Intriguingly though, lack of G proteins did not alter the ability of B-arrestins to internalize
activated receptors. These data somewhat complicate the ascribed role for 3-arrestins
as mediators of signaling but does imply that their effects may be much subtler than has
been previously reported. One possible explanation is that downstream signaling of B-
arrestins may also rely on the establishment of an “active” G protein signaling
environment in order to interact with its mediators. The fact that B-arrestin signaling
mechanisms appear to occur though a largely G-protein-independent process has led to
the concept of biased signaling.

Biased signaling builds off of the concept of different agonists causing different
levels or types of GPCR signaling. The ability of a particular molecule to alter the
signaling mode of a particular GPCR determines which class of agonist it is, reviewed in
(Rosenbaum et al., 2009). An agonist that causes only partial activation, or activates
only a subset of its targets receptors, relative to a full agonist is called a partial agonist.
An agonist that can physically associate with a receptor but causes no change in
signaling is called a neutral agonist. Particular GPCRs, such as the 2-adrenergic
receptor, exhibit a large amount of constitutive signaling activity. Agonists that can
associate with a receptor that has high constitutive activity and cause to a drop in signal
are called inverse agonists. Biased signaling or inhibition occurs though inhibition or
promotion of a particular signaling mechanism such as G protein signaling but not
additional mechanisms such as B-arrestin signaling. Biased signaling for the receptor
PAR2 has been experimentally demonstrated (Hollenberg et al., 2014) and the concept
creates an intriguing method for attenuating particular signaling modes for a particular
receptor.

The multiple signaling mechanisms that can stem from GPCRs are imparted by the
diverse cohorts of effectors available to their associated G proteins. Each receptor is
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generally described as having a particular or preferred signaling response based on
association with one of the classes of G proteins. The variables governing these
associations are largely structural in nature with the interacting surface of a receptor
preferring the a-helix of a particular G protein. These complexes, known as protomers,
not only include the GPCR and the G protein but also pre-assembly of the G protein with

effector molecules.

1.3.3 GPCR Protomers

The evidence for the existence of protomers has its basis in structural studies
that have identified the base unit of most GPCRs as pentameric structures (Ferre et al.,
2014). Indeed, the majority of GPCRs appear to assemble as dimers (both hetero- and
homodimers) with a heterotrimeric G protein associated with only one of the receptors.
This asymmetry of the receptors leads to a situation where one receptor appears to
serve as a structural/activational binding partner while activation of the other receptor
drives the signaling cascade (Damian et al., 2006). In many cases the “inactive” receptor
actually possesses the ability to transfer information to their binding partner in the form
of structural rearrangements (Han et al., 2009). In this way neither receptor is truly
switched off; rather, the inactive receptor serves to broaden the activation stimuli of its
partner. These associations have major physiological consequences in conditions such
as sepsis where switching of receptor dimer compositions can cause vastly divergent
outcomes (Kaneider et al., 2007). Intriguingly, these associations do not necessarily
connote a cooperative activational relationship as there also instances of negative
cooperativity between receptor pairs (Urizar et al., 2005). While the smallest functional
unit of GPCR activity appears to be two receptors in association sharing a single
heterotrimeic G protein, most GPCRs actually exist in large oligomeric arrays as has

been best examined with rhodopsin (Fotiadis et al., 2003). Protomers might be the most
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basic and physiological relevant assembly for many GPCRs. However, this assembly not
only includes a receptor pair with a G protein but also the effector molecules that are
pre-bound to the relevant Gq protein.

Views on GPCR assembly and signaling kinetics have been the subject of much
interest for several decades. Certain studies have yielded the surprising insight that
GPCR complexes are likely assembled prior to activation. Many of these experiments
have made use of the adenylyl-cyclase-Gs system to probe aspects of pre-assembly of
G proteins with their effector using bioluminescence resonance energy transfer (BRET).
Early studies using this technology found that there existed appreciable transfer between
green fluorescent protein (GFP) labeled Gs and renilla-luficern (Rluc) labeled adenylyl
cyclase prior to stimulation (Rebois et al., 2006). Repeating the experiment with GFP
labeled G; yielded similar results implying that both G proteins are likely preassembled to
adenylyl cyclase prior to stimulation. Activating either receptor type in this system does
increase the BRET signal, likely due to structural rearrangement. Using similar systems
for other G proteins coupled to different receptors has in general returned the same
result (Navarro et al., 2018). These studies have also found that not only are receptor
complexes pre-coupled to their effector prior to signaling but also prior to their presence
at the membrane (Dupre et al., 2007). Hidden further within these data is the observation
that Gq proteins likely do not fully disassociate from their receptor or from their Gg,
binding partners during activation (Gales et al., 2006).

The many ways that intracellular signals can propagate and alter associated
factors are imperative for coordinating cellular responses to external stimuli. The specific
wiring of internal connections between different cell types makes it possible to have
highly divergent responses between cells in the same environment. This is an important
aspect of signaling that occurs in highly complex tissues composed of multiple cell types.
In the case of tissue remodeling and coagulation, activation of a particular cell type by a
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GPCR can be driven by enzymatic function. While some of the ligands associated with
these signaling mechanisms may initially be derived from degraded extracellular matrix
another class of ligand comes from enzymatic processing of the receptor itself. These
protease-activated receptors (PARs) have become a focus of several drug programs as

their activity is closely tied to the development of multiple disease states.

1.4 PAR Signaling in Healthy and Disease states

1.4.1 Biology and Activation of the PARs

PARs are a family of GPCR receptors that respond to enzymatic processing of
their extracellular N-terminal domain. PARs and their signaling in response to
extracellular enzymatic processing were first observed between what would soon be
called PAR1 and its activating protease thrombin (Vu et al., 1991). The proteolytic
activity of thrombin was determined to cleave off the N-terminal region of PAR1, creating
a novel peptide that then served as a locally constrained, or tethered, ligand. Three other
PARs have been identified, PARs 3 and 4 are also cleaved by thrombin. However, PAR3
has no apparent G protein signaling activity and PAR4 has lower affinity for thrombin,
thus reducing its sensitivity and increasing its time to activation (Adams et al., 2011).
PARZ2 is largely thrombin insensitive and only experiences thrombin-mediated cleavage
at high concentrations (Mihara et al., 2016). PAR2 is highly sensitive to trypsin cleavage
although it is generally believed that the coagulation proteases factors Vila and Xa
(FVIla and FXa), when in physical association with tissue factor (TF), are the dominant
physiologically relevant activators of PAR2 (Riewald and Ruf, 2001). Inactivation of the
PARs proceeds in a fashion similar to that of most GPCRs, with the exception of PAR2
which appears to be phosphorylated by PKCs (Bohm et al., 1996). The proteolytic
cleavage of PARs renders them irreversibly activated and because of this they are not

returned to the membrane following internalization. In general, the PARs can be thought
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of as receptors of extracellular processes that operate in response to active coagulation
proteases and process related to tissue damage.

Coagulation factors operate through multiple proteolytic cleavage events to
ultimately cause the conversion of pro-thrombin to thrombin. Thrombin activation can
occur through either the intrinsic or extrinsic pathways (Smith et al., 2015). The extrinsic
pathway, also termed the tissue factor pathway, is assumed to be the dominant pathway
in normal hemostasis. The activation of thrombin by TF involves the complexing of
FVIlla, which demonstrates weak proteolytic activity in its unbound form, the TF-FVlla
complex then activates and complexes with FXa. This TF-FVIla-FXa is finally
responsible for the cleavage of prothrombin to thrombin. This activation pathway also
ultimately stimulates the PARs, summarized in Figure 1.7. However, chronic activation of
PARSs by the coagulation cascade and related processes, notably MMP1-PAR1
activation (Boire et al., 2005), plays an important role in the development of
cardiovascular disease and sepsis (Jones et al., 2018; Kaneider et al., 2007; Rana et al.,
2018). Critical to the regulation of coagulation factors, and consequently the regulation of
PAR-signaling, is the synthesis of inhibitory factors that block protease activity. These
inhibitory factors and coagulation proteases are all produced by the liver and their

balance is known to be altered in liver disease. In fact the chronic activation of multiple
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coagulation factors resulting in a hypercoagulatory state has been observed in patients
with either NAFLD or NASH (Northup et al., 2012; Verrijken et al., 2014). The implication
of these findings is that liver disease creates an environment of not just increased local

but also systemic PAR-signaling that contributes to furtherance of the disease state.

1.4.2 PAR Signaling in Fibrotic Liver Pathology

The involvement of PARs in hepatic fibrosis was described over a decade ago
with one of the earliest studies implying roles for PAR1, 2, and 4 in the development of
fibrosis (Fiorucci et al., 2004a). Rat stellate cells exposed to growth factors showed
increases in the expression of all three receptors. Additionally, activation of PARs 1 and
4 led to increased proliferation and the production of inflammatory cytokines. It was
further shown in this study that animals treated with a PAR1 antagonist, after having
undergone bile duct ligation surgery, showed reduced levels of fibrosis. This
phenomenon has also been demonstrated in PAR1-deficient animals given a toxin to
induce liver damage and a NAFLD/NASH like phenotype (Nault et al., 2016). While
PAR1 is likely involved in stellate cell activation, its attraction as a drug target needs to
be carefully considered owing to PAR1’s role in human platelet activation (Lam and
Tran, 2015). This divergence in safety profile between mouse and human stems from
mouse platelets utilizing PAR3-PAR4 heterodimers to drive coagulation in place of PAR1
(Nakanishi-Matsui et al., 2000). While still a thrombin receptor, PAR4 would make a
tempting drug target. Howevers, its role in fibrotic disease does not appear to be as
strong as PAR1’s. Indeed it has been shown that while absence of PAR1 is protective
against pulmonary fibrosis in a bleomycin-induced model of liver injury, PAR4 was not
(Borensztajn et al., 2012; Howell et al., 2005). Intriguingly, absence of PAR2 has also
been found to be protective against the development of both liver and pulmonary fibrosis

(Borensztajn et al., 2010; Knight et al., 2012). Furthermore, work by others seems to
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imply that PAR1 inflammatory/fibrotic signaling likely relies on association or protomeric
assembly with PAR2 in a fashion to what has been seen in sepsis (Kaneider et al., 2007;

Lin et al., 2015).

1.4.3 Signaling Mechanisms of PAR2 and Their Role in Disease

PAR2, much like the closely related receptor PAR1, primarily signals through the
G proteins Gi and Gq4. The activation of G and G4 by PAR2 causes numerous signaling
cascades that interact with other signaling pathways. Both PAR2-G4 and G; signaling
have been found to occur in a broad range of cell types (Adams et al., 2011). It is
sometimes difficult to disentangle the dual Gi/G, mature of PAR2 as they can both act on
a similar set of downstream mediators. In particular, Gq causes calcium mobilization
through activation of PLC, which can also occur though G; coupled Gg,. Both pathways
result in the release of calcium and release of DAG resulting in the activation of PKCs.
PAR2-mediated PKC activation has been linked to multiple signaling cascades such as
MAPK-signaling, NF-kB, p38, and JNK (Buddenkotte et al., 2005; Kanke et al., 2001;
Kawao et al., 2005). PAR2 mediated activation of ERK can also occur through PI3K
stimulation (Rohani et al., 2010), which most likely occurs through G; associated Gg,
subunits. Although activation of PI3K through both pathways, presumably
simultaneously, has been observed (lablokov et al., 2014). PAR2 signaling via G; has
also been found to cause JNK signaling and has been linked to breast cancer motility
(Su et al., 2009). In addition to PAR2 acting through JNK, PAR2 signaling has been
indicated to cause cell motility by Rho activation, potentially through G12/13 signaling
(Ramachandran et al., 2009). However, this observation was made using mutant
versions of PAR2 that lead to the creation of different signaling peptides post-enzymatic
cleavage. These peptides while potentially demonstrating biased signaling might also be

more representative of partial agonsim. PAR2, unlike PAR1, has not been observed to
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couple with G113 but there is data to suggest that G4-calcium signaling can cause Rho
activation (Vogt et al., 2003). There is some evidence that PAR2 G protein coupling
might change in periods of long-term activation, in particular loss of Gi and Gq for G113,
but this exchange likely occurs post internalization and its functional significance is not
clear (Ayoub and Pin, 2013). Other work has shown a somewhat tenuous association
between PAR2 and G; signaling (Zhao et al., 2015), but certainly implies a novel method
of controlling cAMP levels. In addition to signals from Gi and Gq PAR2 has been
implicated allosteric signaling as well as number of unique B-arrestin dependent

signaling cascades.
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Figure 1.9 Signaling Modes of PAR2

PAR?2 operates through multiple intermediates to propagate signals leading that alter
cellular physiology.

Allosteric signaling by PAR2 occurs through direct interaction of PAR2 with
specific effectors and signaling molecules whose functions are modified through this
association. In line with PAR2’s role in promoting ERK phosphorylation, the C-terminal

end of PAR2 has also been found to associate with AKT and appears to act as a
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surrogate pleckstrin homology (PH) motif (Kancharla et al., 2015). This association
between PAR2 and AKT may allow for greater ease of activation of AKT by PI3K and
appears to confer some level of direct activation of AKT that is independent of Gi
signaling. In addition to PAR2s ability to associate with PAR1, PAR2 is also capable of
associating with TLR4 to drive the activation of NF-kB (Rallabhandi et al., 2008).
Internalization of PAR2 by the arrestins is believed to create a scaffold-like surface for
the activation of MAPK signaling (DeFea et al., 2000). It has also been posited that this
complex can act to further inhibit other aspects of downstream signaling such as
calmodulin kinase kinase B (CAMKKR) activity following calcium release (Wang et al.,
2010). The internalization of PAR2 appears to not only have effects on signaling
phenomena but in certain cases might also involve PAR2 being used as a transcription
factor for long-term cellular reprogramming (Joyal et al., 2014). The large number of
ways in which PAR2 can exert these effects allows for broad changes to the cellular
physiology and function of cells experiencing PAR2 activation. In most cases this
activation causes cells to adopt a pro-inflammatory and in many cases proliferative
phenotype.

In multiple cell types, the activation of PAR2 causes the promotion of
inflammatory signals, monocyte recruitment, and the adoption of a pro-fibrotic cell
phenotype. A majority of this state can be attributed to PAR2’s activation of Nf-kB, which
is associated with the secretion of inflammatory cytokines such as interleukins (IL)-8, IL-
6, TNFa (Asokananthan et al., 2002; Hjortoe et al., 2004). TNFa is known to be involved
in multiple pro-inflammatory responses but, curiously, does not synergize with PAR2-
signaling (MclIntosh et al., 2010). PAR2 can, however, transactivate the epithelial growth
factor receptor EGFR, resulting in the secretion of transforming growth factor g (TGF-8)
(Rattenholl et al., 2007). As expected from this combination of secreted factors, PAR2
has been linked to multiple inflammatory diseases such as: arthritis (Lohman et al.,
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2012), cardiovascular disease (Jones et al., 2018), and atopic dermatitis (Frateschi et
al., 2011). In addition to promoting local inflammation the activation of PAR2 causes
multiple cell types to adopt a myofibroblastic or, in the case of smooth muscle cells,
synthetic phenotype (Borensztajn et al., 2010; Knight et al., 2012; Sevigny et al., 2011a;
Wygrecka et al., 2011). The centrality of PAR2 to these processes makes it a very
tempting target for therapeutic intervention with the caveat that inhibition may reduce
wound healing responses, vascular tone, and innate immunity. One method for switching
off GPCRs involves the utilization of structural bio-mimicry to stabilize receptors in a
conformation that is not conducive to activation. Compounds within this class of
molecules, termed pepducins, offer a unique way to drug GPCRs and potentially

ameliorate PAR2-driven inflammatory conditions.

1.5 Pepducins

Pepducins are lipid-coupled peptides that are based on the intracellular loops of
a particular GPCR, conferring both specificity and the ability to alter the receptor’s
structure (Covic et al., 2002). As demonstrated, depending on what region of the
receptor is being replicated, a particular pepducin can cause either activation or
inhibition of its target GPCR. The lipid moiety of the pepducin is generally assumed to
facilitate the movement of the pepducin to the inner leaflet of the membrane as has been
experimentally observed (Wielders et al., 2007). Pepducins modulate GPCR activity
through direct physical interaction with the intracellular portion of the receptor. This
interaction may occur through a pepducin supplanting a portion of the target receptor or
being able to act as a portion of an associated receptor. Pepducins are highly ordered
structures, which implies that their association with the target GPCR likely leads to
stabilization of the target receptor in a “locked” active or inactive state (Zhang et al.,

2015). The structural changes induced by these pepducins have also been seen to
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cause biased signaling events which might imply that there is a selectivity of pepducins
for GPCRs bound with particular G proteins (Kaneider et al., 2007). Indeed there have
been other studies that have shown similar results by creating pepducins that
successfully inhibited the activity of G proteins rather than GPCRs (Gong et al., 2010;
Robbins et al., 2006). Because of the broad range of pathophysiological processes that
GPCRs are involved with, pepducins offer an attractive method for being able to
selectively augment their activity.

Pepducins have shown broad utility in multiple disease models with few observed
side or off target effects. The first major class of pepducins that were identified targeted
PAR1 and showed significant effects in models of sepsis (Kaneider et al., 2007),
stenosis (Austin et al., 2013), dietary-induced plaque formation (Rana et al., 2018), and
tumor growth and metastasis (Boire et al., 2005). PAR1-inhibition also shows
considerable inhibition of human platelets under multiple conditions of platelet activation
(Trivedi et al., 2009). The ability of PAR1-inhibition to rapidly inhibit platelet aggregation
has led to the development of a clinical program to evaluate the safety and efficacy of
pepducins in patients with coronary artery disease undergoing percutaneous intervention
(Gurbel et al., 2016). Work on PAR4 pepducins has also largely been focused on the
development of anti-platelet therapy. While this work has shown promise in laboratory
settings, it has not yet made it to the clinic (Leger et al., 2006). At least some of the
effects seen with PAR1 pepducins in certain animal models appears to occur because of
inhibition of leukocyte motility. Indeed, pepducins that target the C-X-C chemokine
receptors CXCR1 and CXCR2 inhibit cell motility and almost completely reverse septic
shock in animal models (Kaneider et al., 2005). Inhibition of CXCR1 and 2 have also
been found to inhibit the development of alcoholic liver disease (Wieser et al., 2017).
Many of the effects in the sepsis model were found to be attributable to inhibition of
neutrophil activity. The activation of neutrophils is a process that PAR2 is known to be
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heavily involved in. Indeed, validation of the inhibitory PAR2 pepducin P2-Pal18S or PZ-
235 utilized neutrophil driven inflammatory processes (Sevigny et al., 2011b). PAR2
mediated leukocyte activation is believed to play a role in the development of
atherosclerosis, obesity, and liver pathology (Badeanlou et al., 2011; Hara et al., 2018;
Lim et al., 2013; Wang et al., 2015).

The potential ability of PZ-235 to block both local and systemic inflammatory
effects, and the involvement of PAR2 in multiple fibro-inflammatory diseases, makes PZ-
235 an obvious therapeutic paradigm to explore for their treatment. The next two
chapters will investigate the role of PAR2 in liver disease and how inhibiting PAR2 with
PZ-235 could alleviate specific pathologies associated with NASH and NAFLD.
Furthermore, the following chapters will demonstrate that inhibiting PAR2 represents a
novel method for inhibiting the activation of stellate cells and reducing the level of neco-

inflammatory signaling within the liver.
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Chapter 2. Targeting Liver Fibrosis with a Cell-Penetrating PAR2 Pepducin’

' Shearer AM, Rana R, Austin K, Baleja JD, Nguyen N, Bohm A, Covic L, Kulipulos A.
2016. JBC. 291: 23188-23198. Reprinted here with permission of publisher.
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2.1 Introduction

Nonalcoholic Steatohepatitis (NASH) is a progressive fibrotic disease of the liver
with a rising incidence in both obese adults and children (Fujii and Kawada, 2012;
LaBrecque et al., 2012; Machado and Diehl, 2016). Typically, individuals are clinically
asymptomatic until the disease has progressed over several years, which has led NASH
to be considered a ‘silent’ liver disease. NASH has become one of the most common
causes of chronic liver disease in the industrialized world; however, the underlying
etiology is largely unknown. NASH is often associated with central obesity, metabolic
syndrome, and type Il diabetes mellitus, thus reflecting a relationship with disorders of
systemic metabolism and inflammation (Fujii and Kawada, 2012). A number of
experimental therapeutic strategies to potentially treat NASH are in phase 1-3 clinical
trials including antioxidants, farnesoid X or peroxisome proliferator-activated receptor
ligands, and anti-fibrotic agents (Schuppan and Kim, 2013). Despite these efforts, there
are no therapeutics yet approved for the treatment of NASH and related fibrotic liver
diseases (Schuppan and Kim, 2013; Wieser et al., 2017).

A critical trigger of NASH fibrosis is the activation of hepatic stellate cells by any
one of multiple pathways associated with recurrent tissue damage, inflammation and
remodeling (Novo et al., 2015; Rockey et al., 2015). Stellate cells normally exist as
quiescent vitamin A-enriched cells located in the space of Disse between luminal
endothelial cells and hepatocytes (Sauvant et al., 2011). Upon activation, stellate cells
convert to a myofibroblastic phenotype which upregulates matrix and collagen deposition
pathways leading to the development of liver fibrosis and eventually cirrhosis
(Mederacke et al., 2013). Activated stellate cells also secrete a number of inflammatory
cytokines to create a proinflammatory environment and stimulate recruitment and

activation of white blood cells (Pellicoro et al., 2014; Thirunavukkarasu et al., 2006).
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Stellate cells can persist in an activated state until the cessation of insult or tissue
damage whereupon they either undergo apoptosis or re-enter an inactive state that is
similar to their initial state (Kisseleva et al., 2012). In cases of recurrent liver injury,
stellate cells remain in an activated form and prolong the exposure of the liver to
heightened inflammatory signals and collagen matrix deposition leading to the
development of overt liver pathology. The central importance of stellate cells in the
development of fibrotic liver disease has led to a concerted effort by many groups to
target and inhibit their activation (Schuppan and Kim, 2013).

An emerging new target for the potential treatment of fibrotic diseases of the liver
and other tissues is Protease Activated Receptor-2 (PAR2), a G-protein coupled
receptor that has been shown to play an important role in mesenchymal cell activation
and inflammatory signaling (Borensztajn et al., 2010; Chung et al., 2013; Knight et al.,
2012; Sevigny et al., 2011a; Sevigny et al., 2011b). PAR family receptors are activated
by proteolytic cleavage of their extracellular N-terminal domain by certain serine- or
metallo-proteases creating a tethered ligand that activates the receptor in an unusual
intramolecular mode (Hollenberg et al., 2014; Seeley et al., 2003; Trivedi et al., 2009).
PAR?2 is activated by trypsin-like proteases such as tryptase (Sevigny et al., 2011b) and
matriptase (Seitz et al., 2007), and by coagulation factors Vlla and Xa (Badeanlou et al.,
2011; Camerer et al., 2000; Riewald and Ruf, 2001; Sullivan et al., 2013) when tissue
factor expression levels are upregulated as occurs in subjects with fibrotic liver disease
(Rautou et al., 2014). The confluence of these PAR2 proteases during tissue injury and
remodeling leads to a microenvironment that may trigger prolonged pathological
activation of PAR2 signaling pathways. These include activation of mitogen-activated
protein kinases (ERK, p38, JNK) involved in proliferation, inflammation, and

differentiation of mesenchymal cells via TGF-B, TNF-qa, IL-18 and NF-kf3 pathways
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during tissue fibrosis (Chung et al., 2013; Knight et al., 2012; Nystedt et al., 1996;
Sevigny et al., 2011a; Wygrecka et al., 2011).

Here, we determined whether pepducin technology could be exploited as a
potential treatment of liver fibrosis by blocking the pro-fibrotic actions of PAR2 in liver.
Pepducins (Gurbel et al., 2016; Kuliopulos and Covic, 2003; O'Callaghan et al., 2012)
comprise a short peptide derived from a GPCR intracellular loop, tethered to a
hydrophobic moiety such as palmitate. This structure allows the lipopeptide to anchor in
the cell membrane lipid bilayer, rapidly flip across to the inner leaflet in a reversible
manner (Covic et al., 2002; Tsuiji et al., 2013; Wielders et al., 2007), and target the
GPCRI/G protein interface via an intracellular allosteric mechanism (Quoyer et al., 2013;
Zhang et al., 2015). We describe a PAR2 pepducin that is able to effectively suppress
PAR2-driven fibrosis, inflammation, steatosis and hepatocellular necrosis, suggesting a

novel multi-pronged approach to treat severe liver disease.

2.2 Results

2.2.1 The Cell-penetrating Pepducin PZ-235 Reduces Steatosis and Inflammation in
the Methionine Choline Deficient (MCD) Diet-Induced Model of NAFLD in Mice

To identify an effective PAR2 antagonist that might be potentially useful as an
agent to treat NASH, we screened several hundred pepducins with mutations of critical
third intracellular (i3) loop pharmacophores (Sevigny et al., 2011b). In a primary screen,
the i3-loop pepducin, PZ-235 (P2pal-18S), was identified as a full antagonist of PAR2
with complete blockade of SLIGRL-induced calcium signaling (ICso of 2.4 yM) in PAR2-
expressing SW620 adenocarcinoma cells and inhibited the PAR2 calcium response of
HUH7 hepatocytes, similar to knock-down of PAR2 with siRNA (Figure 2.1). To

determine whether pharmacologic inhibition of PAR2 could potentially impact NAFLD in
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vivo, mice were fed a methionine-choline deficient (MCD) diet for 3 weeks. MCD diets

cause pronounced liver steatosis and inflammation, and eventual progression to NASH.

Animals were given daily
subcutaneous (s.c) injections of
either vehicle or 5 mg/kg PZ-235
for 21 d. There was a striking
reduction in hepatocyte vesicular
fat and inflammation in the PZ-235
treatment group (Figure 2.2 A).
The NAFLD Activity Score (NAS)
is a histological assessment used
to grade and diagnose NASH in
patients with a score of 25 as the
defining threshold for NASH. The
three histologic features include
steatosis, lobular inflammation, and
hepatocyte ballooning. The NAS
scores were lower in the PZ-235
treated livers (Figure 2.2 B) with

the largest reductions in both
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Figure 2.1 Effect of PAR2 pepducin PZ-235
on hepatic fibrosis in the MCD-diet fed mice
(A) PZ-235 (P2pal-18S) but not (B) negative
control pepducin PZ-234 (P2pal-14GF) inhibits
calcium (RFU-15 nm) in response to PAR2
agonist (10 yM SLIGRL) in SW-620 cells. (C)
PZ-235 but not PZ-234 inhibits calcium
response to PAR2 agonist (0.5 uM LIGRLO) in
HUH7 hepatocytes. (D) pretreatment of HUH7
cells (at -48 h) with siPAR2 but not scrambled
(siRNA) attenuates the response to PAR2
agonist (0.5 yM LIGRLO).

Time (s)

steatosis and lobular inflammation. PZ-235 treatment significantly reduced the overall

NAS score by 50%. Liver triglycerides were also significantly reduced by 66% in the PZ-

235 treated animals (Figure 2.2 C). Likewise, PZ-235 afforded significant protective

effects on plasma alanine transaminase (ALT) and aspartate transaminase (AST)

(Figure 2.2D-E). PAR2 expression in the liver increased by 7.4-fold in the MCD-mice

which was significantly suppressed by PZ-235 treatment. These data suggest that PAR2
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antagonism with PZ-235 protects against liver steatosis, triglycerides, and inflammation

in the MCD model.
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Figure 2.2 The PAR2 pepducin PZ-235 reduces hepatic steatosis and
inflammation in the experimental MCD model in mice

C57BL/6 male mice were fed normal chow or an MCD diet for 3 weeks and
treated daily with PZ-235 (5 mg/kg/day) or vehicle (Veh). A and B,
representative 200x photomicrographs of H&E-stained liver sections from
vehicle- and PZ-235-treated MCD mice. Liver histology was scored
according to the NASH Clinical Research Network criteria to determine the
NAS. Liver triglycerides C, plasma ALT D, and plasma ALT E were
measured at the 3-week end point in the MCD mice. F, quantitative PCR of
SYBR Green (mean £ S.E., n = 4-6) was determined by the AACT method
where PAR2 mRNA was normalized to GAPDH and the lowest adjusted
value in the control group. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01 using
the Holm-Sidak correction for multiple comparisons. Error bars represent
S.E. gm, gram.
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To assess whether the pepducin could potentially impact early liver fibrosis, we
extended the MCD model out to 8 weeks, a time point at which liver fibrosis becomes
evident in this NASH model. Although not significant due to the variance in the % fibrosis
in the untreated group (0.1-1.4%), the PZ-235 treatment gave an apparent 30% mean
protective effect on liver fibrosis at the 8 week endpoint in the MCD mice (Figure. 2.3 A-

B).

2.2.2 Suppression of CCl4-induced Liver Fibrosis and Inflammatory Cytokines with
Delayed PZ-235 Treatment

The efficacy of PZ-235 in suppressing more severe liver fibrosis was then tested
using 8-week treatment with carbon tetrachloride (CCls) to induce extensive liver injury.
We delayed administration of PZ-235 until 4 weeks after initiation of CCls-induced liver
fibrosis. Liver fibrosis was quantified after an additional 4 weeks of daily injections of PZ-
235 (5 mg/kg) or vehicle control at the 8 week endpoint (Figure 2.4 A). In vehicle
animals, liver sections revealed a 6-fold increase in liver fibrosis from both sinusoidal
collagen deposition and septal fibrosis which was significantly reduced by 75% by
delayed PZ-235 treatment (Figure 2.4 B-C). A negative control PAR2 pepducin, PZ-234,
which has no observed inhibitory effects on PAR2-G protein signaling (P2pal-14GF
(Michael et al., 2013; Sevigny et al., 2011b)) or PAR2 calcium responses in either
SW620 cells or HUH7 hepatocytes (Figure. 2.1 B-C) gave no anti-fibrotic effects in the 8

week liver fibrosis model (Figure 2.4 B-C).
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Figure 2.3 Effect of the PAR2 pepducin PZ-235 on hepatic fibrosis in the
MCD-diet fed mice at 8 weeks.

A 10-12 week old C57BL/6 male mice were fed a MCD-diet for a 8 week
period and treated daily with PZ-235 (5 mg/kg/day) or vehicle for the entire
duration of the study. PZ-235 treatment gave a 30% non-significant mean
decrease in hepatic fibrosis compared to vehicle-treated mice. B
Representative 200x photomicrographs of Picosirius red staining from the
livers from the vehicle treated and PZ-235 treated mice. Liver histology was
scored according to the NASH Clinical Research Network criteria to
determine the NAS. Liver triglycerides C Lack of TUNEL staining for
apoptotic cells in the livers of 8-week old CCls-treated mice. Time line of
treatment: animals were treated twice weekly with 1 pl CCl4/g and PZ-235
(10 mg/kg/day) or vehicle for the entire duration of the 8 week study. D
Representative images of TUNEL staining of the livers from mice from the
respective treatment groups; white arrowheads indicate occasional TUNEL-
positive cells.
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Figure 2.4 Suppression of CCl4-induced liver fibrosis with delayed PZ-235
treatment

A, timeline of treatment. C57BL/6 mice were treated twice weekly for 8 weeks
with 1 pl of CCl4/g of body weight and PZ-235 (5 mg/kg/day), vehicle (Veh), or
inactive control PAR2 pepducin PZ-234 (5 mg/kg/day) started at week 4. B,
photomicrographs (200x) of Sirius red and H&E staining of liver sections from
mice in the different treatment groups at the 8-week end point. C, quantification
of percentage of Sirius red staining per 10 fields (mean £ S.E.). Vehicle (no
CCl4), n = 5; CCl4 + vehicle, n =8, CCl4 + PZ-235, n = 8; CCl4 + PZ-234, n =
3. **, p < 0.01. Error bars represent S.E.
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As hepatocytes are very sensitive to pro-inflammatory stimuli, we examined the
expression of markers associated with inflammation and stellate cell activation in the
livers of mice treated with and without PZ-235. There were pronounced 3.5- to 6.5-fold
elevations in gene transcripts associated with liver inflammation, including /IL-8, IL-6,
TNFa, and Monocyte Chemoattractant Protein-1 (MCP-1) in vehicle control animals
treated for 8 weeks with CCls as compared to normal mice (Figure 2.5). There was also
a significant increase in Type IV Collagen a1 (Collagen 1V) in the untreated CCl, livers.
Delayed PZ-235 treatment completely suppressed the increases in expression of /L-8,
IL-6, and TNFa to baseline or below (Figure 2.5). PZ-235 treatment also suppressed the
increases in MCP-1 and Collagen IV by 36-60%, which is notable as type IV collagen is

considered to be the major collagen type involved in early stage septal fibrosis (Mak et

al., 2013).
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Figure 2.5 PZ-235 suppresses liver expression of inflammatory cytokines in
CCl4-treated mice receiving delayed pepducin treatment initiated at week 4
Livers were isolated from mice in Fig. 2 at week 8, and quantitative PCR by SYBR
Green (mean + S.E., n = 4-6) was determined by the AACT method where mRNA
expression was normalized to GAPDH and the lowest adjusted value in the control
group. #, p = 0.06; *, p < 0.05 using the Holm-Sidak correction for multiple
comparisons. Error bars represent S.E. Veh, vehicle.
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Figure 2.6 PZ-235 blocks PAR2-calcium signaling and activation of LX-2
stellate cells

A, stellate cell (LX-2) calcium mobilization in response to the PAR2 agonist
SLIGRL (100 um) is inhibited by PZ-235 (30 um) but does not inhibit the PAR1
agonist thrombin (Thromb) (10 nm). B, ERK phosphorylation (pERK) induced by
30 um SLIGRL or 1 nm trypsin in LX-2 cells is inhibited by 3 ym PZ-235. C, PZ-
235 (1 ym) inhibits LX-2 cell viability induced by 10 nm trypsin (Tryp). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide activity was determined
after 96-h stimulation with 10 nm trypsin. D, secretion of MCP-1 into LX-2
medium in response to PAR2 stimulation by the agonists in A is inhibited by 3
um PZ-235. *, p < 0.05; #, p = 0.06 based on analysis of variance. Error bars
represent S.E. RFU, relative fluorescence units.

2.2.3 PZ-235 Inhibits PAR2-dependent Stellate Cell Activation

To directly determine the activity and specificity of the PAR2 antagonist on
stellate cells, we showed that PZ-235 blocked PAR2 calcium signaling without inhibiting
the thrombin response in the LX-2 stellate cell line (Figure 2.6 A). The pepducin
completely prevented activation of phospho-ERK induced by the PAR2 agonists SLIGRL

and trypsin (Figure 2.6 B). Accordingly, stimulation of the stellate cells with 10 nM
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trypsin, significantly increased cell viability over a 4 day period. This increase in stellate
cell viability was inhibited by 75% with 1 uM PZ-235 (Figure 2.6 C). As stellate cells have
been implicated in the recruitment of inflammatory cells via MCP-1 during active
fibrogenesis in liver (Marra et al., 1998), we tested whether PAR2 activation could
induce secretion of MCP-1. LX-2 stellate cells gave an increase in MCP-1 secretion in
response to both SLIGRL and trypsin treatment which was blocked by PZ-235 (Figure

2.6 D).

2.2.4 PZ-235 Protects against Hepatocellular Necrosis and PAR2-driven Mitochondrial
Reactive Oxygen Species Production

We noted a pronounced difference in liver morphology when comparing the
hematoxylin and eosin (H&E) staining of liver sections from PZ-235 versus vehicle-
treated animals after 8 weeks of CCls (Figure 2.4 B). In particular, the hepatocytes of
animals not receiving PZ-235 showed enlarged cellular volumes and clear cytosols,
consistent with hepatocellular necrosis. These results raised the possibility that the
PAR2 inhibitor PZ-235 may not only protect against the activation of stellate cells and
fibrosis, but may also promote hepatocellular viability. To address the possibility that the
PAR2 pepducin could meaningfully impact the development of liver necrosis, we
repeated our study with concurrent treatment of PZ-235 and CCls over the entire 8 week
period of the experiment (Figure 2.7 A). Concurrent PZ-235 treatment afforded
significant suppression of liver fibrosis compared to vehicle animals (Figure 2.7 B-C). In
addition to improvements in overall tissue morphology, there was a striking 66%
protection of the number of viable hepatocytes retained per field in the PZ-235 treated
animals (Figure 2.7 B,D). As expected, there was a very minor increase in sporadic
TUNEL staining in the livers of CCls-treated animals versus normal controls, consistent
with CCls causing liver necrosis independently of a caspase-driven mechanism

(Figure 2.3 C-D). These data indicate that PZ-235 may prevent hepatocellular death by
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protecting cells against a necroptotic rather than an apoptotic mechanism in the fibrotic
mouse livers. To determine whether PAR2 could induce mitochondrial ROS production
in hepatocytes which can trigger necroptotic processes, liver-derived THLE2 cells were
stimulated with PAR2 agonists and the kinetics of mitochondrial ROS production
measured. As shown in Fig. 2.8 A and B, there was a significant increase in the ROS
production following PAR2 stimulation by either trypsin or the PAR2-activating peptide
LIGRLO as compared to vehicle control. Mitochondrial ROS production induced by
either PAR2 stimuli was completely inhibited by PZ-235 to slightly below baseline rates
of production (Figure 2.8 A-B), consistent with PAR2 exhibiting constitutive activity as we
previously described (Sevigny et al., 2011b). Stimulation of PAR2 in HepG2 cells by
trypsin in the presence of exogenous H.O> gave a significant enhancement in propidium
iodide staining (P1) which was inhibited by PZ-235 (Figure 2.8 C). These data indicate
that PAR2 contributes to both ROS production and decreases in hepatocellular viability;
therefore, PAR2 signaling may be generally increased in the livers of the mice treated
with CCls. Indeed, as shown in Figure 2.8 D, treatment of the HepG2 cells with CCls
gave significant increases in PI staining which was significantly protected by treatment
with the PAR2 pepducin. We also documented an increase in the surface expression of
PAR2 in response to CCls in cultured hepatocytes and in PAR2 mRNA from the livers of
animals treated with CCl4 for 8 weeks (Figure 2.9). Together, these data indicate that
PAR2 contributes to enhanced hepatocellular necrosis by stimulating excessive ROS
production in fibrosis models in mice and that the PAR2 pepducin, PZ-235 can afford

significant protective effects both in hepatoctyes and in vivo.
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Figure 2.7 Suppression of CCl4-induced liver necrosis and fibrosis with
concurrent PZ-235 treatment

Nuclei

A, timeline of treatment. C57BL/6 mice (n = 10) were treated twice weekly with 1
pl of CCl4/g of body weight and with PZ-235 (10 mg/kg/day) or vehicle (Veh) for
the entire 8 weeks of the study. B, representative 200% photomicrographs of H&E
and Picosirius red staining from the livers of the different treatment groups. C,
quantification of nuclei number per 200x field (mean + S.D. of 10 fields). D,
quantification of percentage of Picosirius staining per 200x% field (mean + S.D. of
10 fields). **, p < 0.01; *, p < 0.05 using the Holm-Sidak correction for multiple
comparisons. Error bars represent S.E.
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Figure 2.8 PZ-235 inhibits mitochondrial ROS production and enhances
viability of hepatocytes

THLEZ2 hepatocytes were treated with vehicle (Veh) or 5 um PZ-235 and then
stimulated with LIGRLO (A) or trypsin (B) for the times indicated. Individual
points represent the mean + S.E. for that condition at a particular time point; n
= 7-10 wells per point. C, serum-starved HepG2 cells were pretreated with 5
pm PZ-235 or vehicle before being stimulated with 10 nm trypsin for 2 h followed
by 6-h treatment with 250 ym H202. Values shown are mean + S.E. of the
increase in Pl from untreated controls; n = 4 for each condition. Comparisons
between conditions and baseline were made by direct two-tailed t tests. D,
serum-starved HepG2 cells were treated with 5 ym PZ-235 or vehicle, then
exposed to CCl4 for 4 h, and analyzed as in C. Significance was determined
using the Holm-Sidak correction for multiple comparison. ***, p < 0.001; **, p <
0.01; *, p<0.05; #, p < 0.06. Error bars represent S.E.
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2.2.5 Biodistribution of PZ-235 to liver and other tissues

To quantify the relative

propensity of the PAR2 pepducin to A B &AWLty
100+ 3 1 ven
distribute to liver and other organs R SRR I8
80- a
<
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0 T . I T o v
i3 loop peptide and injected into R L L e S8
(Log Fluorescence)
mice. As shown in Figure 2.10 A, Figure 2.9 PAR2 expression on
hepatocytes is increased in response to
PZ-235 exhibited rapid and CCl4 treatment
_ _ _ _ (A) PAR2-surface expression cultured
sustained delivery to liver which (THLEZ) hepatocytes in response to
stimulation of CCls by FACS. (B) Quantitive
accounted for more than 50% of PCR of PAR2 mRNA from mouse livers after
_ 8 weeks CCl4 teatment by SIBER-green
total drug over 1-24 h in the panel (mean = SE, n=4-6) was determined by the

. DDCT method where mRNA expression was
of whole organs examined. PZ-235  normalized to GAPDH. *P < 0.05 using the

Holm-Sidak Correction for multiple
also distributed 20% to kidney, 5- comparisons.

10% to lung, and lesser

percentages to other organs. On a per gram of tissue basis, however, PZ-235 was fairly
evenly distributed to most tissues (Figure 2.11 A) with the highest levels in lung, kidney,
pancreas, liver, bone marrow, skin, small intestine, spleen, colon, with low levels in
muscle and fat, and very low levels in brain. PZ-235 also attained rapid, high levels in
plasma by either bolus intravenous (i.v.) or subcutaneous (s.c.) administration. The Cmax
levels of PZ-235 reached 6-10 uM following 10 (s.c.) or 3 mg/kg (iv) within the first 4 h
Figure 2.10 B, demonstrating quantitative recovery of PZ-235 for both i.v. and s.c. routes

in the blood compartment given a mouse blood volume of 8-10% of body weight. Drug
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was still detectable in plasma at 16 h and ranged from 8 (0.3 mg/kg s.c.) to 170 nM (3
mg/kg i.v.). The terminal plasma elimination half-life of 3.1 £ 1.1 h was independent of

drug dose or route of administration.

2.2.6 Structural Determination of a Cell-Penetrating PAR2 pepducin

The structure of PZ-235 was determined by NMR methods and the details of the
structural calculations are summarized in Table 2.1. A total of 294 distance and 49
dihedral angle constraints were used to generate the structure of the lipidated i3 loop
pepducin. PZ-235 adopted a highly structured single a-helix with a root mean square
deviation of 0.78 + 0.23 A (Figure 2.10 C). The first three N-terminal amino acid
residues serve as a flexible linker to the covalently attached palmitate lipid. The tertiary
structure of intact PAR2 was then modeled using the structure of the highly analogous
human PAR1 and bovine rhodopsin x-ray structures as templates using I-TASSER
(Iterative Threading ASSEmbly Refinement). PZ-235 was found to align most closely
with the analogous i3-TM6 juxtamembrane region of PAR2 (Figure 2.10) and bovine and
squid rhodopsins (Figure 2.11). It is this critical i3-TM6 domain that undergoes the
largest movements (~14 A) within the GPCR structure as the receptors convert from the
off-state to the on-state to induce coupling with intracellular G proteins (Rasmussen et
al., 2011), thus providing a model of how PZ-235 may interfere with PAR2-G protein

coupling.
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Figure 2.10 Liver residence and NMR structural determination of PZ-235

A, biodistribution of [1-14C]palmitate-PZ-235 to individual organs (50,000 cpm injected
per mouse (n = 2) for each time point). Radioactive PZ-235 was mixed 1:2 with
unlabeled PZ-235 (10 mg/kg final; 100 ul per injection). B, pharmacokinetics of s.c.
and i.v. PZ-235 in CF-1 mice determined by LC-MS/MS from plasma samples
withdrawn at 5-min—16-h time points (five to seven mice used for each dose). C
ensemble of 30 individual energy-minimized NMR-generated structures (green) of PZ-
235 with the average structure (root mean square deviation, 0.78 + 0.23 &) shown in
red. D, proposed mechanism of membrane insertion and flipping of the PAR2 pepducin
and alignment with analogous i3 loop and TM6 regions of the off-state of PAR2. Error
bars represent S.E. Hrt, heart; Kid, kidney; Spl, spleen; Panc, pancreas; Sm intest,

small intestine.
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Table 2.1 NMR structural parameters of the PZ-235 PAR2 i3 loop pepducin

Experimental restraints

Distance restraints from NOEs 294
Dihedral angle restraints 49
Hydrogen bond restraints 0
Total no. of experimental restraints 343

r.m.s. deviations from experimental data
Average distance restraint violation (A) | 0.011 + 0.037
Dihedral restraint violations >5° 0

r.m.s. deviations from ideal stereochemistry

Bonds (A) 0.0008 + 0.0001
Angles (°) 0.240 £ 0.008
Impropers (°) 0.092 £ 0.008

Ramachandran analysis of the structures (%)

Residues in favored regions 82.4

Residues in additionally allowed 11.8
regions

Residues in generously allowed 59
regions

Residues in disallowed regions 0

Lennard-Jones potential energies
Ensemble average (kcal/mol) 8.8+1.5

Coordinate precision of peptide (A)
Backbone 0.78 £ 0.23
All heavy atoms 1.81+£0.29

NMR spectra of PZ-235 were recorded using total correlation
spectroscopy with a mixing time of 40 ms, NOESY with a mixing time
of 200 ms, and natural abundance '*C heteronuclear single quantum
coherence spectroscopy. Data were collected at 600 MHz at 20 °C.
r.m.s., root mean square.
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Figure 2.11

(A) Biodistribution (cpm/g tissue) of [1-14C-palmitate]-PZ-235 to
individual organs (50,000 cpm injected per mouse (n = 2) for each time
point). Radioactive PZ-235 was mixed 1:2 with unlabeled PZ-235 (10
mg/kg final; 100 pl per injection). B Structural overlay of the PAR2 i3-loop
pepducin PZ-235 with homologous GPCRs/ Alignment of the PZ-235
pepducin (red) with the corresponding i3 loop/TM6 regions of human
PAR2 (PDB code 3VW?7, ;eft), bovine rhodopsin (PDB code: 1GZM,
middle) and squid rhodopsin (PDB code: 2ZIY, right).
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Figure 2.12 Proposed mechanism of action of PAR2 in promoting liver fibrosis,
necrosis, and steatosis in NASH

Procoagulant proteases such as factors Vlla and Xa are up-regulated in liver during
the prothrombotic state that occurs during NASH progression. PAR2 is cleaved on
the surface of stellate cells by these proteases to cause activation to a proliferative
myofibroblast and enhanced secretion of collagen matrix and inflammatory
cytokines, leading to liver fibrosis. Proteolytic cleavage of PAR2 on hepatocytes
leads to steatosis, ROS production, and hepatocellular necrosis.

2.3 Discussion

NASH is a growing worldwide epidemic, rising in incidence with obesity, diabetes
and metabolic syndrome, and is becoming the most prevalent cause of liver failure (Fujii
and Kawada, 2012; LaBrecque et al., 2012). There are no effective therapies yet
available to treat the potentially life-threatening complications resulting from liver fibrosis
(Wieser et al., 2016), pointing to an urgent need to more deeply understand the
pathophysiology of NASH and identify new points of therapeutic intervention. Emerging
evidence points to a novel mechanism linking the development of NASH fibrosis with
PAR2, a cell surface protease-activated receptor highly expressed in liver stellate cells,

hepatocytes, inflammatory cells, and other mesenchymal cells that regulates the
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response to tissue injury (Borensztajn et al., 2010; Ruf and Samad, 2015; Sevigny et al.,
2011a; Sevigny et al., 2011b). Here, we demonstrate that the PAR2 pepducin, PZ-235
suppresses collagen production, fibrosis, steatosis, triglycerides, and lobular
inflammation in mouse models of NASH. PZ-235 blocked PAR2-driven activation,
proliferation, and viability of stellate cells and reduced the deposition of collagen and
production of inflammatory cytokines as depicted schematically in Fig. 2.12. The ability
of PAR2 to promote progression/differentiation of the phenotype of mesenchymal cells
has been observed in multiple organ systems used in different models of fibrosis (Chung
et al., 2013; Wygrecka et al., 2011) and vascular stenosis (Sevigny et al., 2011a). PAR2
can activate the expansion of fibroblasts, smooth muscle cells and/or myofibroblasts to
the stage where they have the capacity to induce pathological levels of collagen
deposition in liver, kidney, lung and blood vessels.

Interestingly, the PAR2 inhibitor also had significant protective effects against
hepatocellular necrosis and attenuated PAR2-driven ROS production in hepatocytes.
The increased PAR2 expression in hepatocytes and liver that we documented here may
further promote prodeath pathways within the fibrotic livers. Necrosis or necroptotic
induction of cell death can be triggered by excessive production of ROS from lipid
peroxidative processes originating in the mitochondria (Machado and Diehl, 2016; Su et
al., 2016). Mitochondrial dysfunction and generation of ROS have been shown to play a
key role in the pathophysiology of NAFLD and NASH (Begriche et al., 2013). For
instance, despite similar mitochondrial content, obese patients with or without
nonalcoholic fatty liver disease had 5-fold higher maximal respiration rates in isolated
mitochondria than lean subjects (Koliaki et al., 2015). NASH patients featured higher
mitochondrial mass, but 31%-40% lower maximal respiration, which was associated with
greater hepatic insulin resistance, mitochondrial uncoupling, and leaking activity (Koliaki
et al., 2015). In NASH, augmented hepatic oxidative stress was paralleled by reduced
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anti-oxidant defense capacity and increased inflammatory response. These data suggest
adaptation of the liver at early stages of obesity-related insulin resistance and NAFLD,
which is subsequently lost during NASH fibrosis/progression. Our study made the
surprising observation that activation of PAR2 significantly stimulated ROS production in
hepatocytes, which may contribute to the development of liver necrosis, and that
pharmacological inactivation of PAR2 is a potential means to mitigate the necrotic
damage associated with enhanced ROS in fibrotic liver disease.

The hepatocellular necrosis observed in the fibrotic livers may also be caused by
the release of inflammatory cytokines from activated stellate cells. TNFa generally acts
to reduce hepatocellular viability when cells are under stress (Kaufmann et al., 2009;
Pfeffer et al., 1993; Rothe et al., 1993), and aids in the promotion of IL-8, IL-6, and MCP-
1 expression (Pellicoro et al., 2014). IL-8 and MCP-1 are critically important in the
recruitment of inflammatory cells to the nidus of activated stellate cells which can
propagate local fibrosis and cause additional liver damage. The role of stellate cells in
controlling the development of fibrosis is complicated by the fact that they appear to
operate directly to drive cell death and tissue remodeling (Novo et al., 2015) as well as
being active in liver regeneration (Michelotti et al., 2013) and repairing tissue
functionality. Hepatocytes are very sensitive to low TNFa levels with signaling in certain
contexts promoting hepatocellular cell survival, proliferation, and regeneration (Micheau
and Tschopp, 2003; Schwabe and Brenner, 2006), while chronic exposure to TNFa
promotes hepatocellular cell death and necrosis (Jones et al., 2000; Kaufmann et al.,
2009). A similar pattern is also seen with the cytokine IL-6, which in acute doses can
cause anti-inflammatory responses (Streetz et al., 2000), but with long term exposure
promotes inflammation and lowered rates of hepatocellular proliferation and tissue
regeneration (Jin et al., 2006; Klausen et al., 2000). The chronic suppression of both of
these cytokines by the PZ-235 pepducin is likely to be an additional explanation for our
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observed net increase in hepatocellular viability and reduced fibrosis, and may help to
maintain organ functionality in the setting of chronic disease.

We show for the first time that pharmacologic inhibition of PAR2 in the 3-week
MCD model in mice significantly reduces the NAS. We then extended the MCD diet-
induced NASH model out to 8 weeks to induce early fibrosis, which was also apparently
suppressed by the PAR2 pepducin. Thus, in addition to reducing the liver histological
features of fibrosis, lobular inflammation, and hepatocyte ballooning, the PAR2 pepducin
also significantly reduced steatosis as validated biochemically by the >50% drop in liver
triglycerides. The mechanistic reason(s) for the PAR2-promoting effects on liver
steatosis in the MCD model is not known at this point but is likely quite complex and
could reflect changes in lipid and/or sugar metabolism or other biochemical pathways.
Unlike obese mouse models of NASH in which mice accumulate abundant visceral fat,
mice in the MCD model are lean and actually lose weight. Thus, the effects of the PAR2
pepducin on suppressing liver steatosis reported here are likely due to direct effects on
liver metabolism rather than indirect effects on PAR2 in inflammatory cells located in
visceral adipose tissue (Badeanlou et al., 2011).

We found that the PAR2 pepducin rapidly distributed to liver and other tissues
with prolonged kinetics which may account for its high efficacy in the 8-week liver fibrosis
models. PZ-235 has a C16 palmitate tail, which may confer preferred residency in
tissues with higher fat content such as liver, and/or in highly vascularized tissues such
as kidney and lung. The peptidic portion of the PZ-235 pepducin formed a remarkably
well-structured a-helix which closely resembled the juxtamembrane helical region of the
analogous TM6 and i3 loop of PAR2 and squid rhodopsin (Shimamura et al., 2008).
Notably, squid rhodopsin has a hyper-extended TM6-i3 helix as compared to higher
eukaryotic GPCRs in the rhodopsin family such as the 32-adrenergic receptor. Unlike
other opsin GPCRs which signal through a G signaling pathway, squid rhodopsin
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instead signals through a G4 pathway (Murakami and Kouyama, 2011). PAR2 efficiently
couples to both G4 and G; pathways (Kaneider et al., 2007). Likewise, we found that PZ-
235 inhibits both PAR2-G (calcium mobilization) and PAR2-G; (ERK) signaling. As PZ-
235 does not have agonist activity, we speculate that PZ-235 replaces/inserts into this
most mobile portion (analogous cytoplasmic TM6-i3 loop segment) of its cognate
receptor to block the ability of PAR2 to directly couple with intracellular G-proteins, or
induces a PAR2 conformation that is not conducive for PAR2-G protein signaling. The
ability of PZ-235 to provide substantial effects in suppressing liver fibrosis and necrosis,
in addition to blocking PAR2-ROS production and induction of inflammatory cytokines,
indicates the potential for PAR2-inhibitors to be efficacious in the treatment of liver

fibrosis.

2.4 Materials and Methods

2.4.1 NMR Structural Determination of PZ-235

PZ-235 (P2pal-18S; palmitate-RSSAMDENSEK KRKSAIK-NH>) antagonist and
negative control pepducin PZ-234 (P2pal-14GF; palmitate-GDENSEKKRKSAIF-NH>)
were synthesized as before (Sevigny et al., 2011b) by standard Fmoc (N-(9-
fluorenyl)methoxycarbonyl) solid-phase methods and purified to 99.1% purity by reverse-
phase high performance liquid chromatography (HPLC). The methionine residue in PZ-
235 was replaced with an isoleucine to reduce oxidation during NMR data acquisition.
The lyophilized pepducin was dissolved in a buffer comprising 270 mM
dodecylphosphocholine-dss, 10 mM acetate-ds, 0.02% NaNs, and 0.016 mM 4 ,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS) at pH 5.66. The final concentration of the
pepducin was 1 mM. NMR spectra included total correlation spectroscopy (TOCSY) with
a mixing time of 40 ms and nuclear Overhauser effect spectroscopy (NOESY) with a

mixing time of 200 ms. Data were collected on a Bruker Avance 600 MHz spectrometer
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at 20 °C. Resonances were assigned and distance restraints were obtained by standard
methods. Proton chemical shifts, dihedral restraints obtained using PREDITOR, and
distance restraints were used as input to generate 29 structures through simulated

annealing, energy minimization, and refinement using CNSSolve version 1.3.

2.4.2 Mouse Experiments

C57BL/6 male mice (10-12 weeks) were purchased from Charles River
Laboratories and maintained in climate-controlled rooms in the certified and accredited
Division of Laboratory Animal Medicine (DLAM) at Tufts University. All experiments were
performed in accordance with the guidelines of the U.S. National Institutes of Health and
approved by the Tufts Medical Center Institutional Animal Care and Use Committee. At
the end of each experiment animals were weighed and blood and liver samples

collected. Animals were euthanized with CO- following anesthesia.

2.4.3 Pharmacokinetics and Biodistribution of PZ-235

C57BL/6 mice were injected either intravenously or subcutaneously with various
doses of PZ-235. Blood was collected at 5 min-48 h time points and pepducin
concentrations in plasma were measured by quantitative LC-MS/MS methods
(Novabioassays, Woburn MA). To determine the biodistribution of PZ-235 '“C-labeled
and unlabeled pepducins were mixed at a ratio of 1:2 and injected at 5000 cpm/animal;
selected animal tissues were harvested and dissolved in 4 M NaOH with 1% Triton X-
100 and 1% SDS overnight. Subsequently 7.5 mL of scintillation fluid (Perkin Elmer) was

added and radioactivity measured using a scintillation counter.

2.4.4 MCD-induced Mouse NAFLD Model
C57BL/6 male mice were fed a methionine choline deficient (MCD) diet or a
normal chow (NC) diet for 3- (experimental model for hepatic steatosis and

inflammation) and 8-week (experimental model for early hepatic fibrosis) time periods.
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MCD mice were treated with subcutaneous injections of the cell-penetrating PAR2
inhibitory pepducin PZ-235 (5 mg/kg/day) or vehicle. All mice were permitted food and
water consumption ad libitum. Body weight and food consumption were monitored
weekly. At completion of the experiment, whole blood and livers were collected from
each animal. Liver tissue was snap frozen at -80 °C for subsequent biochemical
analyses. Plasma alanine transaminase (ALT), aspartate transaminase (AST) and
hepatic triglycerides were measured using commercially available kits (Cayman

Chemical and Sigma).

2.4.5 CCls-induced Mouse Fibrosis Model and Treatment Protocols

Intraperitoneal injections of CCls (Sigma Aldrich) at 1 ul/g of body weight
(dissolved 1:10 in olive oil) twice a week for a period of 8 weeks were used to generate
liver fibrosis in the C57BL/6 mice. PZ-235 or PZ-234 were dissolved in 5% dimethyl
sulfoxide (DMSOQO). Treatment groups received sc injections of 5 mg/kg PZ-235 or PZ-
234 six times a week either starting at week 4 (delayed treatment) or at week 0
(concurrent treatment), whereas control groups received vehicle (5% DMSO). Animals
were sacrificed 3 days following the last CCl, injection and blood samples were collected
in tubes containing heparin. Plasma was then separated by centrifugation at 3000 rpm
for 10 min. Liver samples were harvested and weighed. A segment of each harvested
liver was fixed with 10% neutral buffered formalin for histological analysis and the
remaining tissue was snap frozen and stored at -80 °C for subsequent biochemical and

gene expression analysis

2.4.6 Histopathological Analysis
Liver tissues were sectioned (5 um) and stained with either Sirius red or
Hematoxylin and Eosin (H&E) and observed with a Nikon Eclipse 80i microscope

connected to a Spot 7.4 Slider camera. Slides were assigned a number and 10 randomly
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chosen 200x fields were visualized. The assigned fields were analyzed using ImageJ
(NIH, Bethesda MD). Sirius red staining values were obtained by adjusting the threshold
setting of the green-channel from the original image; values are displayed as a
percentage of the total pixels. Hepatocellular nuclei were identified by morphology and

tabulated using the counter function.

2.4.7 mRNA Isolation and Quantitative RT-PCR

Total mMRNA was extracted from the harvested liver samples using the RNeasy
mini kit (Qiagen). mRNA was reversed transcribed, and real time quantitative PCR was
conducted using a SYBR green master mix (Roche) and a 40-cycle thermocycling
protocol. The data are represented as relative fold changes in mMRNA normalized to
GAPDH. The following primers were used: /L-8 forward primer,
ATCTTCGTCCGTCCCTGTGA,; IL-8 reverse primer, CTGTTGCAGTAAATG
GTCTCGAA,; IL-6 forward primer, ACAAC CACGGCCTTCCCTACTT; IL-6 reverse
primer, GTGTAATTAAGCCTCCGACT; TNFa forward primer,
CGTGCTCCTCACCCACAC; TNFa reverse primer, GGGTTCATACCAGGGTTTGA;
MCP-1 forward primer, AGGTCCCTGTCAT GCTTCTG; MCP-1 reverse primer,
ATTTGGTTCCGATCCAGGTT,; Collagen IVa1, forward primer,
GATGTTCAAGAAGCCC ACGC; Collagen IVa1, reverse primer,
GCAGAGGCGAGCATCATAGT; PAR?2, forward primer, CTTGCACCGGGACGCA;

PAR2, reverse primer, AAAGCCTGGTTCTACCGGAAC.

2.4.8 Cell Culture

The LX-2 human hepatic stellate cell line was a generous gift from Dr. Scott
Friedman (Mt. Sinai School of Medicine NY, USA). The LX-2 cells and SW620
adenocarcinoma cells (ATCC) were grown in DMEM (Corning CellGro) supplemented

with 10% FBS (Invitrogen) and 1% penicillin/streptomycin (Invitrogen). The THLE-2 cells
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(ATCC) were propagated following the manufacturer's recommendations using the
BEGM Bullet kit (Lonza) with the addition of phosphoethanolamine (70 ng/mL) and 10%

FBS, but without gentamycin and epinephrine.

2.4.9 Ca? flux assays

The SW-620 and LX-2 cells were resuspended in Kreb’s Ringers Bicarbonate
(KRB) buffer and labeled with 2.5 uM Fura-2/AM (Molecular Probes) by incubating for 30
min at 37 °C with gentle shaking. The fluorescence emission was recorded at 510 nm
with dual excitation at 340 and 380 nm at 25°C using a Perkin-Elmer LS 50B

spectrofluorometer.

2.4.10 Immunoblotting

LX-2 cells were propagated till confluent and treated with either the agonist
SLIGRL (30 uM) or trypsin (1 nM). The PAR2 antagonist pepducin PZ-235 (3 uM) was
added to the cells 15 min prior to agonist treatment. Cells were lysed with 300 uL of
Tissue Protein Extraction Reagent (T-PER Fisher Scientific) at 4 °C and protein
quantified using a Bradford Assay. Equal amounts of proteins were loaded for SDS-
PAGE, and gel bands transferred to a PVDF membrane (Millipore, Billerica MA) as
described (Kuliopulos et al., 1994) with Horseradish peroxidase (HRP)-conjugated
secondary antibodies used at a dilution of 1:5000. The immunoblots were probed for
phospho-ERK1/2 (Cell Signaling Technology catalog number 4370S, 1:1000), total ERK
antibody (Cell Signaling Technology catalog number 9102S 1:1000) and B-tubulin
(1:5000, Cell Signaling Technology catalog number) and visualized using ECL reagent

(Pierce, Rockford, IL).

2.4.11 Enzyme Linked Immunosorbant Assay (ELISA) for MCP-1

LX-2 cells were treated with either the agonist SLIGRL (100 uM) or trypsin

(1nM), with and without PZ-235 (1 uM) treatment for 24 h. The conditioned media was
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collected and assayed for Monocyte Chemoattractant Protein-1 (MCP-1) by sandwich
ELISA using a commercially available kit (Quantikine, Minneapolis, MN, USA) according

to the manufacturer’s instructions.

2.4.12 Reactive Oxygen Species (ROS) Production Assay

THLEZ2 cells were harvested using 5 mM EDTA, PBS and replated in 96-well
plates. Cells were allowed to settle overnight, media was removed and replaced with
Hanks’ balanced salt solution (with calcium and magnesium) and 1% FBS. Cells were
pre-incubated with either PZ-235 (3 uM) or vehicle (0.2% DMSO) for 45 min and pre-
treated with MitoSOX (Life Technologies, Carlsbad, CA, USA) for 10 min as per the
manufacturer’s instructions. Following incubation, cells were washed with PBS and fresh
HBSS with 1% FBS with additional PZ-235 in addition to 1 yM LIGRLO or 10 nM trypsin.
Fluorescence was measured (excitation 510/emission 580) using a FlexStation 3 multi-
mode microplate reader at times 0, 2, 4, and 8 h post-treatment. Baseline signal at time
0 was subtracted from all readings and compared to the average increase in signal

recorded in untreated condition.

2.4.13 Statistical Analyses

All of the values in the figures are expressed as means + SE. Comparisons
between experimental and control cohorts were performed by one-way ANOVA and the
mean of the different groups were compared using the Holm-Sidak post-hoc correction.
Analysis was performed using GraphPad Prism 6.0 (San Diego, CA). Statistical

significance was defined as p < 0.05 (*) or p < 0.01 (**) or p < 0.001 (***).
2.5 Conflict of interest
Dr. Kuliopulos and Dr. Covic report serving as Scientific Founders of Oasis

Pharmaceuticals. Others report no disclosures.
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Chapter 3. Hepatocellular PAR2 Promotes Liver Insulin Resistance and Inhibits
Glucose Storage?

2 Shearer AM, Rana R, Nguyen N, Guha S, Covic L, Kuliopulos A. To be submitted to
Cell
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3.1 Introduction

Poor glucose regulation in the context of hyperinsulinemia is the hallmark of type
2 diabetes mellitus (T2DM) a disorder which is comorbid with obesity, kidney disease,
cardiovascular disease, and the development of Nonalcoholic Fatty Liver Disease as
well as Nonalcoholic Steatohepatitis (NAFLD and NASH) (LaBrecque et al., 2014).
NASH and NAFLD represent the dominant forms of liver disease in the western world
and their incidence is expected to increase commensurately with the levels of obesity
and T2DM throughout the world (Younossi et al., 2018). NAFLD and NASH are generally
viewed as existing on a continuum where recurrent tissue damage by a host of
hepatocellular processes leads to the activation of myofibroblasts and recruitment of
inflammatory cells resulting in the development of fibrosis (Buzzetti et al., 2016;
Friedman et al., 2018a). NASH, the more serious of these two conditions, can progress
to cirrhosis and is also associated with the development of hepatocellular carcinoma
(Friedman et al., 2018a). The mechanisms by which NASH develops are not completely
understood but appear to be strongly related to the development of hepatic insulin
resistance caused by steatosis (NAFLD). This view is bolstered by the fact that 90% of
obese patients with diabetes are also diagnosed with NAFLD (Perry et al., 2014; Tolman
et al., 2007). Furthermore, the development of liver fibrosis in experimental high fat
dietary models is generally very mild unless there is a hyperglycemic stress in addition to
an obesogenic one. This observation implies a role for T2DM related de novo
lipogenesis (Jahn et al., 2018; Van Herck et al., 2017). Methods that have been utilized
to create a diabetic-like condition include chemically induced diabetes, as in the STAM
mouse model (Fujii et al., 2013), and the inclusion of large amounts of simple sugar
(Hansen et al., 2017; Jahn et al., 2018; Van Herck et al., 2017). The strong correlation

between diabetes, obesity, and NASH represents a well-trod but incompletely
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understood avenue of research whose insights may expand therapeutic options for
patients with NASH and those at a risk for developing the disease.

The development of NAFLD and NASH strongly correlates with obesity. Many
experimental mouse studies utilize a diet that is rich in animal fats to induce obesity,
peripheral insulin resistance, and an increased level of systemic inflammatory cell
activation. This last effect from high fat diet induced obesity (DIO) is both extremely
robust and highly reproducible (Lumeng and Saltiel, 2011). The enhanced inflammatory
environment has been implicated in the development of insulin resistance, in particular
of the adipose tissue. The adipose tissue is believed to become insulin resistant,
contributing to the onset of diabetes, through increased inflammatory cytokine
production and macrophage activation (Boutens and Stienstra, 2016). Hyperlipidemia
caused by peripheral adipose tissue dysfunction is believed to increase hepatic fat
accumulation and is posited as the critical link between obesity and the development of
hepatic insulin resistance. The mechanism leading to hepatic insulin resistance is
believed to be driven by the accumulation of diacylglycerol (DAG) and potentially the
chronic activation of Protein Kinase C epsilon (PCKe) (Birkenfeld and Shulman, 2014;
Jorge-Galarza et al., 2016; Perry et al., 2014). The development of NASH from NAFLD,
diabetes, and obesity is decades long and requires the interplay of multiple cell types
involved in progressive liver injury, chronic inflammation, and fibrosis (Novo et al., 2015;
Schuster et al., 2018). Our lab and others have identified the G protein coupled receptor
(GPCR) proteinase-activated receptor 2 (PAR2) as being critical for this process. PAR2
activation is believed to augment the function of the major cell types involved including
myofibroblasts, inflammatory cells, and potentially hepatocytes (Knight et al., 2012;
Shearer et al., 2016; Wang et al., 2015). The interpretation of dietary studies that make
use of PAR2-deficient mice is somewhat complicated by the fact that loss of PAR2 also
inhibits the development of obesity and therefore the presumed primary cause of
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diabetes (Badeanlou et al., 2011; Lim et al., 2013). Nevertheless the fact that PAR2
plays such an important role in these diverse cell types underlines the importance of
elucidating the role of PAR2 in metabolic disease for therapeutic exploitation.

PAR2 is a Gi/Gq coupled receptor that interacts with multiple signaling pathways
to augment complex cellular behaviors (Adams et al., 2011). In many studies PAR2 has
been found to be an activator of AKT through a mechanism involving the Gg, subunits of
Gi triggering activation of the enzyme phosopoinisitide 3-Kinase (PI3K) (Du et al., 2017;
Tanaka et al., 2008). Additionally, at least one study has observed a direct PAR2-AKT
activating interaction using PAR2’s C-terminus to act as a surrogate PH-binding domain
with AKT (Kancharla et al., 2015). PAR2 has also been observed, through both G
protein coupled and B-arrestin2 signaling (DeFea et al., 2000), to lead to ERK activation,
thus strongly implying that PAR2 is a factor that increases anabolic metabolism and
proliferation. In contrast to these effects, the pro-catabolic factor AMPK has been found
to be, in certain cases, activated by PAR2-G, calcium signaling (Wang et al., 2010). This
balance between various downstream signaling processes creates an intricate pattern of
both self-inhibitory and synergistic interactions that are likely to be highly tissue- and
disease-state dependent. In the context of liver disease, PAR2-signaling appears to be
highly pathological and leads to progressive tissue dysfunction. Previous work by our
lab, in which we treated mice with the PAR2-inhibiting pepducin PZ-235 (Sevigny et al.,
2011b), showed a significant suppression of the expression of pro-inflammatory factors.
Treatment of mice with PZ-235 also showed a reduction in both hepatic inflammation
and fibrosis when animals were challenged with dietary or chemical stress (Shearer et
al., 2016). The two principal mediators of PAR2-G4-coupled signaling, namely calcium
and DAG, have been tied to the development of hepatic insulin resistance (Choi et al.,

2007; Ozcan et al., 2013; York et al., 2017) and inflammation (Goon Goh et al., 2008).
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These various lines of evidence suggest that changes in hepatic pathology and function
may be the result of an active and direct process mediated by PAR2.

In contrast to previous work we observed that PAR2-deficient mice show reduced
blood glucose levels regardless of obesity, diabetic status, or level of tissue pathology.
We further describe how this reduction in blood glucose levels appears to occur through
a two-pronged inhibitory mechanism. Through one mechanism, PAR2 is partially
responsible for controlling the level of Glut2. Though the second mechanism, PAR2
actively reduces the level of insulin-mediated AKT-phosphorylation in disease states.
Following from these data, we determined that PAR2-deficient animals tended to have
increased levels of hepatic glucose and glycogen when fed either regular or high-fat diet
chow. Further interrogation found that the inhibition of G/ut2 occurs through PKC-
mediated activation of RAF. Inhibition of insulin-mediated AKT phosphorylation was
found occur through a G4-evoked calcium signaling mechanism. In addition we observed
that both deficiency and inhibition of PAR2 in leptin-receptor-deficient mice had no effect
on obesity or peripheral insulin resistance. However, these mice had significantly
increased hepatic insulin sensitivity. These data add to a growing body of evidence for
PAR2’s role in metabolic dysfunction and inflammation of the liver, as well as PAR2’s

importance as a target in T2DM and the onset of NASH.
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and STZ
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Six week old PAR2-null and wild-type mice were fed either normal chow or HFD for 16
weeks, diabetes was induced in a subset of the HFD fed animals with STZ
(50mg/kg/day for 5 days) during the eighth week of dietary challenge. Normal Chow:
Wild-type N=10 PAR2-/- N=9, HFD: Wild-type N= 10 PAR2-/- N=10, HFD+STZ : Wild-
type N=10 PAR2-/- N=11. All graphs depict mean + SEM. (A) Blood Glucose levels
were obtained from 4 hour fasted mice during week 14 of dietary challenge. (B) The
weight of each animal was taken at the 16 week end point. (C) Plasma samples from
mice were collected the day before the end of dietary challenge after a 4 hour fasting
period, 5 samples were analyzed per group. (D) Quantitative PCR for Par2 expression
from liver and fat, values were determined using the AACT method where values were
normalized to Gapdh (Liver) or Eef2 (Fat) and the lowest adjust value in the control
group, 5 samples were analyzed per group. (E) Representative images of PAR2-
stained livers using 3,3"-Diaminobenzidine (DAB) from wild-type and PAR2-/- animals,
bar = 50 uym. (F) Combined NAFLD activity score as determined from H&E stained
sections using the NASH Clinical Research Network’s criteria, Normal Chow N=5 both
groups, HFD and HFD+STZ groups all animals listed above. (G-I) Components of
NAFLD activity score assessed as in F. In panels A-C & F-I the statistical comparisons
made use student’s t-test between samples under the same dietary conditions,
statistical comparisons in D were made within tissue with NC as the control group using
the Dunnet’s test correction for multinle comparisons. ****P<0.0001. ***P<0.001.

3.2 Results

3.2.1 PAR2-Deficiency Reduces Blood Glucose Levels Independently of Obesity or
Diabetic Status

PAR2-deficient animals fed normal chow showed a reduction in fasted glucose
levels in the absence of diet induced obesity (DIO) (Figure 3.1 A) and exhibited a
significant 6% reduction in body mass (Figure 3.1 B). Consistent with previous studies
(Badeanlou et al., 2011), wild-type animals fed a 60% high fat diet (HFD) showed
pronounced DIO while PAR2-deficient animals showed significant suppression of weight
gain and fasting glucose levels. Additionally, HFD fed wild-type animals showed a
pronounced increase in fasting insulin levels whereas PAR2-deficient animals did not
(Figure 3.1 C). Treatment of mice with a regimen of streptozotocin (STZ) midway
through the HFD challenge had the dual effect of increasing fasting glucose levels and
reducing the amount of DIO. Both effects likely stem from a drop in circulating insulin

levels relative to what was observed in the HFD condition. Strikingly, PAR2-deficiency
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Figure 3.2 GTT and ITT Responses in Wild-Type and PAR2-/- Mice fed HFD

(A) Glucose tolerance test (GTT, 2g/kg) using PAR2-deficient (N=10) and wild-type
(N=10) mice after 14 weeks of HFD challenge following a 4 hour fasting period, chart
to the right depicts area under the curve (AUC). (B) Insulin tolerance test (ITT, 0.5
U/kg) using PAR2-deficient (N=10) and wild-type (N=9) mice after 15 weeks of HFD
challenge following a 4 hour fasting period, chart to the right depicts area under the
curve, values are normalized to baseline glucose. (C) ITT (0.5 U/Kg) using PAR2-
deficient (N=11) and wild-type (N=10) mice after 15 weeks of HFD challenge and
treatment with streptozotocin to induce diabetes, values are normalized to baseline
glucose. All curves were evaluated using repeated measures ANOVA, AUC values
were compared using student’s t-test **P<0.01, *P<0.05.

normalized the weight of mice treated with STZ, in addition to largely protecting them
from elevations in their baseline glucose levels (Figures 3.1 A&B). Previous studies have
claimed that PAR2-deficient animals fed HFD do not develop peripheral insulin
resistance resulting in improved glucose and insulin tolerance test parameters
(Badeanlou et al., 2011). Our own data found similar effects to those reported but did not
find these effects to be significant. The interpretation of these data, as in the case of
glucose tolerance testing, was complicated owing to the significantly decreased baseline
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(Figure 3.2 C). In aggregate Figure 3.3 Validation of PAR2 antibody

Kidney sections were either incubated with either
our poly-clonal antibody against PAR2 (upper
images), or with secondary antibody alone (lower
images). Bar = 100 pM.

the data therefore suggested
that peripheral insulin
sensitivity is indeed altered by
the absence of PAR2. However, the major reduction seen in blood glucose levels of
PAR2-null mice is more likely attributable to hepatic glucose regulation and not the
insulin sensitivity of peripheral tissues.

The importance of hepatic, as opposed to peripheral, PAR2 expression on
glucose metabolism was further explored by examining the level of PAR2 expression in
liver versus white adipose tissue. PAR2-expression in gonadal white adipose tissue
(gWAT), a visceral fat, taken from animals under dietary stress showed a non-significant
decrease in the PAR2 mRNA levels relative to mice fed normal chow (Figure 3.1 D). In
contrast to our findings in gWAT, hepatic PAR2 expression appeared to be highly
dynamic with expression appearing to increase relative to disease model severity
(Figure 3.1 D). Previous work has also identified this trend concerning hepatic-PAR2
expression in animals fed HFD and attributed the majority of this increase to an influx of
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pro-inflammatory monocytes (Wang et al., 2015). To evaluate PAR2-localization, we
examined liver sections stained for PAR2 using a previously characterized antibody
(Sevigny et al., 2011a), revalidated here using kidney sections (Figure 3.3). This staining
showed that PAR2-staining intensity roughly followed the same trend as seen with our
QPCR results (Figure 3.1 E). However, the vast majority of the staining appearing to be
parenchymal, implying hepatocellular PAR2 expression.

Examining hematoxylin and eosin (H&E) stained sections of mouse livers from
different groups using the criteria for the NAFLD activity score (NAS) (Kleiner et al.,
2005) revealed a distinct pattern of PAR2-mediated protection from the development of
tissue pathology. In particular, we observed that total liver pathology was generally
suppressed in PAR2-deficient mice regardless of disease state (Figure 3.1 E) and that
the various components of NAS changed in a similar fashion. The level of hepatic
steatosis was the dominant contributor to scores in both HFD fed groups (Figure 3.1F)
and was significantly suppressed in PAR2-deficient animals. Curiously, the inflammatory
component of NAS was increased but not dramatically so in either HFD condition (Figure
3.1 G). This moderate effect was significantly suppressed by the loss of PAR2. PAR2
deficiency also appeared to provide significant protection against the development of
hepatocellular ballooning (Figure 3.1 H). This effect recalls data that we have previously
reported on concerning the role of PAR2 in hepatocellular health and the development of
liver fibrosis (Shearer et al., 2016). We concluded from these data that liver pathology
was largely driven by over accumulation of fat and the development of lipotoxicity. The
development of steatosis in the HFD condition is most likely a result from an increase in
peripheral adipose tissue which PAR2-deficient mice are protected from. However, STZ
treated mice do not have increased levels of adipose tissue. This may point to the fat in
their diet being directly funneled to and retained by the liver for energy utilization.
Consistent with this hypothesis all 10 wild-type mice treated with STZ had detectable
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levels of ketone bodies (5 mg/dL or higher) present in their urine at time of harvest. In
contrast to this, only 2 of the 11 PAR2-deficient animals had detectable levels of ketone
bodies (P=0.0002 by Fisher’s exact test). Although PAR2-null mice are protected from
liver pathology, the actual development of NAS pathology did not appear to have a
dramatic impact on blood glucose levels. PAR2-null mice appear to have mild
hypoglycemia even in the absence of dietary stress and before the onset of observable
pathology. Indeed, from this work the only clear relationship between blood glucose
levels appeared to be the presence or absence of PAR2. Furthermore, much of the
observed effect on blood glucose levels appeared to occur through changes in hepatic,
rather than peripheral glucose metabolism. We therefore focused our attention on how
PAR2 deficiency might influence hepatic glucose internalization and glycogenesis in the

different dietary conditions.
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Liver tissues were taken from mice used in Figure 1, all graphs are mean +SEM. (A)
Hepatic glucose content presented as ng glucose per mg tissue, glucose was isolated
and analyzed using the KOH method, 5 samples were analyzed per group. (B) Hepatic
glycogen content presented as g glycogen per mg tissue, glycogen was isolated as in
B and degraded using amyloglucosidase, 5 samples were analyzed per group. (C)
Representative images of liver sections stained using PAS with hematoxylin counter
stain, bar = 25 ym. (D&E) Quantitative PCR for Glut2 and Glut10 expression from liver
as in Figure 1, 5 samples were analyzed per group. (F) Quantitative PCR for PAR2 in
HepG2 cells, values were normalized to ACTB using the AACT method, 4 samples from
independent transductions were used per group. (G) Relative MFI for surface expression
of PAR2 on HepG2 cells was determined by subtracting the MFI of an unstained control
sample from all samples and then normalizing to the average MFI of shScramble (shScr)
control cells, N=5 samples per group. (H) Change in glycogen following 1 hour with 5.5
mM glucose after a 4 hour incubation period in serum free and glucose free media. Cells
exposed to glucose were normalized to baseline glycogen (no serum, no glucose), 12
samples per group, glycogen was measured using amyloglucosidase degradation.
Images depict representative PAS with hematoxylin staining of cells in the glucose
condition bar = 10 ym. (1&J) Quantitative PCR for GLUT2 and GLUT10 in HepG2 cells,
values were determined as in panel F. (K) Cells were placed in serum free media for two
hours and pre-incubated with indicated inhibitor before addition of trypsin (10 nM),
quantitative PCR for GLUTZ2 values in HepG2 cells were determined as in panel F. (L)
Summary of findings from panel K. Statistical comparisons made use student’s t-test
between samples under the same dietary or experimental conditions ***P<0.001,
**P<0.01. *P<0.05. #P=0.06.

3.2.2 PAR2-Deficiency Results in Greater Hepatic Glucose and Glycogen Levels

The import of glucose into hepatocytes occurs via unfacilitated transport through
the protein glucose transporter 2 (GLUT2). GLUTZ2 allows bidirectional transport of
glucose into and out of hepatocytes; internalized glucose is then utilized for either
glycolysis or glycogen production. Additional glucose transporter channels other than
GLUT2 do exist in the liver and their expression, as well as GLUT2’s, have been found
to change with disease state (Karim et al., 2012; Karim et al., 2014). In particular, the
glucose transporter GLUT10 is typically expressed at very low levels in the liver but
increases in chronic liver disease. Changes in expression of these transporters may alter
the ability of the liver to internalize glucose, or other sugars from the blood, thus altering

blood glucose concentrations and liver glycogen content.
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The decrease in blood glucose that we observed in PAR2-deficient mice may be
best explained by increased hepatic glucose internalization. To test this hypothesis, we
biochemically assessed the level of internalized glucose and hepatic glycogen content.
Hepatic glucose levels were significantly increased in PAR2-null animals in a pattern that
was essentially the reverse of what was observed with blood glucose levels (Figure 3.4
A). Glycogen content between wild-type and PAR2-null mice was similarly altered with
hepatic glucose levels lowest in the HFD-fed condition while the greatest observed
difference was observed in animals that had been treated with STZ (Figure 3.4 B). There
appeared to be some level of disconnect between the level of internalized glucose and
glycogen in the livers of HFD animals which may imply a difference in the downstream
utilization of glucose within this model. Periodic acid schiff (PAS) staining of livers from
mice under dietary challenge largely agreed with our biochemical findings (Figure 3.4 C).
PAR2-deficient animals fed normal chow already had visible increases in glycogen,
while the development of steatosis in the HFD condition had little impact on glycogen
levels or distribution. Wild-type mice treated with STZ had an altered distribution of
glycogen, with only a few cells containing very dense granules. STZ-treated PAR2-
deficient mice exhibited a distribution of glycogen that was highly reminiscent of animals
fed normal chow. These data very strongly implied that PAR2-deficiency led to an
increase in glucose permeability of the liver and, to a certain extent, increased glycogen
levels.

Because glucose permeability is increased in PAR2-null mice, we sought to
examine if PAR2-expression affected the mRNA levels of Glut2 and Glut10 which are
associated with hepatic glucose internalization and sequestration. PAR2-deficient mice
showed significantly increased Glut2 mRNA abundance in all the conditions examined
(Figure 3.4 D). In contrast to Glut2 expression, Glut10 levels were not as consistent
between mice but were consistently increased in wild-type animals fed HFD (Figure 3.4
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E). Glut10 expression does appear to be attenuated by PAR2 deficiency but is
unaffected in the normal chow fed condition. PAR2-null mice are protected against much
of the pathology associated with HFD. It is therefore likely that the increase in Glut10
expression is driven primarily by tissue dysfunction rather than directly controlled by
PAR2 as appears to be the case for Glut2. We then shifted this work to an in vitro setting
by using shRNAs to deplete HepG2 cells (human hepatocytes) of PAR2 in order to
assess what effect this might have on GLUT2 expression and glycogen accumulation.
Cells transduced with shPAR2-lentivirus showed a significant decrease in PAR2 mRNA
levels and surface expression (Figures 3.4 F&G and Figure 3.5). Cells transduced with
either shPAR2 or the shScr control were placed in serum-free and glucose-free media
for four hours before having glucose (5.5 mM) added back to the media for one hour.
The level of glycogen was then measured and compared to that of cells that had been
fasted for four hours without the addition of glucose. The relative level of glycogen was
significantly increased in shPAR2 cells as compared to those treated with shScr. The
shPAR2 treated cells also had an observable increase in cellular PAS staining (Figure
3.4 H). Cells treated with shPAR2 showed an increase in the level of GLUTZ2 that was
consistent with our findings in mice (Figure 3.4 1) with no additional changes in GLUT10
expression (Figure 3.4 J). These data further implied that PAR2 was in some way
directly controlling the level of GLUT2 and thereby altering the ability of the liver to

internalize glucose and produce glycogen.
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We then modified our in vitro system to determine which signaling factors
downstream of PAR2 were responsible for the observed decreases in GLUT2
expression. HepG2 cells were place in serum-free media, pre-incubated with various
inhibitors, and then activated with trypsin (Figure 3.4 K). As expected, trypsin activation
significantly lowered GLUTZ expression levels. This reduction in turn appeared to be
inhibited by the G inhibitor YM254890 (10 uM). Pre-incubation of cells with a specific
inhibitor of PKCs (GF109203X, 5 uM) inhibited trypsin-mediated GLUTZ2 suppression as
did incubation with the PLCp inhibitor U73122 (20 uM). However, incubation with the
intracellular chelator BAPTA (10 uM) did not inhibit trypsin-mediated GLUTZ2 suppresion,
implying the involvement of a novel-type PKC in this mechanism. G protein activation of

the MAPK cascade is a well-known phenomenon and often requires the involvement of
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Figure 3.5 Sort Profile of HepG2 Cells with Either ShScr or ShPAR2

Cells were lifted with EDTA and stained with SAM11-FitC antibody or IgG-Control (A) Sort
profiles indicate population analyzed for PAR2 surface expression. (B) Comparison of
shScr cells stained either with SAM11-FitC or IgG-FitC control. (C) Comparison of staining
between shScr and shPAR?2 treated cells.

PKC to activate RAF (Gutkind, 1998). MAPK-signaling has also been found in certain
studies to have a strong suppressive effect on GLUT2-expression (Lee et al., 2006).
Consistent with these data, inhibition of RAF (AZ628, 20 uM) or MEK (UO126, 10 uM)
blocked trypsin inhibition of GLUT2 expression to a degree that was commensurate with
our observations using both YM254890 and GF109203X. Although some studies have
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linked GLUT2 expression to Insulin-AKT signaling (Im et al., 2005), we found little
evidence of interaction between PAR2 and this pathway when comparing data we
obtained modulating PI3K (LY294002, 10 uM) or PTEN (SF1670, 10 uM) activity. Other
known downstream mediators of PAR2 signaling, such as JNK (SP600125, 10 uM),
showed little or no effect on PAR2’s inhibition of GLUTZ2 expression (p38, SB203580, 10
MM). In aggregate, we concluded that PAR2 likely suppresses GLUT?2 expression
through a PKC-MAPK mechanism (Figure 3.4 L). PAR2’s suppression of GLUT2 may
help to maintain proper physiological levels of GLUT2 and glucose import. The lack of
reduced GLUT2 levels in disease states, where PAR2 expression is increased, suggests
that this regulation occurs largely to constrain excessive GLUT2 expression. Likewise,
while GLUT2 expression can explain increased hepatic glucose abundance it does not
fully explain the observed increases in hepatic glycogen accumulation. This is especially
true in the case of the HFD+STZ condition, which requires activation of glycogen

synthase via AKT-signaling.

3.2.3 PAR2-Signaling Inhibits Insulin Mediated Activation of AKT

Insulin-mediated AKT phosphorylation is the beginning of a well-described
signaling cascade resulting in the activation of multiple metabolic processes including
glycolysis and glycogenesis. Because of PAR2’s apparent importance to the regulation
of hepatic glucose levels and utilization, we sought to examine whether PAR2 activation
inhibited AKT-insulin signaling. HepG2 cells treated with insulin showed a roughly two
fold increase in AKT phosphorylation whereas pretreatment with trypsin showed a
significant inhibition of the activation potential of AKT by insulin (Figures 3.6 A&B). In our
culture conditions we did not observe either a uniform increase, as would be expected
by Gg,-PI3K interactions, or decrease in AKT-phosphorylation as a result of PAR2

signaling. These observations likely imply a time-dependent aspect for PAR2 signaling in
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our experimental conditions, where AKT is more likely activated by PAR2 early on but
strongly inhibited by PAR2 at later time points. HepG2 cells depleted of PAR2 lost
suppression of the insulin-AKT signal caused by trypsin and remained capable of full
Insulin-mediated activation. PZ-235-treatment recapitulated our observations in PAR2-
depleted cells with both methods showing a slight but non-significant increase in pAKT
levels when treated with trypsin and insulin (Figure 3.6 B). This increase might be the
result of residual and potentially non-inhibitory PAR2 G-protein-coupled signaling or a
signaling mode which our methods are incapable of inhibiting (Hollenberg et al., 2014).
Intriguingly, the relative level of insulin activation appeared to increase in PAR2-depleted
or inhibited cells when compared to the control conditions. However, this difference is
more likely related to a drop in the intensity of baseline pAKT in the states of PAR2-
inhibition and depletion rather than true elevation. Regardless of the reason, the
observed differences in the relative level of AKT phosphorylation of the shPAR2 and PZ-
235 treated conditions were significantly higher than the shScr condition (Figure 3.6 C).
Aggregately, these data seemed to imply that loss of PAR2-signaling might be sufficient

to restore downstream insulin signaling in our HFD models of disease.
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Figure 3.6 PAR2 Suppresses Insulin Mediated AKT Phosphorylation

All graphs use average + SEM. (A) Representative blots of 5 independent
experiments from HepG2 cells transduced with either scramble control or shPAR2
and pre-incubated with or without PZ-235 (20 uM) prior to activation with 10 nM
trypsin followed by the addition of 15 nM insulin. (B) Quantification of all 5
experiments represented in A, phosphorylated AKT signal intensity was normalized
to total AKT and then to the signal level of unstimulated cells. (C) Normalized
comparison of change in pAKT signal between cells pretreated with trypsin prior to
insulin stimulation, pAKT signal was quantified as in panel B with all samples
normalized to their reciprocal untreated (no Trypsin, no insulin) condition. (D)
Representative blots of pAKT and AKT from animals with HFD challenge with or
without STZ, 2 animals are shown for each condition and genotype. (E)
Quantification of all animals in the groups referenced in D, lysates used are derived
from the same animals in Figure 1. B+E, statistical comparisons made use student’s
t-test between samples under the same dietary or experimental conditions, in C
comparisons were made between shPAR2 or PZ-235 treated groups relative to
shScr using Dunnet’s test correction for multiple comparisons **P<0.01, *P<0.05.
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We confirmed our hypothesis by using western blots to assess the level of
hepatic AKT phosphorylation in wild-type and PAR2-null mice (Figure 3.6 D). We
quantified the degree of activation using liver lysates from all our experimental animals
that had been fed HFD with and without streptozotocin. PAR2-deficient animals in both
dietary conditions exhibited significant increases in basal AKT phosphorylation (Figure
3.6 E) with inhibitory GSK3B phosphorylation also being significantly increased in PAR2-
null animals (Figure 3.7). The observed elevation of AKT phosphorylation in PAR2-null
animals under dietary stress relative to their wild-type counterparts may be indicative of
heightened PAR2-activity in disease state. This inhibitory signal may occur through
increased constitutive PAR2-signaling associated with increased PAR2-expression,
increased activating protease expression, or some combination of these possibilities.
These data further imply that under dietary stress there is quite likely a long term
increase in PAR2 activity resulting in Insulin-AKT inhibition. To examine this in greater
detail we investigated the way in which PARZ2 inhibits insulin’s activation of AKT by using

various pharmacological inhibitors.

3.2.4 PAR2-Evoked Calcium Signaling Inhibits Insulin’s Activation of AKT

The major downstream signaling molecules of PAR2-G, signaling, DAG and
calcium, have been implicated as being able to alter or inhibit the way in which the liver
and other tissues respond to insulin signaling (Choi et al., 2007; Ozcan et al., 2013;
Samuel et al., 2004; Worrall and Olefsky, 2002; York et al., 2017). Therefore, the
activation of G4 appeared to represent the most likely way in which PAR2 is able to
inhibit insulin signaling. HepG2 cells exposed to trypsin again showed a reproducible
drop in the level of insulin driven AKT phosphorylation that was reduced by pre-

incubation of either the PLCP inhibitor U73122 (20 uM) or the IP3 receptor inhibitor 2-
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APB (50 uM) (Figure 3.8 A).

60% HFD
Because both 2-APB and 60% HFD +STZ B
A WT KO _WT KO O Wildtype
U73122 gave highly similar PGSKIMNEE .  5: 31 mPAR2-
e 0 1 B =
responses in terms of AKT P %% . |7 ’_
[ag)
o =
signaling we deemed the o
o =
most likely inhibitor of AKT OLFD HFD
+8TZ

phosphorylation to be related Figure 3.7 PAR2-null Animals Have Increased
Levels of pGSK3p (Ser9)

to calcium release and not (A) Examples of pGSK3p and GSK3 from animals
, with HFD challenge with or without STZ, 2 animals
DAG production. HepG2 cells 4o shown for each condition and genotype. (B)
Quantification of all animals in the groups
referenced in A, lysates used are derived from the
same animals in Figure 1. **P<0.01, *P<0.05.

that had been treated with
shPAR2 or pre-incubated with
PZ-235 showed significant attenuation of the calcium response elicited by trypsin or the
synthetic PAR2-activating peptide LIGRLO (Figures 3.8 B&C). Suppression of calcium
signaling seen by inhibition or loss of PAR2 could also be observed in cells pre-
incubated with either U73122, 2-APB, or the Gg4-inhibitor YM254890 (10uM) (Figures 3.8
D&E). We then compared these results to cells that had been incubated with either
BAPTA or the calcium ionophore A23187 (Figure 3.8 F). BAPTA (10 uM) caused a
complete reversal of PAR2'’s inhibitory effect on phosphorylated AKT. In contrast to this,
cells treated with the A23187 (10 uM) showed what appeared to be a decrease in basal
phospho-AKT levels and an observable decrease in AKT-phosphorylation upon addition
of insulin.

Activation of the S473 specific phosphatase PH domain and leucine rich repeat
protein (PHLPP1) is generally assumed to occur through conventional PKC activity. We
could not confirm the role of PKC involvement in this inhibitory mechanism however, as
treatment with GF109203X had no effect on the inhibitory potential of PAR2 (Figure 3.9
A). Gi-signaling, generally linked with PI3K and AKT activation, could not be properly
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assessed as treatment with pertussis toxin inhibited insulin mediated AKT-
phosphorylation, complicating our analysis (Figure 3.9 B). We did gain some insight by
using Huh7 cells transfected with either dominant negative forms of G; or G4 (Figure
3.10). Transfection with G4-DN showed a significant drop in calcium response, although
not to the extent observed with knock down of PAR2, while Gi-DN appeared to cause a
change in timing of the signal transient but not in the extent of calcium release. Based on
these data we therefore inferred that Gq signaling is likely the dominant form of PAR2
signaling leading to calcium evoked inhibition of AKT phosphorylation. The most curious
aspect of these results was that A23187 appeared to flip the way in which insulin
signaling generally occurs, from the promotion of AKT phosphorylation to suppressing it.
These data seemed to imply that over-activity of hepatic PAR2 in T2DM, coupled with
hyperinsulinemia could be driving down AKT phosphorylation and contributing to hepatic

insulin resistance.
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Figure 3.8 PAR2 Inhibits Insulin Signaling via an Evoked Calcium
Response

Histograms are average + SEM (A) Representative western blots from HepG2
cells pre-incubated with U73122 (20 uM) or 2-APB (50 uM) before treatment
with trypsin (10 nM) and insulin (15 nM). (B-E) Calcium mobilization assay
performed on cells treated with shPAR2 or shScr (B&C) or utransduced cells
(D&E) using 30 nM trypsin (B&D) or 1 yM LIGRLO (C&E), cells were incubated
with vehicle (0.2% DMSO) or indicated drug prior to experiment (N=4 all
conditions). 20uM PZ-235, 20uM U73122, 50uM 2-APB, 10uM YM254890.
Each curve represents average normalized signal, relative to the shScr or veh
group, occurring from the activating stimulus, right hand graph is normalized
AUC relative to the shScr or veh group. (F) Representative western blots from
HepG2 cells incubated with BAPTA (10 uM) or A23187 (10 pM) prior to
stimulation with trypsin and insulin. All comparisons were made using one way
ANOVA with the Dunnet’s test correction for multiple comparisons to the control
condition ****P<0.0001.
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Figure 3.9 GF109203X Does Not Inhibit PAR2 Inhibition of pAKT and
Pertussis Toxin Inhibits Insulin Signaling

(A) Representative western blot of HepG2 cells treated with GF109203X (5
MM) for 1.5 hours prior to stimulation with trypsin (10 nM) and insulin (100
nM). (B) Representative western blot of HepG2 treated with pertussis toxin
(400 ng/ml) for overnight prior to trypsin and insulin stimulation.

3.2.5 Loss or Inhibition of PAR2 Reduces Hepatic Insulin Resistance in Leptin-
Receptor Deficient Mice

We crossed PAR2-null and leptin-receptor-deficient (Db/Db) mice to create a
doubly-deficient strain that would allow us to assess the role of PAR2 in the
development of hepatic insulin resistance. PAR2-deficent Db/Db mice had significantly
reduced fasting blood glucose levels when compared to Db/Db mice (Figure 3.11 A).
Despite the drop in blood glucose levels caused by the absence of PAR2 these animals
did not show any suppression of weight gain (Figure 3.11 B), or in NAS (data not
shown), and only a non-significant 12% reduction in hyperinsulinemia (data not shown).
Similar to our findings in wild-type animals fed HFD, there was a significant increase in
both the hepatic transcript levels of Par2 as well as liver tissue reactivity to our PAR2
antibody (Figures 3.11 C&D). Fasted PAR2-deficient Db/Db mice exhibited a non-
significant 29% increase (data not shown) in phosphorylated AKT levels relative to wild-
type which seemed to imply very mild protection from hyperinsulinemic desensitization.
Treatment of PAR2-deficient animals with exogenous insulin caused a significant
increase in the hepatic levels of phosphorylated AKT relative to Db/Db animals, which

experienced a drop in phosphorylated AKT (Figure 3.11 E). The drop in phosphorylated
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levels of the gWAT in
response to exogenous
insulin (Figure 3.11 E).
The resensitization of the liver, but not gWAT, to insulin signaling that we observed in
PAR2-deficient animals was also observed in animals treated with PZ-235 prior to
administration of insulin (Figure 3.11 F). These data seemed to indicate that PAR2
signaling is not only increased in the livers of Db/Db animals but that it is an active driver
of hepatic insulin resistance. Furthermore, the ability of PZ-235 to recapitulate the effect
of PAR2-deficiency allowed us to test whether or not transient inhibition could lower
whole body glucose exposure.

We administered PZ-235 (10 mg/Kg/Day) to six week old Db/Db mice for three
weeks and assessed their response to initial dosing as well as HbA1c. Mice were
assigned to either the PZ-235 or the vehicle control group to have identical baseline
glucose values, Final: Vehicle- 341+/- 15.4, PZ-235- 352.78+/- 13.8 (mg/dL, Avg+/-
SEM). Animals’ initial blood glucose levels were taken between ZT 0 and 1 immediately
prior to treatment with PZ-235. After administration of PZ-235, animals were placed in
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fasting conditions for six hours with glucose monitoring at timed intervals. PZ-235 treated
mice showed a greater reduction in blood glucose levels relative to vehicle treated mice
causing a significant 15% reduction in their relative level of glucose exposure (Figure
3.11 G). Treatment of Db/Db mice with PZ-235 led to a reduction in fasting blood
glucose levels, as assessed at the end of the six hour fast, nearly three times that of
vehicle-control mice (Figure 3.11 H). Daily administration of PZ-235 to animals over a
three week period significantly suppressed the level of HbA1c by 29% (a gain of 2.8 v
2.0% Hba1c, Figure 3.11 ). Additionally the level of fasted insulin in the PZ-235
treatment group was roughly 40% lower compared to vehicle treated animals (figure
3.11 J). The reduction in insulin levels implies the possibility of some form of
compensatory signaling, possibly due to lowered glucose mediated insulin release or
through increased hepatic internalization (Seyer et al., 2013).

In aggregate, our findings strongly suggest hepatic PAR2-signaling as acting
antagonistically towards hepatic insulin signaling, driving the development of insulin
resistance (Figure 3.12). The outcome of this inhibition is an alteration in hepatic glucose
metabolism and an increase in blood glucose levels. This proposed mechanism is
supported by our findings that PAR2-deficiency is highly protective against
hyperglycemia and correlates with both increased hepatic glucose and glycogen levels.
The ability of PAR2 to inhibit insulin signaling appears to be largely driven by PAR2’s
calcium-signaling pathway which in this system occurs largely by G4 activation.
Increases in glucose uptake by the liver in the PAR2-deficient state appear to be linked
to GLUT2 expression. Levels of GLUT2 appear to be inhibited by PAR2 initiated PKC-
MAPK signaling. PAR2 signaling therefore acts to both constrain the amount of glucose

in hepatocytes and the metabolic utilization of internalized glucose.
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Figure 3.11 PAR2 Deficiency and Inhibition Increases Hepatic Insulin Sensitivity
Reducing Glucose Exposure
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All graphs are mean + SEM (A) Blood Glucose levels were obtained from 8 week
old Db/Db (N=10) and Db/Db; PAR2-/- (N=11) mice after a 4 hour fast. (B) Body
Weight of Db/Db animals in panel A. (C) Quantitative PCR for Par2 expression
from liver and fat, values were determined as in Figure 1, 5 samples were analyzed
per group. (D) Representative images of PAR2-stained livers using DAB from
Db/Db and Db/Db; PAR2-/- animals, bar = 50 um. (E) Representative western blot
of pAKT in liver and gWAT from fasted animals following 5 minute stimulation with
insulin (N=5 unstimulated, N=4 stimulated both genotypes). Quantification is
shown on the right, fold activation was determined by normalizing pAKT to total
AKT in a single mouse and then normalized to the average value seen in
unstimulated mice of the indicated genotype. (F) Western blot depicting pAKT
signal observed in fasted Db/Db animals receiving vehicle (5% DMSO) or PZ-235
(10 mg/Kg) 1 hour prior to insulin stimulation. (G) Normalized blood glucose levels
of Db/Db mice receiving a single dose of PZ-235 (10 mg/Kg) or vehicle over a 6
hour fasting period (N=9 both groups). (H) Average drop in blood glucose levels
seen in animals at the end of the 6 hour fasting period shown in panel G. (I) Change
in glycated hemoglobin levels seen in mice over a three week period receiving
daily doses of PZ-235 (10 mg/Kg/day) or vehicle (5% DMSQO), mice are the same
as in panel G. (J) Fasting plasma insulin levels from mice in G-I at the end of the
three week period. Statistical comparisons in A-E & H,J were made using student’s
t-test between samples indicated, comparisons in panel G were made using
repeated measures ANOVA, comparisons made in panel | use repeated measures
t-test ***P<0.001, **P<0.01, *P<0.05.

3.3 Discussion

In this study we have described the importance of hepatocellular PAR2 signaling
to the development of hepatic insulin resistance, and the contribution of this mechanism
to the diabetic condition. Hepatic insulin resistance sits at a critical junction in diabetes
and hepatic disease state that is correlated with the development of the fibrotic-
inflammatory condition NASH. Over time, NASH can lead to the development of
conditions such as cirrhosis and hepatocellular carcinoma. Our current understanding of
the mechanism by which hepatic insulin resistance occurs relies on the development of
NAFLD. The establishment of insulin resistance from this condition rests in the import
and sequestration of lipids that occurs as a result of hyperlipidemia caused by excessive
adiposity (Perry et al., 2014; Tolman et al., 2007). Previous studies have identified a role

for PAR2 in the development of obesity and NAFLD but have primarily focused on the
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role of PAR2 in both
inflammatory cells and
peripheral white adipose tissue
(Badeanlou et al., 2011; Wang
et al., 2015). We confirmed
earlier findings by demonstrating
that PAR2-deficient mice are
effectively protected against the
development of obesity and
hyperglycemia in HFD
challenge. However, we also
showed that the majority of this
protection anticipates dietary
insult. By combining HFD with
chemically induced diabetes we
further demonstrated that PAR2
plays only a minor role in

peripheral insulin resistance.

Hepatocyte

Figure 3.12 Mechanistic Summary of PAR2 in
Hepatic Function

Active PAR2 signaling inhibits the expression of
Glut2 and the ability of insulin to activate AKT via
Gg-coupled signaling resulting in hepatic insulin
resistance, lowered glycogen production, and
increased blood glucose.

Instead, we observed that PAR2 expression has a dramatic effect on basal glucose in

the dietary conditions examined. Aggregately, these observations are more consistent

with PAR2 having a role in hepatic, rather than peripheral, glucose metabolism. This

view is further bolstered by the significant increases in PAR2-expression we observed in

liver but not in white adipose tissue. Furthermore, we demonstrated that suppression of

hyperglycemia is also observed in PAR2-null Db/Db mice which possess equivalent

levels of obesity as Db/Db mice. We have also shown that transient inhibition of PAR2 in

Db/Db mice, a model of T2DM, causes significant reductions in blood glucose levels.
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These data very strongly imply that PAR2 directly inhibits hepatocellular function rather
than acting indirectly through adipose tissue or inflammatory cells.

Hepatocellular PAR2-signaling’s involvement in glucose metabolism appears to
be mediated through two different mechanisms that act to reduce both glucose
internalization and glycogenesis. The expression of GLUT2 has been tied to multiple
signaling cascades. In particular, PKC activation of the MAPK cascade has been
reported to reduce GLUTZ2’s expression (Lee et al., 2006). We observed that PAR2
signaling through novel-PKCs was able to activate MAPK signaling and resulted in
significant attenuation of GLUTZ2 expression. Genetic depletion of PAR2 likewise caused
a significant increase in the level of GLUTZ2 expression with resultant increases in the
level of glycogen production. These data help explain our in vivo observations that
PAR2-deficient mice often have significantly higher levels of hepatic glucose and
glycogen accumulation. Additionally, the increase in both glucose and glycogen in
PAR2-null mice is roughly commensurate with the observed increase in the level of
Glut2. However, it is important to note that the level of Glut2 does not decrease in mice
with increased hepatic PAR2 expression. This implies that PAR2 acts to constrain or
moderate the level of Glut2 expression rather than uniformly suppressing it. The role of
PAR2 in glucose transporter expression appears to be somewhat specific to Glut2, as
Glut10 expression follows a roughly inverted trend compared to G/ut2. The reduction in
glycogenesis observed in disease state further implies a role for PAR2 in the inhibition of
Insulin-AKT signaling.

PARZ2 signaling is known to interact with AKT through multiple signaling
intermediates and direct interactions. Our culture based assays clearly demonstrated a
PAR2-mediated inhibitory signaling cascade that blocks insulin-driven AKT
phosphorylation. This inhibitory mechanism appears to be largely Gq driven and leads to
the release of calcium from intracellular stores that inhibit AKT phosphorylation.
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Inhibition of PAR2, or the factors responsible for the release of calcium, restored Insulin-
driven AKT phosphorylation. These data were further complemented by our observation
that sequestration of calcium, using BAPTA, also restored insulin signaling. Conversely,
treatment of cells with the calcium ionophore A23187 appeared to reduce basal AKT
phosphorylation and switched insulin signaling from being activational to inhibitory. This
inhibitory effect of insulin on AKT was also observed in Db/Db mice treated with
exogenous insulin. By comparison, PAR2-deficiency or inhibition in the Db/Db
background restored insulin signaling to being purely activational. In the context of
dietary challenge, we found that PAR2-null animals tended to have increased levels of
activating AKT phosphorylation and inhibitory GSK3B phosphorylation. From these data
it is very clear that PAR2 plays a large role in the suppression of AKT phosphorylation
and the development of hepatic insulin resistance. Intriguingly, we found in liver cells
experiencing either inhibition or depletion of PAR2 that insulin tended to activate AKT to
a greater extent than cells experiencing no PAR2-modulation. Some of this increase in
signal appears to partially stem from reduced baseline levels of AKT-phosphorylation in
cells with reduced PAR2-signaling. This observation may imply that PAR2 acts to
increase insulin signaling, or at least prolong AKT-phosphorylation, in non-diseased
sates.

The issue of PAR2’s preferred signaling mode in diseased versus non-diseased
states is important for understanding how PAR2 ultimately contributes to pathology.
Recent work has elegantly shown that loss of G; signaling in the liver can cause
organismal level changes in glucose metabolism (Rossi et al., 2018). In particular there
was a significant decrease in blood glucose levels with loss of G; that was attributable to
reductions in Gi-mediated JNK signaling. While we have also observed a reduction in
blood glucose with loss of PAR2 under basal conditions, this effect appears to be more
related to loss of an inhibitory G4 signal. Our data further implies that increased Gq
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signaling contributes to the development of hepatic insulin resistance. Very likely both
PAR2-mediated G; and G4 coupled mechanisms exist in non-diseased tissues states.
Under basal conditions, however, G4 signaling might only account for a minority of total
hepatic PAR2 signaling. Our own data and previously published work (Shearer et al.,
2016) seems to imply that increasing PAR2 expression in various disease models has
the same effect as increasing PAR2 signaling. However, many of the effects that we
have observed appear to be linked more to G- than Gi-coupled signaling mechanisms.
The cause of hepatocellular metabolic dysregulation might therefore not be driven by
total PAR2 signaling. Instead, the pathological nature of PAR2 signaling might be a
consequence of an increasingly biased signaling mechanism favoring the release of
calcium. Increased PAR?2 signal bias might occur through either preferential association
of PAR2 with a particular G protein or with different receptor binding partners. Indeed,
many GPCRs are thought to exist as asymmetric pairs where only one GPCR is capable
of downstream signaling (Ferre et al., 2014). Through these associations it might be
possible for PAR2 to both coopt the signaling of other receptors and potentially attain a
conformation that is more conducive to activation.

PAR2 is a receptor already well known for its involvement in inflammatory
signaling and disease, but generally operates through association with other receptors in
some form of heterologous complex (Adams et al., 2011). PAR2 is known to function
through heterodimerization to alter the signaling outcomes of the closely related receptor
PAR1 during sepsis and pulmonary fibrosis (Kaneider et al., 2007; Lin et al., 2015).
Additionally, PAR2 has also been shown to associate with TLR4 and propagate
inflammatory signals via G4 (Rallabhandi et al., 2008). In addition to receptor
oligomerization, PAR2 has been shown to physically associate with and activate AKT
(Kancharla et al., 2015). By a similar token, internalized PAR2 also acts through
complex formation that is largely facilitated by B-arrestin2 to activate ERK (DeFea et al.,
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2000; Wang et al., 2010). Because of the various binding partners that PAR2 has found
to associate with there is likely a large diversity in PAR2 molecules. Indeed, it has been
posited that there exist different pools of PAR2 existing in physically distinct areas of the
cell. In addition to spatial segregation these different PAR2 molecules appear to have
slightly different interacting partners and mediators of downstream signaling (Awasthi et
al., 2007; Russo et al., 2009). In disease states that cause increases in PAR2, such as
NAFLD, expression and distribution of PAR2 might therefore not be uniform. This would
cause an increase only in certain pools of PAR2 helping to create biased signaling
events. In the case of NAFLD, the promotion of a pool of PAR2 that predominately signal
through G4 might therefore not only be the cause of hepatic insulin resistance but also
extremely particular to this disease state. The question of how generalizable PAR2-
inihibition is for amelioration of disease will likely become more important as PAR2-
inhibitors, such as PZ-235, begin to enter the clinic. We believe that the data presented
in this study very clearly demonstrates a role for PAR2 in the development of hepatic
insulin resistance and that the inhibition of PAR2 may help ameliorate diabetic
complications and lessen the development of NASH within obese-diabetic patient

populations.
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3.7 Materials and Methods

3.7.1  Mice

C57BL/6 male mice (6 weeks) were purchased from Charles River Laboratories while
mutant strains (PAR2-null, Db/Db) were bred at the Tufts animal facility. All groups were
maintained in climate-controlled rooms in the certified and accredited Division of
Laboratory Animal Medicine (DLAM) at Tufts University. All experiments were performed
in accordance with the guidelines of the U.S. National Institutes of Health and approved
by the Tufts Medical Center Institutional Animal Care and Use Committee. All animals
were sacrificed humanely using CO- asphyxiation. Organs were extracted from recently
euthanized animals and then either flash frozen with liquid nitrogen or fixed in 10%
formalin for at least 24 hours at 4°C before embedding. Frozen tissues were then ground
to a powder under cryogenic conditions and used for extraction of mMRNA, protein, and

metabolites.
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3.7.2 High Fat Diet Experiments

High Fat Diet experiments used D12492, a 60% high fat dietary chow from Research
Diets Inc. (New Brunswick, NJ), with diet first being given to animals starting at 6 weeks
of age and continuing for 16 additional weeks prior to harvest. Streptozotocin (Sigma-
Aldrich St. Louis, MO) was administered via intraperitoneal injection to specific mice
midway through dietary challenge as a 50 mg/kg dissolved in a 100 mM sodium citrate
solution (pH 4.5) following a 4 hour fast (ZT 2-6), dosage was repeated for 5 consecutive
days. Blood glucose measurements were obtained using a “One Touch UltraMini”
(LifesScan Chesterbrook, PA) glucometer with appropriate test strips with blood
collected from tail bleeds. Insulin and glucose tolerance tests were performed following a
4 hour fasting period (ZT 2-6) both glucose (2 g/Kg, Sigma-Aldrich) and insulin (0.5
U/Kg, Sigma-Aldrich) were delivered via intraperitoneal injection, tests were performed
at week 14 and 15 of dietary challenge respectively. Additional blood was collected from
fasted animals 1 to 2 days before sacrifice to assess fasting insulin levels. Platelet poor
plasma was obtained from these samples by spinning blood at 3000 rpm for 10 min.
Insulin levels were measured using a mouse insulin specific enzyme linked
immunosorbent assay (ELISA) from Mercodia AB (Uppsala, Sweden) following the

manufacturer’s instructions.

3.7.3 Leptin-Receptor Deficient Animal Experiments

Leptin-receptor deficient mice (Db/Db) were obtained from The Jackson Laboratory
(Hummel et al., 1966) (stock# 000642 Bar Harbor, ME). Heterozygotic mice were also
obtained and bred with PAR2-deficient animals from our colony (equivalent to Jackson
stock# 004993), double heterozygotic mice were bred back to the PAR2-null line to
create PAR2-null and leptin-receptor-null heterozygotes which were then interbred to

create the double deficient strain. Mice were genotyped for leptin receptor deficiency
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using the following primers forward: AGAACGGACACTCTTTGAAGTCTC, reverse:
CATTCAAACCATAGTTTAGGTTTGTGT, and distinguished by RSAI (NEB Ipswich, MA)
digestion of the amplicon. PAR2 genotyping was performed using the following primers
mutant: GCCAGAGGCCAGTTGTGTAG, forward: CAAAGACTGCTGGTGGTTG,
reverse: GGTCCAACAGTAAAGCTGCT. Conditions for genotyping were performed
using the recommendations provided by The Jackson Laboratory. PZ-235 (P2pal-18S;
palmitate-RSSAMDENSEKKRKSAIK-NH>) was synthesized by Ambiopharm Inc. (Beech
Island, SC), dissolved in 5% DMSO and delivered subcutaneously (10 mg/Kg/day). PZ-
235 (10 mg/Kg) was also administered 1 hour before insulin (0.5 U/Kg) for assessment
of insulin-AKT signaling. Glucose and insulin measurements were taken as was done for

animals in the HFD experiments.

3.7.4 Histopathological analysis

Paraffin embedded liver tissue was sectioned (5 um) and stained with Hematoxylin and
Eosin (H&E) for NAS, Periodic-acid-Schiff (PAS) stain for glycogen with Mayer’s
hematoxylin counterstain (Thermo Fisher Scientific, Waltham, MA) , or used for PAR2-
antibody staining. NAS was determined using pre-established guidelines on blinded
samples using observations made with a Zeiss axioscope. PAS staining observations
were made with a Nikon Eclipse Tl (Nikon Tokyo, Japan) microscope attached to a Zyla
sCMOS camera (Andor Technology, Belfast, Northern Ireland). Nikon elements software
was utilized to create real color images from individual channel exposures.
Immunostaining of PAR2 (0.06 pg/ul) used a previously described rabbit poly-clonal
antibody (Sevigny et al., 2011a), raised against the sequence:
S3LIGRLETQPPITGKGVCss. Staining was performed on sections following rehydration
and citrate buffer antigen retrieval. Resolution of PAR2-staining was made using an

avidin-biotin complex with HRP system and 3,3’-diaminobenzidine (DAB) staining kit
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(Sigma-Aldrich). Cells stained for PAS were grown on glass coverslips and fixed using 2

% paraformaldehyde for 15 minutes at 37 °C.

3.7.5 Glucose and Glycogen Analyses

Glucose and glycogen were extracted using a pre-established protocol
(Pederson et al., 2004) briefly: glycogen was isolated by boiling ~50mg liver tissue using
300 pl 30% KOH followed by addition of 100 yl 1M sodium sulfate, and 800 pl of ethanol.
Samples were then reboiled and pelleted, the supernatant was then discarded. The
pellet was then resuspended and either used to assess hepatic glucose or washed with
three cycles of boiling the pellet in water and ethanol to isolate glycogen. Glycogen was
resuspended in 50 mM sodium actetate (pH 4.8) to which amyloglucisade (0.3 mg/ml,
Sigma-Aldrich) was added, and the mixture allowed to incubate overnight at 37 °C. A
small sample of resuspended sample was used to assess glucose levels prior to
enzymatic degradation. Cells used for the glycogen assay were collected in 50 mM
sodium acetate (pH 4.8) and briefly sonicated, a baseline value was then made for
glucose and total protein prior to enzymatic degradation. Glucose levels were assessed
using the WAKO Autokit Glucose (Fujifilm Wako Diagnostics USA, Moutainview, CA)
modified for 96 well plate format. Glycogen levels were determined by subtracting time

zero values from the values post digestion.

3.7.6  mRNA Isolation and Quantitative RT PCR

Total mMRNA was extracted from the harvested liver samples using the RNeasy
mini kit (Qiagen, Valencia, CA). mRNA was reversed transcribed, and real time
quantitative PCR was conducted using a SYBR green master mix (Roche) and a 45-
cycle thermocycling protocol. The data are represented as relative fold changes in
mRNA normalized to the indicated housekeeping gene. The following primers were used

for analysis of expression: mEef2 forward primer GTGGCATCTACGGTGTCCTG; mEef2
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reverse primer CGGTGAAGCCAAAGGACTCAT; mGapdh forward primer
AGGTCGGTGTGAACGGATTTG; mGapdh reverse primer
TGTAGACCATGTAGTTGAGGTCA; mPar2 forward primer CTTGCACCGGGACGCA,;
mPar2 reverse primer AAAGCCTGGTTCTACCGGAAC; mGlut2 forward
TGCTGCTGGATAAATTCGCC; mGlut2 reverse AGCAACCATGAACCAAGGGA,;
mGlut10 forward primer CTGCTACAGCGGGGATTTGA; mGlut10 reverse primer
GGAGGGCACCAGATATGACG; hACTB forward primer
GGCTCTTCCAGCCTTCTTTCCT; hACTB reverse primer
CACAGAGTACTTGCGCTCAGGAGG; hPAR?2 forward primer
TGACTTTCTCTCGGTGCGTC; hPAR2 reverse primer TCCTTTTCCAGTGACGTGGG;
hGLUT2 forward primer GAAGCATCGAGTGAGCAGAA; hGLUTZ2 reverse primer
CACAAGGAATACAGAGACAGCA; hGLUT10 forward primer
CGGCCTGGGCTTCATCTATT; hGLUT10 reverse primer

AAAGCTCAGGGTGAACCGTC.

3.7.7 Cell Culture

HepG2 cells, a human hepatocellular cell line, were obtained from ATCC and
Huh7 cells were a generous gift from Cynthia Leveille-Webster (Cummings School of
Veterinary Medicine at Tufts University Grafton, MA). Both cell types were maintained in
low-glucose DMEM (Corning Cellgro, Corning, NY), supplemented with 10% FBS
(Atlanta Biologicals, Atlanta, GA) and 1% penicillin/streptomycin (Invitrogen, Carlsbad,
CA). Cells were kept in a 37 °C incubator with 5% CO: before being used for any
indicated analysis. Prior to most experiments, HepG2 cells were cultured overnight in
“fasting media” which is DMEM made from phenol-red free, glucose free, pyruvate free,
and L-glutamine free powder (Sigma-Aldrich) with the following additives: 5.5 mM

Glucose, 1 mM Pyruvate, 44 mM sodium bicarbonate, 2 mM L-Glutamine, 0.2% Fatty-
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acid-free BSA, and 1% penicillin/streptomycin (Invitrogen). 10 nM bovine trypsin (Sigma-
Aldrich) was added to cells for 10 minutes to stimulate PAR2 after which 15 nM of insulin
was added for an additional 10 minutes before cells were harvested. For GLUT2
expression assays, cells were placed in fasting media for 2 hours and stimulated with
trypsin for 4 hours. For the glycogen assay, cells were placed in fasting media without
glucose for 4 hours at which point glucose was added back (5.5 mM) for an additional
hour. All inhibitors were placed on cells for 30 minutes prior to addition of trypsin except

for pertussis toxin (overnight), GF109203X (1.5 hours), and PZ-235 (1 hour).

3.7.8 Cell Transfection and Viral Methods

Lentiviral vector pLKO-puro containing scrambled (pLKO.1-puro Luciferase,
SCHO007) shRNA or PAR2 (Sigma-Aldrich), PAR2 (TRCN0000006768) shRNA
sequence:
CCGGCGAAACCTCATCTCTACTAAACTCGAGTTTAGTAGAGATGAGGTTTCGTTTTT,
were transfected into 293T cells using Lipofectamine (Invitrogen) following the
manufacturer’s instructions. Lentivirus containing supernatants from 24 and 48 hours
post transfection were collected and pooled. Supernatants were diluted 1:10 and
supplemented with 8ug/ml polybrene (Millipore, Burlington, MA), cell infection proceeded
for 24 hours when viral media was removed and replaced with regular cell media. PAR2
specific siRNA (AGGAAGAAGCCUUAUUGGU) from Ambion (Foster City, CA) or firefly-
luciferase siRNA (CGTACGCGGAATACTTCGA) from Dharmacon (Lafayette, CO) were
transfected into cells using oligofectamine (Invitrogen) following the manufactures
instuctions. Transfection of cells with G4-dominant negative (Q204L/D277N), G-
dominant negative (Q205L/D273N), or PCNAS3.1 expression vector (all from cDNA.org,
Bloomsburg University, PA) was performed using lipofectamine (Invitrogen) following the

manufacturer’s instructions.
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3.7.9 Fluorescence Activated Cell Sorting

Cells were lifted using 5 mM EDTA and pelleted, washed twice with phosphate-
buffered saline (PBS) and resuspended in PBS with 1% FBS. Cells were either stained
for 1 hour in the dark at 4 °C with the PAR2 targeting antibody SAM11 conjugated to
FitC (sc-13504 FITC, Santa Cruz Biotechnologies, Santa Cruz, CA) or a mouse 1gG1
FitC Conjugate (Cat# 349041, BD Biosciences, Franklin Lakes, NJ) 1.5 pg/million cells
both antibodies. Cells were washed one time with cold PBS before fixation with 1%
paraformaldehyde in PBS supplemented with 1% FBS. Analysis of cell staining was
performed using a two laser BD FACS Canto Il flow cytometer. Sort profiles were

examined and interpreted using FloJo software.

3.7.10 Western Blot Analysis

Whole cell lysates were prepared from HepG2 cells using T-PER (Fisher
Scientific) buffer supplemented with Halt™ protease and phosphatase inhibitors (Thermo
Fisher). Cell Lysates were clarified by centrifugation at 10,000 g for 20 minutes at 4 °C,
loading buffer was then added to the supernatant and denatured by boiling for 5
minutes. Tissue lysates were prepared by homogenizing 75 mg of ground frozen tissue
in RIPA buffer (50 mM Tris-HCI, pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 150 mM NaCl, 1 mM EDTA) with 3 mM NaF, 1 mM B-glycerophosphate, 1 mM
Na3VOs4, 5 uM lodacetamide, 2 yM N-Ethylmaleimide, and 1 mM phenylmethane sulfonyl
fluoride, in addition to Halt™ protease and phosphatase inhibitors. Tissue lystaes were
clarified by centrifugation at 14,000 g for 30 minutes at 4 °C, loading buffer was then
added to the supernatant and denatured by boiling for 5 minutes. The denatured lysate
was then sonicated to remove aggregates. For analysis, equal amounts of protein were
loaded (20 pg cells, 50 ug tissues) and resolved on a 10% SDS-Gel and gel bands

transferred to a PVDF membrane (Millipore) with Horseradish peroxidase (HRP)-
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conjugated secondary antibodies used at a dilution of 1:1000 and visualized using ECL
reagent (Pierce, Rockford, IL). The primary antibodies (dilutions, catalog#) were all
purchase from cell signaling technologies (Danvers, MA) except for 3-Actin (1:30000,
Sigma#197A): B-tubulin (1:1000, #2146S), , pAkt (1:1000, Ser473, #4058S), total-Akt
(1:1000, #9272), pGSK3p (1:500, Ser9, 9336S), and total-GSK3p (1:1000, 9315S).
Staining of total protein occurred after analysis of phosphorylation levels, blots were
stripped using a 1.5 % Glycine solution (pH 2.2) with 0.1 % SDS and 1.0 % Tween-20.
Signal intensity of both phosphorylated and total protein was quantified using Image J,
only samples from the same experiment and run on the same gel were compared to
each other. For tissue lysates, half of the animals from each condition were run side by
side on the same gel and similar exposures, as judged by the control groups, were

chosen for analysis.

3.7.11 Calcium Mobilization Assay

Cells were cultured in 96-well clear bottom-black plates with regular culture
medium until the time of assay. Cell media was removed and replaced with FLIPR 4
calcium assay kit dye (Molecular Devices, San Jose, CA) diluted 1:10 in HBSS (with
calcium and magnesium) supplemented with 20 mM HEPES, 0.2% BSA, and 50 mM
probenecid pre-dissolved in 1 M NaOH. Cells were incubated for 60 minutes at 37 °C
with inhibitors added midway through the incubation phase. Calcium flux measurements
were then made using a FlexStation 3 multi-mode microplate reader set to 37 °C with
Trypsin or LIGRLO added to final concentrations of 30 nM or 1 uM respectively 20

seconds after the beginning of the assay.

3.7.12 Statistical Analysis
For all figures, values are average + SEM. In cases of multiple comparisons

significance was established using either the Holm-Sidak test correction, or Dunnet’s
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test. All statistics were calculated using GraphPad Prism 6.0 (San Diego, CA). Statistical

significance was defined as p < 0.05 (*) or p < 0.01 (**) or p < 0.001 (***) or p < 0.0001
(****).
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Chapter 4. Discussion

4.1 General Summary and Discussion of Results

PAR2 signaling plays a complex role in the development of NAFLD and NASH,
with different aspects of its signaling controlling the physiology of multiple cell types to
drive pathology. In particular, PAR2 seems to play an integral role in the development of
fibrosis by facilitating stellate cell activation. The role of PAR2 in stellate cell activation
had been described prior to our studies (Fiorucci et al., 2004a; Knight et al., 2012).
However, it still remains unclear at what stage of disease PAR2 contributes most
substantially to the development of fibrosis. As discussed previously, and more
thoroughly summarized elsewhere (Tsuchida and Friedman, 2017), there are multiple
pathways that lead to stellate cell activation. Many of these pathways are activated by
extracellular inflammatory signals that can be secreted from hepatic macrophages,
hepatocytes, and even other stellate cells. Regardless of the source, the secretion of
these factors is likely reduced by either lack or inhibition of PAR2-signaling (Knight et al.,
2012; Shearer et al., 2016). The expression and activation of PAR2 on stellate cells may
therefore be a secondary effect that helps to promote the expansion of activated stellate
cells during fibrotic progression rather than causing their initial activation. Indeed, PAR2-
deficient mice were still found to develop mild fibrosis when challenged with CCls. There
was, however, relatively little expansion away from the portal region and no development
of bridging fibrosis (Knight et al., 2012). Inhibition of LX-2 cells, which are derived from
human stellate cells, with PZ-235 appeared to block both Gi- and G- driven pathways.
Both delayed and concurrent treatment with PZ-235 showed significant protection from
the development of fibrosis, but initiating therapy concurrently with insult did not appear
to greatly increase the level of inhibition. These observations further underline how

PARZ2’s involvement in fibrosis is likely more related to the development of advanced
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fibrotic states. While the inhibition of PZ-235 did significantly reduce fibrosis, it still
appeared to be somewhat less effective than PAR2-deficiency. Some of this
discordance might be attributable to PZ-235 not conferring the same level of protection
against hepatocellular death pathways as PAR2 deficiency.

Hepatocellular death in models of NAFLD and NASH can occur through
excessive ROS-related stress, release of pro-death cytokines, or lipotoxicity. In the CCla,
model the dominant mode of protection against pathology appears to be through direct
increases in hepatocellular viability. This observation is further supported by our in vitro
data, which showed a modest but significant decrease in hepatocellular ROS production.
We also observed increases in cell viability against oxidative stress following incubation
with PZ-235. The increase in hepatocellular viability likely also translates into reduced
release of cellular components and a reduction in stellate cell activation. Thus, some of
the protective effect of either PAR2-inhibition or deficiency on stellate cell activation is
likely not occurring through direct action on PAR2-signaling in stellate cells. Similar
effects on hepatocellular protection, as evidenced histologically and by LFTs, were seen
in PZ-235-treated animals fed MCD chow. In this case, there was also a pronounced
reduction in lipid accumulation that accompanied the drop in hepatocellular ballooning,
which may suggest a reduction in DNL and lipotoxicity. The pronounced drop in
inflammatory cells with PZ-235 treatment in MCD may also be a driving force in the
reduction of steatosis, as has been observed or inferred in other studies (Stienstra et al.,
2010; Wang et al., 2015). These studies did not determine whether inflammatory cells
drove steatosis in this model, or if hepatocellular pathology drove inflammatory cell
recruitment. It is quite possible that these two processes occur contemporaneously. In
the HFD models, it appears that PAR2-deficient animals do not readily develop steatosis
or display significant increases in inflammation relative to wild-type animals. The level of
inflammatory cell ingress is, however, demonstrably lower than what is observed in the

117



MCD model. The reduction in steatosis and cell death in these models could have many
sources tied to hepatic and whole-body lipid metabolism.

PAR2-deficeint animals show several augmentations of lipid metabolism that
likely contribute to the observed reduction in hepatic steatosis. PAR2-null mice kept in
metabolic cages have shown an apparent resting oxygen consumption rate that is
indicative of increased B-oxidation (Badeanlou et al., 2011). Indeed, the data shown here
support the supposition that PAR2-deficiency also confers increased lipid degradation.
This interpretation is, however, complicated by certain aspects of PAR2-null mouse
physiology. In particular, PAR2-null mice fed HFD are resistant to weight gain and the
expansion of WAT. PAR2-null animals bred into the Db/Db mouse strain do gain large
amounts of weight and have livers that are morphologically quite similar to those of
Db/Db mice. Likewise, inhibition of PAR2 with PZ-235 in this background did not reduce
the level of weight gain and had nonsignificant effects on steatosis. This discordance in
effects therefore most lie in how these two models work to cause the development of
obesity. Db/Db animals do not eat a diet rich in fat, therefore most of the weight they
gain must be due to DNL whereas dietary fats in the HFD model are shunted through
enterocytes. This might imply that enteric PAR2 expression and signaling play a role in
either lipid internalization or the release of chylomicrons into the lymphatic system.
Indeed, the orally active PAR2-inhibitor GB88 does appear to reduce weight gain in rats
fed HFD (Lim et al., 2013). GB88 is also known to cause receptor internalization
(Hollenberg et al., 2014), making it difficult to ascertain whether inhibition of G protein
signaling or activation of B-arrestin signaling are responsible for this protection. PAR2
could also play a role in lymphatic duct biology as the “leakiness” of lymphatic ducts has
been proposed to contribute to the development of obesity (Escobedo et al., 2016).
Because of PAR2’s known role in modulating cells between structural and synthetic cell
phenotypes (Austin et al., 2013; Knight et al., 2012), as well as collateral formation (van
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den Hengel et al., 2013), it is not unreasonable for PAR2 to play some role in this
process. Similarly, overgrowth of PAR2-activating bacteria could cause alterations in
enterocyte association driving the development of a more “leaky gut” and hepatic or
systemic macrophage activation. It may also be a combination of factors wherein
lymphatic ducts with greater integrity deliver more intact chylomicrons to the liver, which
is somehow biased towards heightened B-oxidation. There is no clear explanation for
why PAR2-deficiency should cause an increase in 3-oxidation rates. The regulation of
this process requires the interplay of both hepatic and extra-hepatic cell types, all of
which could be affected by PAR2-deficiency.

Many factors are known to regulate the metabolic state of hepatocytes, including
inflammatory cytokines, glucagon, and insulin. Because the glucagon receptor is Gs
coupled, it is possible that Gi-coupled PAR2 might effect a negative stimulus on its
signaling in order to reduce B-oxidation. Because glucagon also stimulates glucose
release, loss of hepatic G; signaling would increase blood glucose levels. However,
when this experiment was carried out using genetic depletion of hepatic G;, the exact
opposite was observed (Rossi et al., 2018) with reduction of G; causing a drop in blood
glucose levels. Although the issue of $-oxidation was not assessed in this studyj, it
stands to reason that general loss of G; might not confer physiology that would be
expected from Gs over-activation. It may be that only certain receptors are able to inhibit
glucagon-mediated adenylyl cyclase activity as part of a protomeric assembly. Whether
or not this is the case, and whether PAR2 is one of those receptors, remains unexplored.
It has likewise been posited that PAR2-mediated inflammatory signaling from hepatic
macrophages causes a reduction in metabolic function and an increase in lipid retention
(Badeanlou et al., 2011; Wang et al., 2015). This explanation relied on the use of bone
marrow reconstitution experiments and one of its main assertions was that TF-PAR2
macrophage signaling in the WAT was responsible for the development of insulin
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resistance. Many of our own findings directly contradict this interpretation but do not
address the importance of bone marrow function and endocrine signaling in the
development of diabetes. In particular, heightened levels of uncarboxylated (bioactive)
osteocalcin have been found to promote many of the same effects seen in PAR2-null
animals in terms of resistance to HFD and STZ challenges (Lee et al., 2007). While
some of these effects are believed to occur through increased pancreatic B-cell
functionality, an effect we did not observe in PAR2-null mice, recombinant osteocalcin
has been found to reduce the levels of steatosis in mice (Du et al., 2016). Whether or not
PAR2 is involved in regulating osteocalcin, and whether these two effects are truly
related or merely a result of convergent signaling mechanisms, is also unexplored. What
is certain, though, is that blood glucose levels in PAR2-null animals are consistently
lower, regardless of the stress applied and even in the absence of any form of dietary or
chemical challenge.

Reductions in blood glucose levels that are attributable to PAR2-deficiency prior
to dietary challenge are not predicted by models where PAR2-activation of inflammatory
cells are required to elevate blood glucose levels. The attribution of PAR2 or TF-
expressing inflammatory macrophages to drive peripheral insulin resistance (Badeanlou
et al., 2011) ignores the fact that these effects are observable in animals fed normal
chow. Also, reconstitution of wild-type animals with TF- or PAR2-deficient bone marrow
did not fully replicate the phenotype observed in the genetically deficient animals.
Indeed, their own findings demonstrated that transplanting TF- or PAR2-deficient
marrow does not inhibit the development of obesity. Furthermore, many protective
metabolic effects persist in PAR2-deficient animals given wild-type bone marrow.
Additionally, when we used STZ to reduce insulin signaling, PAR2-deficiency still
conferred protection against hyperglycemia. Our studies found that PAR2 is likely
involved in regulating the hepatic levels of GLUT2 and that loss of PAR2 resulted in a
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greater level of intracellular glucose accumulation and increased glycogen production.
When we extended these studies to Db/Db mice, we found that inhibition or loss of
PAR2 only resenesitized the liver to insulin signaling and that the adipose tissue was
largely unaffected. These data seem to imply that the hypoglycemia observed in PAR2-
null mice has very little to do with inflammation or peripheral WAT, and more to do with
augmentation of pre-existing hepatic metabolism. Some of the disagreement between
our findings and those of others (Badeanlou et al., 2011) might be attributable to effects
of whole-body irradiation. This explanation would, however, also negate the arguments
that inflammatory cells (in particular macrophages) are the sole effectors of disease
physiology. The importance of macrophages in the progression of diabetes is
indisputable, but this does not necessarily mean they are the sole cause of pathology.
Indeed, as recent studies have found, tissue dysfunction likely precedes inflammatory
cell recruitment and not the other way around (Shimobayashi et al., 2018). Additionally,
the issue of PAR2-expression on macrophages is currently somewhat controversial. Two
recent studies examining atherosclerosis found a role for PAR2 in plaque development
but one attributed these effects to PAR2 signaling in monocytes (Hara et al., 2018) and
the other to smooth muscle cells (Jones et al., 2018). In the liver and in fat, macrophage
function is often described as the primary instigator of insulin resistance, but
macrophage recruitment and activity are more likely parts of a secondary response to
tissue pathology.

PAR2 signaling also appears to have the ability to cause the development of
hepatocellular insulin resistance. The involvement of PAR2 in the development of insulin
resistance has been reported previously (Wang et al., 2015), but PAR2’s effects were
largely attributed to activation of inflammatory cells and inhibition of AMPK via increased
inflammatory cytokine secretion. While PARZ2 inhibition of AMPK has been observed in
other systems (Wang et al., 2010) we observe PAR2 having a very direct effect on
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insulin signaling through the mobilization of calcium. The role of calcium in insulin
resistance is not as well explored as that of PKCg, which is believed to drive the
development of insulin resistance in steatosis through accumulation of DAG (Perry et al.,
2014). In our studies, we did not find a role for PKCs, possibly including PKCg, in PAR2-
mediated inhibition of insulin-AKT signaling. This does not mean that PKCe is less
important than calcium signaling, however, as both systems could be operating
simultaneously with different targets and on different time scales. It is possible that
PAR2 is in some way involved with both processes, as DAG is such a potent signaling
molecule that it seems unlikely to arise as a purely incidental outcome of steatosis. The
role of calcium signaling in the liver is less well understood, partially owing to its transient
nature as compared to PKCe modification and activity.

The importance of calcium regulation on insulin signaling, while not well
understood, has been noted before in different cell types. In the liver, it has been
attributed to the activity of various downstream calcium kinases (Ozcan et al., 2013;
Worrall and Olefsky, 2002; York et al., 2017). The kinase CAMKK has been found to
have biphasic effects: inhibition of CAMKK causes pathology in low-fat dietary
challenge but suppresses HFD-associated pathology (York et al., 2017). Curiously,
CAMKKJS is presumed to activate AMPK downstream of PAR2 signaling unless it is
associated with B-arrestin after receptor internalization (Wang et al., 2010). Indeed, our
own data suggest that there is a time-dependent component to the inhibition of insulin
signaling which might be consistent with the required period for receptor internalization.
However, there also seems to be a tunable aspect of calcium signaling in hepatocytes
which confers both activational and inhibitory aspects to PAR2-regulation of insulin-AKT
signaling. This latter point is similar to the roles ascribed to CAMKKJ in similar disease
states and might be explained by how non-specific calcium signaling is in terms of cell
physiology. This means that different levels of intracellular calcium could mobilize
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entirely different pools of calcium-responsive factors. Another possibility is that PAR2-
driven pathology in disease is related to the proportion of receptors that are Gi- or G-
coupled. It would also be logical for G; coupled PAR2 to exist in assemblage with PI3K
and also AKT as has been observed in other studies (Kancharla et al., 2015). The close
association between all these factors in non-diseased states might allow for the rapid
activation of AKT by either insulin or PAR2. An increase in the level of Gq coupled PAR2
within the same micro domain, or even improper association between this form of PAR2
and AKT, might be enough to disrupt the balance of these factors, leading to PAR2-
inhibition of AKT. This explanation would be consistent with our observations but also
implies that PAR2-null mice likely have lower levels of basal AKT-activation, for which
we find some evidence in our in vitro PAR2-depletion experiments. Over time, aberrant
PAR2 signaling is likely to exert negative selective pressure on hepatocytes with
excessive PAR2 expression, owing to a loss of the anti-apoptotic effect of AKT signaling.
This effect of PAR2 is mediated by downstream effectors, which can also be lost or have
altered expression. Over a long enough time period these alterations might change the
role of PAR2 enough to make it actively promote tumorigenesis.

Several studies have found PAR2 to be involved in multiple stages of cancer
development, particularly growth and motility (Darmoul et al., 2004; Shi et al., 2004), and
heightened PAR2 expression in HCC may correlate with increased mortality (Sun et al.,
2018). Our own data suggest that PAR2 is not a simple survival factor, rather, it might be
biphasic in terms of its effect on cellular proliferation, an effect that has been observed
by others but not accounted for (Sun et al., 2018). Indeed one issue complicating the
interpretation of PAR2’s effects on tumorigenesis is the conflating of PAR2 abundance
with active signaling. In the absence of serine-protease stimulation, signaling should only
occur in cell lines with increased expression of membrane-associated PAR2-activators.
Matriptase, one such activator, has been observed to be increased on HCC in
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relationship to tumor grade (Tsai et al., 2006), while the putative activator hepsin has
been found to be decreased in HCC (Chen et al., 2006). This might imply that these
activators operate on different cell types surrounding the growing tumor or, in PAR2-
centric terms, that there is again a difference in the type of activation and resultant
downstream signaling that propagates from the receptor. In the current study, it was also
difficult to find the conditions under which we observed most of PAR2’s inhibitory effects.
In particular, it became apparent that lower passage HepG2 cells with high levels of
PAR2 expression gave more consistent results than later passages where PAR2
expression was more variable. Likewise, the inhibition of AKT-insulin signaling was
found to be most reproducible in cells that had been cultured in low L-glutamine (GIn)
containing media. This finding is relevant as prediabetic and T2DM patients appear to
have lowered levels of GIn (Guasch-Ferre et al., 2016; Newgard et al., 2009; Tolhurst et
al., 2011) and, in certain studies, supplementation appears to help in restoring proper
control over blood glucose levels (Samocha-Bonet et al., 2014). While many of the
effects of GIn supplementation have been tied to the release of GLP-1, it may also be
that Gin directly controls or augments how hepatic PAR2 signaling interacts with insulin-
AKT signaling.

Aggregately, PAR2 does appear to have some amount of biphasic signaling with
regards to the development of pathology. The level of PAR2 expression, while not strictly
indicative of active signaling, does tend to correlate with more pronounced disease
states and inhibition generally confers some level of improvement. The fact that PAR2 is
strongly tied to pathology and disease development makes it a tempting therapeutic
target despite PAR2’s potential role in basal metabolic activity. Likewise, inhibition of
PAR2 is likely to reduce multiple components of pathology that give rise to the NAFLD

and NASH disease states.
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4.2 Implications of this Study for the Treatment of NASH and NAFLD

PAR2 likely plays a role in multiple aspects of the development of both NAFLD
and NASH. Our findings clearly describe PAR2 signaling as increasing insulin resistance
and decreasing hepatocellular viability. In this way, PAR2 inhibition by PZ-235 has
physiological actions that are reminiscent of Metformin as well as Emricasan and
Selonsetib, which inhibit cell death pathways. However, the mechanism by which PZ-
235 facilitates these effects is highly dissimilar from any of those three compounds. In
particular, the effect of PZ-235 on insulin resistance does not appear to cause direct
activation of AMPK. Treatment of patients with PZ-235 in addition to Metformin or
Liraglutide may increase the efficacy of these drugs leading to dramatic reductions in
NAS, but in general PZ-235 does not appear to be strong enough to reduce NAS on its
own. The effects of PZ-235 in the MCD diet would seem to contradict this statement but,
as noted, some of these effects might also be related to a reduction in inflammatory cell
activation. PZ-235 has shown itself to be an extremely potent inhibitor of inflammation
(Sevigny et al., 2011b) and the relevance of this activity to liver heath was confirmed in
our CCls induced liver injury models. In general, PZ-235 appears to most directly inhibit
necro-inflammatory signaling while also having some ability to reduce myofibroblast
activation. These qualities make it similar to, and potentially more efficacious than,
Cenicriviroc. However, this also means that PZ-235 or other PAR2-inhibitors might not
cause an appreciable enough decrease in NAS to be considered successful by the
criteria currently in use by the Food and Drug Administration.

Reduction in NAS may not be a perfect measure of disease but is the most
widely-used surrogate and may ultimately be a good predictor of all-cause mortality.
NASH patients do show an increased risk of dying due to liver-specific complications,

but overall both NASH and NAFLD are more likely to succumb to heart disease
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(Younossi et al., 2016). While the connection between the two is not perfectly clear, due
to the confounding factor of T2DM in many of the patients, NAFLD has been found by
meta-analysis to increase the odds of developing cardio vascular disease (Patil and
Sood, 2017). While there is some chance that PZ-235 would be able to block the
development of atherosclerotic lesions, true reversal of disease will still be measured by
reductions in steatosis. This will likely require the co-administration of a metabolic
inhibitor such as Elafibrinor or Tropifexor. OCA, though it has both anti-inflammatory and
metabolic effects, might never be a popular drug for treating NASH due to its numerous
side effects that appear to exacerbate the underlying conditions of hyperlipidemia and
T2DM in addition to causing pruritus.

It is unclear what effects PARZ2 inhibition would have on advanced liver fibrosis,
as these models were not evaluated in our studies, but in all likelihood PZ-235 would
show its greatest effects on patients whose fibrosis has not progressed beyond stage 2.
The biochemical differences between mice and humans have long been a problem in the
development of therapeutics. Therefore, the true level of efficacy and potential side
effects will only be known after further studies. Overall, PAR2 inhibition does appear to
provide a novel method to restore hepatic function by reducing inflammatory signaling

and fibrotic progression.

4.3 Alternative Interpretations of Results

While we have interpreted our data to evince a role for PAR2 in hepatocellular cell
viability, this role may also occur through other mechanisms, such as inhibition of
neutrophils, or though modification of a different set of hepatocellular responses.
Neutrophils are present throughout the body and rapidly mobilize to insult. Coincidently,
neutrophils are extremely responsive to PAR2-stimuli and inhibited by PZ-235 (Sevigny

et al., 2011b). There is also a modest body of literature showing that neutrophils are
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rapidly recruited to the liver in instances of acute injury (Ramaiah and Jaeschke, 2007).
Neutrophils appear to be just as capable of causing hepatocellular cell death as M1-
macrophages are, likely through secretion of TRAIL. It is also likely that their activities
are just as capable of stimulating stellate cells to convert to myofibroblasts. In the
absence or blockade of PAR2, it is therefore likely that neutrophil motility or the number
in circulation are decreased, resulting in no acute response to liver injury and only limited
activation of hepatic stellate cells. Even if this is the case, PZ-235 was able to afford
significant protection from pathology and observations still implicate PAR2 as a target for
inhibiting disease progression. Furthermore, this interpretation does not explain the
apparent increase in ROS, or sensitivity to ROS toxicity, conferred with PAR2 activation.
Cell autonomous studies of PAR2-mediated ROS production and sensitivity might
be biased though PAR2-mediated cell cycle control. PAR2 activates multiple
downstream regulators that can drive cells to reenter the cell cycle. It has been observed
in actively dividing cells that there is a redistribution of glutathione from the cytoplasm to
the nucleus (Markovic et al., 2007). The removal of glutathione to the nucleus might
increase sensitivity to ROS stress in the cytoplasm caused by exogenous means. This
result could therefore explain how PAR2-activation is able to increase ROS sensitivity in
cultured hepatocytes. This explanation does not fully account for how PZ-235 treatment
alone is able to reduce cellular sensitivity to CCls. Indeed, there might be some other
basal oxidative process that PAR2 signaling acts upon in a fashion that is similar to our
observations with PAR2 and mitochondrial ROS. Any toxicity caused by an increase in
mitochondrial ROS is not likely to be an immediate factor in cytoplasmic glutathione
levels, as the mitochondria have their own pool of antioxidant defense. While this effect
might be tied to some increase in metabolism, it is more than likely inflammatory in

nature. However, this effect was not fully explored in this study, nor is it well understood.
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The ability of PAR2 deficiency to reduce the onset of obesity in HFD has similarly
not been shown to be wholly related to lipid-degradation by the liver. While not assessed
by any of the studies performed on PAR2-null mice, it may be that increased lipid
degradation in this background is a result of increased brown adipose tissue (BAT). BAT
tends to increase resistance to both obesity and diabetes through expression of
uncoupling proteins that cause mitochondria to use fuel (lipid) not for ATP production,
but for thermogenic purposes (Villarroya et al., 2017). This does not appear to be the
case for Db/Db mice, however, as PAR2-null Db/Db mice are still capable of becoming
obese, but this might also be due to a loss of leptin signaling. One way to explore this
possibility would be to measure the core temperature of PAR2-null animals and see if
they are significantly increased relative to wild-type. Additionally, PAR2-null mice should
have an increase in the levels of FFAs present in their blood to facilitate the metabolic
function of the BAT. Another way to test for this function of PAR2 is to observe whether
thermostable housing reduces the differences in obesity observed between PAR2-
deficient and wild-type mice.

In a similar fashion, the lowering of blood glucose by PAR2-deficiency might
have sources other than the liver. Kidneys are known to express PAR2 and may also be
able to restrict the expression of glucose transporters within the kidney, in a fashion that
is analogous to what we observed for GLUT2 in the liver. Increased glucose in the liver
of PAR2-null animals might therefore be the result of increased hepatic glucose
production. This rationale does not fully explain the ability of PZ-235 to reduce blood
glucose levels in Db/Db mice, an effect most likely attributable to reduced
gluconeogenesis. However, in aggregate, Db/Db and HFD experimental data do not
seem to be entirely parsimonious. This means that gluconeogenesis might be increased
in HFD-fed PAR2-null animals but not in Db/Db mice that are either PAR2 deficient or
treated with PZ-235. In the non-Db/Db conditions, hepatic GLUT2 expression is
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increased, along with glucose permeability, while blood glucose levels are decreased
even in the normal-chow-fed state. These facts suggest that the contributions of PAR2 to
liver glucose metabolism are like likely more important than its contributions to kidney

glucose metabolism, when considering PAR2’s influence on blood glucose levels.

4.4 Future Directions

One of the most obvious confounding factors in understanding the role of PAR2
in disease progression has been the reliance on mice with PAR2-uniformly deleted from
all tissues. These global knockouts, while providing useful data and very strong effects,
also make it extremely difficult to determine the role of distinct tissue and cell types in
complex diseases such as obesity and diabetes. The technology to develop tissue-
specific PAR2-knockout mice has existed for close to a decade thanks to the efforts of
the KnockOut Mouse Project (Skarnes et al., 2011). However, because of the expense
required to ready the PAR2-targeted line for analysis, there have so far been few studies
examining conditional PAR2 loss (Francis et al., 2017). We have recently re-derived this
mouse line to aid us in determining which cell population PAR2 signaling acts to drive
disease progression.

One of the major questions to ask is whether hepatocellular or macrophage
PAR2 expression is more important to the development of both obesity and liver
disease. Selective excision from either population could cause a panoply of effects but if
the interpretation of our current results is correct, then excision of PAR2 from
hepatocytes should at least cause a drop in basal blood glucose levels. In HFD
challenge there should also be a protection against increased blood glucose levels and
an increase in basal phospho-AKT levels relative to animals with intact PAR2 signaling.
Whether or not this condition will ultimately reduce obesity and steatosis is somewhat

debatable. The data we generated using Db/Db mice showed a clear role for hepatic
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PAR2 in certain aspects of the disease phenotype. Loss of PAR2 in this background
also showed that obesity and diabetes can be uncoupled, most likely through increased
glucose clearance and lowered gluconeogenesis but in a manner that we cannot fully
explain. Increased B-oxidation with no increase in gluconeogenesis in either the wild-
type or Db/Db background with loss of hepatic PAR2, would mean that PAR2 does not
directly inhibit glucagon-signaling. Rather, it might imply that PAR2-G;-JNK signaling is a
major contributor to altered hepatic-lipid metabolism, as might be inferred from other
work (Rossi et al., 2018). If steatosis is not reduced in the hepatocellular specific
knockout condition, there is the potential for PAR2-signaling within inflammatory cells to
play an important role in the development of pathology.

Genetic depletion of PAR2 in macrophages may have both systemic and liver-
specific effects. As we found in our own data, it is likely for PAR2-expressing
macrophages to influence insulin sensitivity of peripheral tissues, in particular WAT.
Selective ablation of PAR2 in macrophages is therefore likely to result in a retention or
improvement of insulin sensitivity during HFD challenge. It would be interesting to see if
loss of macrophage-PAR2 in the Db/Db background improves WAT insulin signaling,
even though this is not predicted from our studies using Db/Db mice. Loss of PAR2 in
hepatic macrophages might cause a reduction in the level of steatosis and number of
macrophage in HFD challenge, but it is unclear if this drop would be significant or
biologically meaningful. The effect of ablating PAR2 in macrophages might not inhibit the
development of obesity, but this would not necessarily preclude involvement of
macrophages in this process. Indeed, it will also be necessary to remove expression of
PAR2 from WAT to assess whether PAR2 signaling is more important in adipose cells or
in macrophages. Again, though, the fact that PAR2-null Db/Db mice are still capable of
becoming obese implying that PAR2 is not necessary for adipocyte maturation.
Combining these observations with personal intuition leads me to believe that PAR2
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expression in mature adipocytes is relatively low in comparison to that of the
endothelium and vascular smooth muscle of the adipose tissue. If ablation of PAR2 from
hepatocytes, adipocytes, and macrophages fails to alter obesity, it would then prompt
the investigation of PAR2’s involvement in other organ systems.

The lymphatic system and enterocytes may provide unique insights about how
PAR2 alters lipid metabolism. Because orally active PAR2-inhibition appears to reduce
HFD induced obesity (Lim et al., 2013) it is worth exploring whether or not PAR2 ablation
within the lymphatic and digestive systems reduces the development of obesity. The
Db/Db mouse model does not offer any guidance for this model, but PAR2-deficient
mice that were reconstituted with wild-type bone marrow still gained more weight than
simple knockouts (Badeanlou et al., 2011). This might imply that gut resident
macrophages are important for some aspect of chylomicron biology, or that radiation
causes serious damage to the lymphatic system or digestive tract. The lymphatic system
is reasonably analogous to the vasculature in that both are composed of endothelium
surrounded by smooth muscle cells. PAR2 is known to be important for the function of
both cell types and therefore loss of PAR2 might alter their biology. The ability of bone-
marrow-derived cells to differentiate into endothelial cells following injury is contentious
(Perry et al., 2009). Marrow cells may, however, be able to appreciably contribute to the
endothelium or smooth muscle cells of the lymphatic system following irradiation. Even if
this is the case, it might not be biologically relevant as supplementation of irradiated
wild-type animals with PAR2-deficient marrow also failed to reduce obesity in HFD
challenge (Badeanlou et al., 2011). There is also the possibility that any PAR2 effect in
these marrow-reconstitution systems was lost following irradiation. Assessment of
PARZ2’s role in the structure and function of the lymphatic system or digestive tract would

therefore require rigorous analysis by genetic means.
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Also remaining is the question of which PAR2 signaling mode is most relevant for
the development of disease, and what underlying processes lead to PAR2 becoming a
pathological factor. Presumably PAR2 performs a very important physiological role in
non-disease conditions; however, we tend to study it only in disease contexts. Increases
in PAR2 appear to drive its pathological role, which may be due to adoption of a single
pro-inflammatory signaling mode. It may also be attributable to the cooption of other
GPCR signaling pathways through heterodimerization to increase aggregate PAR2
signaling. Because PAR2 appears to have an outsized influence on other signaling
pathways, generally through physical association, it seems likely that in non-diseased
states its primary role is as a microdomain-organizing factor. This would further imply
that many of the receptors associated with PAR2 are likely able to exert some form of
allosterically-inhibitory effect on PAR2 activation. One possible reason for this,
depending on which partner is associated with the G protein, would be to keep PAR2
from activating unless the other partner was also bound to its agonist. If this is the case,
addition of PZ-235 might supplant interactions between the inactivating receptor and
PAR2, leading to restoration of PAR2 activatability. Exploring these possibilities will not
only provide insight into how pepducins associate with their targeted receptor, but also
shed light on the basic biology of GPCRs, potentially opening additional avenues for
therapeutic intervention.

While the issue of receptor coupling and complex formation is important to
understanding activation, there is also a lack of basic understanding about how the
downstream effectors of PAR2 change in different disease states. The way in which
PAR2 signals in one disease state does not appear to be perfectly transferable or even
analogous to others. In particular, PAR2 appears to function quite differently in diabetes
as opposed to HCC, and yet one (HCC) is believed to develop from the other (diabetes).
One explanation for this change in signaling outcome is a clonal loss or rearrangement
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of signaling molecules involved in particular portions of the PAR2-signaling cascade. To
better understand this process, it may be necessary to examine which known
downstream signaling activators have either increased or decreased expression in
different disease states. This information could then be compared to PAR2 expression
levels to determine how likely it is that a particular sample is under some form of PAR2-
related selective pressure. Alternatively, it might be necessary to do some form of
proteomic analysis of the different disease states to identify how PAR2-associated
factors change in composition over time. In either case, identifying the dynamics of
PARZ2 signaling and its changes will be important to understanding its role in disease.
Increases in PAR2 expression during disease are an observable phenomenon,
even though we do not fully understand what factors initially cause PAR2’s
overexpression. Owing to its role in disease (particularly inflammation) it is likely that NF-
KB is a major transcription factor of PAR2. This may imply some level of positive
feedback where NF-kB activity causes the expression of more PAR2 while PAR2 leads
to more NF-kB signaling. Based on our data, it seems quite likely that FFAs are
responsible for at least some of the increase in PAR2 expression. PAR2 is known to
associate with TLR4, a major FFA receptor (Rallabhandi et al., 2008). Coincidently, this
association also promotes NF-kB signaling. Another strong candidate based upon our
data is signaling from the receptor of advanced glycosylated end products (RAGE). The
strongest effects on hepatic PAR2-expression were in models that had the highest levels
of blood glucose and therefore fits the pattern of RAGE activity. Indeed, TLR4 and
RAGE might be the most relevant signaling factors regulating the expression of PAR2 in
patients with T2DM and in the development of NAFLD and NASH. Development of
antagonists of these two pathways may inhibit increases in PAR2 expression and

partially ameliorate PAR2-induced pathology.
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Systemically, although PAR2 expression plays a role in a wide range of
inflammatory diseases, our understanding of the exact nature of its activation remains a
mystery. In the liver, increased levels of FXa and FVlla should be expected during
disease states as the liver is their primary site of synthesis. Based upon patient data,
FXa and FVlla are likely to also be the primary systemic factors during liver disease
(Northup et al., 2012; Verrijken et al., 2014). In other disease states, this may not be the
case as PAR2 is known to be activated by a large number of different serine proteases
(Adams et al., 2011). As our research has discovered with regards to PAR1, the type of
protease causing cleavage plays a large role in determining cellular response (Austin et
al., 2013) and this also appears to the case with PAR2, with very surprising effects in
certain cases (Zhao et al., 2015). The identification of the relevant proteases in each
disesase and their cleavage products will allow for better discriminition of which signaling
mode of PAR2 is active in a particular disease state. This information will aid in the
development of targeted therapeutics that may show PAR2-subgroup selectability
reducing potential side effects.

There are still numerous questions concerning the role of PAR2 in disease and
its basic signaling mechanism, including considerations of activation, tissue expression,
and downstream signaling. We are only beginning to truly understand how PAR2 and
the rest of the PARs operate physically and how their activaiton drives disease
progression. As our understanding of these receptors continues to grow, their inhibition

is likely to be a cornerstone for th development of therapeutics to treat multiple diseases.

4.5 Final Remarks

This thesis has demonstrated the importance and therapuetic relavance of PAR2
in the metabolically driven inflammatory diseases NASH and NAFLD. Inhibition of PAR2

can effectively block inflammation and fibrosis in various models of disease with
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moderate effects on steatosis and significant resensitzation of the liver to insulin
signaling. These findings help to demonstrate the efficacy of the pepducin PZ-235 in
treating NASH and NAFLD related pathology. Pepducin therapy offers a novel way to

treat not only NASH and NAFLD but also other GPCR-driven pathologies.
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