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Abstract

Fibrosis is the final common pathway of all chronic liver injury, and its pathological
endpoint, cirrhosis, carries a growing and substantial health burden, accounting for
over 2.5% of deaths worldwide. Lysyl oxidase-like protein 2 (LOXL2) is one of a
family of five (LOX, LOXL1-4) amine oxidases expressed by fibrogenic cells. This
enzyme oxidises lysine residues in collagens and elastin leading to covalent
crosslinking and stabilisation of structural components within the extracellular matrix,
conferring the tensile strength of collagen and elastic fibers. In the liver, LOXL2 is
believed to contribute significantly to fibrogenesis, and inhibition of its enzymatic

activity may have therapeutic benefit.

The aim of this study was to investigate the effect of LOXL2 enzyme inhibition in vivo

using murine models of liver fibrosis and on fibroblast activity in vitro.

Preliminary data was gained by examining tissue from mice and rats receiving
developmental compounds developed to inhibit LOXL2 in thioacetamide and carbon
tetrachloride induced fibrosis. A selected pre-clinical compound was then tested in
our own model of TAA induced fibrosis and fibrosis resolution, the Mdr2-/- model of

biliary fibrosis, and during in vitro studies.

The results show that inhibition of LOXL2 with PXS5303 and PXS5338K did not

significantly reduce fibrosis in murine models of liver injury and that PXS5338K did
3



not alter fibroblast activity at concentrations expected to inhibit LOXL2. The

compound PXS5338K demonstrated some efficacy in reducing CCls-induced liver

fibrosis in rats.

In conclusion, enzyme inhibition of LOXL2 has not demonstrated significant efficacy

in reducing liver fibrosis during in vitro or in vivo testing in mice.
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1. Introduction

1.1 The burden of liver disease

Liver disease is the third commonest cause of premature death in the UK (1) with
over 90% of liver-related death occurring in individuals under the age of 70 (2). In
addition to the social costs, this has significant implications for productivity; 62,000
years of working life are lost to liver disease annually (3). Worldwide, global burden
of disease estimates suggest that cirrhosis and hepatocellular carcinoma now

account for over 3.5% of all deaths (4).

Alcohol misuse, obesity and viral hepatitis are the leading causes of liver injury in the
UK, (1), but the final common pathway for all chronic liver injury is a process known
as fibrosis. Fibrosis is a wound healing response to chronic injury characterised by
the accumulation of extracellular matrix (ECM) or “scar” tissue (5), which replaces
damaged tissue and ultimately leads to cirrhosis and the sequelae of portal
hypertension, liver failure and, in a small proportion of individuals, hepatocellular
carcinoma (HCC) (1, 5, 6). Eliminating the chronic liver injury can lead to fibrosis
regression and improvement in clinical course, as demonstrated in aetiologies such
as hepatitis B, C, and iron overload (7-9). However, in the setting of more significant
liver fibrosis (i.e. cirrhosis) there is minimal regression and often clinical progression
despite removing the on-going injury. In conditions such as non-alcoholic fatty liver
disease, chronic alcohol use, or primary sclerosing cholangitis (PSC), there is on-
going injury for which treatment options are limited. For these patients, an
intervention targeting fibrosis is needed, yet there is currently no approved

pharmacotherapy targeting liver fibrosis, and liver transplantation is the only effective
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treatment for patients with decompensated liver disease. Shortages of donor organs
to meet demand has resulted in an increase of liver transplant waiting list mortality in

North America and Europe to almost 20% (10).

1.2. Liver Injury and Fibrosis

Fibrosis is a highly coordinated and protective wound-healing response to tissue
injury. It can be self-limiting and homeostatic or, in the presence of chronic liver
injury, excessive, leading to accumulation of ECM (6). It can be broadly defined as
either pan-lobular or biliary fibrosis, according to the mechanism of injury, but there is
considerable overlap in pathogenesis. In pan-lobular fibrosis, normal hepatic
architecture is replaced by a nodular structure of functional regenerative hepatocytes
encapsulated by fibrous septa. An associated increase in vascular tone, maladaptive
micro- and macro-circulatory changes results in liver failure (6). Biliary fibrosis is
more poorly understood, but is characterised by chronic inflammatory duct damage
and deranged homeostasis between epithelial and mesenchymal cells, eventually
leading to progressive liver fibrosis, sharing pathological pathways with pan-lobular

fibrosis (11).

1.2.1 Cellular mechanisms of liver fibrosis

During fibrogenesis, myofibroblasts are the primary effector cells and the major
source of ECM, including fibril-forming collagens I, Ill, and V, and glycoproteins such
as laminin and fibronectin. Hepatic stellate cells (HSC) are the principal precursor
population for matrix-secreting myofibroblasts (12, 13). In healthy liver, HSCs are
localized in the space of Disse, where they display a quiescent phenotype (qHSCs),
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express neural markers such as glial fibrillar acidic protein (GFAP), synemin, and
synaptophysin, and are the major storage sites of vitamin A in the body (5, 14).
During liver injury, HSCs proliferate and differentiate into myofibroblast-like cells in
response to locally increased cytokines such as platelet-derived growth factor
(PDGF) and transforming growth factor-beta (TGF-B) (15). Activated HSCs are
characterised by increased expression of cell surface markers such as collagena1,
vimentin and alpha smooth muscle actin (aSMA), down-regulated expression of
lipogenic genes (including peroxisome proliferator-activated receptor gamma
(PPARY)), and the loss of intracellular vitamin A. Upon activation, HSCs move to
sites of liver injury (5), synthesise large amounts of ECM, particularly collagen, and
regulate degradation of ECM, primarily by secreting tissue inhibitors of
metalloproteinases (TIMPs), specifically the myofibroblast-derived TIMP-1 (11).
During liver injury, the myofibroblast-derived TIMPs drive fibrogenesis by inhibiting
the hepatic matrix metalloproteinases (MMPs) from degrading the newly generated
ECM. In fibrosis resolution, myofibroblasts either die or undergo a change to a non-

fibrogenic phenotype, whereby they do not secrete ECM or TIMPs (4,9).

While HSCs contribute 90% liver myofibroblasts during fibrogenesis (16), other
tissue-resident and bone marrow-derived fibroblasts, pericytes and epithelial cells are
believed to contribute a smaller proportion to the pool, although their roles are not
fully understood (16). Portal fibroblasts can also differentiate into myofibroblasts, and
are believed particularly important in the early response to cholestatic liver injury (17)

(see section 1.2.3).
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1.2.2 Extracellular matrix in fibrosis

In health, the extracellular matrix in the liver is composed of collagen | and lll, in
equal amounts, distributed primarily in perivascular regions and in the liver capsule,
and at the parenchyma the perisinusoidal ECM is non-electron dense and rich in type
IV collagen and laminin (18, 19). During fibrogenesis, the expression of type Il
collagen initially dominates, but over time type | collagen emerges as the most
prevalent component of the ECM. Other collagens, including collagen V, are also
expressed and as the matrix load of the liver increases, other matrix components
including elastin, are laid down and form a rich substrate for intermolecular

crosslinking (19, 20).

Initially fibrillar matrix is deposited within the space of Disse and in a perisinusoidal
distribution, probably due to their proximity to nearby resident HSCs. The presence of
fibrillar collagen between the sinusoidal endothelium and hepatocytes, together with
chemokines and cytokines produced by inflammatory cells and activated stellate
cells, leads to a change in cell matrix interactions, the loss of endothelial fenestrae, a
process known as “sinusoidal capillarization”; and in turn a loss of the normal
hepatocyte brush border (19-21). Hepatocytes within a matrix rich in type | collagen
deposit rapidly lose defining features of hepatocyte function, such as albumin
secretion (22). This process of sinusoidal capillarization impairs the ability of the liver
to exchange substances with the general circulation and diminishes metabolic
function of both the diseased and remaining healthy hepatocytes (23). Ultimately the
excess ECM bridges vascular structures including the portal and central veins

leading to the architectural disruption that culminates in cirrhosis (24, 25).
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1.2.3 Biliary fibrosis

Periportal, or biliary fibrosis, develops as part of the wound healing response to bile
duct injury in chronic cholestatic liver diseases, such as primary biliary cholangitis
(PBC), primary sclerosing cholangitis (PSC), and chronic cholestasis, and is less well
understood compared to panlobular fibrosis. Injury triggers a process known as the
ductular reaction, which drives both accumulation of myofibroblasts (and ECM) and
biliary proliferation (17, 26). During this process the bile duct epithelial cells, derived
from the ductular reaction (described below), will synthesize and release paracrine
mediators, such as TGF-B, connective tissue growth factor (CTGF), PDGF-BB, and
endothelin-1 (17) which stimulate myofibroblast transformation and activation.
Studies have shown that portal fibroblasts may be the first to undergo myofibroblastic
transition, which may later be taken over by HSCs that exhibit chemoattraction
towards biliary structures (27). Severe or chronic injury and the associated periportal
hepatocyte death is therefore believed to result in enhanced periportal matrix
deposition and the portal-portal septa formation seen in biliary or portal fibrosis (27,

28).

1.2.4 Hepatocyte regeneration during liver injury

In healthy liver, axin2” hepatocytes located around the central vein have a higher
proliferative capacity than hepatocytes in the mediolobular or periportal areas (see
Figure 1.1) (29). After a mild but chronic injury, the liver will predominately be
repopulated by periportal hybrid hepatocytes. The name hybrid hepatocytes derives
from the observation that these progenitor liver residential cells express both

hepatocyte and biliary proteins, such as hepatocyte nuclear factor 4 alpha (Hnf4a)
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and (sex determining region Y) box 9 (SOX-9) respectively, and are enriched in bile
duct—specific genes and hepatocyte-specific transcription factors (30). Hybrid
hepatocytes are able to reconstitute the liver mass after various chronic injuries but

do not participate in normal liver homeostasis (30).

Severe chronic liver damage induces a ductular reaction in the periportal region,
composed of ductal cells and liver progenitor cells (LPCs) (31). LPCs are a
heterogeneous population of cells, expressing biliary markers, hepatoblast markers,
and stem cell markers, and have the capacity to differentiate into hepatocytes and
biliary cells. They are also capable of forming hepatocyte buds and repopulating the
damaged parenchyma (32, 33). In chronic liver injury, the dialogue between LPCs
and HSCs may promote fibrosis. HSCs secrete numerous growth factors, stimulating
hepatocyte and LPC proliferation. In turn, LPCs express monocyte chemoattractant
protein 1 (MCP1) and PDGF-[3, which recruit activated HSCs, favouring fibrogenesis
(34). LPCs were demonstrated inefficient in generating mature hepatocytes in
patients with alcoholic hepatitis (35), which may contribute to the significant mortality

associated with this condition.
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Figure 1.1 The ductular reaction in liver injury. In liver homeostasis, axin2" hepatocytes
located around the central vein have a higher proliferative capacity than hepatocytes located
in mediolobular or periportal area. After a mild acute damage, healthy hepatocytes enter into
the cell cycle and proliferate. After a mild chronic damage, hybrid hepatocytes located
around the portal vein repopulate the liver. Severe chronic liver damage induces the ductular
reaction composed of ductal cells and liver progenitor cells (LPCs). Zone 1 corresponds to
the periportal region, zone 2 corresponds to the intermediate region, and zone 3 corresponds
to the centrilobular region. CV, central vein; PV, portal vein. Adapted with permission from
the American Journal of Pathology (34).
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1.2.5 The immune system in liver disease

The immune system is implicated in the development of all liver diseases, regardless
of aetiology. In some cases the response is specific to the insult, such as in
autoimmune liver disease where Natural Killer T (NKT) cells activate other innate and
adaptive immune cells within the liver to amplify and regulate subsequent immune
responses (36), and in some HCV-infected individuals, where CD4 and CD8 T cell
responses protect against viral persistence (37). However, there are also some
common immune responses that occur independent of the initial cause of injury

which will be discussed below (38).

In the initial immune response, the release of inflammatory mediators at the site of
injury attracts leukocytes, which phagocytose dead or apoptotic cells, leading to the
production of pro-inflammatory cytokines such as tumour necrosis factor (TNF),
interleukin-6 (IL-6), IL-1B, and recruitment of T cells (5), amplifying the inflammatory
response. Pro-inflammatory mediators also stimulate differentiation of mesenchymal
cells into myofibroblasts, as discussed in 1.2.1, (38) which exacerbates the injurious

process.

HSCs themselves have immune properties, producing nicotinamide adenine
dinucleotide phosphate oxidase (NADPH), reactive oxygen species, pro-inflammatory
cytokines and chemokine ligands (CCL) 3 and 4 (38), which activate and attract
monocyte precursors to the site of injury. HSCs expressing Toll-like receptor 4
(TLR4) are also able to respond to bacterial components by expression of adhesion

molecules and secreting chemokines, which attract resident macrophages (38).
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Macrophages are critical in the response to tissue injury, and different
subpopulations play functionally distinct roles. Macrophages can broadly be divided

into resident Kupffer cells or monocyte-derived macrophages (39).

Kupffer cells are located in the hepatic sinusoids where they come into direct contact
with antigens from the portal vein as well as circulating immune cells. They are
therefore capable of inducing both immunogenic and tolerogenic immune responses,
(40-42). Due to their hepatic location they provide a rapid response during liver injury
by secreting pro-inflammatory cytokines and chemokines CCL2 and CCL5 (39). As
hepatic inflammation and fibrogenesis evolve, the number of Kupffer cells decrease,
and are later replenished once inflammation and fibrosis resolves where they

produce anti-inflammatory mediators and take on a more restorative role (43, 44).

The number of monocyte derived macrophages increases in response to liver injury,
specifically the Ly6C"CD11b*F480" (lymphocyte antigen 6 complex locus G6D)
hepatic macrophage population in mice, which are believed to be the key drivers in
fibrogenic response. These cells secrete cytokines and chemokines, influencing the
behaviour of HSCs and other myofibroblasts (45, 46). Specifically, TGF-3 drives
myofibroblast activation and ECM synthesis, and PDGF and the Type 2 helper cell
(Th2)-produced cytokines interleukin-1 (IL-1) and IL-13, stimulate collagen synthesis
(46). Chemokine secretion (including CCL7 and CCL8) recruits myofibroblasts, and
CCL2, CCL3 and CCLS5 facilitate leukocyte recruitment, perpetuating the pro-fibrotic

environment (44).
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In rodents, macrophages with high expression of Ly6C and Gr1 are pro-fibrogenic
(45, 47), and are the dominant source of TGF-3, PDGF and insulin-like growth factor-
1 (IGF1), which activate HSCs as well as providing nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) -mediated survival signal to myofibroblasts
(48). They also recruit other circulating inflammatory cells by secreting chemokines,
cytokines and growth factors (44). Conversely, CD11b™°® macrophages with low
expression of Ly6C define a terminally differentiated, collagenase-secreting,
phagocytic “restorative” macrophage responsible for the resolution of fibrosis (47, 49,
50). These produce MMPs, which break down ECM (see section above), and
promote HSC apoptosis via caspase-9 and tumour necrosis factor related apoptosis-
inducing ligand (TRAIL) (51). The equivalent “restorative” or M2 macrophage in
humans has yet to be fully characterised, but is likely to be a subset of
CD14°™CD16™ monocytes, with CD14™" cells being the pro-inflammatory human

counterpart to Ly6C"" monocytes (43, 52).

This duality of macrophage function has been demonstrated in a range of murine
models of fibrosis (carbon tetrachloride (CCls), dimethylnitrosamine (DMN), and
thioacetamide (TAA)) (49, 53, 54), whereby macrophage depletion during chronic
injury diminishes fibrogenesis, and macrophage depletion post-cessation of chronic

injury abrogates the resolution of fibrosis (49).

1.2.51 Adaptive immune cells
The balance of type 1 T helper (Th1) and type 2 T helper (Th2) cells may influence

the fibrotic response. Th2 cells are pro-fibrogenic; they secrete IL-13 which
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stimulates TGF-B1 synthesis and upregulate expression of MMP-9, which in turn
activates TGF-B1 (55). They also secrete IL-17 and IL-22; IL-17 induces type 1
collagen production in HSCs (56) and IL-22 promotes hepatocyte survival and
proliferation, and has been demonstrated to be pro-inflammatory during Hepatitis B

infection (57).

Conversely, a Th1 dominant response is associated wiy IFN-y production, which
suppresses collagen deposition by regulation of MMPs and TIMPs, and decreases
the production of profibrotic cytokines by Th2 cells, possibly in conjunction with IL-12.

(55).

Regulatory T (Treg) cells are a subset of CD4" cells characterised by expression of
the transcription factor forkhead box P3 (FOXP3), signal transducer and activator of
transcription factor 5 (STATS), the cell surface marker CD25 (a-chain of the high-
affinity IL-2 receptor), and production of IL-10. Treg cells play a critical role in
maintaining immunologic self-tolerance by actively suppressing self-reactive
lymphocytes. Surprisingly, many investigators report an abundance of Treg cells in
parallel with effector immune cells in the livers of patients with autoimmune hepatitis
(AIH) and primary biliary cholangitis (PBC); it seems likely that their function is
defective in these conditions as their depletion or dysfunction leads to autoimmunity
and inflammation in mice (58, 59). Conversely, Tregs are significantly decreased in
patients with alcoholic hepatitis compared healthy controls, and this is believed to
contribute to the pronounced activation of the innate immune response observed in

this condition (60). In chronic hepatitis C, FOXP3+CD4+ Tregs have been identified
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as an additional intrahepatic source of IL-8 acting on HSC, able to regulate
fibrogenesis in addition to suppressing local immune responses (61).

Similarly, cytotoxic T cells (CD8" T cells) may have a pro-fibrogenic role in the liver
(62), but their exact role is not fully understood. However, CD8" T-cells are the key
effector cells that control viral infections via cytolytic activity and cytokine secretion.
In HCV infection, CD8" T-cell cytolytic responses coincide with decreased HCV RNA
titres in blood and a peak in alanine aminotransferase (ALT), a marker of hepatocyte
injury. Interferon-gamma (IFN-y) secreted by CD8" T-cells also directly suppresses
viral replication in HCV replicon studies; CD8+ T cell depletion prior to HCV
challenge in chimpanzees resulted in persistently elevated viral load until CD8+ T

cells recovered and viral clearance was achieved (63, 64).

In mouse models of liver injury, CD8+ T-cell subsets were associated with increased
HSC activation and fibrogenic stimulation, as assessed by expression of transforming
growth factor (TGF)-B1, col1al and a-SMA messenger RNA (mRNA) (62). However,
other studies have shown no difference in CCl; induced liver fibrosis in CD8+
deficient mice compared with controls (65), and so it seems likely that their function

may vary between disease aetiologies.

Natural Killer T cells (NKT cells) are a subset of T cells that share surface makers
and functional characteristics of both the innate and adaptive arms of the immune
system (66). They constitute about a third of hepatic lymphocytes in mice and 10—
15% of rat and human liver lymphocytes, and yet their role in liver fibrosis remains

unclear. NKT cells play an important role in regulating innate and adaptive immunity
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via production of a variety of cytokines which enable them to respond quickly to
remove invading pathogens, toxins, and food antigens from the portal venous blood
via modulation of adaptive immune responses (67). A subset of NKT cells have been
shown to patrol the liver sinusoids and become activated by the CXCR6 chemokine
ligand CXCL16 during liver injury, secreting the cytokines interferon gamma (IFN-y)
and IL-4. This is believed to increase macrophage accumulation and perpetuate liver

inflammation and fibrogenesis (68).

NK cells are lymphocytes of the innate immune system, abundant in the liver and
play an important role in first-line defence against viral infection and tumour
transformation (69). Their functions are believed to be mediated via production of
cytokines such as IFN-y or direct killing of target cells (67, 69). NK cells mediate
apoptosis of activated HSCs via the retinoic acid early inducible natural killer group
2D (NKG2D)-dependent and the TRAIL-dependent mechanisms, thereby
ameliorating liver fibrosis (70). NK cells also inhibit liver regeneration by producing
IFN-y and killing hepatocytes; however, their role in proliferation of liver progenitor

cells remains controversial (67).

In summary, in the initial response to liver injury, pro-inflammatory cells activate
myelofibroblast precursors (predominantly HSCs) through secretion of pro-
inflammatory cytokines and chemokines (see figure 1.2). Differentiated
myofibroblasts regulate the fibrotic response and are themselves controlled by a
number of feedback mechanisms, including cytokine and growth factor production,

cell-cell or cell-matrix interactions, and signals from macrophages and the adaptive
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immune system. The balance of these factors determines whether tissue injury is

limited and there is fibrosis resolution, or pathogenic liver scarring occurs.
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Figure 1.2 Mechanisms of liver injury and fibrosis. Factors inducing hepatic stellate cell
transformation to fibrogenic myofibroblasts and mechanisms of resulting liver injury and
fibrosis. The schematic highlights several major targets to treat liver fibrosis. Reproduced
courtesy of Matrix Biology (71).

1.2.6 The role of lysyl oxidases and transglutaminases in liver fibrosis
Transglutaminases (TG) and lysyl oxidases both have a role in stabilisation and

deposition of the ECM in the liver and are implicated in fibrosis (72).

TGs are a family of intracellular and extracellular enzymes that catalyze Ca**
dependent acyl-transfer reactions between the y-carboxamide group of peptide-
bound glutamine residues and primary amines, including the €-amino group of

peptide-bound lysine. This leads to the formation of the Nf(y-glutamyl) lysine cross-
M




link, which is stable and resistant to proteolysis (73), thereby increasing resistance to
chemical, enzymatic and mechanical degradation (72). TG2 is the most abundant
and specifically found in the liver. Here it targets osteonectin, a calcium-binding
glycoprotein, which is transiently produced at high levels in tissues undergoing
remodeling as a consequence of injury or disease (74). Osteonectin expression is
low in normal liver, but high during early fibrogenesis. It is prevalent at sites of
inflammation and remodeling, but absent in dense fibrotic liver areas where
remodeling no longer occurs (72, 74). TG2 is therefore thought to promote tissue
repair in the early stage of fibrosis (75). Increased NF-kB transcription factor binding
to TG promoter sites in the context of ongoing liver injury may represent one of the
mechanisms by which cell injury induces TG transcription and thus potentiates the
process of fibrogenesis (75). Despite theoretically holding therapeutic potential, TG2
" mice exposed to carbon tetrachloride (CCls) or thioacetamide (TAA) induced liver

injury showed no reduction of collagen crosslinking, levels of fibrosis-related

transcripts, and no acceleration of fibrosis resolution compared to wildtype mice (76).

In contrast to transglutinaminases, lysyl oxidase-mediated cross-linking is thought to
predominate later in the fibrotic process. In healthy tissues, collagens are a highly
organised molecular structure in which three collagen chains are interwoven into a
triple helix, and collagen fibrils are further strengthened by covalent crosslinks formed
enzymatically between the collagen molecules (77, 78). Lysyl oxidases are
responsible for initiating these modifications; specifically, they oxidatively deaminate
lysine and hydroxylysine residues to form corresponding aldehydes in the telopeptide

domains of the collagen molecule (77, 79). These aldehydes react spontaneously,
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either with other aldehydes or with unmodified lysine or hydroxylysine residues,
forming the crosslinks. This process results in the dimeric immature crosslinks
dihydroxylysinonorleucine (DHLNL) and hydroxylysinonorleucine (HLNL). The
reaction of immature crosslinks with an additional aldehyde results in the formation of
the very stable trimeric, mature crosslinks pyridinoline (PYD) and deoxypyridinoline
(DPD) (80, 81). During fibrosis, disproportionate collagen production and increased
expression of lysyl oxidases leads to excessive maturation of crosslinks, resulting in

the key characteristics of the disease: tissue stiffening, scarring and irreversibility.

1.2.7 Fibrosis resolution and regeneration

Liver fibrosis can be reversible after the removal of the causative agent; this has
been demonstrated in both humans and in animal models of fibrosis (5, 82). The
reversal of liver fibrosis is characterized by reduced inflammatory and fibrogenic
cytokine levels, increased collagenase activity and disappearance of myofibroblasts
and fibrous scars. During fibrosis resolution, activated HSCs (aHSCs) are susceptible
to undergo apoptosis or senescence followed by death receptor-mediated cell death
caused by deprivation of fibrogenic cytokines (7). The activation of death receptor-
mediated pathways, decreased expression of pro-survival proteins, and increased
expression of pro-apoptotic proteins results in a reduction in active myofibroblasts
(83). In addition, NK cells will induce rapid killing of HSC following activation by IFN-y
(70) (as discussed in 1.2.5.1). Moreover, myofibroblasts and activated HSCs can
also revert to an inactive phenotype during liver fibrosis regression, losing expression
of Col1al and a-SMA, and returning to the space of Disse (7, 84). HSCs do not,

however, revert fully to their quiescent state; genes such as glial fibrillary acidic
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protein (GFAP), adiponectin receptor-1 (Adipor1), and D site of albumin promotor
(albumin D-box) binding protein (DBP) are not re-expressed in inactivated HSCs
(IHSCs), and may respond to recurring injury more effectively than naive HSCs (13,

85).

HSCs may also enter senescence, primarily induced by the protein p53, as well as
other cytokines and senescence associated secreted proteins (SASP), with resultant
reduction in ECM production and increases in the level of ECM degrading
enzymes.(86). Some studies have shown that within a stressful environment, HSCs
increase their levels of p53, inducing senescence and reducing hepatic fibrogenesis,
which may be a protective mechanism and have therapeutic potential (87, 88).
Finally, rodent studies have demonstrated that during fibrosis resolution
macrophages produce TRAIL, which has the ability to induce caspase-dependant

apoptosis of activated HSC (89).

Macrophages play different roles during liver fibrosis progression and resolution (see
Figure 1.3). Traditionally, these were referred to as pro-inflammatory M1 or pro-
resolution, anti-inflammatory M2 macrophages; in mice these are well defined as
either LyBC"" or Ly6C'*" cells (43), but they have yet not been so well characterised
in humans, possibly because multiple intermediate phenotypes have been described,
and cells may even have the ability to switch from one phenotype to another (43, 90).
More recently, single cell RNA sequencing of human liver revealed two distinct
populations of intrahepatic CD68+ macrophages; CD68+ macrophage population 1,

characterized by enriched expression of LYZ, CSTA, CD7454, possibly representing
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inflammatory macrophages, and CD68+ macrophage population 2, characterized by
enriched expression of CD5L, MARCO, VSIG4, CPVL, CD163, CCDC88A, C5AR1,
LIPA, LILRB5, MAF, CTSB, MS4A7, VMO1, RAB31, SLC31A2, TTYH3, VCAM1,

KLF4, HMOX1, AlIF1l, TMIGD3, which may have a tolerogenic function (91).

During liver injury and fibrogenesis, macrophages produce cytokines and growth
factors to induce activation and proliferation of HSCs into ECM producing
myofibroblasts (as outlined in 1.2.1). However, during fibrosis resolution,
macrophages transform into a pro-resolution phenotype and no longer secrete
fibrogenic or inflammatory factors, instead secreting matrix metalloproteases
(MMPs), such as MMP-9, -12 and -13 (51, 92). MMPs are the major enzymes
capable of ECM degradation, and can be secreted by many cell types, including
macrophages, as pro-active enzymes and require post-translational modification for
their function (13, 49). During fibrosis, TIMPs inhibit MMPs and provide an autocrine
anti-apoptotic stimulus for myofibroblasts (13, 23), and thus a decline in TIMP levels
is critical. A reduction in functional TIMP results in a reduced number of active ECM
producing myofibroblasts, and facilitated unopposed action of MMPs to degrade

fibrotic scar tissue (13).
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Figure 1.3 Fibrogenesis versus fibrosis resolution. During fibrogenesis, inflammatory
monocytes are recruited to the inflamed liver via chemokine interactions, forming the pro-
fibrotic macrophage population. Pro-fibrotic macrophages express mediators such as TGF-b,
PDGF and CCL2, which promote activation of hepatic myofibroblasts. Activated
myofibroblasts synthesise ECM and TIMP-1, a potent inhibitor of MMP activity. Both TIMP-1
and ECM interactions promote persistence of activated myofibroblasts. During fibrosis
resolution, there is a change in macrophage phenotype, either from a phenotypic switch of
pro-fibrotic macrophages or by separate recruitment of monocytes. Pro-resolution
macrophages express MMPs that promote ECM degradation and express mediators that
induce myofibroblast apoptosis, leading to a reduction in ECM synthesis, loss of TIMP-1
expression and enhanced MMP activity. Reproduced with permission from QJM (93).
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1.2.8 Persistent liver fibrosis
Even if the injurious agent has been removed (eg. in treated Hepatitis C, cessation of
alcohol misuse), fibrosis resolution does not always occur and may occasionally

progress.

Persistent tissue injury results in pathological alterations in the quantity and the
composition of the matrix (specifically an increase in fibrillar collagens). Furthermore
the condition leads to biochemical modifications that render the fibrotic liver less
susceptible to remodelling and repair. Mature scar ECM, composed of cross-linked
collagen and elastin, is more resistant to proteases (94), and fibrils sequestered in
deeper portions of a scar are inaccessible to degrading enzymes. The pattern and
distribution of fibrosis can differ according to disease aetiology and is associated with

varying degrees of angiogenesis and potential for reversibility (95).

Expression of MMPs and collagenases often remains high in the fibrotic liver, even
once injury has been removed (7). A likely explanation for this is ongoing
biomechanical signalling from increased liver stiffness, resulting in stimulation of
myofibroblasts which retain a differentiated, contractile phenotype, and TGF-f3,

contributing to a sustained profibrotic environment (82).

In addition, acellular scars lack the endogenous sources of MMPs, which would have

derived from the infiltrating inflammatory cells and myofibroblasts, and TIMP levels

may remain high, further reducing the potential for MMP activity (94).
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The result of this is that individuals with established cirrhosis may still develop
decompensated liver disease (encephalopathy, HCC, complications related to portal

hypertension) despite removal of injurious agents such as alcohol, hepatitis C.

1.3 Drug development targeting fibrosis
In the scenario where there is persistent fibrosis following treatment of the underlying
condition, or there is no suitable treatment for the underlying liver injury, drug

development has targeted key molecules and pathways of the fibrotic process.

Despite this the most effective method of reducing fibrosis is to remove or treat the
causative agent. Treatments for HCV are now over 90% effective and will in time
reduce the burden of viral liver disease (96). Treatment of iron overload in
haemochromatosis can also improve fibrosis (97). In conditions such as longstanding
HCV infection or chronic alcohol use, fibrosis can persist despite elimination of the
causative agent; in others such as non-alcoholic fatty liver disease or PSC, no real

treatment options exist, and so alternative solutions are sought.

1.3.1 Targeting early myofibroblast activation

Resveratrol is a polyphenol, found in skin of red grapes, and is thought to possess
anti-inflammatory, anti-carcinogenic and lipid modulation properties. Studies in two
different rat models of liver fibrosis demonstrated down-regulation of a-SMA, the
marker of active HSCs, and an improved in liver biochemistry (98, 99). Resveratrol is
currently in Phase Il clinical trial in individuals with non-alcoholic fatty liver disease

(NAFLD) (ClinicalTrials.gov Identifier: NCT02030977).
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Emricasan is an irreversible pan-caspase inhibitor, and thus has been investigated in
pathways of inflammation and apoptosis as a potential agent that may target key
drivers of liver fibrosis. Steatotic hepatocytes are prone to apoptosis via both intrinsic
and extrinsic pathways (100). Downstream apoptotic bodies are phagocytosed by
Kupffer cells (101) and hepatic stellate cells (HSC) (102) in an environment that
promotes inflammation and fibrogenesis. Reducing hepatocyte apoptosis by
caspases inhibitors has been demonstrated to protect the liver in murine models of
acute liver failure, and attenuates inflammation and fibrosis in murine models of
cholestatic-, ethanol-, and methionine/choline deficient diet-induced liver injury (100).
In a phase Il placebo control trial performed with patients suffering from NAFLD,
Emricasan reduced liver enzymes and markers of apoptosis, and in a different study
in individuals with HCV related cirrhosis, Emricasan led to improved liver function
(103, 104). There have as yet been no safety concerns despite its widespread and

irreversible mechanism of action.

1.3.2 Targeting hepatic myofibroblast properties

Several drugs have been developed to directly target myofibroblast activity, and are
being tested primarily in idiopathic pulmonary fibrosis (IPF). STX-100 is a monoclonal
antibody directed against the alpha v beta 6 (avB6) integrin, which activates the
cytokine TGF-B, and so STX-100 is being trialled as TGF- inhibitors in idiopathic
pulmonary fibrosis (105) (ClinicalTrials.gov Identifier: NCT01371305). Pirfenidone,
another compound believed to have anti-inflammatory and anti-TGF- properties

(106), has also demonstrated efficacy in IPF (107, 108).
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Asiatic acid has been demonstrated to inhibit collagen matrix production by HSC and
keloid fibroblasts (isolated from keloid tissue) by blocking the autocrine effect of TGF-
B in vitro and in animal models, but there are currently no plans for human trials
(109). Although other compounds targeting TGF-B have been developed for other
fibrotic disorders such as systemic sclerosis, renal sclerosis and renal fibrosis, as
well as some cancers, results thus far have been underwhelming, possibly due to the
widespread role of TGF-B across different tissues (110). It requires further

investigation in the liver.

1.3.3 Increasing ECM degradation

Relaxin is a peptide hormone of the insulin superfamily. Despite a structural similarity
to insulin, there is no common function. Its best documented role is in reproduction,
where it inhibits uterine contraction and induces growth and softening of the cervix
(111). More recently, in vitro experiments suggest that relaxin can reduce synthesis
and/or increase the rate of degradation of extracellular matrix components in the
skin, lung, liver, and kidney (112). Unemori et al. demonstrated that relaxin increases
the synthesis of collagenase and decreased the synthesis of TIMP-1 in cultures of
normal human dermal fibroblasts (113). The same group reported that in cultures of
normal human lung fibroblasts, relaxin inhibits TGF-B -induced expression of
interstitial collagen and fibronectin, as well as stimulating collagenase expression
(114). In liver fibrogenesis, the addition of relaxin to activated hepatic stellate cells
reduced collagen deposition and TIMP-1 and TIMP-2 secretion in cultures of

activated hepatic stellate cells, and similar results have been seen in murine studies
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(115, 116). In humans, clinical trials have demonstrated relaxin to be well tolerated

but thus far have focused on reducing portal hypertension (117) (NCT02669875).

1.3.4 Cell therapy

Some preclinical studies suggested that injections of bone-marrow-derived cells
reduce hepatic fibrosis and stimulate liver regeneration, thereby improving the
synthetic function of the liver (118, 119). However, a recently published phase I
clinical trial whereby granulocyte colony-stimulating factor with or without autologous
CD133-positive stem-cells were given to individuals with liver cirrhosis showed no

benefit with either therapy, and possibly an increase in adverse events (120).

The potential for macrophage therapy has also been demonstrated in several mouse
models, where they have been shown to reduce myofibroblast levels and increase
anti-inflammatory cytokine production (121). Macrophages are also able to stimulate
proliferation and differentiation of hepatic progenitor cells proliferation, thus offering a
potential treatment strategy for patients with cirrhotic liver disease to promote
resolution of fibrosis and stimulate resolution (122). Indeed, inflammatory monocytes
can contribute significantly to pathology, and a group in Edinburgh have developed a
method of producing consistent, well-characterized pro-resolution CD14+
macrophages to be used as a therapy for cirrhosis, which is currently in phase 1 trial

(123, 124).
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1.3.5 Altering the balance of MMPs and TIMPs

Influencing the balance of MMPs versus TIMPs seems an obvious therapeutic target,
and there have been multiple murine studies investigating various compounds
targeting this axis (125). Despite many rodent studies demonstrating benefit, such as
a study of mutant MMP-9 in CCls induced liver fibrosis in rats (126), clinical trials
have been disappointing (127). Antibodies targeting MMP-9 may have some
potential; AB0041, AB0046 are highly selective allosteric inhibitors targeting the
MMP-9 region close to the active site and has shown benefit for intestinal fibrosis in
Ulcerative colitis, and another MMP-9 antibody was effective in reducing collagen
deposition and hydroxyproline content in patients with fibrotic Crohns disease (128).
Another therapeutic option being explored is the use of an inactive mutant of MMP-9
as a decoy. It has been shown to reduce fibrogenesis, transdifferentiation of HSCs
and levels of a-SMA and TGF-B. Increased expression of MMP-2, MMP-9, and
reduced accumulation of ECM have also been demonstrated, but thus far only in

murine studies (126, 129, 130).

One factor affecting the use of targeting ECM proteases is their broad function
throughout several different tissues resulting in unwanted side effects in non-
pathological processes. Efforts have been made to take a more tissue specific
approach with some success. In the fibrotic microenvironment, MMP-2 secreted by
HSCs promotes the fibrotic cascade. A vitamin A coupled liposome has been
developed to deliver MMP-2 siRNA directly to HSCs, and a reduction in a-SMA and
collagen | protein expression was observed in vitro (131). Another liposome

delivering siRNA against gp46 (heat shock protein 47), which mediates the pro-
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collagen triple helix formation in the endoplasmic reticulum, has been developed in
rats, and shows promise as an antifibrotic (132). Drugs directly targeting ECM
formation such as the LOX family of enzymes have been developed in cancer

models, and could be applied in fibrotic disease (127).

1.4. Lysyl Oxidase; role and function

Lysyl oxidase and Lysyl-like oxidases 1, 2, 3 and 4 are a family of five (LOX, LOXL1-
4) copper dependent amine oxidase enzymes, each with related but discrete
functions (133). Amine oxidases are enzymes that catalyse the oxidative cleavage of
alkylamines such as neurotransmitters, histamine and xenobiotic amines, into
aldehydes, releasing hydrogen peroxide and ammonia. There are two classes of
amine oxidases, flavin-containing and copper-containing, the latter capable of being
further subdivided into 3 families; lysyl oxidases, primary-amine oxidase, and diamine
oxidase (134). Copper-containing amine oxidases are found in bacteria, fungi, plants
and animals where they have a broad range of functions, including cell differentiation

and growth, wound healing, detoxification and cell signalling (135).

The LOX protein family is characterised by a highly conserved amino acid sequence
at their C terminal end that includes the copper binding site, residues for carbonyl co-
factor formation, and a cytokine receptor like domain (136). All lysyl oxidase isoforms
incorporate copper intracellularly, a process likely to be dependent on the copper
chaperone ATP7a, and essential for optimal enzyme activity (137). Lysyl oxidases
are expressed and secreted by fibrogenic cells into the extracellular environment

predominantly in the heart, lung and kidneys, as well as the liver; one common
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function being to oxidise lysine residues in collagens and elastin (79). This results in
covalent crosslinking and stabilisation of structural components within the
extracellular membrane, conferring the tensile strength of collagen and elastic fibres
(79).Expression of LOX and LOXLs significantly overlap and expression of each
member may be coordinated. In addition, each LOX-like protein has a unique N-
terminal domain that determines its individual biological role. LOX and LOXL1
contain a highly basic propeptide that is cleaved by bone morphogenic protein-1
(BMP-1) to generate active enzyme (138, 139), whereas LOXL2, 3, and 4 contain
four scavenger receptor cysteine-rich (SRCR) domains which are thought to mediate
protein—protein interactions and cell adhesion (see Figure 1.4) (140).
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Figure 1.4 The lysyl oxidases. Diagrammatic representation of the LOX family of proteins.
Each member retains a conserved C-terminal LOX catalytic domain, which encompasses a
copper-binding site and an LTQ cofactor formed from conserved Lys and Tyr residues by
post-translational modification. Each member also possesses an N-terminal secretion signal,
and LOX and LOXL2-4 also contain predicted N-linked glycosylation sites. LOX and LOXL1
constitute one subfamily, possessing an N-terminal propeptide sequence, which is
proteolytically removed by procollagen c-proteinase (BMP-1) at a conserved site (black
arrow). LOXL2-4 constitute the other subfamily, with four SRCR domains instead of a
propeptide. Reproduced with permission from Archives of Biochemistry and Biophysics
(140).
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1.4.1 The role of LOX

The roles of LOX are better understood than the other members of the LOX family. It
is synthesized as a 50 kDa pre-proenzyme and, like all five isoforms, undergoes
signal peptide removal and intracellular N-glycosylation in the endoplasmic reticulum.
The proenzyme is secreted into the extracellularly as an inactive precursor and
undergoes proteolytic processing by procollagen C-proteinases. This process
releases the active enzyme (active LOX) and the lysyl oxidase propeptide (LOX-PP),

each with independent biological functions.

1.4.1.1 Active LOX

LOX is required for the biosynthesis and maturation of collagen and elastin fibres,
and is therefore widely expressed, particularly in vascular, mineralised and non-
mineralised connective tissues. Lox-/- mice die at the end of gestation or as
neonates, and have large aortic aneurysms, ruptured diaphragms and highly
fragmented elastic fibres in the aortas, and discontinuity in the smooth muscle cell
layers (141, 142). These animals also demonstrate disorganised collagen fibres in
the lungs and skin (143), with immature collagen and elastin cross-linking (142), and
poor development of the distal and proximal lung airways, associated with fewer and

more disperse elastic fibres than in wild type mice (97).

LOX expression is consistently upregulated in fibrotic disease, where its enzymatic
function renders collagen and elastin fibres more resistant to proteolytic degradation,
leading to an accumulation of connective tissue and fibrosis (144-146). Lung, liver,

heart, and skin fibrosis of all aetiologies are associated with elevated LOX levels, the
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exception being phenytoin induced gingival over growth, which is accompanied by an

increase in LOXL2 levels (147).

Elevated LOX levels are also associated with diabetic retinopathy, leading to uneven
cross-linking and a thickened and distorted basement membrane, increased vascular
permeability, bleeding and blindness (148, 149). LOX and LOXL2 levels are also
elevated in murine models of age related macular degeneration (AMD), and LOX and
LOXL2 antibodies successfully reduced fibrosis, a-1 type | collagen (Col1af)
expression, and inhibition of LOXL2 reduced angiogenesis and inflammation, and

vascular endothelial growth factor expression in these models (150).

Studies have demonstrated a role for LOX in the development of myelofibrosis
beyond cross-linking of collagen. LOX enzyme activity is essential for optimal PDGF
signalling and cell proliferation during megakaryocyte differentiation, and reduced
LOX levels over time permit differentiation of megakaryocytes into platelets.
Persistently high LOX levels results in ECM accumulation and bone marrow fibrosis
in mice (151). In human primary myelofibrosis, both LOX and the LOX-like enzymes
(LOXL1-4) are elevated, and in myeloproliferative neoplasms, individual LOX
isoforms are raised, suggesting a possible therapeutic role for enzyme inhibition in

these conditions (151, 152).

Elevated LOX levels accompany and may even drive metastatic cancer via several
mechanisms, making LOX a potential therapeutic target. Firstly, dysplastic tissue

tends to be fibrotic and has increased stiffness. LOX-dependent collagen crosslinking
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enhances fibrosis, integrin signalling, tumour cell intravasation and migration (153-
156). Secondly, there is some evidence that LOX may localise at a site distant to
tumours, forming a metastatic niche, then attracting tumour cells to their site (156).
Identification of LOX at metastatic sites describe a 70-80 kDa protein, whereas pro-
LOX is established to be only 48-50 kDa, suggesting a possible modification of the
protein which should be examined (157). Finally, LOX may promote angiogenesis in
tumours via platelet derived growth factor receptor B (PDGFR) stimulation,
activation of Akt (Protein Kinase B), and increased vascular endothelial growth factor
(VEGF) expression (158), particularly in hypoxic conditions, further facilitating tumour

growth and progression (159, 160).

1.4.1.2 Lysyl oxidase propeptide (LOX-PP)
The best described role for LOX-PP, which is unique in sequence, is as a tumour
growth inhibitor/tumour suppressor, and several targets for LOX-PP have been

identified in breast and prostate cancer, in addition to lung and gastric cancers (161).

In breast cancer cells, LOX-PP is believed to attenuate fibronectin-stimulated focal
adhesion kinase (FAK) signalling and extracellular signal-regulated kinase 1/2
(ERK1/2) activation, and inhibit Ras-signalling by direct targeting of c-raf and hsp-70
chaperone proteins (which have anti-apoptotic properties) leading to reduced ERK1/2
activation downstream, inhibiting proliferation and migration of breast cancer cells,

and stimulating apoptosis (162, 163).
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In prostate cancer, LOX-PP inhibits fibroblast growth factor 2 (FGF-2) binding to the
DU145 prostate cancer cell lines, thereby inhibiting DNA synthesis and proliferation
via the MEK/ERK and PI3K/AKT pathways (164, 165). Other studies have shown that
LOX-PP is able to interact directly with, and inhibit nuclear DNA repair proteins

rendering them more sensitive to the effects of ionizing radiation (166).

Although LOX-PP is generated extracellularly, the majority of molecular targets
appear to be intracellular, particularly the Ras-Raf-MEK-ERK signalling pathway
(163), and LOX-PP is being investigated in a variety of cell lines whereby uptake may

block cancer growth and metastatic potential (157).

1.4.2 LOXL1

Lysyl-like oxidase protein 1 (LOXL1) is structurally similar to LOX; both are widely
expressed and there are some similarities and overlap in enzyme function (167).
LOXL1 is more specifically associated with elastogenesis and elastin maturation. It
interacts closely with fibulin-5, a protein required for elastin development (168), and
polymerizes tropoelastin monomers into growing elastin polymers. LOXL1 deficient
mice develop pelvic organ prolapse, enlarged pulmonary alveoli and loose skin, all
manifestations related to deficiency of elastic fibre formation. Vascular abnormalities

are also seen but appear less severe than in LOX deficient mice (169, 170).

Genetic variants of the LOXL1 gene are prone to exfoliation syndrome/glaucoma.
The true mechanism of this syndrome is poorly understood, but it is caused by

excess of elastin and extracellular matrix in microscopic fibrils in numerous ocular
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and non-ocular tissues and caused by excessive production and abnormal
crosslinking of elastic fibres, which have been associated with polymorphisms of

LOXL1 (171).

Other studies have suggested a role for LOXL1 in collagen |l maturation. High
expression of LOXL1 has been demonstrated in the growth plates of femurs, and
significant deterioration of trabecular bone structure was seen in long bones and
vertebrae of female Lox/7-/- mice, suggesting a role for LOXL1 in the organisation

and maturation of collagen Il in bones (172).

There is conflicting data for the role of LOXL1 in cancer. One study suggested that
LOXL1 enhanced tumour metastases in lung cancer under hypoxic conditions (173),
while another suggested that LOXL1 can inhibit Ras and ERK1/2 signalling in
bladder cancer in a similar mechanism to that seen in breast cancer; more studies

are required to define the role of LOXL1 in cancer (174).

1.4.3 LOXL2

LOXL2, -3 and -4 form a distinct group of LOX enzymes characterized by the
presence of four scavenger receptor cysteine-rich (SRCR) domains within their N-
terminal sequences (175). Although the function of these is poorly understood, they
are commonly found on soluble and membrane-bound proteins, and may mediate
protein-protein interactions and ligand binding (175, 176). The SRCR is attached to a
highly conserved lysyl oxidase catalytic domain, the functions of which are better

understood (177).
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Interestingly, although the predicted mass of LOXL2 is about 84 kDa, a 100 kDa
LOXL2 protein is found in both intracellular and extracellular compartments,
suggesting post-translational modification (178). Similarly, a 65 kDa form of LOXL2
has been identified in the extracellular compartment of cultured cells and tissues,
suggesting that proteolytic processing of the larger form may occur prior to enzyme
activity (179-181), comparable to the BMP-1 cleavage of LOX and LOX-1 (138, 139).

The functions of LOXL2 will be discussed in detail in 1.5.

1.4.4 LOXL3

Less is known regarding the functions of LOXL3, but it is likely to play an important
role in collagen organisation and maturity, and possibly spinal development in utero.
LOXL3 null mice are perinatal lethal and exhibit cleft palate and vertebral defects.
Analysis of tissue demonstrated sparse collagen fibres in thoracic vertebrae, palate
shelves and around columnar chondrocytes (cells essential to bone growth and
development), as well as immature cross-linking of collagen in craniofacial bones and
spines. Hearts, aortas, tracheae and diaphragms of mutant mice showed no
apparent abnormalities, highlighting the difference in functions between members of

the LOX/L enzymes (182).

In one family a missense mutation of LOXL3 has been found to cause stickler
syndrome (SS), a collagenopathy characterized by arthropathy, cleft palate and
vitreoretinopathy with myopia usually caused by mutations in the collagen genes
Col2a1, Col11a1 and Col11a2, suggesting a possible link between LOXL3 and

collagen expression (183). Splice variants of LOXL3 have been identified; one is
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initiated from a different promotor and has distinct catalytic activity and expression
patterns compared with other variants. However, the relevance of these variants in
vitro is yet to be determined; all are elevated in fibrotic disease but therapeutic

agents to target LOXL3 are yet to be identified (184).

1.4.5 LOXL4

LOXL4, the last of the lysyl oxidases to be identified, is expressed in vascular tissues
where it plays a role in ECM remodelling, and is regulated by the profibrotic cytokine
TGF-B (185). In addition, LOXL4 expression is induced by active retinoic acid (aRA)
during corneal injury, and is believed to be an essential component of the aRA

dependent wound healing response (186).

Like LOXL3, LOXL4 exists in several isoforms, and there is evidence that LOXL4
splice variants have invasive and metastatic potential in some types of breast and
ovarian cancer, possibly via upregulation of MMP-2 and improved ability of variant-
expressing malignant cells to attach to ECM and basement membrane proteins
(collagen IV and laminin (187)). In contrast, full-length LOXL4 reduces the metastatic
potential of cells and delays tumour progression in vivo. Furthermore cells expressing
full-length LOXL4 display lower MMP-2 activity and reduced attachment to matrix

proteins than control cell (187).

LOXL4 expression is also upregulated in lymph node metastases and primary tissues
of head and neck cancers (188, 189); the LOXL4 gene was detected in 71% of

samples of mucosal head and neck carcinomas compared with only 9% of the
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healthy mucosa (p=0.0002) in one study (189), and 92.7% of tumour and 97.8%
lymph node tissue in another (188). While the role of LOXL4 in head and neck
malignancy is not understood, in gastric cancer the protein has been shown to
directly increase cell proliferation, migration and invasion, possibly via the focal
adhesion kinase/steroid receptor coactivator (FAK/Src) pathway and enhancement of

cell-matrix adhesion (190).

LOXL4 knock out mice have been generated, and it is hoped that their phenotype,

once reported, will provide further insight into the physiological roles of LOXL4 (191).

1.5 A focus on the functions of LOXL2

Like its other family members, LOXL2 catalyses the oxidative deamination of peptidyl
lysine residues, which promotes the formation of lysyl-derived cross-links in collagen
and elastin (192). Primarily LOXL2 (as well as LOX) promotes cross-linking of fibrillar
collagen | (79, 193), a major component of desmoplastic stroma and fibrosis, and as
such has been implicated in tumour invasion and metastases, and fibrosis of the
heart, lungs and liver (133, 194-196). In blood vessels and renal glomeruli, cross-
linking of collagen IV by LOXL2 helps formation and stabilisation of basement
membranes (181, 197, 198). In addition, LOXL2 has been involved in gene
transcription, cell migration and adhesion, angiogenesis, and differentiation,
demonstrating its ability to affect both extra and intracellular cell functions (180, 198-

205).
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Only about 50% of LoxI2-/- mice survive prenatally, and death is associated with
severe heart defects such as disrupted ventricular septa and dilated hepatic vessels
which were also found in 40% of surviving Lox|2-/- mice (206). Overexpression of
LOXL2 caused male sterility due to inflammation, increased fibronectin, elastin and
collagen deposition leading to epithelial disorganization, and fibrosis of the

epididymis (206).

1.5.1 The role of LOXL2 in cancers

LOXL2 is widely overexpressed in skin cancer (206), oral cancer (207), squamous
cell carcinoma (SCC) of the skin, head and neck (200, 206), cholangiocarcinoma
(208), breast cancer (180, 199, 209), primary liver cancer (210) gastric (211)
metastases, and in fibroblasts associated with colon cancer (212). Most of the
studies in these cancers also show reduced metastases and tumour invasion with
attenuation of LOXL2. Only one cancer, lung adenocarcinoma, has documented an
association with downregulated LOXL2 expression (213). Numerous pathways have
been highlighted as possible mechanisms for LOXL2 involvement, and it is possible
that these may vary according to cancer type. It has been hypothesised that LOXL2
secreted from tumour and stromal cells may contribute to matrix stiffness, FAK
activation and integrin signalling to promote cancer cell migration and aid metastasis

(212, 214).

In head and neck, lung, and renal cancers, there is failure of LOXL2 downregulation,
suggesting that regulatory pathways controlling expression of LOXL2 may drive

metastatic disease (215-217). LOXL2 overexpression may repress the Notch1
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signalling pathway, whose normal function is to reduce epidermal growth and
differentiation. LOXL2 overexpression in mice was associated with increased
squamous cell tumour (SCC) burden and malignant progression on exposure to
chemical skin carcinogenesis, identifying LOXL2 as a potential target for SCC

therapy (206).

A hypoxic tumour microenvironment is one of the most important characteristics
shown to promote tumour metastasis, epithelial-mesenchymal transition and
angiogenesis (218). Several studies have shown that in this environment, increased
expression of Hypoxia-inducible factor 1-alpha (HIF-1a) induces upregulation of
LOXL2, which represses E-cadherin responsible for mediating epithelial
mesenchymal transformation (EMT) (218). This is associated with activation of
vimentin and the subsequent promotion of EMT and vasculogenic mimicry (VM), both
of which ultimately contribute to tumour progression (218, 219). Local invasion is
thought to constitute the first event in the transition from premalignant to invasive
malignant carcinomas, and this step requires tumour cells to disrupt the E-cadherin-
mediated cell-cell adhesions and acquire motility, and it is frequently associated with
EMT (220). Snail is a transcription factor also capable of repressing E-cadherin
expression, and LOXL2 has been shown to interact directly with snail to
downregulate E-cadherin and stimulate EMT and migration of cancer cells (200). In
the same study, copper binding histidine residues were mutated to eliminate enzyme
activity, and both active and inactive forms of LOXL2 were found to stimulate focal
adhesion-associated protein kinase (FAK) driving cell migration and invasion. These

studies also demonstrated a role for LOXL2 outside of its enzyme activity (200, 221),
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highlighting possible functions for splice variants or proteolytic processed forms of

LOXL2 which mediate intracellular activity.

There has been particular interest in LOXL2 inhibition in the treatment of breast
cancer (222), where LOXL2 has been heavily implicated in tumour invasion (223)
and metastases, although the mechanism is yet unclear (177). Selective inhibition of
LOXL2 reduced growth of primary breast tumours in vivo, probably mediated by
reduced angiogenesis and cancer associated fibroblast (CAF) activation (15). Dual
inhibition of LOX and LOXL2 additionally reduced metastases in the lung and liver,

but this effect was not achieved by LOXL2 inhibition alone (15).

LOXL2 promotes angiogenesis both within and outside the tumour
microenvironment; organisation of endothelial cells into tubes requires LOXL2
expression but not enzyme activity whilst stabilisation of structures of the basement

membrane and formed vessels is enzyme dependent (204, 224).

1.5.2 The role of LOXL2 in cartilage development

While LOX is demonstrated to be important in osteoblast differentiation (225), and
LOXL1 implicated in organisation of collagen Il fibres in bone during growth and
development (170), LOXL2 knockdown studies in vitro show that LOXL2 expression
is required for chondrocyte cell differentiation through regulation of transcription
factors Snail and SOX-9 (226). In this setting, LOXL2 appears to repress Snail, a
transcriptional repressor expressed at high levels during proliferative phases of

chondrocyte development, with levels diminishing as type Il collagen expression
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increases. Overexpression of Snail blocks synthesis of type |l collagen via
transcriptional repression of an E box cis-acting element in its promoter (227). Thus
inhibition of Snail by LOXL2 promotes collagen Il synthesis during bone development

and healing.

It is also believed that LOXL2, rather than Snail, promotes upstream expression of
SOX-9, a master regulator of chondrogenesis which drives chondrocyte
differentiation (226), highlighting a role for LOXL2 in cartilage formation, growth, and

repair.

Interestingly, this study highlighted differences between LOXL2 interactions and Snail
within the tumour microenvironment, and within ECM in the context of injury and

fibrogenesis, which warrants further investigation.

1.5.3 Fibrosis

LOXL2 catalyses the oxidative deamination of peptidyl lysine residues, which
promotes the formation of lysyl-derived cross-links in collagen and elastin,
particularly collagen I. It is this catalytic activity that implicates LOXL2 in fibrotic
disease, particularly that of the heart, lungs and liver. Some of its role in fibrogenesis
however, may extend beyond enzyme activity, and some of the mechanisms
described above may help us to understand a more complex role for LOXL2 in

fibrosis.
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1.5.3.1 Cardiac fibrosis

LOXL2 is upregulated in the interstitium of diseased mouse and human hearts, and
results in increased TGF-B2 production through the PISK/AKT intracellular signalling
system. This triggers fibroblast to myofibroblast transformation, cell migration, and
enhanced collagen deposition and crosslinking in the hypertrophic regions of
stressed hearts (228) leading to interstitial fibrosis and cardiac systolic and diastolic
dysfunction. In mice, antibody-mediated inhibition of LOXL2 reduced stress-induced
cardiac fibrosis and chamber dilatation, improving systolic and diastolic functions
(228), suggesting a therapeutic potential for individuals with heart failure of multiple

aetiologies.

A similar mechanism is likely to be associated with the development of atrial
fibrillation, (AF) a condition in which structural remodelling and fibrosis of the left
atrium results in cardiac rhythm disturbance (229). Serum LOXL2 levels are found to
be significantly elevated in individuals with AF, and correlate with the size of the left

atrium (230).

Interestingly, a LOXL2 enzyme inhibitor (PXS5153, one of the compounds |
investigate in liver fibrosis, see 3.2) was investigated in murine models of cardiac
fibrosis, and demonstrated improvement in fibrosis by picrosirius red stain (PSR, a
marker of collagen and surrogate marker for fibrosis), and mild improvement in
ejection fraction in the treated mice (231). There have not yet been any clinical trials

targeting LOXL2 or the LOX family in cardiac fibrosis.

67



1.5.3.2 Pulmonary fibrosis

Like other forms of fibrosis, pulmonary fibrosis is characterised by enhanced
deposition and remodelling of the extracellular matrix (ECM), predominantly
collagens | and Il (232, 233). Treatment with the LOXL2 monoclonal antibody
ABO0023 in murine models of pulmonary fibrosis resulted in a significant reduction in
both fibrosis and alveolar thickening, and was associated with a decrease in the
number of activated fibroblasts in the lungs of mice. In addition, a significant
reduction in the amounts of TGF-B1, endothelin-1, chemokine (C-X-C motif) ligand 2
(CXCL12) and LOXL2 was observed, as well as TGF-§ signalling as measured by
immunohistochemistry or tissue-based ELISA (133). A subsequent clinical trial using
the same antibody in patients with idiopathic pulmonary fibrosis was halted early due
to lack of efficacy (234), and has prompted another group to re-examine the role of
the lysyl oxidase family in pulmonary fibrosis (235). One key finding of this study was
that both LOXL1 and LOXL2 are upregulated in subjects with pulmonary fibrosis, and
that expression of both proteins correlated positively with fibrillary collagen
organisation (235). In addition, the use of a pan-LOX enzyme inhibitor, R-
aminopropionitrile (B-APN), reduced TGF-B induced collagen remodelling and
stiffening of the ECM in vitro, but a selective LOXL2 enzyme inhibitor did not. This
further supports the data that LOX family enzymes other than LOXL2 are key drivers
of ECM remodelling in pulmonary fibrosis, and ongoing investigation of LOX

enzymes as a potential therapeutic target.
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1.5.3.3 Liver fibrosis

There is as yet no medical therapy which targets liver fibrosis, and so interest in
LOXL2 for its potential as anti-fibrotic has grown over the years.

Early work by Vadasz et al. described over expression of LOX and LOXL2 in
hepatocytes of patients with Primary Biliary Cholangitis (PBC) and Wilsons disease
(193) (an autosomal recessive disease in which mutations of the ATP7b-copper
transporter lead to excess accumulation of copper in the liver causing fibrosis and
cirrhosis if left untreated (236)). This compared with little or no expression of LOX
enzymes in healthy controls, and increased expression of LOX and LOXL2 was
associated with collagen deposition around hepatocytes, confirming that the key role
for LOXL2 in liver fibrosis was oxidation of lysine residues to form collagen cross-

links (193).

1.5.3.3.1 LOXL2 in liver fibrosis: findings from preclinical studies

Studies at Birmingham University have demonstrated consistent upregulation of
LOXL2 mRNA across a spectrum of murine models of liver disease (CClsand TAA
induced liver injury, western lifestyle model (WLM)), except the methionine choline-

deficient (MCD) diet (see Figure 1.5)
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Figure 1.5 Models of murine hepatic injury drive upregulation of LOX/L expression.
Expression of mMRNA for LOX family members relative to beta actin housekeeping gene was
performed in triplicate on groups of 3-5 mice for each model. Mice were fed an MCD diet (MP
Biomedicals) ad lib for 6 weeks (A). Mice were injected twice weekly 6 weeks with either CCl4
(1.0 mL/kg CCly diluted 1:4 in mineral oil (MO) or MO alone (B). Mice were fed a diet with
45% of calories obtained from fat and 30% of the fat in the form of partially hydrogenated
vegetable oil (Custom Research Diet TD.06303; Harlan Laboratories) in conjunction with
fructose-supplemented drinking water (55% fructose, 45% glucose by weight at a
concentration of 42 g/L) ad lib for 9 months. Control animals received normal chow (NC) and
non-supplemented drinking water (C). Mice were given TAA diluted in orange squash
(prediluted 1:5 with water) in escalating doses up to 600 mg/L by day 9 and maintained on
this dose ad lib for 16 weeks; control mice were given squash only (D). Data were calculated
by 1-way ANOVA using Dunn’s Multiple Comparison Test. ** P<0.01, *** P< 0.001. Figure
courtesy of Dr Emma Shepherd at the University of Birmingham.
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In work by Barry-Hamilton et al. the expression of LOX and LOXL2 in multiple human
pathological environments, including lung and liver fibrosis and the cancer
microenvironment (133) was investigated. Both LOX and LOXL2 expression was
demonstrated at the fibrotic disease interface in human lung fibrosis and in liver

diseases such as steatohepatitis and active hepatitis C infection.

The same study showed that in CCls—induced liver fibrosis in mice, LOXL2
expression was associated with activated fibroblasts along fibrotic tracts. Inhibition of
LOXL2 using the non-competitive allosteric LOXL2 antibody AB0023 led to reduced
portoportal and portocentral bridging fibrosis using the METAVIR fibrosis scoring
system, and a reduction in a-SMA+ myofibroblasts in the portoportal septa (133).
Mechanistically, the levels of intracellular signal transduction molecule p-Smad3, but
not TGF-B, were reduced using AB0023. TGF-B signal induction in hepatic stellate
cells has been characterized as a p-Smad3—-dependent process, whereby p-Smad3
transmits TGF- signals from the cell surface to the nucleus (237). However, p-
Smad3 may have additional roles related to collagen expression that are
independent of TGF-B during liver injury (238), and LOXL2 may target p-Smad3

independent of TGF-[3 leading to enhanced fibrosis.

A later study by Liu et al. used the irreversible (but less specific) pan-LOX inhibitor [3-
APN to explore the role of CCls induced liver fibrosis in mice, and demonstrated
wider fibrotic septae and collagen fibrils which were loosely organized in the mice
receiving B-APN compared to control mice, suggesting a more favourable pro-

resolution environment (146). A reduced proportion of mature, highly cross-linked
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collagen was found in the B-APN group, and there was reduced hepatic stellate cell
activation measured by immunohistochemistry (IHC) for a-SMA. Gene expression of
fibrosis markers Tgfb1, Col1a1, Timp was also reduced by pan-LOX inhibition and
increased F4/80+ macrophage infiltration was seen along fibrotic septae, further
confirming the role of LOX in collagen stabilization and limiting fibrosis reversal, in

addition to being a potential target for pharmacological therapy (146).

The functions of LOX and LOXL2 may well overlap, as both promote cross-linking of
fibrillary collagen | and are present in similar pathological microenvironments (133).
However, LOXL2 is a more attractive therapeutic target, as it is more frequently
associated with the pathological microenvironment, whereas LOX is widely
expressed in healthy tissue (133). It is likely that for this reason that the LOXL2
targeting antibody AB0023 has been favoured for in vitro and in vivo testing, and
early phase 2 trials to assess efficacy in reducing both lung (see 1.5.3.3.2) and liver
fibrosis. In a 12 week model of thioacetamide (TAA) induced fibrosis in mice, the
treatment group receiving 6 weeks of AB0023 from week six showed a significant
reduction in fibrosis as measured by IHC for collagen | and a-SMA, picrosirius red
staining, and hydroxyproline assay (195). Insoluble, highly crosslinked collagen was
also reduced by LOXL2 inhibition (195). In a six week TAA model where LOXL2
antibody was given for 12 weeks at the end of injury in order to assess effects on
fibrosis reversal, increased disruption of bridging and widening of fibrotic septa with
splitting of fibrils was observed at 4 weeks in the group receiving AB0023 compared
with vehicle, suggesting a LOXL2 blockade as a potential tool for promoting fibrosis

resolution (195). Interestingly, a group receiving LOX inhibitor (M64) showed reduced
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liver collagen content by hydroxyproline assay, but none of the other changes seen

with AB0023 treatment.

Similar results were observed following antibody blockade of LOXL2 in models of
biliary fibrosis (Mdr2-deficient mice or 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC) animals) where AB0023 treatment led to significant reduction in hepatic
collagen content and picrosirius red staining following morphometric analysis. These
changes were not seen in mice receiving the LOX inhibitor M64. In addition to a
reduction in biliary-type fibrosis, the authors suggested a possible role for LOXL2 in
the ductular reaction and regulation and differentiation of hepatic progenitor cells
(195). Specifically, in vitro and in vivo experiments demonstrated a preference of
epithelial cell adhesion molecule (EpCAM) positive hepatocytes to differentiate
towards a functional hepatocyte lineage rather than cytokeratin-19 (CK19+)
fibrogenic cholangiocytes in the presence of AB0023 (195), with inhibition of the
ductular reaction and myofibroblast activation (239). This study suggested that
inhibiting this process may have the potential to reduce biliary fibrosis through

modulation of LOXL2 in addition to reduced collagen crosslinking (see Figure 1.6).
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Figure 1.6 Suggested mechanism for fibrosis reduction targeting LOXL2. In addition to
reduced collagen crosslinking, studies by Ikenaga et al suggest that hepatic progenitor cells
preferentially differentiate towards a hepatocyte lineage rather than the profibrogenic
cholangiocytes in the presence of LOXL2 inhibition with an monoclonal antibody Reproduced
with permission from GUT (195).

1.5.3.3.2 Targeting LOXL2 in human liver fibrosis

LOXL2 protein expression has been demonstrated to correlate with liver fibrosis in
biopsy samples of patients with Wilson’s disease, PBC (193), steatohepatitis and
hepatitis C (133), serum LOXL2 levels are elevated in individuals with NAFLD (240)
and chronic hepatitis C, and correlate to fibrosis severity (241). Our own laboratory
has demonstrated upregulated LOXL1, 2 and 4 mRNA expression across a spectrum
of human liver disease and increased lysyl oxidase protein expression in liver tissue

in chronic liver disease (see Figure 1.7).
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Figure 1.7 Lysyl oxidases and mRNA are up-regulated in chronic liver disease
compared to normal liver controls. (A) Expression of LOXL2, 3 and 4 mRNA relative to
two housekeeping genes (SRSF4 and 18S) was up-regulated in chronic liver disease (CLD)
compared to normal liver controls. Data were calculated by 1-way ANOVA using Dunn’s
Multiple Comparison Test. *** P< 0.001. (B) The expression of lysyl oxidase proteins (stained
red) was more intense in chronic liver disease (representative images from ALD and PBC
tissue) than that detected in normal liver (NL). Images courtesy of Dr Emma Shepherd.
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These findings, together with preclinical data, have prompted interest in targeting
LOXL2 in human fibrotic disease. A human version of AB0023, a therapeutic
antibody targeting LOXL2 (Simtuzumab) has now been tested in Phase Il trials in
patients with both PSC (NCT01672853) and non-alcoholic steatohepatitis (NASH)
related fibrosis (NCT01672866). In NASH it has also been tested in subjects in
combination with Selonsertib (an anti-apoptotic agent) (NCT02466516), and also in
subjects with NASH related cirrhosis (NCT01672879). Used in combination with
Selonsertib, no additional benefit was gained from Simtuzumab (242). The trials in
NASH were terminated early due to lack of efficacy (243), and a study in PSC study
also showed no benefit (243). Trials in individuals with HCV and HIV (244),
myelofibrosis (245) and pancreatic (246) and colorectal cancer (247) were also

negative.

Several mechanisms as have been suggested for the inefficacy of Simtuzumab.
Firstly, although Simtuzumab has been demonstrated to effectively bind LOXL2
(248), its inhibitory activity may be insufficient to affect collagen cross-linkage in vivo,
and there is as yet no marker for clinical evaluation of LOXL2 inhibition on which to
test this. Secondly, LOXLZ2 inhibition alone may be insufficient to reduce fibrosis due
to other concomitant pathways that mediate collagen cross-linkage, such as the other
LOX isoforms and tissue transglutaminase. Finally, it is possible that the fibrosis in
the patients studied in these trials may have been too advanced for the inhibition of

collagen cross-linking to be effective or to be amenable to ECM remodelling (243).
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While these outcomes in human studies are disappointing, it is possible that targeting
the enzyme function of LOXL2 rather than antibody blockade will have greater
potency in reducing collagen cross-linking in liver fibrosis. Given that the non-
enzymatic functions of LOXL2 are yet fully understood, selective targeting of LOXL2

may be the safest option and reduce the risk of unwanted long-term side effects.

To this end, the pharmaceutical company Phamaxis (Sydney, Australia) have
developed mechanism based, selective LOXL2 enzyme inhibitors, that have shown
potential in limited rodent models of liver fibrosis. One of these compounds,
PXS5153, has been designed to selectively inhibit LOXL2 and LOXL3, and has
shown efficacy in reducing collagen content and collagen cross links in two murine

models of liver fibrosis (Pharmaxis, personal communication).

PXS5153 interacts with the lysyl tyrosylquinone (LTQ) cofactor on the enzymatic
pocket of LOXL2 and LOXL3 and leads to a covalently bound enzyme-inhibitor
complex, irreversibly blocking enzymatic function with an apparent binding constant
(Ki) 1.01 uM and a rate of inactivation (kinact) Of 0.2 min™. Further characteristics of
PXS5153 were time dependent potency (increased inhibition with longer incubation
with the enzyme), substrate competition (increasing substrate concentrations leads to
reduced enzyme inhibition), and irreversible inhibition demonstrated by jump dilution
experiments (231). The half maximal inhibitory concentration (ICsp) of PXS5153 for
LOXL2 across all mammalian species was <30nM, but also inhibited LOXL3 with an

ICs0 of 45nM (see table 1). These properties are favourable compared with other
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commonly used monoamine inhibitors (249, 250). A possible shortfall of the inhibitor

is its short half-life, estimated at 0.6 hours in rats and 1 hour in mice (231).

Assay IC50 (nM)
Recombinant human LOXL2 21
Recombinant mouse LOXL2 21
Recombinant rat LOXL2 15
Recombinant dog LOXL2 9
Native human LOXL2 38
Native human LOX 1790
Recombinant human LOXLA 1325
Recombinant human LOXL3 45
Recombinant human LOXL4 104
SSAO, MAO-A and MAO-B >30000

Table 1.1: Selectivity of PXS5153 in vitro. Each value is an average of at least three
experiments. Semicarbazide-Sensitive Amine Oxidase, SSAO, Monoamine oxidase-A,MAO-
A, Monoamine oxidase-B, MAO-B. Table courtesy of Dr S Schilter at Pharmaxis.

To further interrogate the ability of the enzyme to inhibit oxidation of collagen lysine
residues, collagen was incubated with recombinant human LOXL2 (rhLOXL2) with or
without increasing concentrations of PXS5153, and the ability of the enzyme to
catalyse cross-links in collagen was measured by mass spectrometry. As expected,
rhLOXL2 increased collagen crosslinking, while treatment with PXS5153 prevented
all crosslink formation (mature crosslinks dihydroxylysinonorleucine (DHLNL) and
hydroxylysinonorleucine (HLNL), and immature crosslinks pyridinoline (PYD) and

deoxypyridinoline (DPD) (231).
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In a 6 week CCls induced model of liver fibrosis in rats, PXS5153 was given in
escalating doses and reduced collagen content by hydroxyproline assay, picrosirius
red stain, and mRNA expression of collagen |. Low dose enzyme inhibitor also
reduced immature and mature collagen cross-links, as measured by ELISA or mass
spectrometry, presumably by inhibiting oxidation of lysine residues, rendering
collagen in the fibrotic environment more prone to degradation (231, 251). | also
performed tissue analysis from this model and the data is included in this thesis (see

section 3.3)

Similar findings were made with the same compound in a mouse model of non-
alcoholic steatohepatitis (NASH) induced by streptozotocin/high fat diet. Collagen
cross-linking was less convincingly reduced, but hepatocyte ballooning was
significantly reduced using the NAFLD activity score (NAS) according to the Kleiner

criteria, and fibrosis was reduced using collagen staining with PSR (231).

Interestingly, PXS5153 was also investigated in murine models of cardiac fibrosis
and demonstrated improvement in fibrosis by PSR and mild improvement in ejection

fraction in the treated mice (231)

Another LOXL2 enzyme inhibitor, PXSS2B, produced by Pharmaxis has been tested
in mouse models of diabetic nephropathy, which is characterised by excess ECM in
glomeruli and the tubulointerstitial space. Treatment with PXSS2B reduced

albuminuria, expression of glomerular fibronectin and tubulointerstitial collagen I, and
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ameliorated glomerulosclerosis highlighting a possible role for LOXL2 in diabetic

nephropathy (252).

The same company have developed other selective LOXL2 enzyme inhibitors and
are being investigated in preclinical trials for NASH, pulmonary, and kidney fibrosis,
the results of which are as yet unavailable.

One of these compounds has been modified to improve bioavailability from oral
administration (PXS5153 and PXS5338K, see table 2, equivalent data in rats also
available). Previous versions of this compound, and the LOXL2 antibody AB0023,
could be delivered only by intravenous injection, and so the new compound is a more
attractive therapeutic option. | have examined the efficacy of this latest compound,
PXS5338K, in addition to two related compounds, in reducing liver fibrosis across a

variety of murine models.

PK parameter PXS5153 PXS5338K
(mouse, oral 5 mg/kg) (mouse, oral 10 mg/kg)
AUCo.jast (hr*ng/mL) 158 82
Cmax (Ng/mL) 114 84
T12 (h) 0.6 Not available
Oral bioavailability, F (%) 41 4

Table 1.2: PK profiles of PXS5153 and PXS5338K in mice. Data courtesy of Pharmaxis
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1.6. Murine models of liver fibrosis

1.6.1 Pan-lobular fibrosis

Several murine models of liver fibrosis have been developed for experimental
purposes. Administration of the hepatotoxin carbon tetrachloride (CCls), by
intramuscular (I.M.), intraperitoneal (1.P.), subcutaneous (S.C.) injection, or the oral
route, induces perivenular ballooning of hepatocytes at six hours, inflammatory
infiltration, and centrilobular necrosis at 24—72 hours, followed by collapse of existing
collagen architecture, leading to de novo collagen synthesis and early fibrosis after
one week (82, 253). Following twice weekly injections for 4 weeks, mature collagen
fibrils bridging vascular structures are observed, mimicking the advanced human
fibrosis that occurs in conditions such as alcohol-related liver disease,
haemachromatosis or non-alcoholic liver disease (82). Criticisms of this model,
however, are manifold; firstly, the response to the same dose of CCls in individual
animals can be variable, impeding assessment of responses to intervention;
secondly, mortality can be as high as 60% within the first 2 weeks of treatment;
thirdly, only mice (not rats) administered with CCl, are prone to developing HCC, the
reason for which is unknown. Finally, any model where centrilobular necrosis is the
predominant feature is a poor model for biliary diseases in which periportal fibrosis

dominate (253).

Administration of thioacetamide (TAA), either via |.P. injection, or orally, is believed to
be a safer method of inducing liver fibrosis in both rats and mice than CCls, being
associated with less mortality, and resulting in regenerative nodules and fibrosis

which may be more representative of human fibrosis (76, 254, 255). TAA is a
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hepatotoxin which is converted into toxic oxygenized metabolites by cytochrome
P450 (CYP) enzymes in the liver (256, 257), triggering the production of reactive
oxygen species (ROS), oxidative stress and hepatocyte damage, and activation of
hepatic stellate cells (256). Oral or |.P. administration for 12 weeks results in
macronodular cirrhosis separated by thick connective septa (5) with the oral route
facilitating absorption via the gut and direct delivery to the liver via the portal system,
potentially limiting extrahepatic effects. An additional benefit of ad libitum delivery is
that hepatotoxicity may be self-limiting; those animals with severe injury have a
reduced appetite and thereby reduce their own exposure to TAA in drinking water,
with the benefit of reduced mortality (255). The caveat to ad libitum delivery is that

results between animals can be more variable (255).

A less commonly used model is induced by dimethynitrosamine (DMN), a
hepatocarcinogen that causes fibrosis within four weeks of twice weekly |.P. injection,
with activation of HSCs, Kupffer cells and expression of profibrotic cytokines (258).
However, DMN has mutagenic and carcinogenic properties, and so interpretation and
analysis of fibrosis experiments may be complicated by involvement of mutated

signalling pathways (259).

1.6.2 Biliary Fibrosis

Models for biliary fibrosis are even more limited; ligation of the common bile duct
(BDL) is one commonly used model. Bile duct obstruction results in increased biliary
pressure, inflammation and cytokine secretion, thus generating cholestasis,

proliferation of biliary epithelial cells, increased expression of fibrogenic markers, and
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accumulation of B cells and T cells in the portal tracts (260). The applicability of this
model is limited by early mortality due to perforation of the bilioperitoneum (261),
rupture of biliary cysts or the gall bladder, which tends to occur 5—6 weeks after BDL,
favouring short-term experiments only (262). The rapidly progressive nature of the
biliary fibrosis seen in BDL is also associated with substantial proliferation of bile

ducts rarely seen in man (263).

Feeding mice a diet supplemented with 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC) feeding can be used to study Mallory body formation (seen in alcoholic liver
disease), but cholestatic serum markers also become significantly elevated in these
mice and a strong ductular reaction can be observed. Histologically, a pericholangitis
is observed, with infiltration of inflammatory mononuclear cells and activation of
periductal myofibroblasts, causing biliary fibrosis that resembles sclerosing

cholangitis in humans (264).

Multi-drug resistant 2 (Mdr2-/-) mice are deficient in the canalicular phospholipid
flippase, and spontaneously develop liver injury due to the absence of phospholipid
from bile, causing disruption in tight junctions and basement membranes in bile
ducts, leakage of bile into the portal tract, and periportal biliary fibrosis (263). By 4
weeks of age, picrosirius red staining demonstrates accumulation of peribiliary
extracellular matrix and peribiliary a-SMA immunoreactivity in portal fibrotic regions
(263). By 8 weeks, BALB/c Mdr2-/- mice demonstrate moderate bridging fibrosis and
by 12 weeks this becomes severe with thickened collagen septa. However, there is

significant variability between species whereby the FVB strain develops significantly
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less fibrosis and never truly develops bridging of collagen septa; hydroxyproline
content reaches only ~25 pg per 100 mg liver compared with ~ 90 ug/100 mg liver in
BALB/c mice (265). The Birmingham liver laboratory has previously demonstrated
that C57BI/6 mice develop similar fibrosis to BALB/C animals, data that | have
revalidated (see chapter 4), and so this model was used to explore the potential of

LOXL2 inhibition in biliary fibrosis on a C57BI/6 background.

1.6.3 Diet-induced fibrosis
Other commonly used models are the methionine-deficient and choline-deficient
(MCD) diet, the high fat, fructose, and cholesterol and cholate diets, which tend to

mimic non-alcoholic steatohepatitis (NASH) and take a long time to develop fibrosis.

Given the expectation that the compound being tested would have an antifibrotic
effect, the models used to assess the effect of LOXL2 enzyme inhibition were those
in which fibrosis is the predominant histological feature, and were accessible,
reproducible, and most closely reflect the diseases that the drug is expected to

target.

1.7. Hypothesis

LOXL2 enzyme inhibition reduces liver fibrosis in mice.
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1.8. Aims and Objectives
The aim of my research was to assess the efficacy of selective LOXL2 enzyme
inhibitors on liver fibrosis and regeneration, to determine the potential of LOXL2

inhibition as a treatment option for patients with advanced liver disease.

Two murine models of liver fibrosis were developed on which to test selective LOXL2
inhibitors designed by Pharmaxis Inc. (Sydney, Australia; PXS5303 and PXS5153).
Both models were developed under contract at Pharmalegacy (Shanghai, China) and
for each model (CCls in rats and TAA in mice), tissue was sent for analysis and
preliminary data collection (results in this report). A later developed compound,
PXS5338K, also a LOXL2 enzyme inhibitor, is then retested in our own models of
liver fibrosis, using Mdr2-/- mice, thioacetamide (TAA) induced liver injury and during

in-vitro studies. My objectives were to:

» Establish the degree of liver fibrosis achieved in the mouse models (those
completed at Pharmalegacy and in our own murine models). This will be achieved
primarily by:

- Measurement of collagens using IHC on paraffin and frozen sections of liver
tissue
- Measuring expression of proteins upregulated during fibrogenesis

* Examine the effect of LOXL2 inhibition on liver injury, cell differentiation, fibrosis

and fibrosis resolution, in two models of murine liver fibrosis; thioacetamide (TAA)

induced liver injury, and Mdr2-/- mice. The following methods are used:
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- Comparison of liver biochemistry from serum of treated mice vs mice receiving
vehicle at sacrifice

- IHC of liver sections from mice treated with PXS5338K or vehicle

- Expression of fibrosis associated genes by qPCR.

Establish whether the compound has any effect on inflammatory cell recruitment

to the liver. This is achieved by:

- Isolation of lymphoid and myeloid cells at sacrifice and comparison of
populations using flow cytometry.

- ldentification of inflammatory cells using IHC on paraffin sections of liver
tissue.

Assess the effect of PXS5338K on fibroblast activation and migration in vitro, via:

- Scratch wound assays

- Collagen contraction assays

- Magnetic resonance spectroscopy (MRS) of extracellular matrix from
fibroblasts exposed to PXS5338K to quantify the degree of collagen

crosslinking.

This will consolidate current understanding of the role of LOXL2 inhibition in liver

fibrosis, and establish whether it may have potential in treatment of human liver

disease.
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2. Materials and Methods

2.1 Murine models for preliminary analysis, developed by Pharmalegacy
(Shanghai, China): the use of thioacetamide and carbon tetrachloride to induce
liver fibrosis

Two murine models of liver fibrosis were developed on which to test PXS5303, a
compound designed to inhibit LOXL2. The models were developed by Pharmalegacy
(Shanghai, China) and run according to local and international industry standard, as
described in their report to Pharmaxis (read, not published). Samples were shipped

to Birmingham for further analysis.

2.1.1 Thioacetamide (TAA) induced liver fibrosis in mice

20 eight-week old BALB/c mice were administered with 200 mg/kg TAA thrice weekly
via intraperitoneal injection (I.P.) for 12 weeks. From week 9, ten mice additionally
received vehicle orally (P.O.), and 10 mice received PXS5303 P.O. once daily for the
remaining 3 weeks. Livers were sectioned, snap frozen in liquid nitrogen, and placed
at -80°C for later processing, or fixed in 10% neutral formalin (Sigma-Aldrich®) for

paraffin embedding and sectioning.
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Figure 2.1: TAA model in mice. BALB/c mice were given a regimen of 12 weeks of TAA at
a dose of 200 mg/kg via intraperitoneal injection (I.P.), in addition to vehicle orally (P.O.) from
week 9 (group 4B), or PXS5303 (group 4C), orally from week 9.

2.1.2 Carbon tetrachloride (CCls) induced liver fibrosis in rats

From day 0, 4-6 week old Sprague Dawley (SD) rats were orally administered with
CCl4 0.25 pL/g (formulated as 2.5 uL/g of CCl4 olive oil solution), 3 times per week for
6 weeks, to induce liver fibrosis. Thereafter, concurrent to the same regimen of CCly,
rats were administered with vehicle P.O, low dose PXS5153 at 3 mg/kg daily for 6
weeks, or from week 4, high dose PXS5153 at 10 mg/kg daily for 2 weeks. 15 rats
received each of the above regimens and in addition 6 rats received sham control.
Once rats had been sacrificed the liver was dissected and one lobe submerged in
RNA later (Thermo Fisher Scientific) solution as quickly as possible. Samples were
stored at 4°C overnight and frozen afterwards at -80°C. The remaining livers were
perfused, sectioned and snap frozen in liquid nitrogen and placed at -80°C for further
storage. The right liver lobe was fixed in 10% neutral formalin (Sigma-Aldrich) for

paraffin embedding and sectioning.
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3 mg/kg PXS5338K from day 0, 10 mg/kg PXS5153K from
week 4, or vehicle daily P.O.
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* vehicle from day 0 thrice weekly P.O.

Figure 2.2 CCl, model of fibrosis in rats. Sprague Dawley rats were orally administered
with vehicle or 0.25 uL/g CCl, from day 0, 3 times per week for 6 weeks, in addition to either
vehicle, low dose PXS5153, or high dose PXS5153 from week 4.

2.2 Development of murine liver injury models in Birmingham for use in testing
the efficacy of LOXL2 inhibitors

Two models of liver fibrosis that have been previously established locally and induce
liver fibrosis in mice, namely TAA administered orally ad libitum, and Abcb4™, known
more commonly as Mdr2-/- mice, were used to test PXS5338K as a potential anti-

fibrotic, and to assess its effect during fibrosis resolution.

2.2.1 Animal Husbandry

Male C57BI/6 mice were purchased from Jackson Laboratory and acquired at an age
of 6-8 weeks. Mdr2-/- C57BI/6 mice originated from embryos (gifted from Professor
Lohse; Austria) which had been transferred into the uterus of wild-type C57BI/6
females and stock derived from offspring. Homozygotes were exclusively used, so
genotyping was not deemed necessary. Friend virus B (FVB) Mdr2-/- mice were bred

from the C57BI/6 strain at the University of Birmingham Biomedical Services Unit.
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All mice were housed and cared for at the University of Birmingham Biomedical
Services Unit by standard care protocols. All procedures were carried out in
accordance with the Animals (Scientific Procedures) Act 1986, UK, under the Home
Office licence held by Patricia Lalor, P2DFI9DB6E, and underwent ethical review prior
to approval and enactment. Male only C57BI/6 mice were used for experiments using

TAA, which started at age 8-10 weeks.

2.2.2 A study of PXS5338K in Mdr2 knock out mice

Both FVB and C57BI/6 strains of Mdr2-/- mice develop progressive liver injury and
fibrosis. A pilot study using 6 FVB Mdr2-/- was undertaken to assess the tolerability
of 10 mg/kg PXS5338K in 6 FVB Mdr2-/- mice. Because this dose was poorly
tolerated, a further study was carried out to assess a lower dose of 3 mg/kg which
was tested in 14 healthy C57BI/6 mice aged 6-8 weeks, and found to be better

tolerated.

Subsequently, the experiment was repeated using 41 C57BI/6 Mdr2-/- mice, which
have a tendency to develop more advanced fibrosis than the FVB strain (265). The
methods used to assess PXS5338K in Mdr2-/- mice was otherwise the same for both

experiments, and are discussed in this chapter.

Thirty-six male and female C57Bl/6 Mdr2-/-, aged 9 weeks, received either
PXS5338K at a dose of 3 mg/kg thrice weekly (from a stock solution of 0.6 mg/ml), or
vehicle (phosphate-buffered saline, Sigma-Aldrich) thrice weekly, for 3 weeks. The

number of gavages that could be performed in this model was restricted to a total of
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9 under the animal licence used. Both vehicle and PXS5338K was administered
using a 1 ml syringe and 20 gauge x 30 mm disposable plastic feeding tubes
(Harvard Apparatus). Five age-matched mice were used as a control to assess any
unexpected impact of gavage on the mice. Two mice were culled before nine
gavages could be administered; one mouse appeared to aspirate at gavage (instantly
unwell following administration of compound) and a second mouse bit off the plastic
gavage needle and so was immediately culled. The mice were clinically assessed
prior to each gavage procedure, and weighed daily to instruct correct dosing and
monitor health. Mice had access to normal chow diet and drinking water ad libitum
during the full 12-week period. Weight loss of up to 20% was deemed acceptable in

the absence of other clinical signs of distress.

Mice were sacrificed age 12 weeks, 3 days after their final dosing (gavage took place
on Monday, Wednesday and Friday of each week, and mice were culled on the
following Monday after the final dose on Friday, see Figure 2.3). Tissue was

harvested for analysis as described in section 2.2.5.

10 mg/kg PXS5338K or
vehicle by oral gavage

I T: SACRIFICE

9 weeks 12 weeks

Figure 2.3: Study of PXS5338K in Mdr2-/- knock out mice. Nine week old Mdr2-/- mice
were gavaged with either vehicle or inhibitor thrice weekly for 3 weeks, receiving a total of
nine gavages before sacrifice.
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2.2.3 PXS5338K in TAA induced liver fibrosis

A model of TAA-induced hepatic fibrosis has been developed at the University of
Birmingham Biomedical Services; for this reason, a pilot study was not undertaken.
This model demonstrated safe and reproducible liver fibrosis following 16 weeks of
TAA ad libitum in drinking water. Despite the limitations associated with a lengthier
animal model, a shorter duration of injury such as 12 weeks was believed to
demonstrate a less consistent liver injury, with no added mortality associated with a
longer 16 week model. This method of injury was replicated in two separate
experiments, firstly to assess PXS5338K during liver injury, and in a second
experiment, to assess its efficacy in promoting fibrosis resolution once liver injury has

ceased.

2.2.3.1 Method 1: Model of chronic hepatic injury induced by 16 weeks of ad
libitum TAA in drinking water and administration of PXS5338K from week 10.

Mice were housed and provided chow as per usual Biomedical Services Unit
protocols, but their drinking water was substituted for thioacetamide (TAA, Sigma-
Aldrich) solution. To acclimatise the mice to the change, mice were given TAA in 1:5
diluted fruit squash (Robinson’s orange, single strength, no added sugar) at a dose of
100 mg/L for 3 days, and then 300 mg/L for 3 days, followed by 600 mg/L for the rest

of the duration. TAA stock solution was prepared at a concentration of 20 mg/ml.

From week 10, 15 mice received PXS5338K via oral gavage at a daily dose of
3mg/kg (from stock solution made up to 0.6 mg/ml), and 15 mice received vehicle

(PBS); an equivalent volume of PBS according to weight was given. Daily gavage
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was given for 6 weeks, concurrent to ongoing ad libitum access to TAA in drinking
water, and animals were sacrificed at week 17. Mice were weighed and clinically
assessed for signs of distress daily; a weight loss of up to 20% was deemed
acceptable in the absence of other clinical signs of distress. Upon sacrifice, tissue

was collected for analysis as described in section 2.2.5.

3 mg/kg PXS5338K or
vehicle by oral gavage

T e

TAA ad libitum in drinking water
Day 0 Week 10 Week 17

Figure 2.4 TAA model for liver fibrosis. TAA was given for 16 weeks to induce liver
fibrosis, and 3 mg/kg PXS5338K or vehicle was administered by oral gavage for the final 6
weeks.

2.2.3.2 Method 2 (fibrosis resolution): Chronic hepatic injury was induced
following 16 weeks of ad libitum TAA in drinking water, after which TAA was
withdrawn and PXS5338K was administered for 2 weeks.

30 mice were housed and provided normal chow, but their drinking water was
substituted for TAA solution, slowly escalating the concentration up to 600 mg/L, as
described in section 2.2.2. At the beginning of week 17, orange squash containing
TAA was replaced with drinking water, and 15 mice received PXS5338K via oral
gavage at a daily dose of 3mg/kg, as described in 2.2.3.1, while the remaining 15
mice received an equivalent volume of vehicle (PBS). Daily gavage was given for 2
weeks, and animals were sacrificed at week the beginning of week 19. Mice were
weighed and clinically assessed for signs of distress daily; a weight loss of up to 20%

was deemed acceptable in the absence of other clinical signs of distress.
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3 mg/kg PXS5338K or
vehicle by oral gavage

NN AR RRAAN

TAA ad libitum in drinking water
Day 0 Week 17 Week 19

Sacrifice

Figure 2.5: Testing PXS5338K in fibrosis resolution. TAA was given for 16 weeks then
exchanged for normal drinking water; PXS5338K or vehicle was given for 2 weeks to assess
efficacy in fibrosis resolution.

2.2.4 Power calculations

Analysis of results from the TAA-induced model of liver injury permitted power
calculations estimating the number of mice to be used in each experiment.
Calculations showed that 14 mice were required (7 to receive compound and 7
vehicle) to show a median 25% reduction of % area PSR stain from 4 to 3% (p =
0.05). Given that a higher % PSR was expected in our TAA model and some deaths
were expected (either TAA or gavage induced), a total of 30 mice were used for the
experiments of TAA induced liver injury, and up to 40 for the Mdr2-/- model of fibrosis
(given that a lower concentration of compound was to be given over a shorter period

of time).

2.2.5 Mouse sacrifice and collection of tissue for analysis

Upon completion of an experiment, mice were subject to cardiac puncture under
terminal anaesthesia by isofluorane, by which up to 1000 ul of blood was aspirated
through a 23-25-gauge needle with an appropriate syringe, and collected in a 1.5 ml
Eppendorf tube. The mice were immediately sacrificed by cervical dislocation, and

death confirmed. Abdominal contents were exposed by sleeve laparotomy and
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reflection. The portal vein was cut to allow subsequently flushed contents to escape
the circulation. The thorax was then exposed by carefully incising through the rib
cage, avoiding damage to underlying organs. The heart was identified and injected
slowly with 10ml of phosphate buffered saline using a 26-gauge needle in order to
flush the liver. Swelling and pallor of the liver confirmed adequate flushing. The liver
was subsequently surgically dissected from the abdomen, and the gallbladder
surgically removed. The left lateral lobe of the liver was placed in Roswell Park
Memorial Institute (RPMI, Gibco®) culture media containing 2% fetal bovine serum
(FBS, Life Technologies®), the right lateral lobe was placed in formaldehyde, to be
subsequently prepared for formalin-fixed paraffin embedded tissue sectioning. The
other lobes were snap frozen in liquid nitrogen for various subsequent uses: the right
median lobe was used for preparing acetone fixed frozen sections on glass slides,
and the other lobes for molecular biology including RNA isolation and Western

Blotting.

The clotted blood was spun on a bench-top micro-centrifuge at maximum speed for
10 minutes. The serum supernatant was aspirated and re-spun under the same
settings to clarify the supernatant from any cell debris. 200 yL of serum was then
diluted at a ratio of 1:5 with 0.9% normal saline for immediate measurement of
markers of liver injury aspartate aminotransferase, alanine aminotransferase, bilirubin

and bile acids. The remaining serum was stored at -80°C.
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2.2.5.1 Extraction of leukocytes from mouse liver and flow cytometry

2.2.5.1.1 Isolation of murine hepatic leukocytes using Optiprep

The previously isolated left lobe (see methods section 2.2.5) was macerated through
a 70 ym strainer using a 5ml syringe plunger and the homogenate transferred into a
15 ml falcon tube and made up to 15 ml RPMI on ice. The samples were centrifuged
at 800 x g at 4°C for 5 minutes. The resulting pellet was resuspended 10 ml prepared
cold RPMI, divided equally into 5 ml and then overlayed onto 7 ml Optiprep solution
(240 ml made up from 63.9 ml Optiprep (60% solution of iodixanol in sterile water,
Sigma-Aldrich) made up with 176.1 ml sterile PBS). The tubes were centrifuged at

1000 x g for 25 minutes at RT (with no brake).

To isolate cells (lymphocytes and monocytes) at interface, 3 ml of fluid containing
cells was carefully removed from the interface of both tubes using a sterile plastic
pipette, and transferred into a new 15 ml tube, pooling cells from the same liver that
had been separated. The sample was topped up to 15 mls with prepared cold RPMI

and then centrifuged at 800 x g at 4°C for 5 minutes. The cells were washed by

resuspension in PBS and spinning at 2000 x g 4°C for 5 minutes.

The cell pellet was resuspended in 500 ul cold, sterile PBS. 100 ul cell suspension
from each sample was transferred into a clean Eppendorf and the total volume
divided equally for unstained and live/dead isotype controls. 50% of the total volume
to be used for live/dead stain was transferred to a Grant QBT2 heat block for 4
minutes at 65°C before mixing back with the total volume to be used for live/dead
staining. The unstained cells suspension sample was fixed with 200 ul 1% formalin

97



(2.7 ml of 37% Sigma stock formaldehyde in 100 ml PBS) and stored in a cold room
until analysis. The remaining samples were added to a curved bottomed Sarstedt™
96 well plate, and 200 ul/well added per liver sample for both lymphoid and myeloid
staining panels). The plates were spun at top speed for 3 minutes in a plate

centrifuge.

To each sample (except isotype controls, IMCs), 50 uL live dead fixable viability dye
(1:1000 in PBS, Thermo Fisher Scientific) was added under darkened conditions,
and the suspension mixed. The plate was covered to protect it from light and left on

ice for 30 minutes.

The cells were washed twice with sterile MACS buffer solution (made up of PBS,
1mM ethylenediaminetetraacetate (EDTA) and 2% FBS) by centrifuging at 1000 x g
for 3 min in the plate centrifuge. 50 uL of previously prepared master mix containing
antibodies (see table 2.2 below) was added to cells from each liver sample for both
the lymphoid and myeloid panels, and 50 yL isotype control mastermix for both the
lymphoid and myeloid panels was added to the appropriate mixed sample cells. The
plate was incubated on ice for 30 minutes in the cold room. Finally, 150 ul cold
MACS buffer was added to all tubes and the cells washed twice, as before, and fixed

in 200 ul 1% formalin until analysis.
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2.2.5.1.2 Preparation of compensation beads for single colour staining for both
lymphoid and myeloid panels

1 wl of relevant antibody was added to one drop of Aqua compensation beads
(Thermo Fisher Scientific) for each antibody, the suspension pulse vortexed, and
then the beads were covered with foil to protect them from light, and incubated on ice

in the cold room for 30 minutes.

Finally, 1-2 ml cold MACS buffer was added to each suspension of beads and
antibody prior to washing twice by centrifuging at 2000 x g 4°C for 5 minutes, and

resuspended in 400-500 ul MACS buffer prior to use.

The following day, after gentle vortexing, the samples were centrifuged, resupended
in 400ul cold MACS buffer, and filtered prior to analysis. (CyAn ADP 3-laser, 9-colour
flow cytometer; Beckman Coulter Inc, USA). Unlabelled cells were used to define
appropriate forward- and side-scatter voltages/gain, and single-colour antibody
labelling using compensation beads permitted colour compensation. Data analysis

was performed using Summit software v.4.3 (Dako, USA).
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. . Catalogue . Working
Antibody Supplier No. Concentration | Source | Isotype dilution
Lymphoid Panel
Brilliant Violet 510™
Anti-Mouse CD3 BioLegend 100233 0.2 mg/ml Rat IgG2b, k 1:25
Antibody
ﬁgt'c"v'o“se Ch4 eBioscience | 17-0041-81 | 0.2 mg/ml Rat | IgG2b,k = 1:100
’Sgtr'c“gog;g gosa eBioscience | 45-0081-80 | 0.2 mg/m| Rat | IgG2a k | 1:100
illi i ™
i:\"t'l'?\;l‘éa’s"g"égf; BioLegend = 115537 0.2 mg/ml Rat | 1gG2a,k = 1:100
™
/F;Et/fl\jﬁ':e C5D9245 BioLegend | 102047 0.2 mg/ml Rat | IgG1,k | 1:40
Alexa Fluor(R) 488
Anti-Mouse CD49b BioLegend 108913 0.5 mg/ml Rat IgM. K 1:200
(pan-NK cells)
Myeloid Panel
Ef/éb\()ntl—Mouse BioLegend 123109 0.2 mg/ml Rat IgG2a, k 1:20
ﬁ[ﬁ;ﬁ”ﬁﬁiﬁé?&; b eBioscience | 53-0112-80 @ 0.5 mg/ml Rat | IgG2b,k | 1:100
illi i ™
E\:mlltr-?\;l]él:/sl,gi/‘—lgé BioLegend 128031 0.2 mg/ml Rat 1gG2c, K 1:40
QE/CL fgg'}"gr”j‘; Y- BioLegend = 108411 0.2 mg/ml Rat | IgG2b,k | 1:200
gyzﬁ:]?nrerm/é\gpercp- eBioscience | 45-0451-82 |  CLR067 Rat | IgG2b,k | 1:200
Isotype Controls
solype S%Tgf; o | Biolegend | 400645 0.2 mg/ml Rat | 1gG2b, k ]
Isotype Control, APC | eBioscience | 17-4031-82 0.2 mg/ml Rat 1gG2b, K -
'ng:é%eg;a”rflrﬁ"ef) ; | eBioscience 45432180 0.2 mg/mi Rat | IgG2b, k ;
Isotype Control ; Rat
Brilliant Violet 421 ™ BioLegend 400536 0.2 mg/ml Rat IgG1, k
Isotype Control ; Rat
PE/Dazzle™ 594 BioLegend 400446 0.2 mg/ml Rat IgG1, k
f@g’;‘;lﬁgmg BioLegend | 400811 0.5 mg/ml Rat | IgM. K ]
Isotype Control PE BioLegend 400508 0.2 mg/ml Rat 1gG2a, K -
f@g’g‘;lﬁgmg eBioscience | 53-4031-80 | 0.5 mg/m| Rat | IgG2b, k ;
Isotype Control BioLegend 400725 0.2 mg/ml Rat 1gG2c, K -

Brilliant Violet 421™

Table 2.1: Antibodies used for flow cytometry
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2.3 Assessment of liver fibrosis and inflammation
A combination of staining techniques and quantitative real-time polymerase chain
reactions (QPCR) was used to assess the degree of liver fibrosis and inflammation as

described below.

2.3.1. Haematoxylin and Eosin Staining

Liver tissue sections embedded in paraffin wax were cut to a thickness of 3 ym and
mounted onto glass microscope slides (X-tra adhesive, Leica) using a heated water
bath and stored at room temperature until subsequently required. The slides were
de-waxed by serial rinsing in xylene thrice, followed by 99% ethanol thrice, and

rehydrated in water twice. Each rinse/wash was undertaken for 3 minutes.

Slides were placed in Harris haematoxylin stain (PFM Medical) for 4 minutes, then in
water for 2 minutes, and differentiated in 1% acid alcohol for 30 seconds. They were
then washed in water for 2 minutes, then Scott's Tap Water (PFM Medical) for 30
seconds and then in water again for a further 2 minutes before being stained in 1%
eosin aqueous (PFM Medical) for 1 minute. The slides were then washed in water for
4 minutes before being serially dehydrated in 99% ethanol for 3 minutes thrice,
followed by clearing in xylene for 3 minutes thrice. The slides were mounted with

coverslips using non-aqueous DPX mountant (Sigma-Aldrich).

2.3.2. Immunohistochemistry
Paraffin embedded sections were de-waxed by serial rinsing in xylene thrice,

followed by 99% ethanol thrice, and washed in water twice. Each rinse/wash was
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undertaken for 3 minutes. Frozen sections were air dried for 20 minutes at room
temperature and fixed in acetone for 5 minutes. A wax pen was used to draw a
boundary around the sections on each slide, and the slides placed in a humidified
chamber. Endogenous peroxidase activity was blocked by incubating sections with
150 pl of peroxidase blocking solution (Dako REAL) for 20 minutes in the humidified
chamber, with constant rocking. Slides were then washed twice in Tris-buffered
saline (TBS, Sigma-Aldrich) or in phosphate-buffered saline (PBS, Fisher Scientific)
containing 0.1% Tween-20 (Sigma-Aldrich) (TBS-T/PBS-T). Washing was performed
by applying enough TBS-T or PBS-T to cover the sections, and leaving to incubate
for 5 minutes, with constant rocking. Antigen retrieval was then undertaken for
paraffin embedded sections: 10 ml of concentrated high pH antigen unmasking
solution (0.5 M EDTA and sodium hydroxide; pH 8) was mixed with 990 ml of
deionised water in a plastic bucket and pre-heated at high power in a microwave
oven for 5 minutes. The slides were immersed in the pre-warmed solution, and
heated at high power in the microwave for 15 minutes. The slides were then allowed
to passively cool at room temperature for 20 minutes. The slides were then twice
washed in buffered saline (TBS-T or PBS-T) as described above. Non-specific
antibody binding was then blocked by applying 150 ul of x1 casein buffer solution
(from x10 stock casein buffer (Vector) diluted in TBS/PBS) to the sections, and
incubating in a humidified chamber for 20 minutes with constant rocking. The casein
buffer solution was then tipped off. When staining for a-SMA, a separate protocol
was subsequently followed using a mouse on mouse blocking reagent (see below).
For all others, at this stage, the primary antibody (150-200 ul), diluted to the required

concentration in either PBS or TBS (according to which was being used for wash
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steps), was added to the section, and left to incubate at room temperature in a

humidified chamber for 1 hour, with constant rocking.

The sections were then washed twice in buffered saline as previously described,
followed by incubating with the relevant horseradish peroxidase conjugated
(ImmPRESS Peroxidase Anti-Rat (mouse adsorbed) IgG (Vector)) secondary
antibody for 30 minutes at room temperature in a humidified chamber for 30 minutes.
The sections were then washed twice in buffered saline as previously described. The
peroxidase substrate used was either diaminobenzidine (DAB), or NovaRed
peroxidase solution (Vector Laboratories). The sections were incubated with 200 pl of
either DAB or NovaRed substrate long enough to stain the positive control brown, or
deep red, before washing rapidly in water. The sections were then counterstained by
incubating with 200 pl of filtered Mayer's haematoxylin for 15-20 seconds. The
sections were then washed in a cold-water bath for 2 minutes with agitation, and then
in a warm-water bath for 2 minutes with agitation. The slides were serially dehydrated
in 99% ethanol thrice, followed by clearing in xylene thrice. Each rinse was
undertaken for 3 minutes. The slides were mounted with coverslips using non-

aqueous DPX mountant (Sigma-Aldrich).
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ntibodies used in IHC with a summary of agents used.

Catalogue Paraffin / Working Antigen
Supplier Concentration | Source Isotype o retrieval | Wash | Substrate No
No. Frozen dilution (pH)

eBioscience | 14-0415 0.5 mg/ml Rat Paraffin 1gG2b 1/200 HIGH TBS DAB

Bio-Rad MCA497G | 1.0 mg/ml Rat Paraffin 1gG2b 1/200 HIGH TBS DAB

Sigma- A5228 0.5 mg/ml Mouse | Parafiin | IgG2a | 1/200 HIGH | TBS | DAB MOM kit used -

Aldrich blocking steps :

o0 553084 0.5 mg/ml Rat Parafin | IgG2ak | 1/200 LOW | TBS | Nova-Red

ioscience

Abcam Ab34710 1.0 mg/mi Rabbit Paraffin IgG 1/200 LOW TBS Nova-Red

Abcam Ab7778 1 mg/ml Rabbit Frozen IgG 1/200 LOW TBS DAB

Abcam Ab9535 Rabbit Paraffin IgG 1/25 LOW TBS DAB

Cell #9661 Rabbit | Paraffin | - 1/300 HIGH  PBS | DAB

Signalling

Abcam Ab71916 1 mg/ml Rabbit Paraffin IgG 1/100 HIGH PBS DAB

Abcam Ab185966 | 1.197 mg/ml Rabbit Paraffin IgG 1/1000 HIGH PBS gzga
Additional bloclt

Millipore AB9260 Rabbit | Paraffin | IgG 1/1000 LOW TBS | DAB horse serum; p
antibody resusj
& 2.5 %Goat s¢

Abcam Ab27478 0.2 mg/ml Rabbit Paraffin - -

eBioscience | 14-4031 0.5 mg/ml Rat Paraffin - -

Dako X0942 0.1 mg/ml Mouse Paraffin - -




2.3.2.1 Staining for a-SMA

The use of a mouse a-SMA antibody to stain murine liver tissue slices necessitated
addition of a mouse blocking agent to reduce non-specific binding of the antibody to
the sections. The protocol described above was followed until addition of primary
antibody as indicated. At this stage, the sections were washed in TBS-T twice.
Endogenous biotin, biotin receptors, and avidin binding sites were blocked using an
Avidin/Biotin blocking kit (Vector Laboratories) according to the manufacturer's
instructions. Endogenous mouse antibody was then blocked using a Mouse on
Mouse Blocking Reagent (Vector Laboratories Mouse on Mouse Kit). Two drops of
Mouse on Mouse (M.O.M) Immunoglobulin Blocking Reagent were added to 2.5 ml
of TBS and 100 uL of the final solution was added to each slide and incubated for 1
hour. The sections were twice washed in TBS-T, then incubated for 5 minutes in
M.O.M diluent (prepared by adding 600 pyL protein concentrate to 7.5 ml TBS).
Excess M.O.M diluent was removed from the slides by tapping them gently on their
sides, and the primary antibody was added to each slide (diluted in M.O.M diluent to
the appropriate concentration) and allowed to incubate for 40 minutes. The slides
were washed twice in TBS-T. The secondary antibody, M.O.M Biotinylated Anti-
Mouse IgG Reagent (prepared by adding 10 uyL stock solution to 2.5 ml M.O.M
diluent) was added to each slide and left to incubate for 10 minutes. The sections
were twice washed in TBS-T, and Vectastain Elite ABC reagent (Avidin and
Biotinylated horseradish peroxidase [HRP] Complex, Vector Laboratories), was
added to bind the primary/secondary antibody complex, and left to incubate for 5
minutes. Preparation of Vectastain Elite ABC reagent was by adding 2 drops of

reagent A (Avidin DH) to 2.5 mlIs of TBS and gently mixing. Two drops of reagent B
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(biotinylated enzyme) were added to the preparation, which was gently mixed and

allowed to stand for 30 minutes prior to use.

After 5 minutes incubation, the sections were twice washed in TBS-T. The NovaRed
peroxidase solution (Vector Laboratories) was prepared, added to the sections and
left to incubate long enough for staining to develop (5-10 minutes). The sections were
then counterstained with Mayer's haematoxylin, washed, then dehydrated and

mounted as described previously.

2.3.3. Staining for collagens with picrosirius red (PSR)

Formalin-fixed paraffin embedded sections cut to 3 um were used. The slides were
de-waxed by serial rinsing in xylene thrice, followed by 99% ethanol thrice, and
washed in water twice. Each rinse/wash was undertaken for 3 minutes. Enough
distilled water was applied to each section to cover, using a plastic Pasteur pipette.
The water was then tipped off, and replaced with 200 pl of 0.5% phosphomolybdic
acid (Sigma-Aldrich), and left to incubate in the humidified chamber for 5 minutes
with rocking at room temperature. The slides were then transferred to a slide rack
and bathed in picrosirius red solution (100 mg of Direct Red 80 (Sigma-Aldrich) in
100 ml of saturated picric acid (Sigma-Aldrich)), with rocking at room temperature for
90 minutes. The slide rack was then removed from the picrosirius red, and serially
rinsed in 2 baths of acidified water (0.5% glacial acetic acid (Sigma-Aldrich)) with
agitation for 30 seconds each, followed by a bath of 0.1% (w/v in acidified water) fast
green FCF (Sigma-Aldrich) for 1 minute (not used for rat slides), followed by 2 further

serial rinses in acidified water (15 seconds each). Serial bathing in fresh 99% ethanol
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thrice then rapidly dehydrated the slides — 30 seconds in each ethanol bath with
agitation. The slides were finally transferred to xylene for 5 minutes before being

mounted with coverslips using non-aqueous DPX mountant (Sigma-Aldrich).

2.3.4. Morphometric analysis of PSR and IHC stained liver tissue sections

Stained sections on slides were scanned and captured in their entirety by Axio Scan
Z1 slide scanner (Zeiss), and acquired in a stitched format at a 10x objective. For
PSR, collagen | and collagen lll, several low and high resolution images were taken
and results compared. Each .czi file generated by this process was then opened in
Zen 2 Blue (Zeiss) Image processor, and zoomed in to show approximately 70% of
the whole slide at 85x magnification (each slide containing one liver lobe) on the
screen. This image was then captured using the snippet tool on Microsoft Windows
10, which would allow any aberrant staining, or large white vascular trunk areas, to
be excluded. This provided a representative image to process, which was saved as a
.png file. The resolution was sufficient to differentiate stained from negative control
samples. The .png file was then opened in Image J (NIH/Fiji) software, and converted
to an RGB stack image. The image was then set to the green channel for PSR
stained slides, and the blue channel for DAB stained slides. An automatic colour
threshold was obtained, and adjusted to ensure no aberrant positive areas were
demarcated. The positive area was then calculated by the software as a % area of
the total field of view and recorded. An arithmetic mean of the values estimated the
overall % area covered. The same process was repeated using 5 random images
from each slide taken at higher, 120x magnification; the two methods were compared

and no difference in results was observed.
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For EpCAM, SOX-9 and myeloperoxidase, quantitative analysis was performed by
manually counting the number of stained cells within a fixed area. Gridlines were
applied to the image captured on Zen 2 Blue (Zeiss) Image processor, and stained
cells were counted within five fixed area squares chosen at random, and the mean

number of cells per square calculated.

2.3.5. Real time quantitative polymerase chain reaction (QPCR)

Real time quantitative polymerase chain reaction was used to assess expression of
genes related to liver inflammation or fibrosis, and the house-keeping gene
glyceraldehyde-3-phosphate dehydrogenase (Gapdh, mice) or beta-2-microglobulin

(B2m, rats).

2.3.5.1 RNA extraction

The RNeasy Mini Kit (Qiagen) was used to extract RNA from frozen murine hepatic
tissue. All instruments were pre-treated with UV-light for 20 minutes prior to use. 20-
30 mg of supplied mouse liver tissue was placed into a sterile GentleMACS M tube
(Miltenyi Biotec) containing 600 ul of RLT buffer supplemented with 10 pl/ml of 2-
mercaptoethanol (Sigma-Aldrich). Samples were then mechanically homogenised
and disrupted on a GenleMACS-processor (Miltenyi Biotec) using program
RNA.01_01. The homogenate was transferred to a 1.5 ml Eppendorf tube, and spun
at top speed in a bench-top micro-centrifuge for 3 minutes. The supernatant was
extracted (the debris discarded) and mixed with one volume (approximately 600 pl) of
70% ethanol. The sample was then transferred to an RNAeasy Spin Column and

centrifuged at 21,000 x g for 20 seconds. The flow through collected in the collection
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tube was discarded, and 350 ul of RW1 buffer was added to the spin column and
centrifuged at 21,000 x g for 20 seconds. The flow-through was discarded and 80 pl
of RNase-free DNase solution (Qiagen) was carefully added to the spin column
membrane and left to incubate for 15 minutes at room temperature. On completion,
350 pl of RW1 buffer was added to the spin column and centrifuged at 21,000 x g for
20 seconds. The flow-through was discarded. 500 ul of RPE buffer was then added
to the spin column and centrifuged at 21,000 x g for 20 seconds. This was then
repeated, with the flow through being discarded on each occasion. The spin column
was then transferred to a new collection tube and centrifuged for 2 minutes at 21,000
x g. Upon completion the spin column was transferred to a sterile UV treated 1.5 ml
Eppendorf tube, and 50 pl of sterile nuclease free (pre-warmed to 37°C in a water
bath) was added to the spin column membrane and centrifuged at 21,000 x g for 1
minute. The eluate was then replaced on to the spin column membrane and re-
centrifuged at 21,000 x g for 1 minute. The spin column was then discarded, leaving
the eluate (RNA) for analysis and use. The purity and yield of RNA was subsequently

analysed using a Nanophotometer, and the RNA stored at -80°C.

2.3.5.2 cDNA synthesis

All instruments were pre-treated with UV-light for 20 minutes prior to use. Total RNA
(4.5 pg) from each sample was made up to 10.5 yl with sterile nuclease-free water in
a mini Eppendorf tube. 0.5 pl of random primers (Promega) and 1 pl of dNTPs
(Bioline) were then added to each sample, and the sample tubes transferred to a pre-
heated plate and heated for 5 minutes in a bench-top thermo-cycler at 65°C. The

sample tubes are then transferred to ice, and 4 ul of 5x First Strand Buffer
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(Invitrogen), 2 pl of dithiothreitol (Invitrogen) and 1 pl of nuclease free water was
added to each sample. The samples were left to incubate for 2 minutes at 25°C,
before transferring the tubes back to ice. Finally 1 pl of SuperScript-Il (Invitrogen)
was added to each sample, and mixed gently before using a bench-top thermo-cycler
to heat samples to 45°C for 50 minutes, and then 70°C for 15 minutes. The samples
were then stored at -80°C until ready for use. Control samples were also prepared in
which either the RNA or reverse transcriptase enzyme were omitted from the reaction

mixture (RT controls).

2.3.5.3 Real time quantitative polymerase chain reaction (QPCR)

All instruments were pre-treated with UV-light for 20 minutes prior to use. Tagman
gene expression assays (see table 2.3 below) were used for qPCR, and results
analysed by relative quantification of gene yields against reference house-keeping
gene (Gapdh for mice, B2m for rats). Lightcycler 384 well multi-well plates (Roche)
were used for gPCR, with a total working volume of 10 pl for each well. Each well
consisted of 0.3 ul of Tagman gene probe (Thermo Fisher Scientific), 5.0 pl of 2x
reaction Tagman MasterMix Il (Applied Biosciences), 3.7 pl of nuclease free water
and 1 pl of cDNA. Each sample and gene was tested in either triplicates or
quadruplicates, and control reactions which contained PCR grade water in place of
cDNA, or RT controls (prepared as described above) were also run. The plates were
processed using a LightCycler 480 Instrument Il (Roche). The PCR acquisition
program consisted of polymerase activation (95°C for 10 minutes), then denaturing
and annealing over 40 cycles (95°C for 15 seconds, 60°C for 1 minute), with the

fluorescence being recorded at the end of each cycle.
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The cycling curves for each reaction were analysed, and sample results with obvious
errors (high background noise, or no discernible curve) were discarded. A threshold
to analyse cycling threshold (Ct) was manually set in the bottom third of the curve,
above any background noise. These Ct values were used to measure relative

differences between samples using the AACt method, where:

. Target = gene of interest
. Reference = control house-keeping gene
. Treatment = intervention of interest

. ACt (sample) = Ct (target) — Ct (reference);
. AACt = (ACt (target, untreated) — Ct (reference, untreated)) — (Ct (target,

treated) — Ct (reference, treated))

The ratio of the target gene in sample of interest against a control sample was

calculated by taking 2724,
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Table 2.3: Gene expression assays used for gPCR
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Target gene (mouse)

Gene expression assay

Coltat MmO00801666_g1

Col3a1 MmO01254476_mA1
Acta2 MmO00725412_s1

Ein MmO00514670_m1
Mmp2 MmO00439498_m1
Mmp3 MmO00440295_m1
Mmp9 MmO00442991_mA1
Mmp13 MmO00439491_m1
Timp1 MmO01341361_m1
Cxcl2 MmO00436450_m1
Tnfa MmO00443258_m1
IMrn MmO00446186_m1
Sox-9 MmO00448840_m1
Tgfb1 MmO01178820_m1
Lox MmO00495386_m1
LoxI1 MmO01145738_m1
LoxI2 MmO00804749_m1
LoxI3 MmO00442953_m1
LoxI4 MmO00446385_m1
Gapdh Mm99999915_g1

Target gene (rat)

Gene expression assay

Co1at

Rn01463848_m1

Col3at Rn01437681_m1
Acta2 Rn01759928 g1
Elastin Rn01499782_m1
Mmp2 Rn01538170_m1
Mmp3 Rn00591740_m1
Mmp9 Rn00579162_m1
Mmp12 Rn00588640_m1
Timp1 Rn01430873_g1
Timp2 Rn00573232_m1
Tgfb1 Rn00688966_m1
Pdgfrb Rn00709573_m1
LoxI2 Rn01466080_m1
B2m Rn00560865_m1




2.4 In vitro assessment of the effect of PXS5338K on fibroblasts

2.4.1 Isolation of cell lines and cell culture

The human hepatic stellate cell (HSC) line LX2 was a gift of S. Friedman, Mount
Sinai School of Medicine, New York, New York, USA. The Murine 3T3 cell line was
purchased from Sigma-Aldrich. Cells were screened routinely for mycoplasma

contamination.

2.4.1.1 Isolation of fibroblasts

A slice of human liver explant tissue (approximately 30 g) was finely chopped and
mixed with 20 ml sterile PBS and 5ml collagenase (10 mg/mL, Sigma-Aldrich). The
mixture was incubated 37° C for 25-45 minutes depending on texture of tissue. The
digest was the strained through fine mesh into a fresh sterile beaker and washed
several times with PBS. It was made up to a total volume of 200 ml using PBS,
aliquoted between 8 sterile universal containers, and centrifuged at 2000 x g for 5

minutes.

The 8 resulting pellets were re-suspended into 4 universal containers and centrifuged
again at 2000 x g for 5 minutes. The 4 pellets were re-suspended into 2 universal
containers and centrifuged at 2000 x g for 5 minutes, finally re-suspending the pellets

into a single universal container in 24 mlis PBS.

Next, 3ml of 33% Percoll, Sigma-Aldrich, (33ml of stock + 67ml 1x PBS) was added
to each of eight 15ml conical bottomed tubes, followed by 3ml of 77% Percoll (77ml

of stock + 23ml 1x PBS) underneath the 33%. 3 mls of cell suspension was layered
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onto the Percoll gradients and centrifuged at 2000 x g or 25 minutes with brake
speed set at 0. The top layer of cells was removed and discarded, and the band of
cells at the interface of the Percoll gradient was removed and combined with another
aliquot into 1 universal (4 universals in total). The volume in each universal was
made up to 25 ml with PBS, mixed well, and centrifuged at 2000 x g for 5 minutes.
The supernatant was tipped off 2 pellets combined into 1 universal container, the
total volume made up to 25 mls with PBS and again centrifuged at 2000 x g for 5

minutes.

The resulting pellets were combined into a 15 ml conical bottom tube, made up to 14
mis with PBS and centrifuged as previously. The pellet was resuspended in 500ul
PBS, 50 pL anti-human epithelial antigen (HEA, ProGen®, 10ug/mL stock) 125 was

added, and the solution incubated at 37°C for 30 minutes with intermittent agitation.

The solution was then made up to a volume of 14 mls with PBS and centrifuged at
2000 rpm for 5 minutes. The pellet was resuspended in 500 uL ice cold PBS, and 10
ML cold Goat-anti-mouse IgG Dynabeads were added (Thermo Fisher Scientific), and

the mixture incubated at 4 °C for 30 minutes with constant agitation.

6 ml of ice cold PBS was added, the solution mixed, and placed in a magnet for 2
minutes. With the tube still in the magnet the supernatant was removed and
transferred to a second 15 ml conical bottom tube (tube 2) for endothelial and
fibroblast isolation. The remaining cells that were attracted to the magnet by means

of the Dynabeads were processed further for biliary epithelial cells (BEC).
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Tube 2 was then placed in the magnet for a further 2 minutes to remove any residual
beads. While the tube was still in the magnet the supernatant was removed into a
fresh conical bottom tube and made up to a volume of 14 ml with PBS. The mixture
was centrifuged at 2000 x g for 5 minutes, the supernatant removed and the pellet
resuspended into 500ul of PBS. 10 pL of anti-CD31 coated Dynabeads was added

and the mixture incubated at 4°C for 30 minutes with continual agitation.

6 ml of cold PBS was added, mixed, and the tube was placed in a magnet field for
approximately 2 minutes. With the tube still in proximity to the magnet the
supernatant was removed and decanted into a clean conical bottomed tube for
fibroblast isolation. The volume was made up to 14 mis with PBS and the sample
was centrifuged at 2000 x g for 5 minutes. The supernatant was removed and the
pellet subsequently resuspended in fibroblast medium and left to incubate at 37 °C

and 5% CO,in a Corning® 75 cm? flask.

2.4.1.2 Culture and passage conditions

Culture media varied according to cell types and are shown in table 2.4. All cultures
were examined daily by and cell morphology, the colour of medium and density of
cells was observed. Once the cells became densely populated they were separated
and divided into two or three 75 cm? flasks, depending on the estimated population.
Adherent cells were passaged using an appropriate volume of Thermo Fisher
Scientific TrypLE (2-4 mL according to the cell type and size of flask). Specifically,
old media was discarded and adherent cells washed with PBS before adding warm

(37°C) TrypLE. The flask was then agitated gently by hand to enable cellular
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detachment. Once detachment was complete, sterile PBS was added to the
suspension, and the final mixture collected and centrifuged at 1000 x g for 5 minutes.
The cell pellet was then re—suspended in appropriate media before reseeding for
further culture. Generally 3T3 and LX2 cells were used up to passage 10, and

primary human fibroblasts up to passage 3.

Cell viability was assessed when necessary using Trypan—blue (Life Technologies)

exclusion and cells counted using a haematocytometer (MerckMillipore, UK).

2.4.1.3 Freezing and storing cells

If cells were not being used for experiments, they were preserved in liquid nitrogen.
Once pelleted, cells were resuspended at a density of 106/mL in freezing media
(95% FBS+5% DMSO (Sigma-Aldrich, UK)) and transferred to cryovials and placed
in a MrFrost freezing container (Wessington Cryogenics, UK) for a 24 hours at —-800C
to permit gradual cooling and prevent crystal formation within the cytoplasm. Cells
were transferred to liquid nitrogen for long-term preservation. When needed, cells
were removed from storage, thawed, washed in media, centrifuged to remove cellular

debris and resuspended in appropriate media.

Cell type Base media Supplementation
Primary human fibroblasts | DMEM* 16% FBS + 1% PSG
3T3 DMEM* 10% FBS + 1% PSG
LX2 DMEM* 2% FBS + 1% PSG

Table 2.4 Cell culture media
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2.4.2 Assessment of the effect of PXS5338K on collagen crosslinking in vitro

LX2 cells, 3T3 cells, and primary human fibroblasts were detached from tissue
culture flasks using TrypLE (Thermo Fisher Scientific), then resuspended in
appropriate media and plated at concentrations of 125 000, 150 000 or 250 000
cells/well in uncoated 6-well plates. The volume was adjusted to 3 ml using the
appropriate cell culture media (see table 2.4) in the absence or presence of 30 nM or
3000 nM PXS5338K in triplicate. Cells were incubated at 37°C and 5% CO, for one,

two, or three weeks.

At the end of each time period, the media was carefully removed from each well, the
cells were washed with PBS, and the cells and ECM removed from the well using a
cell scraper (Costar®), in 1 ml of distilled water. Cells were stored in cryovials at -
80°C and later dry frozen using a ScanVac (LaboGene™) for shipment and further
analysis. Further analysis was carried out by Pharmaxis to assess the presence of
immature and mature collagen crosslinks; quantitation of the immature crosslinks
dihydroxylysionorleucine (DHLNL), the trivalent mature crosslinks pyridinoline (PYD)
and deoxypyridinoline (DPD) in the prepared samples was measured by ultra-
performance liquid chromatography-electrospray ionization tandem mass
spectrometry (UPLC-ESI-MS/MS). Quantification of hydroxylysinonorleucine (HLNL)

was not possible which precluded calculation of the collagen maturity ratio.

2.4.3 Scratch wound assay
Prior to commencing, the lid of the Cell-IQ (CMTechnologies) plate was sterilised and

placed in a UV box with irradiation for 20 minutes.
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Cells (human fibroblasts and human LX2 stellate cells) were trypsinised and
resuspended to a concentration of 1x10° cells/mL in appropriate media, as above.
Cells were seeded into a 24 well plate using 1mL/well, equivalent to 100,000

cells/well.

Plates were left in an incubator overnight at 37°C and 5% CO; to permit cell adhesion
and formation of a confluent monolayer. The following day, the center of the well was
scratched from top to bottom using a 10 uL pipette tip, using a fresh tip for each well
to avoid ‘carry-over of debris. The media was then removed from each well and
replaced with 1 mL PBS, pipetted onto the wall of the well so as not to disturb the
scratch created. The PBS in the plate was gently swirled to suspend the dead and/or
damaged cells, and removed, one row at a time to avoid the cells drying out.

1 mL of media containing 0 nM, 300 nM, 1000 nM or 3000 nM of PXS5338K, or
PDGF-BB (Peprotech, UK) was transferred into each well, and then PBS added into
the spaces between the wells (to reduce evaporation in the Cell-IQ). The Cell-1Q lid
was secured in place with electrical tape and the plate placed into the Cell-IQ system
(CM Technologies) for 24 hours at 37°C, 5% CO,. Real-time cell images were
captured every 15 minutes using Imagen software version 2.8.12.0 and analyzer

version 3.3.0.

2.4.4 Collagen contraction assay
LX2, murine 3T3 fibroblasts, or human fibroblasts, were trypsinised and resuspended
to a concentration of 3 x 10° cells/mL in appropriate culture media (see above).

Bovine collagen (Thermo Fisher Scientific) was diluted to a concentration of 3mg/mL
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using PBS, and 200 uL per well was added to a 400 uL per well cell suspension.
Sterile, filtered 1M NaOH was promptly added (6 pL per well) and the solution gently
mixed. 500 yL of this solution was seeded into 24-well plates (or 250 uL for 48-well
plate) and allowed to set at 37°C. After 30 minutes, the gel was released from the
edges of the well using a 10 L pipette tip and 500uL appropriate culture media
either alone, or containing increasing concentrations (1000-1000000 nM) of
PXS5338K, 10 nM endothelin-1, 10 ng/ml PDGF-BB (Peprotech), or 10 mM 2,3-
Butanedione monoxime (Sigma-Aldrich) was added to the wells. Gels were
photographed at various time-points and ImageJ used to measure gel area and

assess contraction.

2.5 Statistical analysis and graphical representation

The distribution of continuous variables was assessed via the Kolmogorov-Smirnov
method. Non-parametric data are presented using the median values unless
otherwise specified. The Mann-Whitney (MW) test was conducted when comparing
between two independent groups, and analysis of variance through Kruskal-Wallis
(KW) test with Bonferroni-Dunn post-hoc correction for multiple groups using

GraphPad Prism version 7.02.
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3. Results I: Testing PXS5303A, a LOXL2 enzyme inhibitor in a Thioacetamide

(TAA) model of liver fibrosis

3.1 Introduction

The thioacetamide (TAA) model of liver fibrosis is believed to mimic more closely
chronic liver injury such as NAFLD, compared with CCl4 or biliary models; injury is
induced over a longer period of time and animals gradually develop regenerative
nodules and bridging fibrosis (255), as discussed in 1.6.1. For this reason, it was
chosen as a model on which to test PXS5303A, one of the compounds developed by
Pharmaxis designed to inhibit LOXL2 enzyme activity. Liver tissue was obtained
from mice treated according to fibrosis models developed by Pharmalegacy
(Shanghai, China), as described in 2.1. All mice had received TAA with or without
LOXL2 enzyme inhibitor; no tissue was available from TAA untreated mice as a

control.

The primary aim was to evaluate whether there had been any reduction in liver
fibrosis in PXS5303 treated mice, but the effect of PXS5303 on inflammatory cell
recruitment, cell apoptosis, proliferation and differentiation was also interrogated,
primarily because the potential effect of LOXL2 inhibition, and specifically these

compounds, on these processes, was not yet known.
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3.2 Testing PXS5303, a LOXL2 enzyme inhibitor, in a Thioacetamide (TAA)
model of liver fibrosis

Immunohistochemistry and gPCR was used to determine the extent of liver injury and
fibrosis achieved by 12 weeks |.P. injection of TAA was assessed and compared with
the same injury induced in animals that also received vehicle or PXS5303 daily for

the last 3 weeks (Figure 3.1).

Week 3 Week 12
PXS-5203A P.O. daily

) vy YV Yy Y vy vy vy

: ' ' - . ' - ' - % Sacrifice

Week 0 TAA thrice weekly

Figure 3.1: TAA model in mice. BALB/c mice were given a regimen of 12 weeks of TAA at
a dose of 200 mg/kg via intraperitoneal injection (I.P.), in addition to vehicle orally (P.O.) from
week 9, or PXS5303, orally from week 9

3.2.1. Assessment of inflammatory infiltrate

Paraffin embedded sections of liver tissue were stained using haematoxylin and
eosin (H&E) and demonstrated perivascular inflammatory infiltrate, which was
confirmed using IHC for immune cell markers CD45, F4/80, Ly-6C and
myeloperoxidase (MPO) (Figure 3.2). Expression of the pro-inflammatory cytokines
tumour necrosis factor alpha (TNFa), involved in the acute phase reaction and
chemokine ligand 2 (Cxcl2), which is secreted by monocytes and macrophages and
is chemotactic for polymorphonuclear leukocytes and hematopoietic stem cells, in
addition to an inhibitor of the immune response, interleukin-1 receptor antagonist
(IL1RN) was also assessed by qPCR (Figure 3.2). There was noticeable infiltration of

inflammatory cells perivascularly, particularly F4/80+ and CD45+ cells for both
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groups of mice, and less so for Ly6C+ and MPO+ cells. Although there was evidence
for inflammatory cell infiltration in mice receiving TAA plus vehicle and in mice
receiving TAA in combination with PXS5303, no differences were seen between the
two groups in the pattern of staining or on quantitative analysis of the IHC (see
Figure 3.2). Percentage area was used as a method of identifying positively stained
cells rather than cell count as it permitted identification of positive staining over a
larger surface area of tissue than manual cell counting, and positive cells were
deemed to be adequately detected and differentiated from background using Image J

(NIH/Fiji) software (as discussed in 2.3.4).

A small but statistically significant increase in expression of pro-inflammatory genes
on qPCR data was seen in the mice receiving PXS5303, (Tnfa, p = 0.046, Cxcl2 p =
0.026, IL1RN p = 0.011) using the Mann-Whitney (MW) test to compare median

values between the two groups.

3.2.2 Assessment of liver fibrosis

Liver fibrosis was compared between mice receiving PXS5303 and vehicle by
staining paraffin embedded liver sections with PSR and fast green to detect collagen
(as described in section 2.1.1). In addition, IHC was performed to detect Collagen |
and Collagen lll, the expression of which is upregulated to produce scar tissue in
fibrosis, and a-SMA, which is expressed on activated hepatic stellate cells. The
expression of pro-fibrogenic genes Col1a1, Col3a1, Acta-2 (the gene for a-SMA),
and the growth factor Tgfb1 was assessed using and qPCR as surrogate markers to

measure and compare fibrogenesis between the groups. Morphometric analysis of
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the % stained area was used to compare the group that received |.P. TAA for 12
weeks to that receiving TAA in addition to PXS5303 for 3 weeks. No significant
differences between the two groups were observed for PSR (p = 0.11), collagen | (p
=0.72), collagen Il (p = 0.16) or a-SMA (p = 0.96) (Figure 3.3). Some subtle widening
of the fibrous septa was seen in the group that received LOXL2 inhibitor compared
with those animals that received vehicle alone (Figure 3.3, (A) and (B)). This may
suggest more disorganised collagen fibres which have immature crosslinking of
collagen, but this was not formally measured. No differences between the groups
were seen for gene expression of col1at (p = 0.11), col3a1 (p = 0.74), Tgfb1 (p =

0.12) or ActaZ2 (p = 0.25).
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Figure 3.2 LOXL2 inhibition has little effect on inflammatory markers in the TAA
model. BALB/c mice received a regimen of 12 weeks of TAA at a dose of 200 mg/kg via I.P.
injection, with vehicle, or PXS5303 administered orally from week 9. Animals were
subsequently culled at week 12. H&E staining of paraffin embedded slides cut at 3um is
shown for the group receiving vehicle (A), and the group receiving PXS5303 (B). IHC with
morphometric analysis was performed with graphs demonstrating median % positive staining
for CD45 (C-E), F4/80 (F-H), Ly6C (I-K), and MPO (M-O) for vehicle, and PXS5303
respectively. RNA was extracted and expression of Tnfa (O), Cxcl2 (P), and ll1rn (Q) was
calculated relative to that of Gapdh by RT-qPCR.
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Figure 3.3 LOXL2 inhibition has minimal impact on fibrosis by IHC in the TAA model.
BALB/c mice received 12 weeks of TAA at a dose of 200 mg/kg via I.P. injection in addition
to vehicle or PXS5303 orally from week 9, and were culled at week 12. Paraffin embedded
sections were stained for picrosirius red and fast green for the untreated (A), and treated
group (B) respectively, and morphometric analysis of the % area for the two groups was
performed (C). Similarly, IHC with morphometric analysis of % positively stained area for
treated and untreated mice is shown for Collagen | (D-F) Collagen Il (H-J) and a-SMA (L-N),
with graphical representation of median values, compared using the MW test (*p<0.05).
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Figure 3.4 LOXL2 inhibition has minimal impact on fibrosis by qPCR in the TAA model.
BALB/c mice received 12 weeks of TAA at a dose of 200 mg/kg via I.P. injection in addition
to vehicle or PXS5303 orally from week 9, and were culled at week 12. RNA extraction and
gPCR from frozen liver tissue was performed for the untreated and treated groups to assess
and compare expression of Colfal (A) Col3at1 (B), Tgfb1 (C), and Acta-2 (D). Graphical
representation demonstrates median values with interquartile ranges, values were compared
using the MW test.

3.2.3 Liver cell apoptosis, proliferation and differentiation in mice following
TAA administration

There is some evidence to suggest that LOXL2 may play a role in liver regeneration
following liver injury, influencing the proliferation of hepatic cell differentiation in

preference to the ductal lineage (195). The effect of 12 weeks |.P. TAA on liver cell
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apoptosis, proliferation and differentiation was assessed using IHC, and the group
receiving vehicle were compared with those that received 3 weeks of PXS5303.
Morphometric analysis was performed to calculate the percentage area stained, or
number of positive structures stained within a given area for each slide and
comparisons were drawn to the median value for each group (as previously
described). A higher number of cells expressing cleaved caspase 3, a marker of
apoptosis, was seen in the group receiving PXS5303 (Figure 3.5 A-C), (0.098 vs
0.061, p = 0.013). Analysis was also performed by manual counting of positive
cleaved caspase 3 cells within 10 fixed fields of view for each animal, calculating a
mean for each and then comparing the two for each group. Apoptosis by cleaved
caspase 3 remained higher in the group receiving PXS5303 using this method (8.4

vs 6.2, p = 0.038).

No significant differences in cell proliferation were seen between the two groups as
determined by IHC for Ki67, the nuclear protein expressed during proliferation
(median 0.514 vs 0.677, p = 0.274, for vehicle vs inhibitor, respectively, (Figure 3.5
D-F). The presence and pattern of staining for SRY-related HMG box transcription
factor 9 (SOX-9) and the transmembrane protein, epithelial cell adhesion molecule
(EpCAM), was also used as a measure of cells proliferating following liver injury in
the ductular reaction (Figure 3.5 G-l). Both SOX-9 and EpCAM are present on
progenitor cells originating from the ductular reaction following chronic liver injury, but
tend to persist primarily on biliary cells rather than hepatocytes (30, 266, 267). These
markers were therefore used to assess whether LOXL2 inhibition with PXS5303 had

any effect on the distribution of SOX-9/EpCAM-positive cells, or whether a reduction
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in biliary-type (SOX-9 or EpCAM positive) cells was present, suggestive of a
tendency for differentiation toward hepatocytes rather than biliary cells arising from
the ductular reaction (as demonstrated for the LOXL2 antibody in a previous study
(195)). However, there were no differences in either the pattern of staining or the
number of positively stained biliary structures for SOX-9 (median 102.5 vs 102, p =

0.559) or EpCAM (median 1.7 vs 2.1, p = 0.500).
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Figure 3.5 LOXL2 inhibition had little effect on apoptosis, and no effect on proliferation or
differentiation in the TAA model. BALB/c mice received 12 weeks of TAA at a dose of 200 mg/kg
via I.P. injection in addition to vehicle or PXS5303 orally from week 9, and were culled at week 12.
Apoptosis, proliferation and differentiation were assessed using IHC for cleaved caspase 3 in the
untreated (A) and treated group, (B) respectively, and morphometric analysis of the % area for the two
groups was performed (C). Proliferation was assessed using Ki67 in the untreated (D) and treated
group (E) and the two groups compared following morphometric analysis (F). Cell differentiation
towards biliary lineage was assessed with IHC for SOX-9 and EpCAM in the untreated (G,J2 and
treated group (H,K) with the median number of SOX-9 or EpCAM positive cells within a 5mm® area
used to compare the two groups (l). Arrows indicate positive staining. Data (C,F,I,L) is presented as
median values, with capped lines and asterisks indicating statistically significant differences (MW test,
*p = <0.05).
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3.2.4 Expression of lysyl oxidases in mice receiving I.P. TAA

Messenger RNA for LOX and the lysyl oxidases 1-4 was measured by qPCR to
assess whether the expression of other members of the lysyl oxidase family are
differentially regulated by LOXL2 inhibition with PXS5303, perhaps reflecting the
extent of injury or regeneration, or the presence of a feedback mechanism. All five
members of the lysyl oxidase family of enzymes were expressed in murine liver
tissue. A significant reduction in LOXL1 expression was observed in animals
receiving PXS5303 compared with the control group (median 0.0017 vs 0.0080, p =
0.0495, vehicle vs PXS5303); a trend for reduced expression of LOXL2 and LOXL3
was observed, but did not reach significance (median 0.0112 vs 0.0069, p = 0.079
and median 0.0117 vs 0.0059, p = 0.242 respectively). However there was no
significant reduction in expression of LOX (median 0.0072 vs 0.0073, p = 0.904 for
vehicle vs PXS5303 or LOXL4 (median 0.0011 vs 0.0014, p = 0.813) using MW test
to compare median values. It is possible that reduced expression of LOXL1, 2 and 3
represents reduced severity of injury and fibrosis in these animals, mediated by
LOXL2 inhibition by PXS5303. Certainly not all lysl oxidases may be upregulated,
and expression may vary according to animal species and model used. It is also
possible that the findings for LOXL1 are due to chance, particularly given that the

findings for LOXL2 and -3 do not reach significance.
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Relative expression of LOX and LOX1-4 in 2 groups of BALB/c mice following a regimen of
12 weeks of TAA at a dose of 200 mg/kg via intraperitoneal injection (I.P.), in addition to vehicle
orally (P.O.) from week 9, or PXS5303A, using qPCR.

Figure 3.6 Relative expression of Lox and Lox7-4 in 2 groups of BALB/c mice
following a regimen of 12 weeks of TAA at a dose of 200 mg/kg via intraperitoneal
injection (I.P.), in addition to vehicle orally (P.O.) from week 9, or PXS5303, using
gPCR. A small insignificant reduction in Lox/2 and Lox/3 were seen, and a significant
reduction of LOXL1 expression was demonstrated in mice receiving PXS5303 compared with
those receiving vehicle. Data is represented as median values, capped lines with asterisks
indicate statistically significant values (MW test), *p<0.5.

3.3. Testing a LOXL2 inhibitor in a rat model of Carbon tetrachloride-induced
liver fibrosis.

A second compound, PXS5153 has been developed to inhibit LOXL2 enzyme activity
and required preliminary safety and efficacy testing. As for the TAA model, liver
tissue was sent from Shanghai Laboratories where the model was developed and
carried out, and tissue was processed and analysed as outlined in 2.1.2 to assess
the degree of liver injury induced in the CCls —induced model of liver fibrosis, and

determine whether there was any difference between the groups of rats. Secondary
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outcomes were the effect on neutrophil recruitment, apoptosis, and cell proliferation

and differentiation.

Sprague Dawley rats were orally administered with 0.25 uL/g CCls from day 0, 3
times per week for 6 weeks, to induce liver fibrosis, as described in section 2.2.3.
Concurrent to the same regimen of CCly, rats were administered with either vehicle,
low (3 mg/kg), or high (10 mg/kg) dose LOXL2 inhibitor PXS5153 P.O. from week 4.

A control group of 4 rats received vehicle only for 6 weeks.

3 mg/kg PXS5153 from day 0 + 0.25 uL/g CCl4 P.O. thrice weekly
= 10 mg/kg PXS5153 from week 6 + 0.25 uL/g CCl4 P.O. thrice weekly

LA
PTTTTTTTTT Il

4 weeks 6 weeks

SACRIFICE

= vehicle P.O. from day 0
= 0.25 ul/g CCl4P.O. twice weekly

Figure 3.7 CCl; model of fibrosis in rats. Sprague Dawley rats were orally administered
with vehicle or 0.25 pyL/g CCl4 from day 0, 3 times per week for 6 weeks, in addition to
either vehicle, low dose PXS5153, or high dose PXS5153 from week 4.

3.3.1. Oral carbon tetrachloride thrice weekly for six weeks leads to hepatic
injury and fibrosis in rats which is reduced by oral administration of PXS5153.

Rats receiving 6 weeks of CCls demonstrated significant liver injury with mild to
moderate fibrosis and some bridging of fibrotic septae, and a median area of 2.84%
with PSR stain (“CCls” group), compared with those receiving vehicle and no CCl,
(“vehicle”) for 6 weeks (Figure 3.8). Significant steatosis was also seen on H&E

staining which may be a result of CCl, dilution in olive oil (Figure 3.6, A-D). Rats

133



receiving low (“low”) and high (“high”) dose LOXLZ2 inhibition with PXS5153
demonstrated a reduction in fibrosis in a dose dependent manner when compared
with those receiving CCls only, demonstrated by PSR staining for collagen (CCl4 vs
CCly4 plus low dose PXS5153, median 2.84% vs 1.94%, p = 0.072, CCl4 vs CCl, plus
high dose PXS5153, median 2.84 % vs 1.90 %, p = 0.020, using the Mann-Witney
test). The medians of each group were compared for unpaired data of a non-
Gaussian distribution using the Kruskal Wallace and one way ANOVA tests and
these results did not show significance (p = 0.061, see Figure 3.6). No significant
reduction in IHC staining for collagen | (Figure 3.6, J-N) was demonstrated.
Expression of profibrogenic markers was reduced in rats receiving 2 weeks of either
low or high dose PXS5153 which was more marked in the high dose group (see

Figure 3.8).

Although only the results for PSR and high dose PXS5153 were significant using the
Mann-Witney test for direct comparison of groups, a trend for reduced fibrosis was
observed for in the PSR and collagen | IHC in both high and low dose groups.
Expression of fibrosis markers by gPCR was consistently reduced by PXS5153, and
it was hoped that similar results would be later seen using the compound PXS5338K;
this compound was expected to be a more specific and efficacious LOXL2 enzyme
inhibitor than PXS5153. In addition, a greater degree of fibrosis was expected in our
own TAA-induced fibrosis model in mice, and it was believed that LOXL2 inhibition

would be more effective in the latter stages of fibrosis, during collagen cross-linking.
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Figure 3.8 Rats receiving oral CCl, develop fibrosis which is attenuated by LOXL2
inhibition. Sprague Dawley rats were administered with vehicle (vehicle), or 0.25 yL/g CCl,
orally 3 times per week for 6 weeks (CCl,). In addition to CCl,, 15 mice received low dose
(low) PXS5153 from day 0, or high dose (high) PXS5153 from week 4. At week 6 the rats
were sacrificed and dissected liver tissue was sectioned, frozen, and later cut for paraffin
embedded slides. These were stained using haematoxylin and eosin (H&E) (A-D), picrosirius
red (PSR) (E-H), and immunohistochemistry for Collagen-1-alpha (J-M). Morphometric
analysis of proportionate staining for PSR demonstrated reduced fibrosis in rats receiving
high dose inhibitor and a lesser, non-significant reduction for low dose inhibitor (I). Likewise,
a trend for a reduction in collagen | was seen with both low and high dose inhibitor but this
did not meet statistical significance (N). Graphs represent median values, capped lines and
asterisks indicate statistical comparisons using KW test and Bonferroni-Dunn post-hoc
correction.

135




5 Col1a1 c Col3a1 c Elastin
- [*] [} *
= Kl )
@ 0.057 - @ .25+ * & 0.034 1
a i *—% <4 ° < °
g 0.044 ° g 020 s
o " ol® o 002-
£ 0.03+ c ® £
o £
o ° © 0.154 ]
c i =) —— =
5 0.02 ‘}'. R g € 0.011 .o °
<
: 0.01+ ° . ﬁ 0.10+ ] :i;. :0.. .&'
5 efee ke oo 2 0.00- of° 0%eS oeee
8
o 0-007 Lanad O 0.05+ «
2 @ s
S 2
s 0.01 \1 ¢,'; T C: £ 0.00 . % -0.01 T T T T
. _ 3
© & & é’.\‘: S e & 2 & o S {\@\e
¥ &F ® &
& &
o ¥
© $
o
Acta2
c Tgfbeta-1 c Pdgfr-beta c
2 o o kx
ﬁ 0.00157 § 0.010n ﬁ 0.03 h
g . 5 s
H — % 0.0084 . )
c L4 c
£ 0.0010+ £ £ 0.021
() -
g 2 0.006 . &
c < L] ]
£ £ 0.004- S
S 0.00054 e ° 50011  ol®
S S o °
8 L0002 -§ o° 2o f’., QB_E' .
o o oal_e 2 D
> > Slee o 2 [Daat)
Soomols— b ot e Sl e B0 e f )
° ° o A K o @
4 GG\“ \o’xx & > x (,c'\‘ﬁ o & Ol x o ¥ ® (\\‘}
A o < & ©
¥ ~
. Mmp2 - Mmp3 5 Mmp9
S .g & 0.00010 *x
§ 0.008 — @ 0.000047 £ >
g 5 — oo & 0.00008
3 0.008 °® @ 0.00003 £ 0.00006 °
£ ° £ ° & Q
@ 0.004 ) ° 2 0.00004
£ ofe . £0.00002 ofe e - s A
£ 0.002 ® S . 9 0.00002 . hd
s © o s T 3 5 N g
S 0.000 ¢ °2%  ofze s 0000011 2 = 0.00000 o e
S o S $
2 3 L ° v T -0.00002 T T T T
% -0.00 T T T S0 * T v T S o> Ky © @
] - Y & o & o & & e 4 K9 ) &
"4 00 N9 @Qa é"\é () N & 46}‘\0 AN 4é¢
&
5 Mmp12 s Timp1 < Timp2
ﬁ 0.008 o 2 0.006 ﬁ 0.008 *
2 . o o —
g g , :
@ 0.006 B . @ 0.006
E £ 0.004 =
) 2 S
£ 0.004 ol® £ < 0.004
S ° 5 s S
0.002 “
T ° k] -]
5 0.002 . . s e ¢ .. — S 0.002
2 o Se3 e bt i g g
F 0.000 > T r —o. F 0.000 > — T S 0.000 *
[} @ Q
& N N S 3 o ¢ & ¢ b2 & & &
N 40‘\ \\é\ < 460

Figure 3.9. Expression of proteins upregulated during fibrogenesis were reduced with
high and/or low dose PXS5153. RNA was extracted from frozen liver tissue and the relative
expression of Col1at and -3, elastin, B-actin, Tgf1, Pdgfrb, Timp1 and 2, and Mmp 2, 3, 9
and 12, was calculated after gPCR against the expression of a house keeping gene (B2M).
Significant downregulation of these genes was demonstrated in mice receiving CCls —
induced liver injury in addition to low (“low”) and/or high (“high”) dose of PXS5153 compared
with those receiving CCl4alone, except for Mmp3. A control group of mice received vehicle
only (“vehicle”). *p <0.05, **p <0.005, ***p <0.0005 using KW test and Bonferroni-Dunn post-
hoc correction. Graphs represent median values with an interquartile range.
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3.3.2. The effect of oral CCls in rats on inflammatory cell recruitment to the
liver, apoptosis and cell differentiation.

Preliminary assessment on the effect of 6 weeks CCls P.O. in rats on inflammatory
cell recruitment to the liver was performed by IHC for myeloperoxidase (MPO),
commonly expressed by neutrophils. A significantly higher proportion of cells
expressed MPO in the CCl, injured rats when compared with uninjured rats, using
both % area MPO positive staining and manual counting of MPO positive cells
(median % area, 0.087 vs, 0.045, p = 0.024). There was no significant reduction in
neutrophils using either low or high inhibitor, although overall the number of

neutrophils seen was low (see Figure 3.7).

IHC for cleaved caspase 3 was used to assess apoptosis, with no significant
differences seen between uninjured and injured rats, (p = 0.15), or injured rats
receiving LOXL2 inhibition (CCls vs CCls + low dose PXS5153, p = 0.46, CCls vs
CCl4 + high dose PXS5153, p = 0.08), although a trend toward reduced apoptosis

uninjured mice and mice receiving inhibitor was demonstrated.

A preference for cells from the ductular reaction to differentiate towards a biliary
lineage was assessed using IHC for EpCAM and SOX-9. CCly injury led to an
increase in both SOX-9 and EpCAM positive biliary cells which appeared ductular
(vehicle vs CCls —induced injury compared for number of positively stained biliary
structures for SOX-9 and EpCAM, respectively, p = 0.03, and p = 0.01). Compared
with rats receiving CCl, only, there were reduced staining of biliary structures in mice

receiving low dose of inhibitor for SOX-9 (median 24.7 vs 7.2 p<0.0001) and in mice

137



receiving high dose inhibitor for EpCAM (median 22.36 vs 16.09, p = 0.0494),
respectively, although the overall trend was for reduced biliary staining in those mice
receiving inhibitor. This may represent reduced injury severity represented by the
ductular reaction (268), or reduced differentiation towards a ductular lineage in those

mice receiving LOXL2 inhibition (and therefore less expression of EpCAM or SOX-9).
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Figure 3.10 Minimal changes in apoptosis and the ductular reaction were seen in rats
receiving LOXL2 inhibitor following injury with CCl,. Sprague Dawley rats were
administered with vehicle, or 0.25 uL/g CCl, P.O. 3 times per week for 6 weeks. In addition,
15 mice received low dose PXS5153 from day O or high dose PXS5153 from week 4. At
week 6 the rats were sacrificed and dissected liver tissue was sectioned, frozen, and later cut
for paraffin embedded slides. These were stained using immunohistochemistry for MPO,
cleaved caspase 3, EpCAM and SOX-9 (A-D). Morphometric analysis of proportionate
staining described in 2.2.4) permitted comparison between rats subjected to CCly liver injury
and rats receiving low and high dose PXS5153 in addition to CCl, induced liver injury, and
uninjured rats as a control. Neutrophil recruitment was increased by CCl, injury (median %
area CCl, only group, 0.087 vs median % area vehicle group, 0.045, p = 0.024) but was
unaffected by PXS5153 (A). Apoptosis appeared to increase in the injured group but the
differences between the groups were not statistically significant (B). The ductular reaction,
assessed by EpCAM positive biliary structures was increased in rats subject to CCl, injury
(vehicle vs CCl4 group, p = 0.01) and was reduced with PXS5153 (CCl, vs CCl, plus high
dose PCS5153, p = 0.008). Differentiation towards a biliary lineage, demonstrated with IHC
for SOX-9, was increased in CCl, injured rats (vehicle vs CCl, only, p =0.03) and this was
attenuated by PXS5153 (CCl, only vs CCly and low dose PXS5153 p<0.0001). Graphs
represent median values, capped lines and asterisks indicate statistical comparisons using
KW test and Bonferroni-Dunn post-hoc correction, *p <0.05, **p <0.005, ***p <0.0005.
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3.3.3 Manual counting of cleaved caspase 3 vs morphometric analysis of %
area stained

Where some IHC is positive but has high background staining, it can be difficult to
assess the accuracy of morphometric analysis using the method outlined in 2.3.4
(where positively stained structures are detected against background). For this
reason, the analysis of cleaved caspase 3, SOX-9 and EpCAM was performed both
by calculating % area using Imaged, and also by manually counting cells/biliary

structures. This had no overall effect on results.
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Figure 3.11 Analysis of cleaved caspase via % positive staining versus manual
counting of cleaved caspase positive cells did not affect the results. IHC was
performed for cleaved caspase 3 to assess apoptosis; analysis was performed by using
image J to identify % positive area (A) and by manual counting of cells (B). The results
were similar for both types of analysis with no differences seen between the groups (KW
test). Graphs represent median values.
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3.4 Discussion

The aim of these studies were twofold: firstly, to assess the safety and tolerability of
two early stage compounds in the commonly used CCls model of liver injury in rats,
as well as the less commonly used model using I.P. injection of TAA, and secondly to

assess the potential role of LOXL2 inhibition in these models.

Data from Pharmalegacy confirmed only one death in twenty of the mice receiving
TAA, and one out of 46 rats receiving CCl, This falls within the expected numbers of
deaths for animals undergoing interventions such as |.P. injections where vital organs
can be accidentally injected, and bleeding or thromboembolic events can occur (253,
255). Likewise, animal weight remained stable throughout both TAA and CCl,
models, with only a noticeable difference seen in rats receiving sham control (CCls),
who gained more weight than those receiving CCls. Therefore one can conclude that

the compound is well tolerated and had no immediate or concerning side effects.

Both animal models promoted the development of mild to moderate fibrosis, with
bridging of fibrotic septae demonstrated with immunohistological staining for PSR
and Collagen | and, in rats receiving CCly, increased expression of genes associated
with a profibrogenic phenotype. There was reduction in fibrosis markers in both
models using a LOXL2 inhibitor, but the differences were only found to be significant
in the CCls model. This may be due to subtle differences in the potency of the two
inhibitors, or variation in the distribution or efficacy of the compounds in different
species (discussed in detail in 1.5.3.3.2). The mildness of injury incurred in the TAA

model was unexpected; with a less fibrotic response there may be fewer mature
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collagen crosslinks being formed and so less of a role for LOXL2 inhibition. Other
models of injury may induce a more florid fibrosis, demonstrating % PSR stain closer
to 5% and thicker bridging collagen fibres seen. Unpublished work in this laboratory
has demonstrated a robust fibrotic response to TAA when administered in the
drinking water, with PSR between 4 - 6 %, and this route will be explored in

subsequent studies (see chapter 5).

There is little or no data published on the possible effect of LOXL2 on inflammatory
cell recruitment to the liver and apoptosis, and so this was examined using IHC for
common immune cell markers and by comparing expression of inflammatory proteins
in treated and untreated mice in the TAA model of fibrosis; cleaved caspase 3 was
used as a marker of apoptosis in both models. Although | observed a tendency for
increased expression of inflammatory marker in the mice receiving PXS5303, there
was no evidence for increased infiltration of immune cells in the liver tissue using
IHC. Immune cell recruitment and inflammation was poorly examined in the rat model
of fibrosis, primarily due to lack of specific antibodies, and so conclusions could not
be made. Flow cytometry is used in later experiments to interrogate the potential

effect of LOXLZ2 inhibition in fibrosis more robustly.

Likewise, conflicting data was found for apoptosis. While cleaved-caspase 3 was
found to be increased in liver tissue of mice receiving PXS5303, this was not
reproduced in the rats receiving PXS5153. Apoptosis was increased in CCly injured
rats compared to uninjured rats and there was a tendency for reduction in the

PXS5153 treated group; this is in keeping with known data that liver injury leads to
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hepatocyte apoptosis (43, 70), therefore severity of injury is likely to be related to the
degree of apoptosis and concurrently, attenuation of liver injury with the inhibitor may
have led to a reduction in apoptosis. It is important to note that these findings in rats
were not statistically significant, in addition to not being supported in the TAA mouse
data. It is possible that discrete variance between the compounds used in the two
models account for the difference in effect. It is also possible that the mild nature of
the liver injury may have limited the magnitude of the effect of LOXL2 inhibition which

was not observable within the noise of the experimental conditions.

Previous studies suggest that antibody blockade of LOXL2 may supress the ductular
reaction and promote hepatic progenitor cells towards the hepatocyte lineage (195).
In the CCl, induced liver injury, there was a trend for reduced EpCAM and SOX-9
positive biliary staining in animals receiving the LOXL2 enzyme inhibitor, supporting
the hypothesis that this mechanism may be dependent on LOX/L enzyme activity.
These preliminary findings require further exploration and validation, as they have
important implications for hepatic regeneration. Given the variation between models,
the use of additional mouse models will help to assess whether these results can be
replicated. Although expression of LOX and LOXL proteins was demonstrated in the
TAA model, LOXL2 expression was not markedly elevated compared to that seen in

humans. This could also account for the lack of efficacy seen in this model.

In the following chapters | explore LOXL2 inhibition in a more robust and extensive

fibrotic TAA model, in a cholestatic liver disease model, during in-vitro study, in

143



addition to the impact on liver regeneration in a resolution model. | will also

investigate for any effect on inflammatory cell recruitment using flow cytometry.
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4 Results 2: Exploring the effects of LOXL2 inhibition in a biliary model of

fibrosis.

4.1 Introduction

Biliary fibrosis is predominant in numerous conditions, the commonest being primary
biliary cholangitis and primary sclerosing cholangitis (11). Currently there are no
pharmacological therapies targeting biliary fibrosis, but animal models have been
developed on which to test compounds and to better understand the pathophysiology
of these conditions. One such model is the use of Abcb4 mice, more commonly
known as Mdr2” mice. These mice are deficient in a canalicular phospholipid
flippase, and spontaneously develop liver injury due to the absence of phospholipid
from bile, causing disruption in tight junctions and basement membranes in bile

ducts, leakage of bile into the portal tract, and periportal biliary fibrosis (263).

During analysis of the preliminary CCls and TAA experiments, the results of studies
using AB0023, a LOXL2 monoclonal antibody, were published suggesting that
inhibition of LOXL2 may attenuate the ductular reaction and reduce differentiation of
biliary cells, with the potential to reduce biliary fibrosis in this manner (195).
Specifically, in the presence of LOXL2 inhibition, progenitor cells have a tendency
towards hepatocyte rather than biliary lineage, with potential consequences for
reducing fibrosis. Those cells that become hepatocytes may contribute to liver
regeneration while reactive ductular cells promote fibrosis by secretion of growth
factors, or growth factor like proteins, ECM, and attract fibroblasts (269). The ductular

reaction is believed to be particularly important in the development of biliary fibrosis,
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and for this reason | wished to test the efficacy of LOXL2 enzyme inhibition in a

biliary model of fibrosis.

The Mdr2-/- model was chosen as a reproducible model accessible at Birmingham
laboratory. Previous work at Birmingham and other published data demonstrated that
by 9 weeks Mdr2-/- mice have moderate bridging fibrosis (265), and so gavage of

compound was commenced at that age.

Mdr2-/- mice on both FVB and C57BI/6 backgrounds develop progressive liver injury
and fibrosis, although there can be subtle variation in phenotype between the strains
(263, 265, 270). Previous data have shown fibrosis to be more advanced in the
C57BI/6 strain (see 1.6.2) and so this was the preferred strain on which to explore
the effects of LOXL2 inhibition by PXS5338K. First of all, | wished to assess the
fibrosis in these two strains of mice independently before proceeding. Once |
established that fibrosis was more marked in the C57BI/6 background, | planned to
evaluate the dose of PXS5338K to be used in this strain. However, FVB knock out
mice were readily available and were therefore used in a pilot study to assess the

safety and tolerability of PXS5338K, while C57BI/6 Mdr2-/- mice were bred.

The effect of 10 mg/kg PXS5338K administered orally was assessed in 6 nine week
old FVB Mdr2-/- mice. The intention was to give 9 doses over three weeks on
alternate days (Monday, Wednesday, Friday). Unfortunately this dose was poorly

tolerated in the pilot study using FVB Mdr2-/- mice, and so the dose was reduced to 3
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mg/kg which was still expected to provide coverage of the target molecule. This dose

was tolerated by C57BI/6 Mdr2-/- mice, with no safety concerns.

In this study 36 nine week old C57BI/6 Mdr2-/- mice each received 9 doses of either
vehicle or 3 mg/kg PXS5338K over three weeks (Monday, Wednesday, Friday) and
were culled 72 hours following the 9" dose. The extent of fibrosis and the impact of
LOXL2 inhibition were assessed by IHC for PSR, a-SMA, and collagen with
morphometric analysis, and by measuring expression of pro-fibrogenic genes by
gPCR. IHC for SOX-9 was also used to assess proliferation and biliary differentiation
of cells. Detailed analysis of the inflammatory infiltrate was facilitated by flow
cytometry of hepatic digests, with the inclusion of lymphoid, myeloid and granulocyte

populations, as well as the use of IHC to detect immune cell markers.

4.2 Assessing the degree of fibrosis in FVB vs C57BIl/6 Mdr2-/-

It has been previously suggested that there may be variation in the type of injury that
occurs between strains of Mdr2-/- mice. To establish the pattern of fibrosis that
occurs in both FVB and C57BI/6 Mdr2-/- mice (the two strains available at
Birmingham), paraffin embedded liver tissue from both strains of mice culled at
different ages were stained for collagen using PSR and the % area calculated (see
Figure 4.1). Representative images are shown in A-D. Periductular staining
representing collagen deposition and fibrosis is seen as expected in the FVB and
C57/BI6 strains with additional bridging fibrosis seen only in the FVB strain. Fibrosis

appeared to regress over time in the FVB strain, but this may be due to random
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sampling, as it has not been demonstrated elsewhere (265). There is a trend towards

increasing fibrosis with age in C57BI/6 Mdr2-/- mice.
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Figure 4.1 Fibrosis by PSR stain in two strains of Mdr2-/- mice. Sample PSR staining of
paraffin embedded liver sections cut at 3 ym showing liver from both FVB and C57Bl/6 Mdr2-
/- mice aged 6 and 11 weeks (A-D). Morphometric analysis was performed to calculate the
mean % area of PSR stain from 5 different fields of view for each strain at various ages for
both strains (E).
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4.3 A pilot test of PXS5338K in FVB Mdr2-/- mice

The safety and efficacy of 10 mg/kg PXS5338K administered orally was assessed in
6 male nine-week-old FVB Mdr2-/- mice. A maximum of 9 gavages per animal was
permitted for the Mdr2-/- strain according to our animal licence, and so dosing was
planned over three weeks on alternate days (Monday, Wednesday, Friday), to allow
the compound to take effect alongside natural progression of fibrosis in the aging

mice.

Six male 9-week-old FVB Mdr2-/- mice received oral gavage of vehicle or PXS5338K
at a dose of 10 mg/kg thrice weekly for up to 3 weeks, according to the planned
model described in 2.2.2 (Figure 4.2). A total of 9 gavages were administered, as
was permitted by the animal licence P2DFODBG6E, see 2.2.1. One mouse was culled
following likely aspiration (immediate deterioration following the 5th gavage of
PXS5338K), one after it became unwell (demonstrating weight loss, lethargy and
poor grooming) following 8 gavages of PXS5338K, and the remaining mice after 9
gavages of either PXS5338K or vehicle due to a third mouse becoming unwell
following the 9™ gavage. In all cases serum samples were extracted via cardiac
puncture under terminal anaesthesia and the liver was dissected for analysis as

outlined in 2.2.5.

10 mg/kg PXS5338K or
vehicle by oral gavage

I I » SACRIFICE

9 weeks 12 weeks

Figure 4.2 Model for testing PXS5338K in FVB Mdr2-/- mice. Six 9 week old FVB Mdr2-/-
mice received 9 doses of PXS5338K at 10 mg/kg by oral gavage over 3 weeks.
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4.3.1 A pilot test of PXS5338K in FVB Mdr2-/- mice: Serum results

Unfortunately only two serum samples were able to be analysed due to clotting of the
sample in the syringe, and so the results shown in Table 4.1 are difficult to interpret
without control samples (mice given vehicle) but are comparable to published data in
other Mdr2-/- models (265, 271). Low phospholipid-associated cholelithiasis has
been reported in Mdr2-/-mice, and this may account for the elevated bile acids in
mouse 3 (M3, see table 4.1 below) (272). However, the liver, gallbladder, and bile

ducts of all mice that became unwell were examined and no gallstones were found.

Animal AST (UN) ALT (U/) Bile acids
M2 (8 doses of PXS5338K) 45 41 3
M3 (9 doses of PXS5338K) 70 132 251

Table 4.1: Serum analysis for the two mice receiving eight (M2) or nine (M3) doses of
PXS5338K before becoming unwell.

4.3.2 A pilot test of PXS5338K in FVB Mdr2-/- mice: Immunohistochemistry
4.3.2.1 Haematoxylin and Eosin analysis

Haematoxylin and eosin staining was performed on paraffin-.embedded liver sections
for all 6 FVB Mdr2-/- mice from the pilot study. The slides were assessed for gross
liver injury such as necrosis, inflammatory cell infiltrate and tissue architecture
(Figure 4.3). The extent of injury was similar between groups receiving vehicle or
PXS5338K, and in those mice that became sick compared to those that were well at

week 12 (following 9 gavages). There was evidence of early bridging fibrosis in all
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mice, and no gross necrosis or inflammatory infiltrate in those animals that became

unwell.

PXS5338K VEHICLE

Figure 4.3 H&E staining of FVB Mdr2-/- demonstrated no differences between the
groups receiving PXS5338K vs vehicle, and no areas of gross injury such as necrosis.
H&E staining of paraffin embedded slides cut at 3 um showing liver from FVB Mdr2-/- mice
following nine gavages of either PXS5338K (A and B, high and low power, respectively) at 10
mg/kg, or vehicle (C and D). The extent of injury was similar between groups with evidence
of early bridging fibrosis in all mice, and no gross necrosis in those animals that became
unwell.

4.3.2.2 Picrosirius red

While the primary aim of this study was to evaluate the impact of PXS5338K on
animal health, PSR stain was used to assess fibrosis and showed only mild bridging
and up to 4 % area of collagen for all mice. Minimal fibrosis was seen in mouse 1
(M1), aged 10 weeks (aspirated after 5 doses of PXS5338K), with collagen
representing only 1.2 % area using morphometric analysis of PSR stain. Slightly

more fibrosis was seen in the 11-week-old mice receiving either PXS5338K or
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vehicle, with median % collagen at 2.62 % and 3.34 % respectively. There was no
significant differences in fibrosis between mice receiving vehicle and those receiving
PXS5338K both with (E) and without inclusion of the mouse killed after only 5 doses
of PXS5338K (aged 11 weeks) (F) (median 3.34 % vs 2.31 %, p = 0.700 and median
3.34 % vs 2.62 %, p = 0.800 respectively). Statistical analysis was not performed for

the remaining IHC given the small numbers of animals in each group.
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Figure 4.4 Mild fibrosis was demonstrated in FVB Mdr2-/- mice but no benefit with
PXS5338K. PSR staining of paraffin embedded slides cut at 3 ym showing liver from 12
week old FVB Mdr2-/- mice following eight or nine gavages of PXS5338K (A and B
respectively) at 10 mg/kg, or 9 gavages of vehicle (C and D). Morphometric analysis was
performed to calculate the % area stained. There was no significant differences seen when
median values for the two groups were compared both with (E) and without inclusion of the
mouse killed after 5 doses of PXS5338K (F) (MW test).
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4.3.2.3 Alpha-smooth muscle actin

Alpha-smooth muscle actin (a-SMA) is a marker of active hepatic stellate cells and is
often used as surrogate marker for fibrosis severity. In liver fibrosis the pattern of
staining usually mimics that of collagen deposition, or PSR stain. IHC for a-SMA was
therefore used to assess the degree of fibrosis in the FVB Mdr2-/-mice and whether
there was any difference in the pattern or severity of fibrosis in mice that received

PXS5338K, despite not being the primary aim of this study.

However, the liver sections demonstrated less a-SMA positive staining than
expected, even accounting for the FVB strain, and it was primarily at the site of blood
vessels rather than at periportal or fibrotic areas. This raised suspicion that the
antibody was detecting vessels rather than active HSCs. Nevertheless, % area of
tissue stained following morphometric analysis was calculated but statistical
comparison not carried out given the small number of animals and doubt regarding

the IHC.
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Figure 4.5 PXS5338K had no effect on hepatic stellate cell activation.
Immunohistochemistry was performed on liver tissue cut on frozen slides from FVB Mdr2-/-
mice receiving eight or nine gavages of either PXS5338K (A and B respectively) at 10 mg/kg,
or 9 gavages of vehicle (C and D), for a-SMA. Morphometric analysis was performed to
calculate the % area stained.

4.3.2.4 Cleaved caspase 3

IHC for cleaved caspase 3 was performed as a marker for apoptosis; | was
specifically interested to see if there was increased apoptosis in those mice receiving
PXS5338K, as a marker of increased liver injury induced by PXS5338K (given that
compound had been poorly tolerated), but there was no evidence for increased
apoptosis in these animals (Figure 4.6). Positively stained cells were few, with no
fixed distribution, at no particular site of injury, and appeared consistent with lobular
hepatocytes. The number of cells within five fixed fields of view were counted and the

average number calculated for each mouse.
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Figure 4.6 PXS5338K has no effect on apoptosis in the liver. Inmunohistochemistry was
performed on liver tissue cut on paraffin slides from FVB Mdr2-/- mice receiving eight or nine
gavages of either PXS5338K (A and B respectively) at 10 mg/kg, or 9 gavages of vehicle (C
and D), for cleaved caspase 3. The mean number of stain positive cells from 10 fields of view
within a fixed area are demonstrated graphically for interest.

4.3.2.5 CD45

Fibrosis is typically driven by an immune response, therefore CD45 was used as a
marker of immune cell infiltration. As for cleaved caspase 3, there was particular
interest in assessing liver inflammation given the poor tolerability of PXS5338K.
Staining was distributed around vessels and periportally in all 6 mice, and no pattern
of injury or increase in staining were apparent in the mice that were unwell. Immune

cell infiltration as measured by CD45 positive cells appeared similar in both groups.

155




A PX55338K

VEHICLE

% area

1.54

1.0

0.5

0.0

CD45
]
o°
° .
]
& °
45“’“"% \\e“\o

Figure 4.7 Immune cell infiltration as measured by CD45 was similar in mice receiving
Immunohistochemistry was performed on liver tissue cut on
paraffin slides from FVB Mdr2-/- mice receiving five, eight or nine gavages of either
PXS5338K (mice 1, 2 and 3 respectively) at 10 mg/kg P.O., or 9 gavages of vehicle P.O.

PXS5338K and vehicle.

(mice 4-6), for CD45. % area positive stain for CD45 is demonstrated graphically.

4.3.2.6 SOX-9

Despite the absence of any differences in fibrosis or immune infiltration, inhibition of
LOXL2 may have an impact on the ductular reaction. | therefore used IHC to detect
SOX-9 positive cells in order to assess the severity of the ductular reaction, and to
assess for differences in pattern of staining or epithelial differentiation of cells. In the
group receiving PXS5338K, particularly mouse 2 (see Figure 4.8) there appeared to
be a more lobular rather than biliary pattern of staining. This was unexpected given
that the other IHC including H&E and PSR for this animal appeared similar to mouse

1 and 3. This pattern of staining could be interpreted as fewer cells differentiating

toward a biliary lineage in the presence of PXS5338K.
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Figure 4.8 Some FVB Mdr2-/- mice receiving PXS5338K displayed a different
pattern of SOX-9 positive cells compared with those receiving vehicle, in whom
biliary structures were predominantly stained positive. Immunohistochemistry was
performed on liver tissue cut on paraffin slides from FVB Mdr2-/- mice receiving gavage
of either PXS5338K (1-3) at 10 mg/kg, or 9 gavages of vehicle (4-6), for SOX-9. Liver
tissue from all 6 animals are shown at low and high magnification; those mice receiving
PXS5338K (5, 8 and 9 doses for animals in 1, 2 and 3 respectively), and 9 doses of
vehicle in animals 4, 5 and 6. A pattern of lobular rather than biliary SOX-9 positive
cells was seen in the mice receiving PXS5338K compared with vehicle.

4.3.3 Real time quantitative polymerase chain reaction (QPCR)

As surrogate markers of fibrosis severity, expression of mRNA for collagen |, Ill and
elastin were measured by extraction of mMRNA and qPCR. The expression of LOX and
the lysyl oxidase family was also assessed, as there is little published data for this
model and strain. Unfortunately RNA could not be extracted for the animal that
received only 5 doses of PXS5338K and became unwell unexpectedly. | was unable
to obtain accurate expression of LOXL2 or LOXL3, which may reflect low levels of

expression, or may be due to experimental error.
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Figure 4.9 No differences were seen in expression of ECM proteins or lysyl oxidases
in a murine model of biliary fibrosis. RNA was extracted from the livers of FVB Md2-/-
mice receiving eight or nine gavages of PXS5338K, or nine gavages of vehicle, and qPCR
was performed to assess the expression of collagen 1 alpha 1 (A), collagen 3 alpha 1 (B),
elastin (C), LOX (D) and LOXL1-4 (E-H) relative to the expression of Gapdh..

4.3.4 Conclusions: pilot study of PXS5338K in FVB Mdr2-/- mice

This was a small pilot study assessing the impact and tolerability of PXS5338K in the
knock out Mdr2-/- model of biliary fibrosis using the FVB strain of mice. Evidence of
early bridging fibrosis was seen on PSR stain in all mice which was associated with
CD45-positive inflammatory infiltrate. Some trend toward reduced PSR stain and
expression of collagen | and lll was seen in the group receiving PXS5338K
compared with vehicle, but with such small numbers of mice, the differences did not
meet statistical significance, and no real conclusions can be drawn. However, this
pilot study permitted investigation of the impact of the inhibitor on liver histology, and

aided in the design of a more robust study of the effects of the inhibitor.
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As previously discussed, studies have suggested a potential role for LOXL inhibition
to influence differentiation of cells arising from the ductular reaction; specifically that
in the presence of LOXL2 inhibition, progenitor cells have a tendency towards a
hepatocyte rather than biliary lineage, with potential consequences for ameliorating
fibrosis. The results for SOX-9 may support this theory but require further

investigation.

The compound was administered thrice weekly and tolerated well until the eighth and
ninth dose at days 17 and 19, respectively. Analysis of serum results, H&E, and
cleaved caspase 3 results did not reveal a clear cause for the deterioration. Mdr2-/-
mice are known to develop gallstones, albeit more commonly in females (272), and
so it is possible that the two mice becoming unwell developed such complications,
despite a lack of stones at PM. It is also possible that PXS5338K is not excreted or
metabolised as efficiently in Mdr2-/- mice when compared to wild-type animals that
apparently exhibited no adverse events at this dose previously (Pharmaxis, personal
communication). | had, however, received data that other laboratories had similar
problems with wild type mice at the 10 mg/kg dose. The compound was further
tested in wild-type mice with no liver injury at the lower dose of 3 mg/kg, administered
daily P.O., and confirmed tolerability. Thereafter, the experiment was repeated in a

larger cohort of C57BIl/6 Mdr2-/-.
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4.4 Assessing the effects of PXS5338K in C57BI/6 Mdr2-/- mice

A follow up experiment to the pilot was devised where 36 nine week old C57BI/6
Mdr2-/- mice each received 9 doses of either vehicle or 3 mg/kg PXS5338K over
three weeks and were culled 72 hours following the 9th dose (see Figure 4.10). A
small group of 5 mice received no intervention by gavage and were used as control

to observe any effect elicited by this intervention.

3 mg/kg PXS5338K or
vehicle by oral gavage
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9 weeks 12 weeks

Figure 4.10 Model for testing PXS5338K in C57BI/6 Mdr2-/- mice. Six 9 week old C57BI/6
Mdr2-/- mice received 9 doses of PXS5338K at 10 mg/kg by oral gavage over 3 weeks
(Monday, Wednesday, Friday) and were culled 72 hours following the 9" gavage.

4.4.1 Assessment of liver injury

PXS5338K was well tolerated by C57BI/6 Mdr2-/- mice at this dose and no mice were
culled due to weight loss or becoming sick. Some serum results were unavailable for
analysis due to haemolysis of the blood sample following cull. There was no
difference in weight change between the group receiving vehicle vs PXS5338K, or
the group that had no intervention (median change 7.4 % vs 6.9 % vs 6.4 %, p =
0.89) using the KW test and post hoc Bonferroni—Dunn correction to compare median

% change (see Figure 4.11).
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Figure 4.11 Model for testing PXS5338K in C57BI/6 Mdr2-/- mice. Six 9 week old C57BI/6
Mdr2-/- mice received 9 doses of PXS5338K at 10 mg/kg by oral gavage over 3 weeks
(Monday, Wednesday, Friday) and were culled 72 hours following the 9" gavage. Graph (A)
demonstrates median % change in weight from start of gavage to end of gavage at 3 weeks.
No significant differences were seen using KW test and post analysis Bonferroni-Dunn
correction. Graph (B) demonstrates mean weight of the mice for each group during the 3-
week experiment.

4.4.1.1 Assessment of liver injury: Serum analysis

Terminal cardiac puncture facilitated analysis of serum at the end of the three week
treatment period. Serum AST and ALT levels appear slightly lower than other
published data and previous data from Birmingham (265, 271), as for the FVB strain.
No differences were seen for biochemical markers of liver injury between mice
receiving vehicle compared with those receiving compound, or no gavage (Figure
4.12; mean rank 17.19 vs 13.08 vs 20.5, p = 0.247 respectively for AST, and mean
rank 16.38 vs 18.05 vs 9.70, p = 0.214, for ALT using the KW), except for a small
increase in bile acids in those animals not undergoing oral gavage (mean rank 15.27
vs 12.96 vs 25.80, p = 0.021). This confirms no liver injury induced by the oral
gavage itself. Oddly, the mouse with the outlying result for bile acids in the no gavage
group had unremarkable AST and ALT; likewise, mice in the PXS5338K and vehicle
group had concurrently high AST and ALT but normal bile acids, suggesting possible
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variation in liver injury between individual C57BI6 Mdr2-/- mice; it is worth noting,

however, that AST and ALT were not particularly elevated above normal range.

AST B ALT
200~ 80 -
° °
150+ 60
- °
5 B S 40 & m®
5 100 & ° L
B = ..
o0 [ ] - 20 MY Y 3 —MA—
501 o0 0 = ® L L)
e%e0 o =l==:- £ , d AA
0 T T T - 3
2 N )
&° '5?\’5 & 4""\& o o
‘\e\ (O%’b > ¥ &°
QF <©
C Bile acids
1000 .
1
° [ ] A
100 hd
B
g . . A
S = A
10 o _©® .'
e e ] H H
o L]
[ ] .
1 T T T
@ 3= ]
4 & &
© S S
¥ *

Figure 4.12 Serum biochemistry for liver injury were no different between animals
administered with PXS5338K vs vehicle, or no gavage. 41 nine-week-old C57Bl/6 Mdr2-/-
mice received 9 doses of vehicle (n = 13), 3 mg/kg PXS5338K (n = 13), or nil by oral gavage
(n = 5). Serum biochemistry was evaluated at cull and showed no differences between the
groups using KW test and post analysis Bonferroni-Dunn correction.
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4.4.2 Assessment of liver fibrosis

4.4.2.1 Immunohistochemistry

Fibrosis was assessed by detecting collagens using the PSR stain and collagen |,
collagen Il and a-SMA with IHC. Periportal and bridging fibrosis was observed in a
similar pattern to that seen in previously in the C57BI/6 strain, but again the bridging
fibrosis was much more marked. The % area stained using PSR was between 3 and
7 %, and no differences were observed comparing mice receiving vehicle,
PXS5338K, or no gavage with the KW test (Figure 4.13; mean ranks 14.78, 17.88,
22.00, p = 0.320). Similarly, assessment of fibrosis with IHC for collagen | and
collagen Il demonstrated moderate fibrosis in all groups but no reduction in collagen
with PXS5338K (mean ranks 15.68, 11.86, 18.67, KW test p = 0.335 for collagen |,
and mean ranks 16.0, 12.7 and 18.0, p = 0.561, for collagen lll). Picrosirius red and
collagen | were analysed in two ways, firstly at low magnification, whereby an image
is captured to include as much of the slide (and liver lobe) as possible and then the
% positively stained area is calculated. Secondly, the same liver sections were
reanalysed by taking 5 images for each slide at higher magnification, where the detail
of fibrils were more closely captured, and the mean % positive staining calculated for
each slide. Although a small increase was seen for collagen in mice receiving
PXS5338K, when they were analysed at high resolution differences between the
groups were not significant. The intention was again to detect activated hepatic
stellate cells by IHC for a-SMA as a surrogate for active fibrosis, but the antibody
seems to have detected vasculature rather than aHSCs. However, no differences
were seen for mice receiving vehicle, PXS5338K, or nil (mean ranks 0.39, 0.46, 0.42,

respectively, KW test 0.578).

163



A collagen proportionate area by picrosirius red B ~ picrosirius red
(low resolution analysis) (high resolution analysis)
15+
10 A
|
° 8 A
p 10- KR . . ° "
2 ° o ©7 = —ay
° g’ " s S0aeg®  _mm, R
= g ° . = 4 »® u A
o o -
: os .I. - 24
0 T T o T T T
& o 00_? & 5%"" 4090
& 6&’5 $ < & o
Q+ (\0 4 <
VEHICLE PXS5338K NO GAVAGE
C E
50 um 50 um S0 um
F Collagen 1 G Collagen 1
(low resolution analysis) (high resolution analysis)
15+ 20-
[ )
Y [ |
o.o ° - A 154 M ]
104 (] [ — u
3 O R © g [ N
S ° n® % 10+ °e’ -l .,
L ° N i ES — . A
° [ Y ] L)
° | 5 See
® u
0 . . r 0 ° . .
& S & & & &
© +‘.’°: o& 460 é;b'b <§\
N3 < Q-\. &
VEHICLE PXS5338K NO GAVAGE
H Jd
50 pum 50 pm 50 um

164




159

Collagen 3

10 - b -
2 %o ° " A
© u 2
- oo
= ®eee® ?.5' )
[} T T
.\o\e ,,;‘5*- 40Q°
O o °
<F *°
VEHICLE PXS5338K NO GAVAGE
AR B ain:
, =i
e Y = e
2 3o i N
gk S
;
e v A
£ it bk
Ak ) 50 um SR, i b0 im
é - S e T
0] Alpha-smooth muscle actin
1.0
0.8 "
$ 061 oo ! N
] °® mE —_—r
R04{ o—o® -
e®0e E,
0.24 °® - A
0.0 T
& o5 &
© é’)ﬂ" 604
¥ &
VEHICLE PXS5338K NO GAVAGE
P W heati Q Ry )
K 7
/ ’
/ .«
e
» - 5
. )
72580 pm 50 50 um

Figure 4.13 PXS5338K did not improve fibrosis in C57BI16/ Mdr2-/- mice for liver injury
were no different between animals administered with PXS5338K vs vehicle, or no
gavage. 41 nine week old C57BI/6 Mdr2-/-mice received 9 doses of vehicle, 3 mg/kg
PXS5338K, or nil by oral gavage. Paraffin embedded, or frozen, slides were cut at 3 ym and
IHC with morphometric analysis was performed for PSR (A-E) and collagen | (F-J) (analysis
at low and high resolution), collagen Ill (K-N) and a-SMA (O-R). Graphs represent median

values for % area positive staining.
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4.4.2.2 Assessment of fibrosis: protein expression by during qPCR

Real-time polymerase chain reaction (QPCR) was used to assess expression of
proteins upregulated during fibrosis. There were no differences in gene expression of
ECM proteins between mice receiving vehicle, PXS5338K, or no gavage for collagen
| using the KW test to compare mean ranks (mean rank 22.41, 18.13, 14.00, p =
0.268), collagen Il (22.18, 16.60, 15.40, p = 0.252) or elastin (22.22, 18.87, 11.60, p
= 0.161) (Figure 4.14). Given that gavage appeared to have no impact on liver injury
or fibrosis in the mice, only the groups receiving vehicle or PXS5338K are compared
hereafter. No differences in expression of matrix metalloproteinases or Timp1 were
found between these two groups using MW test to compare median value for gene
expression compared with the housekeeping gene (Mmp2 median 0.0061 vs 0.0036,
p = 0.131, Mmp3 median 0.0005 vs 0.0006, p = 0.719, Mmp9 medians 0.0002 vs
0.0002, p = 0.254, Mmp13 median 0.0003 vs 0.0002, p = 0.186 and Timp1 median
0.0007 vs 0.0006, p = 0.756 for vehicle vs PXS5338K, respectively). Expression of
Tgfb1 and Acta2 were also measured but no differences were seen for vehicle vs
PXS5338K (Tgfb1, median 0.008 vs 0.006, p = 0.514 and Acta2 0.0006 vs 0.0005, p
= 0.976). Sox9 expression was measured as a surrogate marker of the ductular
reaction and possible epithelial differentiation, and no differences were seen between

the two groups (median 0.0045 vs 0.0033, p = 0.174).
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Figure 4.14 PXS5338K did not modulate expression of mRNA for proteins usually
upregulated during fibrosis in C57BI16/ Mdr2-/- mice. 36 nine-week-old C57BI/6 Mdr2-/-
mice received 9 doses of vehicle, or 3 mg/kg PXS5338K, by oral gavage. RNA was extracted
from frozen liver tissue and relative expression of mMRNA was quantified against expression
of the housekeeping gene Gapdh. No differences were seen comparing median values of the
groups for mRNA expression of Col1a1, Col3a1, EIn, Mmp2, Mmp3, Mmp9, Mmp13, Timp1,
Tgfb1, Acta2 or Sox9 (A-K).

Expression of Lysyl oxidases

Expression of the lysyl oxidase family, particularly LOX and LOXL2 are demonstrated
to be elevated in the TAA mouse model of liver injury (see 1.5.3.3.2). It is possible
that inhibition of LOXL2 may induce upregulation of other members of the LOX/L
family as a compensatory mechanism. | therefore wanted to assess expression in
C57Bl/6 Mdr2-/- with and without PXS5338K (Figure 4.15). No differences were seen
for expression of any of the lysyl oxidase enzymes using the MW test (LOX median
0.0011 vs 0.005, p = 0.130, LOXL1 median 0.0007 vs 0.006, p = 0.841, LOXL2
median 0.0015 vs 0.0016, p = 0.592, LOXL3 median 0.0003 vs 0.0002, p = 0.213,

LOXL4 median 0.0008 vs 0.0004, p = 0.237 for vehicle vs PXS5338K, respectively).
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Figure 4.15 PXS5338K did not modulate expression of lysyl oxidase family genes in
C57BI6/ Mdr2-/- mice. 36 nine week old C57BIl/6 Mdr2-/-mice received 9 doses of vehicle, or
3 mg/kg PXS5338K, by oral gavage. RNA was extracted from frozen liver tissue and relative
expression of mMRNA was quantified against expression of the housekeeping gene Gapdh.
No differences between the groups were seen for expression of mRNA for proteins Lox,
LoxI1, LoxlI2, LoxI3 or LoxI4 (A-E) with MW test. Graphs represent median values.

4.4.3 Evaluation of cell differentiation and proliferation using IHC for SOX-9
There was particular interest in evaluating the effect of PXS5338K on cell
differentiation and proliferation given the altered pattern of staining in at least one of
the FVB Mdr2-/- in the pilot study. Unfortunately due to poor quality staining (faded)
on some slides, not all could be analysed for % area of staining. However the pattern
of staining was more in keeping with biliary or epithelial cells in all animals (receiving
vehicle, PXS5338K, or no gavage), rather than the scattered, pan-lobular
appearance that was seen in the pilot study. There was no difference in the % area
of SOX-9 staining, suggesting no difference between groups in cell proliferation or
fibrosis severity, comparing mean ranks using the KW test (mean ranks 9.38, 10.25,
11.00, p = 0.91 for vehicle vs PXS5338K vs no gavage, respectively).
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Figure 4.16 Administration of PXS5338K at 3 mg/kg does not alter cell proliferation or
differentiation according to SOX-9 IHC in C57Bl/6 Mdr2-/- mice. 36 nine week old
C57BI/6 Mdr2-/- mice received 9 doses of vehicle, or 3 mg/kg PXS5338K, by oral gavage,
with 5 C57BI/6 receiving no gavage. Paraffin-embedded liver tissue was used to assess
presence of SOX-9 and demonstrated no changes in the distribution or volume of SOX-9
positive cells in mice receiving PXS5338K.
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4.4.4 Immune cell infiltration in C57BI/6 Mdr2-/- mice treated with PXS5338K

The immune system is known to have an important role during liver injury, as detailed
in 1.2.5. Isolation of lymphoid and myeloid cells for flow cytometry and assessment of
liver sections using IHC facilitated assessment of whether inhibition of LOXL2 affects
immune cell infiltration during liver injury and fibrogenesis. Following cull by cervical
dislocation, the liver is flushed in situ so that intrahepatic immune cell populations are
observed as much as possible, with minimal contribution from peripheral blood
leukocytes. Unfortunately because the experiment was carried out over months
(C57BI/6 mice reaching 9 weeks of age as they were bred at different time points),
and because the flow panel had not been fully optimised, data from only a few
experiments could be used resulting in a smaller cohort of results. This was less of a

problem for the myeloid panel.

4.4.4.1 Immune cell infiltration as measured by flow cytometry

Populations of NKT cells and B lymphocytes

CD49b+ NKT cells comprise approximately a third of lymphocytes and secrete the
cytokines IFNy and IL-4 which attracts profibrogenic macrophages (68). CD19+ B
cells have a T cell-independent role in fibrosis (fibrosis being attenuated in B cell
deficient mice) possibly through mediation of CD4+ and NKT cell activity, but also by
production of soluble factors that directly stimulate collagen production in hepatic

stellate cells (65).

To assess the population of CD49b+ NKT and CD19+ B cells, lymphoid cells were

isolated from C57BIl/6 Mdr2-/- mice receiving either vehicle or 9 doses of either

171



PXS5338K, and fluorescently labelled as described in 2.2.5.1. The frequency of each
population of lymphocytes was examined by flow cytometry, in which the total
lymphocyte population cloud was subject to gating on the live cells, and subsequently
gated on expression of CD3 and co-receptors (Figures 4.17). No differences were
seen in the % of CD3- CD49b+ NKT cells calculated as a proportion of live cells
comparing median % for individual mice in each group the MW test (median 21.21%
vs 19.42%, p = 0.556 for vehicle and PXS5338K, respectively). Likewise, CD3-
CD19+ B cells were calculated as a % of live CD3+ cells, but no differences were

seen for vehicle vs PXS5338K (196.1% vs 100.4%, p 0.162 using the MW test).

172



>

500 =
A 60K = A A 60K =
400 =
=
o | oexA S| w0 40K =
8 —
(%]
e = 0
i G 204
n n
. > n
n | 2k I L 20K = |
100 = e
JigsSinglets-2
99.6
0 0 0
—— T ! r T T
0 20K 40K 80K 0 1 2 3 4

ES Live Dead

3
)]
S ®
a
(@)
B C
CD3- CD49+ cells CD3- CD19+ cells
507 300
2 u 2
§ 2 40- So n" :
] as
On O & 200+
g 307 n o $5 u °
02 u o$
55 20+ — —e %o 5%
s [ ° 5= 100+ - OO °
£ " 5a
g " 109 g
& & -
0 T T 0 T T
& é‘ A& é‘
O o3 O o
4'50 .‘E}’ 46,“ -\3"’
R Q

Figure 4.17 Comparison of lymphoid cell isolates from liver showed no differences
between C57BI/6 Mdr2-/- mice receiving 9 doses of PXS5338K or vehicle by oral
gavage. The standard flow cytometry gating strategy used to identify tissue-infiltrating
lymphocyte populations is illustrated in (A): forward and side light scatter (FS and SS,
respectively), and absence of dead cell staining defined live singlet lymphocytes. This
population was further subdivided into CD3- CD49b+ cells, and CD3- CD19+ cells. No
differences were seen in mice receiving PXS5338K or vehicle comparing median % of cells
for these populations (presented in B and C) using the MW test.
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CD4 and CD8 positive T cells

CD45+ leukocytes initiate the inflammatory response at the site of injury and recruit
CD3+ T cells (5, 44). CD4+ T helper cells and CD8+ cytotoxic T cells are also
upregulated in liver disease, although their role is not fully understood (38, 61, 62).
The population of CD4+ and CD8+ T cells was assessed by isolation of lymphocytes
and fluorescent labelling of CD4+ and CD8+ cells; the population was calculated as a
proportion of live CD3+ cells. No differences were seen for % of CD4 cells (median
29.8% vs 33.3%, p = 0.486) or CD8 cells (median 17.7% vs 21.1%, p = 0.081) using

the MW test to compare medians % for mice receiving vehicle vs PXS5338K,

respectively.
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Figure 4.18 Comparison of lymphoid cell isolates from liver showed no differences
between C57BI/6 Mdr2-/- mice receiving 9 doses of PXS5338K or vehicle by oral
gavage. The standard flow cytometry gating strategy to identify tissue-infiltrating lymphocyte
populations is illustrated in (A): forward and side light scatter (FS and SS, respectively), and
absence of dead cell staining defined live singlet lymphocytes. This population was further
subdivided into CD3+ CD19- cells, and CD4 and CD8 expressing cells. No differences were
seen in mice receiving PXS5338K or vehicle comparing median % of cells (presented in B
and C) using the MW test.

Myeloid panel

CD11b+ F4/80+ macrophages are believed to be key drivers in the fibrotic response,
and secrete pro-inflammatory cytokines and chemokines (39). GR1+ macrophages
are also profibrogenic, and secrete TGF-3, PDGF and insulin-like growth factor-1
(IGF1), which activate HSCs as well as providing an NF-kB-mediated survival signal
to myofibroblasts (47, 48). Conversely, Ly6G+ neutrophils, have been demonstrated
to promote fibrosis resolution, probably through production of MMP8 and MMP9

(273)

Intrahepatic myeloid cells were isolated from the livers of C57BI/6 Mdr2-/-mice

receiving 9 doses of either vehicle or PXS5338K and incubated with appropriate
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fluorochrome-labelled antibodies, as described in 2.2.5. The frequency of monocytes
was examined by flow cytometry, in which the total myeloid cloud was subject to
gating on the live CD45+ population of cells, and subsequently gated on expression
of CD11b and co-receptors F4/80, Ly6C and GR-1 (Figure 4.19). CD11b + F4/80+
macrophages are calculated as a % of CD45+ live cells and the median % of cells
compared for mice receiving vehicle vs gavage, showing no differences between the
groups using the MW test (4.3% vs 3.6%, p = 0.792, respectively). Likewise, CD11b+
Ly6G+ granulocytes were calculated as a % of CD45+ live cells, and showed no
difference between the groups (4.7% vs 4.9%, p = 0.678). A similar lack of effect was
observed for CD11b+ GR-1+ neutrophils as a % of CD45+ live cells (2.9 % vs 2.7%,

p = 0.571) when comparing mice receiving vehicle vs compound, respectively.
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Figure 4.19 Comparison of myeloid cell isolates from liver showed no differences
between C57BI/6 Mdr2-/- mice receiving 9 doses of PXS5338K or vehicle by oral
gavage. The standard flow cytometry gating strategy to identify tissue-infiltrating myeloid
populations is illustrated in (A): forward and side light scatter (FS and SS, respectively) and
cell surface expression of CD45 with absence of dead cell staining defined live singlet
myeloid cells. This population was further subdivided into CD11b+ F4/80+ cells, CD11b+
Ly6C+ and CD11b+ GR1+ cells. No differences were seen between the two groups
comparing median % of cells (presented in B-D) using the MW test.
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4.4.4.2 Immune cell infiltration by IHC

To consolidate data from flow cytometry, IHC was performed to assess the volume
and distribution of immune cell infiltration into the liver in the presence of LOXL2
inhibition. An antibody for the B220 isoform of CD45 was used to assess the
presence of B cells, F4/80 to assess macrophage infiltration, given their importance
during fibrogenesis and fibrosis resolution, and Ly6G to assess neutrophil and
eosinophil infiltration (Figure 4.20). CD45 and F4/80 positive cells were dispersed
equally across the tissue with only a hint of aggregation around sites of fibrosis for
F4/80 positive cells. Ly6G was seen in more densely populated periportal regions
and areas of fibrosis. PXS5338K had no effect on immune cell inflammation
compared with vehicle, or no gavage for B220 CD45 (mean number of B220 CD45
positive cells taken from an average of 5 fixed areas) using the KW test (mean ranks
20.57, 18.71, 15.30, p = 0.633, respectively). Likewise, no differences were seen in
the F4/80 positive population for vehicle vs PXS5338K vs no gavage (mean ranks
20.76, 17.33, 13.25, p = 0.375) or the Ly6G+ population (mean ranks 14.43, 17.23,
20.4, p = 0.444) respectively using the KW test and post hoc Bonferroni-Dunn

correction.
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Figure 4.20 PXS5338K does not alter liver infiltration of B220 CD45 positive, F4/80
positive or LYBG positive cells during liver injury. 36 nine week old C57BIl/6 Mdr2-/-mice
received 9 doses of vehicle, or 3 mg/kg PXS5338K, by oral gavage, with 5 C57BI/6 receiving
no gavage. Paraffin-embedded liver tissue was used to assess presence of B220 CD45+ (A-
D), F4/80+ (E-H) and Ly6G+ cells (I-L). No significant differences were observed between
the groups receiving PXS5338K, vehicle, or no gavage for mean number of cells (B220
CD45 and Ly6G) or % area with morphometric analysis using the KW test.

4.5 Discussion

In conclusion, PXS5338K was poorly tolerated by 9 week old FVB Mdr2-/- mice
administered at a dose of 10 mg/kg, but no clear cause for this could be determined.
A reduced dose of 3 mg/kg was well tolerated in 9 week old C57BIl/6 Mdr2-/- mice,
each receiving received 9 doses of the compound over three weeks. At this dose,
PXS5338K had no effect on liver injury or fibrosis, expression of lysyl oxidases, or

immune cell infiltration into the liver. While there was some suggestion that SOX-9+
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cells in FVB mice receiving 10 mg/kg PXS5338K had a more lobular and less
ductular pattern, this finding was not replicated in the C57BI/6 mice administered with

9 doses of the lower 3 mg/kg dose.

It is possible that the dosing strategy could account for the lack of benefit with
compound that was observed. The half-life of PXS5338K is not known but the similar
compound PXS5153 has a half-life of only 36 minutes, and that if PXS5338K is likely
to be similar. In the context of progressive injury in this strain of mice, the reduced
dose of compound administered on alternate days (Monday, Wednesday and Friday
for 3 weeks), with cull at 72 hours following the final dose, full coverage of the target
may have been difficult to achieve, with loss of impact on fibrosis, inflammation and

the ductular reaction.

Conversely, a total of 18 mice received vehicle and 16 received compound, and so
even small changes in injury for fibrosis achieved by the small and infrequent dose of
PXS5338K could have been detected, although the study was not accurately
powered. However, previous power calculations based on a median 25% reduction of
% PSR stain from 4 to 3 % using statistics generated from the Shanghai |.P. TAA
model of fibrosis suggested that 7 mice in each groups should be adequate. In
addition, realistically, there was no convincing trend for reduced fibrosis in the mice

receiving PXS5338K and so greater numbers would have been extraneous.

The stain for PSR and collagen | was analysed at two magnifications; the idea being

that at lower magnification the majority of the liver lobe could be assessed, avoiding
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random sampling of areas with less or more fibrous septa. However, this method can
miss the smaller fibrils of collagen seen at higher magnification, hence a higher
magnification at which these could be visualized was also used, and 5 fixed areas
chosen at random to measure the % area covered by collagen; this method was not
fully validated to assess exactly how many fixed areas should be used, but given that
there was very little difference in the % area using each method, and the % area
looked comparable between the treated and untreated groups, so a change in

methodology was not explored further.

The results were disappointing given the results seen with PXS5153A in the CCl, rat
model. This could be due to subtle differences in the compound pharmokokinetics,
different efficacy according to species, or differences in the pathophysiology between
species or disease models (CCls vs Mdr2-/- model). Unfortunately | was unable to
look for LOXL2 protein expression in liver tissue due to absence of an effective
murine antibody, but LOXL2 mRNA expression was not markedly elevated in this
model making it unlikely that enzyme inhibition will be effective. The theory that other
LOX/Ls compensated for inhibited LOXL given that their expression was no more
elevated in animals receiving PXS5338K than those receiving vehicle. However, it is
a widely held view in the field that the levels of the LOX/Ls measured by PCR may
not be a reflection of the levels of protein and so identifying the presence of
LOX/LOXLS in liver tissue or even serum would be beneficial in these models.
Unfortunately antibodies against human are likewise poor and so qPCR remains

commonly used to detect their expression.
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My results also contrast with those of Ikenaga et al, who demonstrated a change in
differentiation of cells and suppression of the ductular reaction in the presence of a
LOXL2 antibody using the Mdr2-/- model of biliary injury. Reduced collagen
deposition and promotion of fibrosis reversal was also seen in the TAA model of
fibrosis. | hope to demonstrate similar results but improved efficacy using direct

enzyme inhibition using PXS5338K in a model of TAA induced fibrosis.
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5 Results Ill: The assessment of PXS5338K in reducing liver injury and fibrosis

in a TAA induced model of liver disease

5.1 Introduction

TAA induced liver injury results in a pan-lobular fibrosis (255), similar to that seen in
NAFLD, ALD and hepatitis C (274, 275). At the University of Birmingham Biomedical
Services Unit we have developed a 16 week model whereby mice have ad libitum
access to TAA in drinking water sweetened with sugar free Robinsons™ orange
squash. Animals develop moderate bridging fibrosis by 16 weeks, but mortality is
reduced probably because the injury is self-limiting; those mice that become unwell
drink less TAA in drinking water, but also mortality associated with I.P. injection is
avoided. The disadvantage of this model is that there is variability in the severity of
fibrosis induced (measured by PSR stain and hydroxyproline assay, see Figure 5.1),
presumably at least partially due to differences between mice in oral intake of the
TAA diluted in drinking water, but also individual response to the toxin. In preliminary
experiments, extending TAA exposure form 12 to 16 weeks at least partially reduced
the variability in fibrosis readouts (see Figure 5.1), and so this is the model | chose to

use.
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Figure 5.1 Sixteen weeks of oral TAA in C57BI/6 mice results in increased collagen
deposition and fibrosis. Mice were given TAA diluted in orange squash (prediluted 1:5 with
water) in escalating doses up to 600mg/L by day 9 and maintained on this dose ad libitum for
up to 16 weeks. All 10 mice given 16 weeks of TAA survived and had a median % area PSR
of 2.8% (A+C). Collagen content measured by hydroxyproline assay also steadily increased,
reaching a median of 422 pg/g liver (B). Data courtesy of Dr D Halder, University of
Birmingham.
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Lysyl oxidases are widely believed to have a role in ECM remodelling, and so there
was interest in whether LOXL2 inhibition may have a role during fibrosis resolution.
This would have implications in a number of conditions, just one being treated HCV-
related cirrhosis, whereby liver injury has ceased but where the burden of fibrosis

persists.

Previous studies using the 16 week TAA liver injury model had shown that fibrosis
resolution can begin rapidly within two weeks of injury cessation (see Figure 5.2). For
this reason, to test LOXL2 inhibition during fibrosis resolution, mice were exposed to
16 weeks of ad libitum TAA followed by normal drinking water for up to two weeks,
during which time half the group received compound and the remaining half were
given vehicle. Interim analysis of 7 mice receiving vehicle or compound was
performed at day 8 in case differences between the groups were missed (see

methods 2.2.3.2).

In this chapter | investigate the effect of PXS5338K on liver injury, fibrosis, and
inflammatory cell recruitment during TAA induced liver injury and following that,
during a two week period of recovery to assess any benefit of the compound in

fibrosis resolution.
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Figure 5.2 Fibrosis resolution occurs following cessation of TAA induced liver injury
in mice and improvement can be seen as early as day 14. Mice were given TAA diluted in
orange squash (prediluted 1:5 with water) in escalating doses up to 600mg/L by day 9 and
maintained on this dose ad libitum for up to 16 weeks. During recovery, mice were culled at
different time points and liver tissue assessed for collagen content by hydroxylproline assay
and PSR stain. Median % area by PSR stain showed variability and between groups but a
downward trend for reduced collagen was seen (A+C)), and significant reductions were seen
for hydroxyproline assay using Shapiro-Wilk test, **p<0.005, ***p = 0.001 (B). Data courtesy
of Dr D Halder, University of Birmingham.
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5.2 The effect of daily administration of PXS5338K P.O. for six weeks in healthy
C57/BI6 mice

As described in the previous chapter, a dose of 10 mg/kg PXS5338K was poorly
tolerated in FVB Mdr2-/- and so a further pilot study was carried out to assess the
tolerability of 3 mg/kg PXS5338K daily for 6 weeks in C57BI/6 mice, in the absence
of TAA induced liver injury. As the key outcome was to assess the safety of the
compound, the mice were compared with mice receiving no gavage, and a direct

control of gavage with vehicle was not performed.

From a total groups size of 15 mice, one animal bit off the clear plastic end of the
needle and was immediately culled to avoid further distress. The remaining 14 mice
survived 6 weeks of 3 mg/kg PXS5338K daily by oral gavage with no overt signs of
distress. Mice gained a mean weight of 3.7g, or 16 % total body weight; (see Figure
5.3), and none of these animals lost weight overall. Serum results were
unremarkable and no different when compared with animals receiving no gavage
using the MW test (AST median 14.0 vs 19.5, p = 0.217, ALT median 10.5vs 4.5, p =
0.118, bilirubin 2.0 vs 2.0, p = 0.999, 2.5 vs 1.0, p = 0.531 for no gavage vs gavage

with PXS5338K, respectively).
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Figure 5.3 PXS5338K was well tolerated by C57BI/6 mice. Fourteen 6-8 week old mice
received 6 weeks oral gavage of 3 mg/kg PXS5338K and gained a mean body weight of 3.7
g (A). Serum results aspartate aminotransferase, AST (B), alanine aminotransferase, AST
(C), and bilirubin (BR) did not differ from uninjured control mice that received no PXS5338K.

Haematoxylin and eosin staining of paraffin embedded sections of the liver, small
and large intestines, lungs and spleen demonstrated no evidence of injury as defined
by areas of necrosis, inflammation and normal tissue architecture, and are

demonstrated in Figure 5.4.

This dose was tolerated by the mice, and so | proceeded to test the compound in
mice exposed to 16 weeks of TAA, firstly assessing the effect of PXS5338K during

liver injury, and then during fibrosis resolution.
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SPLEEN

Figure 5.4 3mg/kg PXS5338K given daily by gavage for 6 weeks is well tolerated in
mice. C57BI/6 mice received oral gavage of 3 mg/kg of PXS5338K daily for 6 weeks.
Animals were culled and dissected for organ retrieval. Gross examination and H&E stain of
tissue demonstrated normal tissue architecture.

5.3 Therapeutic dosing of PXS5338K during TAA induced liver injury
Having demonstrated that the mice tolerated the inhibitor for a total of 6 weeks, |
sought to determine whether administration of the compound to mice experiencing

TAA-induced liver injury have a reduced burden of disease.

For 16 weeks, mice were housed and provided chow as per usual Biomedical
Services Unit protocols, but their drinking water was substituted for TAA solution in
incremental doses up to 600 mg/L by day nine, as described in 2.2.3.1. From week
10, 15 mice received PXS5338K via oral gavage at a daily dose of 3mg/kg, as
described in methods 2.2.3.1, and 15 mice received vehicle (PBS); an equivalent
volume to those receiving PXS5338K according to weight was given. Daily gavage
was for 6 weeks, concurrent to ongoing ad libitum access to TAA in drinking water
(the same duration as the pilot experiment described above), and animals were
sacrificed at the beginning of week 17, 24 hours following their last gavage (Figure

5.5).
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Upon sacrifice, tissue was collected for analysis as described in section 2.2.5. Liver
injury and fibrosis was assessed by serum biochemistry, immunohistochemistry and
expression of fibrotic markers by qPCR. The ductular reaction was assessed by IHC
for SOX-9, and immune cell infiltration was assessed by IHC and extraction of
lymphocytes and monocytes for multi-colour flow cytometry.

3 mg/kg PXS5338K or
vehicle by oral gavage

@ Q A A A A A A A A A A A A A A A A A A A A A A A :A Sacrifice

e 0
\J
TAA ad libitum in drinking water
Day 0 Week 10 Week 17

Figure 5.5 TAA model for liver fibrosis. TAA was given for 16 weeks to induce liver
fibrosis, and 3 mg/kg PXS5338K or vehicle was administered by oral gavage for the final 6
weeks.

5.3.1 Assessment of liver injury

30 mice were commenced on TAA therapy and were gavaged from week 10. One
mouse became unwell (weight loss, poor hair condition) at week 13 having received
3 weeks of daily gavage of PXS5338K. 14 mice received 6 weeks of compound and
15 received vehicle. A control group received no TAA and no gavage and these

groups were also compared with the mice receiving PXS5338K and no TAA.

No differences in percentage weight gain were observed between the groups
exposed to prolonged oral gavage, but a negative effect of gavage on weight gain
was demonstrated using the KW test to compare mean ranks (mean ranks 20.2,
18.1, 46.5, 28.0, for TAA + vehicle, TAA + PXS5338K, no injury or gavage and no

injury + PXS5338K, respectively, p < 0.001 for comparison of both groups of injured
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mice against the uninjured control). The effect of oral gavage on weight gain is

demonstrated more clearly in Figure 5.6.
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Figure 5.6 PXS5338K had no effect on animal weight. Mice received 16 weeks of TAA
with 6 weeks daily gavage of either vehicle or PXS5338K during the final 6 weeks, or
were not exposed to TAA or gavage. (A) demonstrates incremental weight over 16 weeks
and (B) shows % weight change over 16 weeks for mice receiving TAA + vehicle, TAA +
PXS5338K, no intervention control, and for healthy mice receiving 6 weeks of PXS5338K;
capped lines with asterisks indicate statistically significant differences using the KW test with
Dunn‘s post-hoc correction, p values *<0.05,***<0.001.

Serum markers for hepatic injury were measured and are shown in Figure 5.7.
Measurement of AST revealed an increase in the two groups of mice exposed to
TAA when compared with control mice (no TAA or gavage) using KW with post-hoc
correction via the Bonferroni-Dunn method (mean ranks 21.9, 18.0, 3.9, p = 0.007,

TAA + vehicle, TAA + PXS5338k and no injury/gavage mice, respectively).

A similar trend was seen for ALT, but this was only significantly different for TAA +
vehicle vs control mice using the same test (20.8, 14.9, 4.25, p = 0.004, as before).
As the no TAA injury, no gavage group are not a true control group for observing the

effect of TAA (this would be no TAA injury plus 6 weeks of gavage with vehicle), the
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two groups receiving TAA with either PXS5338K or vehicle were directly compared
using the MW test; no differences were observed between the groups. For results
hereafter, the KW test was used to compare the two groups receiving TAA and the
control group with no TAA or gavage (as this provides a baseline uninjured
measurement), and these results were further validated by comparison of two groups
receiving TAA only (vehicle vs compound) using the MW test, so that differences
between these were not missed. These results were did not show significant
differences (vehicle vs compound) and so are not presented here. The group of

healthy mice receiving PXS5338K were not analysed further.
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Figure 5.7 TAA induced liver injury as defined by serum biomarkers was not
ameliorated by PXS5338K dosing. Mice received 16 weeks of TAA with 6 weeks gavage
of either vehicle or PXS5338K, or were not exposed to TAA or gavage. AST was elevated in
mice that were given TAA in drinking water (A), compared with mice that did not. ALT was
elevated in mice on TAA that received 6 weeks gavage with vehicle but not those receiving 6
weeks PXS5338K (B). Markers of biliary injury were similar for all groups (C+D). Groups
receiving TAA + vehicle, TAA + PXS5338K, and no intervention control, were compared
using the KW test with Dunn‘s post-hoc correction; capped lines with asterisks indicate
statistically significant differences p values **<0.01, ***<0.001.
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5.3.2 The effect of PXS5338K on liver fibrosis

Next, | examined whether 6 weeks gavage of PXS5338K at 3 mg/kg had any impact
liver fibrosis induced by 16 weeks of TAA liver injury in mice, by
immunohistochemistry for collagen | and lll, collagens with PSR stain, and a-SMA for

HSC activity.

As described in 2.3.4 collagen | IHC was analysed in two ways; firstly by analysis of
images at low magnification which permits analysis of approximately 70% of the liver
lobe, and then at high magnification which permits detection of smaller collagen
fibrils. IHC was not easily measureable for all slides, particularly for collagen lll, for
which the antibody did not work well, and so the results shown are only for those that

could be accurately analysed.

In mice receiving TAA, there was an increase in collagen I, collagen lll, total collagen
by PSR stain, and a-SMA compared with uninjured mice, but no differences between
the groups receiving TAA in addition to vehicle vs compound, using the KW with
Bonferroni Dunn post-hoc correction (Figure 5.8). The MW test was also used to
assess for differences between the groups receiving compound vs vehicle in the
mice receiving TAA, but no differences were seen (results not shown). In summary,
this model of TAA induced liver injury resulted in fibrosis, with % mean PSR area at

8-10%, but PXS5338K showed no benefit on fibrosis.
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Figure 5.8 16 weeks of TAA induced liver fibrosis in mice which was not ameliorated
by PXS5338K. Mice were exposed to 16 weeks of TAA ad libitum in drinking water with 6
weeks gavage of either vehicle or PXS5338K from week 10. A comparison group received
no TAA. IHC was performed on paraffin embedded liver sections. Fibrosis was no different
between the injured mice receiving vehicle or PXS5338K, but increased compared with the
uninjured control group for Collagen | ((A-E) mean ranks 14.4, 12.6, 2.5, p = 0.003, using KW
test and post hoc analysis with Bonferroni-Dunn correction) collagen IIl (F-I, mean ranks
21.6, 18.7, 3.5 p = 0.0006, collagen by PSR ((J-M) mean ranks 22.9, 17.8, 3.5, p = 0.0003)
or a-SMA ((N-Q) 19.3, 20.5, 3.8, p = 0.001). Capped lines with asterisks indicate statistically
significant differences, p values *<0.05,**<0.01, ***<0.001.

197




5.3.2.1 Assessment of fibrosis via qPCR
Expression of genes usually upregulated during fibrosis was assessed by qPCR and
are shown in Figure 5.9. The relative expression of mMRNA for ECM components
were upregulated in TAA injured mice, but no differences were seen between groups
receiving vehicle vs compound (collagen 1a1, mean ranks for uninjured mice, injured
mice receiving vehicle, and injured mice receiving PXS5338K were 16.9, 18.9, and
2.5 respectively, p = 0.005, using the KW test with Bonferroni-Dunn correction;
likewise for collagen 3a1, mean ranks were 18.0, 17.9, 2.8, p = 0.008 and for elastin,
mean ranks were 14.4, 20.6, 2.5, p = 0.001) (Figure 5.9 A-C). Similarly, gene
expression for proteins that control matrix remodelling such as matrix
metalloproteinases (MMPs) and tissue inhibitor of metalloproteinases 1 (TIMP1), and
the pro-fibrotic factor TGF-3 were increased injured mice but the expression level
was not reduced by PXS5338K. Likewise, expression of the LOX family transcripts
was increased in the TAA injured group (although this did not reach significance for
mice receiving PXS5338K in LOXL3 or mice receiving vehicle in LOXL4), but no
significant differences were seen between the two groups for vehicle vs compound.
Activation of HSC was also similar between groups as indicated by mRNA
expression for Acta2 (gene encoding the a-SMA protein).
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Figure 5.9 16 weeks of TAA induced liver fibrosis in mice which was not ameliorated
by PXS5338K. Mice were exposed to 16 weeks of TAA ad libitum in drinking water with 6
weeks gavage of either vehicle or PXS5338K from week 10. A comparison group received
no TAA. RNA was extracted from frozen tissue and mRNA expression measured against the
house keeping gene Gapdh. Expression of genes upregulated during fibrogenesis was no
different between the injured mice receiving vehicle or PXS5338K, but increased compared
with the uninjured control group for col/1a1, p = 0.005 (A), col3a1, p = 0.008 (B), elastin, p =
0.001 (C), mmp9, p = 0.002 (F), mmp13, p = 0.007 (G), timp1, p = 0.012 (H), tgfb1, p = 0.009
(1), sox9, p = 0.014 (K), lox, p = 0.005 (K), lox/1, p = 0.006 (L), lox/2, p = 0.013 (M), loxI3, p =
0.031 (M), and lox/4, p = 0.024 (N) There was a trend for reduced expression of mmp2 in
the uninjured control group, but this did not reach significance, p = 0.149 (D). No differences
between the groups were seen for mmp3, p = 0.782 (E) or acta2, p = 0.646 (J). The KW test
with post hoc analysis with Bonferroni-Dunn correction was performed to compare groups;
capped lines with asterisks indicate statistically significant differences, p values
*<0.05,**<0.01, ***<0.001.

5.3.3 The impact of PXS5338K on cell differentiation during TAA induced liver
injury.

As discussed in chapter 4, inhibition of LOXL2 has previously been demonstrated to
influence differentiation of HPCs in the ductular reaction (proliferation of periductular

cells that occurs during chronic liver injury). In vitro studies by lkenaga et al.
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suggested preferential hepatocyte differentiation over ductular differentiation, and
reduced proliferation of cells in the ductular reaction in the presence of LOXL2
antibody inhibition; the rationale being that as a key driver of fibrosis, attenuation of
the ductular reaction via LOXL2 inhibition with further reduce fibrosis (276). HPCs in
the ductular reaction stain positively for SOX-9; expression is lost when cells
differentiate to hepatocytes but is retained on ductular cells. For this reason, IHC for
SOX-9 in tissue from mice treated with TAA and PXS5338K was performed and
compared with mice receiving TAA and vehicle to assess for differences in the

pattern and extent of staining.

SOX-9 was upregulated in mice receiving TAA compared with the uninjured control
(see Figure 5.10), but no difference was seen between the two groups receiving TAA
in addition to vehicle or PXS5338K using the KW test (mean ranks 12.1, 13.8, 3.0, p

= 0.001 for TAA + vehicle, TAA + PXS5338K, and uninjured control, respectively).

201



SOX-9
10 s
°. 3
(1] [ N J
g
(1]
s 3o
0.1 S
0.01 T T T
\0\0 ’bqst. (‘\\"O\
< o};b o
& : < o
O
el N
VEHICLE PXS5338K NO TAA CONTROL
50 Hm X' : 50 4m SOjrp

Figure 5.10 SOX-9 expression is upregulated in TAA-induced liver injury but not
reduced by inhibition of LOXL2 by PXS5338K. Mice were exposed to 16 weeks of TAA
ad-libitum in drinking water with 6 weeks gavage of either vehicle or PXS5338K from week
10. A comparison group received no TAA. IHC was performed on paraffin embedded liver
sections for SOX-9 and demonstrates an increase in the ductular reaction in TAA-injured
mice compared with uninjured control (A+D), but no difference in the pattern or quantity of
staining in mice receiving vehicle (B) vs PXS5338K (C) (mean ranks 12.1, 13.8, 3.0, p =
0.001 for TAA + vehicle, TAA + PXS5338K, and uninjured control, respectively).
Morphometric analysis was performed using Image J to calculate the % area of positive
staining and statistical significance was assessed with the Kruskal-Wallace test and
Bonferroni-Dunn post-hoc correction. *p<0.05.
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5.3.4 The effect of PXS5338K on immune cell infiltration during TAA induced
liver injury

As described in 1.2.5 the immune system plays an important role during the
establishment of fibrosis and subsequent fibrosis resolution. Although LOXL2 is not
known to influence the immune system, to my knowledge this has not previously
been investigated or published. For this reason, IHC and flow cytometry was
performed on liver tissue from TAA injured mice to detect whether LOXL2 inhibition
with PXS5338K influenced immune cell infiltration or altered the phenotype of

inflammatory cells.

5.3.4.1 Immune cell infiltration as measured by flow cytometry

Lymphoid cells were isolated from C57BI/6 mice receiving 16 weeks of TAA with 6
weeks of either vehicle or 3 mg/kg PXS5338K P.O. from week 10, and mice from an
uninjured control group, and subsequently labelled with fluorescently conjugated
antibodies as described in chapter 2.2.5.1. | considered CD4+ and CD8+ T-cells,
CD19+ B-cells and CD49+ NK/NKT cells as part of a lymphoid panel and CD11b+
F4/80+ and GR1+ macrophages, and Ly6G+ neutrophils, to be the key components

of a myeloid panel.

The frequency of each population of lymphocytes was examined by flow cytometry,
as shown in Figure 5.11, in which the total lymphocyte population cloud was subject
to gating on the live cells. CD4+(CD8-) T cells were measured as a % of live
lymphocytes, with a reduced proportion of cells detected in TAA injured mice

compared with uninjured control mice (mean ranks 11.6, 9.4, 22.4, p = 0.005 , for
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TAA + inhibitor, TAA + PXS5338K, and uninjured control, respectively using the KW
test with post-hoc Bonferroni correction). No differences between the groups were
seen for CD8+ (CD4-) T cells as a % of liver cells (mean ranks 12.7, 14.2, 11.4, p =
0.779 analysed as before. Likewise, no changes were seen in the population of CD3-
CD19+ B cells or CD3- CD49b+ NKT cells calculated as a proportion of live cells

(mean ranks 14.4, 13.3, 9.4, p = 0.451, and 12.7, 10.3, 19.6, p = 0.062, respectively).
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Figure 5.11 Comparison of lymphoid cell isolates from liver showed no differences in
immune cell populations between mice receiving vehicle or PXS5338K by oral gavage.
The gating strategy used to identify tissue-infiltrating lymphocyte populations is illustrated in
(A): forward and side light scatter (FS and SS, respectively), and absence of dead cell
staining defined live singlet lymphocytes. This population was further subdivided into CD4+
CD8- cells (B), CD8+ CD4- cells (C), and CD3- CD19+ (D) and CD3- CD49b+ cells (E). A
reduction in CD4+ CD8- cells was seen in injured mice, but no other differences in lymphoid
cell populations was observed between the groups. Statistical analysis was performed using
the KW test with post-hoc Bonferroni Dunn correction. Capped lines with asterisks indicate
statistically significant differences, p values *<0.05,**<0.01.

Myeloid populations
Bone marrow derived myeloid cells were isolated from the livers of C57BI/6 mice
receiving 16 weeks of TAA and 6 weeks of vehicle or PXS5338K, and mice from an
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uninjured control group, and incubated with appropriate fluorochrome-labelled
antibodies, as described in chapter 2.2.5.1. The frequency of monocytes was
examined by flow cytometry, in which the total myeloid cloud was subject to gating on
the live CD45+ population of cells, and subsequently gated on expression of CD11b
and co-receptors F4/80, Ly6C and Gr1, as demonstrated in Figure 5.12. CD11b +
Gr1+ granulocytes are calculated as a % of CD45+ live cells. Comparing populations
of cells from mice receiving TAA + vehicle, TAA + PXS5338K and uninjured control
mice using the KW test with post-hoc Bonferroni Dunn correction, mice receiving
TAA + PXS5338K had a higher proportion of Gr1 + cells compared with uninjured
mice; the same trend was seen in mice receiving vehicle but was not statistically
significant (mean ranks 15.2, 15.7, 5.4, p = 0.030). A similar trend for increased
inflammatory infiltrate in injured mice was seen for CD11b+ F4/80+ macrophages
(calculated as a % of CD45+ live cells) and CD11b+ Ly6C+ cells (also calculated as
a % of CD45+ live cells), but the trend did not meet statistical significance using the
same test (mean ranks 16.7, 12.9, 7.7, p = 0.088, and 14.5, 15.2, 8.0, p = 0.197 for

F4/80+ and Ly6C+ cells respectively).
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Figure 5.12 Comparison of myeloid cell isolates from liver showed no differences in
immune cell populations between mice receiving vehicle or PXS5338K by oral gavage.
The gating strategy used to identify tissue-infiltrating myeloid populations is illustrated in (A):
forward and side light scatter (FS and SS, respectively), and absence of dead cell staining
defined live singlet myeloid cells. This population was further subdivided to isolate CD11b+
F4/80+ populations, CD11b+ Ly6G+ and CD11b+ Gr1+ cells. A small increase in Gr1+ cells
was observed in injured mice receiving PXS5338K but no other differences between the
groups were seen for myeloid cell populations. Statistical analysis was performed using the
KW test with post-hoc Bonferroni Dunn correction seen in mice receiving PXS5338K or
vehicle; capped lines with asterisks indicate statistically significant differences, p values
*<0.05.
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5.3.4.2 Immune cell infiltration by IHC

IHC was performed for markers of immune cells to confirm the findings made by flow
cytometry (Figure 5.13). As before, the B220 isoform of CD45 was used to assess
the presence of B cells, F4/80 to assess macrophage infiltration, and Ly6G to assess
granulocytes and neutrophil infiltration. Ly6G+ cells were upregulated in injured mice
compared with uninjured controls (mean ranks for 21.6, 18.7, 3.5, p = 0.006 using the
KW test and post hoc Bonferroni correction for mice receiving TAA + vehicle, TAA +
PXS5338K and uninjured control, respectively. There was increased B cell infiltration
in TAA injured mice, although this was only statistically significant for the mice
receiving vehicle (mean ranks 14.6, 11.1, 5.8, p = 0.048, as before). The number of
F4/80+ macrophages was similar for all groups (mean ranks 10.3, 12.2, 15.6, p =

0.394).

154 *

10- °®

% area
.r
°
‘t.
°
YY)

VEHICLE PXS5338K NO TAA CONTROL

50 um ' : l 50.um . 50.um

208



B220

£ 404
S ; =
o~ 1
@ 304 oo
wn
g oo
S @ 204
bl —e o — eo®
a ——— °
E 101 ® °
c L — oo
g o o L ] :
g o . . :
@ ot o
497*\\0 é:?’(b <’o'*\'é
x 3 -
«VY' XQ <&
O
<& ~
VEHICLE PXS5338K NO TAA CONTROL
F A DR, : 2|
N : e .
50 . L S5 «250 pm 50 um
F4/80
I 2.0
1.5 . . °
© [
S 1.0 . ° °
ES ° ® )
[ ] ..I )
051 H : °o®
[ J
0.0 T T
) N >
46“\\(} %c,"-"b% °°§
»\Vy.x "Q+ o&vy.
& <
VEHICLE PXS5338K NO TAA CONTROL
J ~ ¢ K L
SOVurﬁ ; 50 pm ©.50'um

Figure 5.13 Comparison of markers of inflammatory cells in the liver showed no
differences in immune cell populations between mice receiving vehicle or PXS5338K
by oral gavage. IHC was performed on paraffin embedded liver sections from mice exposed
to 16 weeks of TAA ad-libitum in drinking water with 6 weeks gavage of either vehicle or
PXS5338K from week 10. A comparison group received no TAA. There was increased
granulocyte and B cell infiltration in TAA injured mice (A-H), but no difference observed for
F4/80+ macrophages. PXS5338K had no effect on immune cell infiltration. Statistical
analysis was performed using the KW test with post-hoc Bonferroni Dunn correction; capped
lines with asterisks indicate statistically significant differences, p values *<0.05.
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Summary of findings

TAA induced liver injury and fibrosis in C57BI/6 mice, exemplified by increased
collagen deposition and moderate bridging fibrosis on IHC, and upregulation of
profibrotic genes by gPCR. PXS5338K had no impact on liver injury or fibrosis by the

same assessment, and did not alter immune cell recruitment to the liver.

5.3.5 Assessing the impact of PXS5538K on cell differentiation, inflammatory
cell recruitment, and fibrosis resolution during recovery from liver injury.

Although the compound demonstrated no effect during active injury, it was not yet
known whether it could impact on the resolution of fibrosis. Indeed, there is evidence
that an important role of LOX/LOXLs lies in ECM remodelling (195), and this would
have implications for a possible role for PXS5338K in human conditions such as

treated hepatitis C or autoimmune hepatitis (AlH).

A model of fibrosis resolution was designed whereby mice were given 16 weeks of
TAA drinking water taken ad libitum, as before, but at the end of 16 weeks, this was
changed to normal undiluted drinking water. On the same day, one group of mice
received 7 days of either vehicle or 3 mg/kg PXS5338K, then were culled for
analysis, and a second group received 14 days of vehicle of PXS5338K prior to

sacrifice.

As before, liver injury and fibrosis was assessed by serum biochemistry, IHC and

expression of fibrotic markers by qPCR. The ductular reaction was assessed by IHC
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for SOX-9, and immune cell infiltration was assessed by IHC and extraction of

lymphocytes and monocytes for multi-colour flow cytometry.

3 mg/kg PXS5338K or
vehicle by oral gavage

RRRERRRR AR RARRRARN

TAA ad libitum in drinking water
Day 0 Week 17 Week 19

Sacrifice

Figure 5.14 Testing PXS5338K in fibrosis resolution. TAA was given for 16 weeks then
exchanged for normal drinking water; PXS5338K or vehicle was given for 2 weeks to assess
efficacy in fibrosis resolution.

5.4 Assessing the impact of the TAA resolution model on the health of mice
according to animal weight over time

Thirty, 6-week old male mice were exposed to 16 weeks of TAA followed by either 7
or 14 days of PXS5338K or vehicle by oral gavage. One mouse became unwell at
week 10 and another became unwell following gavage and had perforated
oesophagus at post-mortem, these were excluded from the analysis. 14 mice
received TAA followed by 7 days of gavage with either vehicle or PXS5338K and 14
mice received TAA followed by 14 days of gavage with either vehicle or PXS5338K.
All mice gained weight during 16 weeks of TAA treatment (Figure 5.15). Given that 6
weeks of PXS5338K had no impact on weight compared with vehicle, this was not
assessed for the shorter period of gavage, but the median weight for each group at

the end of each period of treatment were very similar.
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Figure 5.15 Mice exposed to 16 weeks of TAA continue to gain weight and mice
treated with either 7 or 14 days of vehicle or PXS5338K have similar weights at the end
of treatment. C57BI/6 mice received 16 weeks of TAA followed by 7 or 14 days of vehicle or
PXS5338K (3mg/kg) P.O. Mice continued to gain weight throughout 6 weeks of treatment
and median groups weight were similar at the end of the 17- or 18-week treatment period.

5.4.1 Changes in liver serology during fibrosis resolution with and without
PXS5338K following TAA induced liver injury

Serum isolated from blood retrieved during cardiac puncture was tested for markers
of hepatocyte and biliary injury, as before (Figure 5.16). AST and ALT levels (as
markers of liver injury) were expected to fall over 14 days (measured at day 8 and
day 15 following cull) but it is worth noting that even at day 1 following liver injury ALT
and AST levels were not considerably higher and so it is possible that they may have
already fallen towards baseline by day 7. The MW test was used to compare the
median values for mice receiving 7 days of vehicle with 7 days of PXS5338K, and
then to compare the two groups of mice receiving 14 days of vehicle and PXS5338K.
No differences were found between animals given 7 days of vehicle or PXS5338K, or
for animals receiving 14 days of vehicle or PXS5338K for ALT (median for 7 days
vehicle vs PXS5338K 40 vs 14, p = 0.145, and for 14 days 7 vs 13, p = 0.242), AST

(median for 7 days vehicle vs PXS5338K, 52 vs 34, p = 0.468, and for 14 days 37 vs
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37, p = 0.642), and bile acids (median for 7 days vehicle vs PXS5338K, 3 vs 20, p =
0.245, and for 14 days 4 vs 27, p = 0.719). Serum bilirubin was the same and at

expected levels for all mice.
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Figure 5.16 PXS5338K did not alter serum markers of hepatocyte or biliary injury in
mice recovering from TAA induced liver injury. C57BI/6 mice received 16 weeks of TAA
followed by 7 or 14 days of vehicle or PXS5338K (3mg/kg) P.O. No differences were
demonstrated for ALT (A), AST (B), total bilirubin (C) or bile acids (D). Comparison was
made between the two groups of mice receiving vehicle or PXS5338K for 7 days, then
between the two groups receiving 14 days of vehicle or compound using the MW test.
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5.4.2 Assessing the impact of PXS5338K on fibrosis resolution following TAA
induced liver disease

As for the TAA injury study, fibrosis was assessed by immunohistochemistry for
collagen | and lll, collagens with PSR stain, and a-SMA for HSC activation followed
by qPCR for mRNA encoding proteins upregulated during fibrosis or remodelling of

scar tissue.

As before, collagen [, collagen Ill, and PSR were analysed at low and high
magnification (Figure 5.17-5.19). Similarly to serum markers, it was expected that %
positive area for each of these markers would fall from 7 to 14 days, and that at day 7
staining may be less than that seen at peak injury in the previous TAA model.
However, the key outcome was to assess differences between those mice receiving
vehicle vs PXS5338K. Only analysis for collagen | showed a difference between the
analyses; there was a trend for reduced collagen | with PXS5338K at both high and
low resolution analysis at 7 and 14 days, and there was significant reduction when
analysed at high magnification in the mice receiving PXS5338K for 14 days (p =
0.497, low magnification analysis and p = 0.022 for analysis at higher magnification).
Expression of a-SMA was reduced in mice receiving PXS5338K for both 7 (p =

0.001) and 14 days (p = 0.015), compared with vehicle control.

Comparing % area for these readouts at peak injury, collagen Ill and PSR seem to
have dropped from peak injury to day 7 (approx. 10 to 1-2% and 8-10% to 4-6%,
respectively), but staining for collagen | remains at about 10% from peak injury to day

15, except for the reduction in mice receiving PXS5338K in the resolution model.
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Changes between day 8 and 15 are less remarkable; certainly there is no clear
reduction in staining that had been expected in any of the markers. As before,
staining for a-SMA appeared to be predominantly in blood vessels. The IHC for
collagen | and Ill was also less reliable in these samples, as only paraffin tissue was
available, and so not all slides could be accurately analysed; another possible

explanation for the findings described above.
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Figure 5.17 PXS5338K may reduce collagen | expression in mice recovering from TAA
induced liver injury. C57BI/6 mice received 16 weeks of TAA followed by 7 or 14 days of
vehicle or PXS5338K (3mg/kg) P.O. IHC on paraffin embedded liver sections with
morphometric analysis to calculate % area stained demonstrated a trend for reduced
collagen | in mice receiving PXS5338K compared with vehicle (A-F). Comparison was made
between the two groups of mice receiving vehicle or PXS5338K for 7 days, then between the
two groups receiving 14 days of vehicle or compound using the MW test. For low resolution
analysis, median % areas for vehicle vs PXS5338K at 7 days were 7.25 % vs 11.51%, p =
0.343, and for 14 days 14.53 % vs 10.33 %, p = 0.497 (A). High resolution analysis the
corresponding values for 7 days were 10.20% vs 8.20 %, p = 0.286 and for 14 days 9.48 %
vs 15.02 %, p = 0.024 (B). *p < 0.05.
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Figure 5.18 PXS5338K did not alter collagen Ill expression in mice recovering from
TAA induced liver injury. C57BI/6 mice received 16 weeks of TAA followed by 7 or 14 days
of vehicle or PXS5338K (3mg/kg) P.O. IHC on paraffin embedded liver sections with
morphometric analysis to calculate % area stained demonstrated no difference in mice
receiving PXS5338K (3 mg/kg) compared with vehicle (A-F) for collagen Ill. Comparison was
made between the two groups of mice receiving vehicle or PXS5338K for 7 days, then
between the two groups receiving 14 days of vehicle or compound using the MW test. For
low resolution analysis, median % areas for vehicle vs PXS5338K at 7 days were 1.59 % vs
1.21 %, p = 0.999, and for 14 days 1.90 % vs 1.93 %, p = 0.833 (A). For high resolution
analysis the corresponding values for 7 days were 1.29 % vs 0.99 %, p = 0.629 and for 14
days 1.35 % vs 1.14 %, p = 0.905 (B).
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Figure 5.19 PXS5338K did not alter fibrosis by collagen PSR stain in mice recovering
from TAA induced liver injury. C57BI/6 mice received 16 weeks of TAA followed by 7 or 14
days of vehicle or PXS5338K (3 mg/kg) P.O. IHC on paraffin embedded liver sections with
morphometric analysis to calculate % area stained demonstrated no difference in mice
receiving PXS5338K (3 mg/kg) compared with vehicle for collagen (A-F). Comparison was
made between the two groups of mice receiving vehicle or PXS5338K for 7 days, then
between the two groups receiving 14 days of vehicle or compound using the W test. For low
resolution analysis, median % areas for vehicle vs PXS5338K at 7 days were 5.50 % vs 4.74
%, p = 0.259, and for 14 days 3.91 % vs 5.61 %, p = 0.127 (A). High resolution analysis the
corresponding values for 7 days were 5.60 % vs 5.44 %, p = 0.805 and for 14 days 3.98 %
vs 5.69 %, p = 0.352 (B).
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Figure 5.20 Reduced expression of a-SMA was demonstrated in mice receiving
PXS5338K recovering from TAA induced liver injury. C57BI/6 mice received 16 weeks of
PXS5338K (3mg/kg) P.O. IHC on paraffin
area stained

TAA followed by 7 or 14 days of vehicle or
embedded

receiving 14 days of vehicle or compound using

PXS5338K at 7 days were 0.57 % vs 0.30 %, p =

= 0.015 (A). *p <0.05, **p <0.01.

liver sections with morphometric analysis to calculate
demonstrated a reduction in active a-SMA expressing HSCs in mice receiving PXS5338K (3
mg/kg) compared with vehicle for collagen (A-E). Comparison was made between the two
groups of mice receiving vehicle or PXS5338K for 7 days, then between the two groups
the MW test. Median % areas for vehicle vs
0.001, and for 14 days 0.55 % vs 0.33 %, p

%
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Next, expression of genes associated with fibrosis was performed by qPCR and the

groups were compared, as above. No differences were seen between the groups

using the MW test to compare median values for mice receiving 7 days of vehicle

with 7 days of PXS5338K, and then to compare the two groups of mice receiving 14

days of vehicle and PXS5338K.

A B C
= Collat = Colist c Ein
g : g
1 01
i P Y1 3 p "L
3 v g 3 A v 8 -
- . - {1 % - - -
£ o 2 a £ on at . i ' E 01
. X éaa ’ v - s ] . ®
- a .y - { vy &
k y = k | 4 o
g m é LR LD | o i et l'
v
- . -] | b} AA v
2 2 . 2 atd v I8
X oo v v v v Xomns Y e X R b v
y ! . o . . .
= - - o o ; 5 b”: 6". o S >“~ \f‘. ,f‘. b,('
o 5 Fa ; ,"’ 2 ‘*_“ z 2" 3 'S ¢\> Q-e E @ + : 34 <
:“-“ if:> f‘ﬁ »‘:-"'. ‘.('V .'\*5’ :"‘I: <‘::P 4«‘4’ 4-\‘.,. < '.:& ;‘.‘g’-
iy & < ) & E P <
D E
Mmp2
g P s Mmp3
> o
0.1 A 0.0014
§ ;lmg "
o [=%
> Ad = L4
£ A e £ 0.0001 A ° v t
) : s L
£ 001] A4 o - g A v
£ A ® Vy g3 = 2 oo
o v o S 0.00001 A A n
= Y v k=4 v |
S S
L= Y
S S
w 0.001 T T T T E 0.000001 T T T T
@ ] & o & @
& 6’5{9 °0~\9 85{& 85{’ @ b@‘\ b’bﬁ 85‘ 50*
A A N> N> A & N N>
¥ Q;t. @ N % ) & o
& & & P & & © e
¥ S < & G R g
Q¥ & < &
F G
c Mmp9 s Mmp13
° —
% 0.001 & 0.0015
e 2 3
S A s -
> °® = ) A °
£ A A - wia £ o
g a ® v m e At P vy =8
£ 0.0001 R M - £ 00001{ L4, "° v
2 v £ ] v 0
=} A o v
°© k-]
S s .
2 g
§ 0.00001 T T T T "_&;’ 0.00001 T T T T
é b@é b@a bb*g sb*g & 85\9 b@“" b@"’ b’bs{g
A A > > A A > N>
& ot @ & & S \© &
& o> © o® & o3> © o
) 32 ) () e A el
N\ 4% RO B ) 4% RC) B
< ¥ < ¥

220



i Tgfb-1
5 Timp1 _5 g
[ 0.01+ & 019
2 2
S A s
B A [ ] x
@ 0.001 A A a o o e
f v AAha —oo— f 0.013 -
D vy °
g 00001 vV = . g Ald —5 vy
£ == 3 : P
= o 0.001; A . v
S 0.000014 ° 2 v
2 g
& 0.000001 . T T T £ 0.0001 T T T T
[} ) & @ & @ 3 o ) )
4 & N & & & o ) & & &
o & e N> A A K K
& ) @ ¥ & @
& ) O oD W o & oD
© _\:;: 450 ‘_g;b Q° B 4‘50 é_;‘:
J K
c Acta-2 g Sox9
=3 —
b 3
% 001 g 13
;6(. . E— .
B ° v & 04y u
s
£ 0.001- ° v (] = °
@ @ o
=) A 2 | =] faaa v u
£ a - Tv L E 0.01 A ° 3 ]
= v
o ) ° v u
o 00001 a o S 001 N e®o -
s b ] s [
-3 A Q
£ ° H
& 0.00001 T T T T ‘& 0.0001 : . : r
2 & W W 2 & &
¥ ¥ ¥ ¥ & & ¥ &
A A > > A A > >
&° s e & & o+ @ +
& S g ‘;5'5 éo\o ‘;b@ o 0.0\ 6"’”, &o 6,'56’%
& &
<r N Q'\f’ < ¥ &
Q
L M N
c Lox c LoxI1 c Lox/2
S 2 2
@ 0.015 a1 2 0415
E g"” ° S %
3 0] Pt T vy ll'l'l 3
£ £ — £ 0014 o
@ ° - o' o .o vy
2 0001{ & d S0 v?Y 2 4aa S0
g b, H S 2 A
= —*z o v _l._ 5 5 0.001; vy
=) A L] )
- ; -
g ° 210“ v q>;
& 0.0001 T T T T Lk T T T T & 0.0001 T T
] & & & & ° & & & T
2 & W N e S S ¢ &
A & K3 K3 A & g > A A >
& ol ot & o &® o & &
¥ & & > & &5 & o3 & & N
_\5, Q© Bt B\ _\f) R 963 B\ {E© ,;:
<Q A <Q i+ A
<Q <Q <Q
(0] P
g LoxI3 5 LoxI4
T 0015 2 0.01
o 2 .
g g
3 A e @ e
£ bk v ] £
. 0.001 5 7 —::- v |_:. rf :
g v . € 0001{ 4 4 L —y TR
-4 v
5 A vs -
T 0.0001 4 v T “ . n
e 8
2 H
& 0.00001 : ; T . § 0.0001 T T r .
€ & & & © & W
K A K XS K ¥ ¥ oS
\© g N N & & @
\\6&0 g & 44‘-"3&. 4”‘\\0 & z\é c?;’é.
&
& ¥ o® <¢F R

221



Figure 5.21 Administration of PXS5338K during the resolution phase did not alter
mRNA expression for markers of fibrosis. C57BI/6 mice received 16 weeks of TAA
followed by 7 or 14 days of vehicle or PXS5338K (3mg/kg) P.O. RNA was extracted from
frozen tissue and mMRNA expression measured against the housekeeping gene Gapdh.
Expression of genes upregulated during fibrogenesis was no different between the injured
mice receiving vehicle or PXS5338K, for col1a1, 7 days p = 0.807 (A), 14 days p = 0.432 (B)
col3a1, 7 days p = 0.318, 14 days p = 0.138 (B), eln 7 days p = 0.051, 14 days p = 0.366 (C),
mmp2, 7 days, p = 0.329, 14 days p = 0.132 (D), mmp3 7 days p = 0.180, 14 days p = 0.181
(E), mmp9, 7 days p = 0.450, 14 days p = 0.059 (F), mmp13, 7 days p = 0.999, 14 days p =
0.143 (G), timp1, 7 days p = 0.098, 14 days p = 0.0485 (H), tgfb1, 7 days p = 0.309, 14 days
0.485 (), sox9, 7 days p = 0.999, 14 days 0.731 (K), lox, 7 days p = 0.402. 14 days p = 0.230
(L), foxI1, 7 days p = 0.317, 14 days p = 0.051 (M), lox/2, 7 days p = 0.710, 14 days p =
0.731 (N), loxI3, 7 days 0.999, 14 days p = 0.509 (O), and lox/4, 7 days p = 0.053, 14 days
0.800 (P). Comparison was made between the two groups of mice receiving vehicle or
PXS5338K for 7 days, then between the two groups receiving 14 days of vehicle or
compound using the MW test.
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5.4.3 Examining the effect of PXS5338K on cell differentiation during fibrosis
resolution

As before, the intensity of the ductular reaction and biliary differentiation of cells was
assessed by IHC for SOX-9 (Figure 5.22). Comparison was made between the two
groups of mice receiving vehicle or PXS5338K for 7 days, then between the two
groups receiving 14 days of vehicle or compound using the MW test. There was a
trend for increased ductular reaction measured by IHC for SOX-9 which became
significant for mice receiving 14 weeks of compound compared to the control group.
The staining also appeared slightly different to that seen in previous experiments;
while endothelial-like structures were seen in C57BI6/ Mdr2-/- and TAA induced
fibrosis model with SOX-9, a combination of these and individual cell staining was
seen in the resolution model. This may reflect greater staining of regenerative
progenitor cells following cessation of liver injury in the resolution experiment, and
possibly staining of predominantly pre-existing biliary structures in previous

experiments.

223



25 .
°
2.0 ry ° -
A Ny
© 1.5 —e— =
2 v ]
© ® v -f
x 1.0 _'7'_
A
0.5+ A )
0.0 T T T T
@ o2 @ &e
3 7
'\6 ’\b \ué ,\&6
@ Nt
O > ) Nt
S 53 © o
& .\f;’ 4‘59 é,'b
< <¥
VEHICLE 7 days PXS5338K 7 days VEHICLE 14 days PXS5338K 14 days
~4 . ot > o i~ * * e = k- .. '.’_'5“"-.' R <
B oY T e e ) C I P S ) D B PR Bt
h 2 % i ' ¢ 3 3 at " e *’f‘ -"“.’ ?_;"‘
. ; 3 ,1".1 X, ¢ . . ’ 2L '4},- .
3 3 ORI Ao L
L A
- of AT g S
» v o * g s - A
¢ ot ‘2/ ATy
v LT S
kr 2ok 4 o0
) g o
Yo 7 Tia 3 ’ t e 3 :,_v.:’; :
o pomm | | +50 pm el S50um,| e
¥ . SYo ’ — P » TR e

Figure 5.22 An increase in the ductular reaction was observed in mice receiving
PXS5338K recovering from TAA induced liver injury. C57BI/6 mice received 16 weeks of
TAA followed by 7 or 14 days of vehicle or PXS5338K (3mg/kg) P.O. IHC on paraffin
embedded liver sections with morphometric analysis to calculate % area stained
demonstrated increased expression of SOX-9 the livers of in mice receiving PXS5338K (3
mg/kg) compared with vehicle for collagen (A-E). Comparison was made between the two
groups of mice receiving vehicle or PXS5338K for 7 days, then between the two groups
receiving 14 days of vehicle or compound using the (MW test). Median % areas for vehicle
vs PXS5338K at 7 days were 0.87 % vs 1.57 %, p = 0.530, and for 14 days 1.017 % vs
1.518 %, p = 0.029 (A). *p <0.05.

5.4.4 The effects of PXS5338K on immune cell infiltration during fibrosis
resolution
As before, immune cell infiltration was assessed by flow cytometry and IHC for

immune cell markers.

5.4.4.1 Assessment of immune cell infiltration by flow cytometry

Lymphoid populations
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Lymphoid cells were isolated from C57BI/6 mice receiving 16 weeks of TAA followed
by 7 or 14 days of either vehicle or 3 mg/kg PXS5338K P.O., and fluorescently
labelled as described in chapter 2. The frequency of each population of lymphocytes
was examined by flow cytometry, in which the total lymphocyte population cloud was
subject to gating on the live cells. CD4+(CD8-) T cells and CD8+ (CD4-) T cells were
measured as a % of live lymphocytes, and also as a % of CD19- CD3+ live cells for
the mice receiving 14 days of gavage. This was due to improved CD3 signal in these
samples. No differences were seen between populations comparing the two groups
of mice receiving vehicle or PXS5338K for 7 days, then between the two groups

receiving 14 days of vehicle or compound using the MW test (Figure 5.23).

Similarly, CD45+ CD49b+ NK and NKT cells were calculated as a proportion of live
CDA45 cells (due to weak CD3 signal) for all four groups, then repeated to isolate
CD3- CD49b+ NK cells and CD3+ CD49b+ NKT cells in the mice receiving 14 days
gavage. CD3- CD19+ B lymphocytes were calculated as a proportion of live CD45
cells for all groups but a CD3+ was more apparent for the groups receiving 14 days

of gavage.
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Figure 5.23 Comparison of lymphoid cell isolates from liver showed no differences in
immune cell populations between mice receiving vehicle vs PXS5338K by oral gavage.
The gating strategy used to identify tissue-infiltrating lymphocyte populations is illustrated in
(A+D): forward and side light scatter (FS and SS, respectively), and absence of dead cell
staining defined live singlet lymphocytes. This population subdivided into CD4+ CD8- cells
(B+D), CD8+ CD4- cells (C+E). CD4+(CD8-) T cells and CD8+ (CD4-) T cells were
measured as a % of live lymphocytes (B+C), and also as a % of CD19- CD3+ live cells for
mice receiving 14 days of gavage (E+F). The MW test was used to compare the median % of
two groups of mice receiving vehicle or PXS5338K for 7 days, and the two groups receiving
14 days of vehicle or PXS5338K for both gating strategies. No differences were seen
between the groups at 7 or 14 days, or using either gating strategy (CD4+ T lymphocytes at
7 days, vehicle vs PXS5338K, 7.9 % vs 9.2 %, p = 0.600, and for 14 days 10.7 % vs 11.2 %
(B) and for CD4+ cells as a % of CD19- CD3+ at 14 days, 47.1 % vs 40.8%, p = 0.875 (C);
likewise for CD8+ T lymphocytes at 7 days, 10.1 % vs 12.3 %, p = 0.387, and 14 days, 9.5 %
vs 10.2 %, p = 0.456, and for CD8+ cells as a proportion of CD19- CD3+ cells, 36.9% vs
34.6%, p = 0.477).
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Figure 5.24 Comparison of lymphoid cell isolates from liver showed no differences in
immune cell populations between mice receiving vehicle vs PXS5338K by oral gavage.
The gating strategy used to identify tissue-infiltrating lymphocyte populations is illustrated in
(A+B): forward and side light scatter (FS and SS, respectively), and absence of dead cell
staining defined live singlet lymphocytes. This population was further subdivided into CD3-
CD19+cells. A CD3+ population is better identified for the samples obtained at 14 days (B).
The MW test was used to compare the median % of two groups of mice receiving vehicle or
PXS5338K for 7 days, and the two groups receiving 14 days of vehicle or PXS5338K. No
differences were seen between the groups at 7 days (median 71.2 % vs 65.9 %, p = 0.234)
or 14 days (median 67.4 % vs 69.9 %, p = 0.620).
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Figure 5.25 Comparison of lymphoid cell isoates from liver showed no differences in
immune cell populations between mice receiving vehicle vs PXS5338K by oral gavage.
The gating strategy used to identify tissue-infiltrating lymphocyte populations is illustrated in
(A+C): forward and side light scatter (FS and SS, respectively), and absence of dead cell
staining defined live singlet lymphocytes. This population was subdivided into CD45+
CD49b+ NK and NKT cells, calculated as a proportion of live CD45 cells (due to weak CD3
signal) for all groups, then repeated to isolate CD3- CD49b+ NK cells and CD3+ CD49b+
NKT populations in mice receiving 14 days of gavage. The MW test was used to compare
the median % of two groups of mice receiving vehicle or PXS5338K for 7 days, and the two
groups receiving 14 days of vehicle or PXS5338K for both gating strategies. No differences
were seen between the groups at 7 or 14 days, or using either gating strategy (CD49b+cells
at 7 days, vehicle vs PXS5338K, 3.4 % vs 3.1 %, p = 0.999, and for 14 days 3.6 % vs 3.1 %,
p = 0.318 (B) and for CD3- CD49b+ NK cells at 14 days, 3.5 % vs 2.9 %, p = 0.318 (D);
likewise for CD3+CD49b+ NKT cells, 0.68 % vs 0.58 %, p = 0.364 (E)).

Myeloid populations

As before, myeloid cells were isolated from the livers of C57BI/6 mice receiving 16
weeks of TAA and either 7 or 14 days of vehicle or PXS5338K, and incubated with
appropriate fluorochrome-labelled antibodies, as described in chapter 2. The
frequency of monocytes was examined by flow cytometry, in which the total myeloid
cloud was subject to gating on the live CD45+ population of cells, and subsequently
gated on expression of CD11b and co-receptors F4/80, Ly6C and Gr1 (Figure 5.26).
When isolates from mice receiving 14 days of vehicle or PXS5338K were analysed,
two distinct Ly6C populations could be identified; Ly6C" and Ly6C™, and these were
analysed in addition to the total Ly6C+ population. Cell populations for the two
groups of mice receiving vehicle or PXS5338K for 7 days were compared, as were
the two groups receiving 14 days of vehicle or compound using the MW test, and no

differences were found between the groups.
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Figure 5.26 Comparison of myeloid cell isolates from liver showed no differences in
immune cell populations between mice receiving vehicle or PXS5338K by oral gavage.
The gating strategy used to identify tissue-infiltrating myeloid populations is illustrated in (A):
forward and side light scatter (FS and SS, respectively), and absence of dead cell staining
defined live singlet myeloid cells. This population was further subdivided to identify CD11b+
Ly6C+ cells, and for the mice receiving 14 days of treatment, Ly6C" and Ly6C™ populations.
The median % of cells for the two groups of mice receiving vehicle or PXS5338K for 7 days
were compared, as were the two groups receiving 14 days of vehicle or compound (MW
test); no differences were found between the groups (Ly6C+ population at 7 days 2.6 % vs
2.3 %, p = 0.973 for vehicle vs PXS5338K respectively, and likewise for 14 days 2.38 % vs
2.39 %, p = 0.535, and for Ly6C" populations 0.81 % vs 0.92 %, p = 0.778, and Ly6C™ 1.48
% vs 1.36, p = 0.476).

231




Aol

40K =

SS

0K= ¢

Awn ] DF L_D APC-Cy7, CD45 PerCP Cy5 5 subset o' 3 @2
ﬁ %02 % F4/80+ o
400 = il |ﬂ] -
5 FS, Pulse Wicth subset
-O 300 <
§ % 10°
monocytes : <t
652 ol *1 Lo
l’ |ﬂ‘ -
03- 100 =
— 0 mﬂ . . . |0n -
° 0% WK WK 0 20k ax a0k 1° o' 10 10° 10t 0’ o' w o’ ot
FS FS Live Dead CD11b
B _
) CD11b+ F480+ cells
8 3-
20 °
=
o A ] v -
+ 4 :
o 3 2 —o—0—
e
X O . v
+ 6 m_ =
0 g 14 vy ® -
=9 * 7 -
°%
0 T T T T
2 d d 4 9
S G ) ) B
- o & 3 o
0’\ ‘l:\ > >
9 P ® o
> S 4 o
4@ 6‘) 40 6‘3‘:
¥ o

Figure 5.27 Comparison of myeloid cell isolates from liver showed no differences in
immune cell populations between mice receiving vehicle vs PXS5338K by oral gavage.
The gating strategy used to identify tissue-infiltrating myeloid populations is illustrated in (A):
forward and side light scatter (FS and SS, respectively), and absence of dead cell staining
defined live singlet myeloid cells. This population was further subdivided into CD11b+ F4/80+
cells, and the median % of cells for the two groups of mice receiving vehicle or PXS5338K
for 7 days compared, as were the two groups receiving 14 days of vehicle or compound (MW
test); no differences were found between the groups (F4/80+ population at 7 days, 1.8 % vs
2.0 %, p = 0.734 for vehicle vs PXS5338K respectively, and likewise for 14 days 1.3 % vs 1.0
%, p = 0.620).
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Figure 5.28 Comparison of myeloid cell isolates from liver showed no differences in
immune cell populations between mice receiving vehicle or PXS5338K by oral gavage.
The gating strategy used to identify tissue-infiltrating lymphocyte populations is illustrated in
(A): forward and side light scatter (FS and SS, respectively), and absence of dead cell
staining defined live singlet myeloid cells. This population was further subdivided to identify
CD11b+ Gr1+ macrophages for the mice receiving 7 and 14 days of treatment. The median
% of cells for the two groups of mice receiving vehicle or PXS5338K for 7 days were
compared, as were the two groups receiving 14 days of vehicle or compound, using the MW
test; no differences were found between the groups (7 days 1.8 % vs 1.5 %, p = 0.776 for
vehicle vs PXS5338K respectively, and likewise for 14 days 0.9 % vs 0.9 %, p = 0.999).
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5.4.4.2 Assessment of immune cell infiltration by IHC

Immune cell infiltration was also assessed by IHC. As before, the B220 isoform of
CD45 was used to assess the presence of B cells, F4/80 to assess macrophage
infiltration, and Ly6G to assess granulocytes and neutrophil infiltration (Figures 5.29-
5.31). There was a trend for reduced Ly6G+ granulocytes in mice receiving both 7
and 14 days of PXS5338K compared to vehicle for the difference was not statistically
significant (median of the mean number of cells taken from five fixed areas, for
vehicle vs PXS5338K for 7 days, 5.6 vs 2.8, p = 0.168 and 5.2 vs 3.1, p = 0.168 for
14 days using the MW test). F4/80+ macrophages appeared to be increased in mice
receiving PXS5338K compared with vehicle, and this was significant for 14 days
treatment (median % area for 7 days of vehicle vs PXS5338K, 1.14 vs 1.92 %, p =
0.343, for 13 days 1.47 vs 2.75 %, p = 0.005). CD45 B220+ B lymphocytes were
analysed by both % area positive staining, and by manual counting of cells within five
fixed areas, and median numbers of cells compared. No differences were seen
comparing 7 days of vehicle vs compound or 14 days of vehicle or compound (%
area vehicle vs PXS5338K for 7 days 0.16 % vs 0.11 %, p = 0.509, manual counting,
median mean number of cells, 5 vs 6, p = 0.113, respectively; for 14 days, vehicle vs
PXS5338K, 0.21 % vs 0.20 %, p = 0.556, or counted manually, 15 .1 vs 10.6, p =

0.509).
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Figure 5.29 Administration of PXS5338K has no impact on B cell infiltration into the
liver when delivered during fibrosis resolution. C57BI/6 mice received 16 weeks of TAA
followed by 7 or 14 days of vehicle or PXS5338K (3mg/kg) P.O. IHC on paraffin embedded
liver sections with morphometric analysis to calculate % area stained as well as manual
counting of cells within a fixed area showed no differences between the groups for CD45
B220+ B lymphocytes. Comparison was made between the two groups of mice receiving
vehicle or PXS5338K for 7 days, then between the two groups receiving 14 days of vehicle
or compound using the MW test.
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Figure 5.30 Administration of PXS5338K increases macrophage infiltration into the
liver when delivered during fibrosis resolution. C57BI/6 mice received 16 weeks of TAA
followed by 7 or 14 days of vehicle or PXS5338K (3mg/kg) P.O. IHC on paraffin embedded
liver sections with morphometric analysis to calculate % F4/80+ area demonstrated no
differences between the groups. Comparison was made between the two groups of mice
receiving vehicle or PXS5338K for 7 days, then between the two groups receiving 14 days of
vehicle or compound using the MW test.
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Figure 5.31 Administration of PXS5338K has no impact on granulocyte infiltration into
the liver when delivered during fibrosis resolution. C57BI/6 mice received 16 weeks of
TAA followed by 7 or 14 days of vehicle or PXS5338K (3mg/kg) P.O. IHC on paraffin
embedded liver sections followed by manual counting of Ly6G+ cells demonstrated no
differences between the groups. Comparison was made between the two groups of mice
receiving vehicle or PXS5338K for 7 days, then between the two groups receiving 14 days of
vehicle or compound using the MW test.
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5.5 Discussion
Sixteen weeks of TAA administered ad libitum in sweetened drinking water resulted

in moderate fibrosis in C57BI/6 mice.

There was no convincing evidence that PXS5338K was able to reduce TAA induced
liver fibrosis either during liver injury or during fibrosis resolution. In the mice that
received 6 weeks of compound during liver injury, a trend towards reduced AST and
ALT in serum, reduced collagen I, lll and PSR at IHC, and some non-significant
reduction in expression of genes upregulated during fibrosis, was seen when
comparing the group with mice who received vehicle. This may indicate very subtle
effect on fibrosis but robust conclusions cannot be drawn. In the resolution group,
there was consistent reduction in collagen | in mice receiving PXS5338K but this was
not replicated in IHC for collagen Ill or PSR stain. Reductions in a-SMA were also
seen but this appeared to be primarily in blood vessels rather than at sites where
active HSCs would be seen. It is possible that within this model LOXL2 is more
involved in collagen | deposition and hence lesser changes were seen for collagen lll
and PSR, but if this was the case, one may expect more of a reduction in collagen |

in the 6 week model, and reduced collagen | mRNA expression in both.

The results for SOX-9 were conflicting. As expected, SOX-9 expression by IHC and
gPCR was increased in injured livers compared with uninjured controls, suggesting
increased ductular reaction in these mice in response to the injury. No change in the
pattern or quantity of SOX-9 expression was observed in mice receiving PXS5338K.

However, during fibrosis resolution, SOX-9 protein expression on IHC was increased

238



in mice receiving PXS5338K, although mRNA expression for SOX-9 did not follow
the same pattern. It is possible that PXS5338K stimulates regeneration of
hepatocytes via the ductular reaction, and that this process dominates during fibrosis

resolution compared with liver injury; these findings do warrant further examination.

LOXL2 inhibition by PXS5338K had no effect on immune cell infiltration to the liver,
either during liver injury or during fibrosis resolution. The only significant difference
observed between mice receiving vehicles and PXS5338K was an increase in F4/80
positive cells on IHC in mice receiving PXS5338K for 14 days in the resolution study.
A similar trend was seen in the experiment at 7 days, but not in the flow cytometry
results for either experiment. These results could be interpreted in several ways; Liu
et al published data to show increased F4/80+ macrophage infiltration along fibrotic
septae in B-APN (pan-LOX/LOXL inhibitor) treated mice suggesting a role for LOXL2
in prevention scar degradation and ECM remodelling; this would be consistent with
elevated F4/80 only in the resolution model. There was also a trend towards higher
F4/80 on IHC in uninjured controls in the TAA injury experiment, however. Another
explanation is that F4/80+ cells are dominant in the uninjured liver and therefore
were reduced in the uninjured mice and mice 15 post TAA injury treated with
PXS5338K, suggesting a role for PXS5338K in reducing liver injury. Given that these
changes are inconsistent (no reduced F4/80 in PXS5338K treated mice in the first
TAA injury model, and discrepancy between flow cytometry and IHC results), these
results may be due to chance, or reflect fluxing macrophage populations during liver

injury and resolution.
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Expression of all members of the LOX family was upregulated in injured mice
compared to the uninjured control animals, and this increase was more marked for
LOX, LOXL1 and LOXLZ2. Given that the functions of these enzymes overlap,
particularly those of LOX and LOXL2, it seems likely that selective inhibition of
LOXL2 alone is not sufficient to reduce fibrosis. Despite some in-vitro and in vivo
success demonstrated using a selective LOXL2 antibody (195), this was not born out
in clinical studies for NAFLD, PSC or alcohol related liver cirrhosis. It was hoped that
enzyme inhibition would more directly target the mechanism of action of LOXL2 in
fibrosis than the antibody but these studies have not demonstrated this to be the

case.

Given the success of LOXL2 in the CCls model in rats, whereby PXS5153 reduced
collagen content and reduced mRNA expression of profibrotic proteins (see chapter
2), a greater efficacy with PXS5338K had been expected following communication
from Pharmaxis. However, later data suggested reduced oral bioavailability of
PXS5338K, a smaller AUCy-last (hr*ng/mL) and probably a shorter half-life (see
1.5.3.3.2) than PXS5153. While this may explain its’ reduced efficacy, the reason for
toxicity at 10 mg/kg seen at Birmingham and in another laboratory remains unclear.
Higher doses of PXS5338K may more effectively inhibit the enzyme activity of
LOXL2, but would not be advisable given the toxicity seen at 10 mg/kg. Increasing

the frequency of dosing could be feasible, however.

More promising results were seen in the IHC for collagen |, and possibly a-SMA, in

the resolution model, and so this experiment could be repeated using more frequent
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dosing of PXS5338K, or indeed PXS5153, and the dosing period extended to 4
weeks, allowing more time for differences in fibrosis and extracellular remodelling to

take place under the influence of enzyme inhibition.

One limitation to these studies was the inability to have measured collagen
crosslinking by mass spectroscopy. This may be more pertinent with regards to
fibrosis regression than % area of collagen by IHC. In fact, collagen fibrils are
believed to widen, split, and become disorganised during fibrosis resolution, and
therefore cover a greater % area not truly representative of the underlying
physiology. Allowing a longer period in resolution (presuming LOXL2 inhibition may

promote this process) may demonstrate an impact of the compound on fibrinolysis.

Another limitation was that | was unable to assess whether the enzyme inhibitor was
effectively working. There were no facilities for this at Birmingam and Pharmaxis
were only able to process serum samples collected within an hour of dosing (due to
the short-half of the compound). Unfortunately the animal licence these experiments
were carried out under did not allow for this type of experiment. It would also have
been useful to check for the presence of LOXL2 and LOXL2 inhibition within the liver

tissue, but again this was not feasible.

PXS5338K, and probably LOXL2, appears to have no role in immune cell recruitment

during liver injury or during fibrosis resolution, but for completeness, given the

changes seen with F4/80+ cells, this could be repeated comparing a greater number
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of mice exposed to LOXL2 inhibition for a longer period of injury resolution, to see if a

similar pattern is observed.

242



6. Results 4: In vitro effects of LOXL2 inhibition by PXS5338K in fibroblasts

6.1 Introduction

Hepatic fibrosis is a reversible wound healing response characterized by
accumulation of extracellular matrix (ECM), or "scar tissue." Activation of hepatic
stellate cells is the central event in hepatic fibrosis and aHSCs are considered to be
the primary effector cells during fibrogenesis. Following liver injury, hepatic stellate
cells receive signals secreted by damaged hepatocytes and immune cells, causing
them to transdifferentiate into activated myofibroblast-like cells. As the primary ECM—
producing cells in liver, activated stellate cells generate a temporary scar at the site

of injury to protect the liver from further damage (277).

For this reason, in vitro experiments were performed to investigate whether LOXL2
inhibition with PXS5338K has any direct effect on the phenotype and function of
fibroblast populations. Primary human fibroblasts from liver tissue, LX2 cells (a
human hepatic stellate cell line (278), and murine 3T3 cells (control murine fibroblast
cell line) were used to perform scratch wound assays, contraction assays, and to
assess collagen cross-links in ECM produced by cells, with the aim to assess the
potential effect of PXS5338K on fibroblast activity. LX2 and 3T3 cells were chosen as
cells that were more easily accessible in the lab, particularly in the early phases of
optimising experimental techniques. Given that PXS5338K had been tested in mice
in vivo, | wanted to perform some of the in vitro experiments in a murine cell line, in
case differences in efficacy of the compound were seen between species. For the

same reason, | wanted to test the compound in a human cell line in vitro, given that
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the compound was being developed as potential pharmacotherapy in humans,
potentially highlighting any differences that may later be important. Despite several
attempts, | was unable to isolate primary murine fibroblasts (which would have
provided a ready supply of cells on which to optimise experiments). However, it
seemed prudent to instead use primary human fibroblasts, which would again test
the efficacy of the compound on human cells, but also assess the reproducibility of
experimental results. These cells were less readily available, so used once

experiments had been optimised.

A previously used compound PXS5153 had demonstrated reduced mature and
immature collagen crosslinks in the presence of recombinant LOXL2 during in vitro
study (231). PXS5338K has similar ICsy properties to PXS5153, (0.03 pyM for
recombinant human LOXL2 and 0.04 yM for recombinant mouse LOXL2) and so
similar concentrations were used in the in vitro studies.

3T3 cells were originally obtained from desegregated NIH Swiss mouse embryo
fibroblasts by the scientists George Todaro and Howard Green. The immortal cell line
begins to thrive and stabilize in cell culture after about 20-30 generations of in vitro
growth, following “3-day transfer, inoculum 3 x 10° cells” (3T3). The cell line has
become a standard fibroblast cell line, are relatively easy to grow, and have an
adherent, fibroblastic morphology (279, 280). The LX2 human hepatic stellate cell
has been extensively characterized and retains key features of hepatic stellate cells,
including cytokine signalling, neuronal gene expression, retinoid metabolism, and

fibrogenesis , making them a suitable model of human hepatic fibrosis (278).
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Many attempts were made to isolate murine liver fibroblasts but were largely
unsuccessful (see below). For this reason, isolated primary human fibroblasts were
used for in vitro assays where available. Some may argue that primary cells respond
to stress in a more physiological manner, however, due to donor variability, their
behaviour may be inconsistent between samples, a characteristic seen less

frequently in cell lines (281).

6.2 Attempted isolation of murine liver fibroblasts: a mixed cell population

As described above | had limited success in isolating hepatic stellate cells from
murine livers following in situ digestion. Cells isolated from murine livers were
incubated in appropriate media to permit growth and proliferation and then stained
using a variety of markers to permit identification of the populations that were isolated
(Figure 6.1). | commonly found populations of cells that stained positively for Epcam
and pan cytokeratin, suggesting that the population of cells may be epithelial in origin
and may contain hepatocytes. A small number of CD31 positive cells were also seen,
suggesting an endothelial origin, as well as F4/80 positive cells suggestive of
macrophages. Sparse populations of cells positive for collagen | and a-SMA were
seen day 3 following isolation, but these was not present on the cell populations
stained on day 5. It seems likely that a mixed population of cells was obtained on
each occasion, with more dominant populations of cells surviving and proliferating
over time (see Figure 6.1). For this reason, human liver fibroblasts were used that
have been previously phenotyped and are routinely used in Birmingham Liver

Laboratories (282, 283). Given that the compound is being tested as a potential
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therapy for fibrosis in humans, testing it on a human fibroblast cell line over murine

cells was preferable.

CD31 Collagen 1 a-SMA

Pan cytokeratin Epcam F4/80

Figure 6.1 Cells isolated from murine livers using a protocol for hepatic stellate cells
were a mixed population. Cells were isolated from mouse liver and incubated at 37°C in
appropriate culture media. Immunocytochemistry was performed at day 3 and day 5 and
images acquired. Although day on day 3 some cells stained positive for HSC markers a-SMA
and collagen | (B+C), occasional cells were positive for the endothelial cell marker CD31 (A),
and by day 5, markers for endothelial cells (D,E) and macrophages dominated (F).
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6.3 The use of scratch wound assays to assess the impact of LOXL2 inhibition
on fibroblast activity in the wound healing response.

The wound healing response is an important property of fibroblasts, and mimics the
HSC response to liver injury. For this reason, the scratch wound or wound healing
assay has previously been used to assess fibroblast activity across a multitude of
environments. In this assay, fibroblasts become activated on the plate surface and
their behaviour mimics that of a fibrotic environment. A “scratch,” created between
confluent cells, permits assessment of wound closure, or wound healing, as well as
cell migration and proliferation. The human hepatic stellate cell line LX2 cells were
used to assess the effect of PXS5338K on the wound healing response in a scratch

wound assay.

LX2 cells were seeded on 24-well plate at a concentration of 100, 000 cells per well,
as outlined in detail in 2.4.3. Once the cells were confluent, scratches were applied to
the well surface to generate a consistent cell-free area, and culture media added
containing increasing doses of PXS5338K, or the growth factor PDGF-BB, was

added to each well in triplicates.

Wound width was similar across all samples at time zero (p = 0.862, comparing
median width at time O using the KW test). All wounds closed completely within 24
hours. Mean percentage (%) wound closure across triplicates was calculated at 12
and 18 hours and mean ranks for each condition were compared, then each
condition compared against media alone (as a control) using the KW test with post

hoc Bonferroni-Dunn correction. No differences were seen between groups, as
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demonstrated in Figure 6.2. The original scratch wound area was approximately the
same for all conditions except for 1000 nM PXS5338K, but this did not affect overall

wound closure time.

B C
500-
— PDGFp
— Media only -
g 300 nM PXS5338K g
8 — 1000 nM PXS5338K g
; 3000 nM PXS5338K g
0 : . .
0 10 20 ° N P o
Time (hours) time (hrs)

Figure 6.2 Administration of PXS5338K did not affect wound closure time in a scratch
wound assay. A scratch wound was created in confluent LX2 cells and incubated at 37°C
for 24 hours with media containing increasing concentrations of PXS5338K, or PDGF-BB. All
wounds closed after 24 hours (A). Mean % closure across triplicates for each condition was
calculated at 12 and 18 hours. No differences were seen in the rate of closure at 12 or 18
hours (mean ranks were 50.5, 66.7, 53.1, 52.7, 51.9, p = 0.976 for PDGF-BB, media alone,
300, 1000, 3000 nM, respectively at 12 hours, and likewise 50.6, 56.1, 52.9, 53.1, 52.4, p =
0.986 at 18 hours where each condition was compared against media control.).KW test was
applied with post hoc correction via the Bonferroni—-Dunn method.

6.4 The effect of PXS5338K on collagen cross-linking by fibroblasts in vitro.

To assess whether PXS5338K is able to inhibit collagen cross linking in vitro, LX2
cells, 3T3 cells and primary human fibroblasts were cultured in triplicates with culture
media alone or containing increasing doses of PXS5338K, for one, two, or three

weeks. The cells and ECM were removed and frozen at -80°C and later dry frozen as
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described in 2.4.1.3. Analysis of cross-links was carried out at the Pharmaxis
laboratories, but essentially mass spectrometry permitted quantitation of the
immature crosslinks dihydroxylysionorleucine (DHLNL) and the trivalent mature
crosslinks pyridinoline (PYD) and deoxypyridinoline (DPD) in the prepared samples.
Unfortunately, quantitation of hydroxylysinonorleucine (HLNL) was not possible due
low sample levels, precluding calculation of the collagen maturity ratio. The levels of

Hydroxyproline were also below Limit of Quantification (<2190 pmol/mL).

The levels for all the markers were very low in the samples and hence not all
concentrations could be generated for some conditions. Only those concentrations
that could be more accurately generated are shown in Figure 6.3. No differences in
the concentrations of immature collagen crosslinks DHLNL, or mature crosslinks
PYD or DPD, were seen between samples for LX2 cells, 3T3 cells, or human
fibroblasts when cultured in appropriate media for one, two or three weeks compared
with any dose of PXS5338K. Mean concentrations of each type of crosslink were
compared with media alone using the KW test with post-hoc Bonferroni-Dunn

correction.
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Figure 6.3 PXS5338K does not alter collagen crosslinking in vitro as measured by
mass spectroscopy. LX2 cells, 3T3 cells and primary human fibroblasts were cultured in
triplicates with culture media alone or containing increasing doses of PXS5338K, for one,
two, or three weeks. Mass spectroscopy was used to measure collagen crosslinks in the
samples. No pattern for altered concentrations of immature collagen crosslinks DHLNL or
mature crosslinks PYD or DPD were observed related to PXS5338K concentration, and no
differences were found comparing the concentration of each type of collagen crosslink with
no PXS5338K control for 1, 2 or 3 weeks, respectively, where results were available, using
the KW test and Bonferroni post-hoc correction.
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6.5 The effect of PXS5338K on fibroblast activity and collagen contraction
within a gel in vitro

The collagen contraction assay is also used to assess the fibroblast activity in the
wound healing response, and so | wished to observe the effect of PXS5338K on cell-
ECM interactions and the ability of fibroblasts to reorganize and contract collagen
matrices in vitro. In addition, the LOXL2 antibody has been demonstrated to inhibit
collagen gel contraction containing rat HSC-X and primary murine HSCs, and so |

hoped to demonstrate PXS5338K to be as effective in this regard (195).

Isolated human fibroblasts, LX2 cells and 3T3 cells were added to collagen forming a
collagen plug which was mechanically released from the well. Culture media was
added, either alone, or containing increasing doses of PXS5338K, positive controls
endothelin-1 or TGF-B, or the negative control 2,3, butanedione monoxime (BDM), in

triplicates.
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6.5.1 The effect of PXS5338K on LX2 cells within a collagen contraction assay

Several contraction assays were completed with LX2 cells but no gel contraction was
visualised after 5 days, even in the presence of endothelin and TGF-B, see Figure

6.4.
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Figure 6.4 Collagen plugs containing LX2 cells, dosed with PXS5338K, TGF-B or
endothelin in culture media did not contract. LX2 cells were added to collagen to form a
collagen plug which was released from the well. Culture media was added, either alone or
containing increasing doses of PXS5338K, positive controls endothelin-1 or TGF-, and left
to incubate at 37°C for 5 days. None of the collagen plugs contracted, and so statistical
analysis was not performed.

6.5.2 The effect of PXS5338K on 3T3 cells within a collagen contraction assay
The same protocol was followed using 3T3 fibroblasts except that two different
concentrations of 3T3 fibroblasts were used and the collagen gels were incubated for

seven days with either media or 3000nM or 300uM PXS5338K (a dose at which one

252




may expect to see inhibition of other members of the lysyl oxidase family of proteins).
Contraction of gels was observed where cells were seeded at 3 x 10*or 5 x 10* cells
per well in a 24 and 48 well plate and the extent of collagen contraction was
observed. Gels containing media with 300pM PXS5338K were significantly more
contracted at 72 hours (p = 0.014) and this became more apparent by 120 hours
(day 5) (p = 0.003) and persisted to day 7 (p = 0.002). A similar pattern was seen in
the gels containing 3T3 cells in a 48 well plate. Gel contraction was greater in gels
containing both 300 yuM and 3000 nM PXS5338K compared to media alone by 24
hours (media alone vs 3000nM, p = 0.007 and media vs 300 pM, p <0.0001), with
two way ANOVA and Bonferroni correction. A significant difference at day 7 was only
observed for those cells treated with 300 uM compound. Oddly, gel contraction
appeared to be promoted by the higher concentration of PXS5338K, 300 uM
PXS5338K (and even 3000 nM initially), but at the end of the experiment, contraction
appeared inhibited in gels containing the lower concentration of PXS5338K, 3000
nM, although difference in gel size was not statistically significant (see figure 6.5).
The gels containing no cells were not analysed but are demonstrated as a negative

control.
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Figure 6.5 PXS5338K did not inhibit contraction in 3T3 populated collagen gels. 3T3
cells were added to collagen to form a collagen plug which was released from the well.
Culture media was added, either alone, or containing increasing doses of PXS5338K, in
triplicates, and left to incubate at 37°C for up to 7 days, with daily measurement of gel size
using an image analyser. Collagen gels containing media with 300 yM PXS5338K were
significantly more contracted at 72 hours than those containing 3000 nM PXS5338K or
media alone (p = 0.014), and this became more apparent by 120 hours (day 5) (p = 0.003),
persisting to day 7 (p = 0.002). In the 48 well plate, % collagen contraction was higher in gels
containing media with 300 yM and 3000 nM PXS5338K compared to media alone by 24
hours (media alone vs 3000nM, p = 0.007 and media vs 300 pM, p <0.0001). The difference
between gel size remained significant only for gels containing the higher concentration of
PXS533K (300 uM) at day 7 (C, D). *p < 0.05, **p < 0.01, ***p <0.001 and ****p < 000.1
using 2 way ANOVA with Bonferroni correction (C,E,H) and the KW test with post-hoc
correction (F).
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6.5.3 The effect of PXS5338K on human fibroblasts within a collagen
contraction assay

The same protocol was carried out with human liver fibroblasts. Due to scarcity of
cells, a pilot study was carried out in singlets. While data regarding the concentration
of PXS5338K to use in these studies was not clear, a high dose of PXS5338K was
trialed. Contraction of gels was observed within 24 hours for all conditions except
where high concentrations of PXS5338K where contraction of collagen gel was

inhibited by PXS5338K (Figure 6.6, A).

To confirm these results, the experiment was repeated with fibroblasts in triplicates
but with the concentration of PXS5338K recommended by Pharmaxis for in vitro
experiments (30 — 3000 nM). At these concentrations, the gels in media containing
compound were seen to contract equally to those in media alone, although 2,3-
butanedione monoxime (BDM) demonstrated an expected inhibitory effect. This
experiment was repeated several times (not all data shown) and variations included
using different concentrations of cells; different sized wells, and releasing the gel at

time zero (once set) and later at 24 hours (see Figure 6.6, B and C.).

The possibility that the very high concentrations of PXS5338K previously used in the
pilot experiment had resulted in death of fibroblasts, thereby preventing gel
contraction, was considered. To investigate this theory, the experiment was repeated
to form collagen gels and left in media using the same concentrations of PXS5338K
(1000000 and 500000 nM) for 3 days. At day 3, collagenase was used to dissolve the

gel and extract fibroblasts, and trypan blue used to assess cell viability. The only
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observation was that the percentage of viable cells in the gels treated with 1000000
nM PXS5338K was higher than in the other samples (mean ranks 6.0, 10.5, 4.0, 13.5
for media alone, BDM, 500000 nM and 1000000 nM, respectively, p = 0.028 with KW
test and Bonferroni post hoc correction). Data are shown in Figure 6.6, D. For this
reason, the experiment was repeated in triplicates, and the concentration of
PXS5338K titrated up to 1000000 nM. Contraction of the collagen gel appeared to be
inhibited by PXS5338K in a dose dependant manner; the differences between the
groups only became significant at higher concentrations of compound, as shown in
Figure 6.6, E (mean % concentrations compared for each time point with two-way

ANOVA and Tukey’s multiple comparison test).
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Figure 6.6 High doses of PXS5338K inhibited contraction in fibroblast populated
collagen gels. Fibroblasts were added to collagen to form a collagen plug which was
released from the well (A-C), except in (D, E) where it was released after 24 hours. Culture
media was added, either alone, or containing increasing doses of PXS5338K, in triplicates,
and left to incubate at 37°C for up to 7 days, with daily measurement of gel size using an
image analyser. Inhibition of contraction was observed using high doses of PXS5338K, and
enhanced collagen contraction with endothelin-1. Several repeat experiments with lower
doses of PXS5338K demonstrated no change in contraction, but inhibited contraction with
BDM. Fibroblasts were extracted from collagen gels and tested for viability at the end of a
three day treatment period and demonstrated similar viability of cells treated with high
concentrations of PXS5338K (F). The experiment was repeated and at incremental
PXS5338K to high dose, and demonstrated inhibition of contraction at higher doses
compared to media alone (G, H). *p < 0.05, **p < 0.01, ***p <0.001 and ****p < 000.1 using 2
way ANOVA with Bonferroni correction (C,E,H) and the KW test with post-hoc correction (F).
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6.6 Discussion

PXS5338K had no impact on wound healing by scratch wound or contraction assay,
or production of immature or mature collagen crosslinks DHLNL, PYD or DPD, at
previously tested concentrations for in vitro work. Cell migration and proliferation
were also unaffected as demonstrated in the scratch wound assay. Interestingly,
contraction was inhibited in fibroblast containing gels in media containing high
concentration PXS5338K. It is possible that at these concentrations, other members
of the lysyl oxidase family are inhibited. The 1Csy for recombinant human LOXL1 is
2.53 yM, 0.38 pM for LOXL3 and 0.11 uyM for LOXL4; unfortunately only bovine data
was available for LOX, at 1.6 yM (231). Inhibition of these other enzymes, particularly
LOX, may have an effect on HSC activity within the collagen matrix and gel
contraction. Given that a LOXL2 antibody has previously demonstrated effective
inhibition of gel contraction (195), it is surprising that enzyme inhibition has been less
so. It is possible that contraction of HSCs was mediated via a different mechanism

than LOXL2 enzyme activity.

Alternatively, it is possible that expression of LOXL2 was too low for enzyme
inhibition to be effective. Prestimulation of cells with TGF-B or PDGF may induce
LOXL2 expression such that subsequent enzyme inhibition affects a measurable
reduction in fibroblast contractility, migration or collagen production compared to

fibroblast activity without LOXL2 inhibition.

It is also unclear why a contrary effect on gel contraction was observed with 3T3 cells

(increased contraction with higher concentration of PXS5338K); in previous
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contraction studies these cells have responded to stimuli as expected, but to my
knowledge the effect of lysyl oxidase inhibition has not been investigated in this cell
line (284, 285). Likewise, the LX2 cell line has been demonstrated to mediate
collagen gel contraction in previous assays (286, 287). Importantly, the effects of
endothelin-1 (to stimulate contraction) and BDM (inhibition of contraction) were
observed in both human fibroblasts and 3T3 cells (results not shown), and so
experimental design seems an unlikely explanation for these results. It is possible
that genetic drift from early sources of LX2 and 3T3 cells had occurred, with

consequential alterations in cell properties.

Ideally | would replicate the results seen using human fibroblasts using primary
murine stellate cells, particularly rat fibroblasts given the results in the CCls; model
(see 3.3). Several attempts were made to isolate murine HSCs from mice, but the
results were at best a cell mixed population (predominantly epithelial cells). The
reasons for cell contamination are unclear but a likely explanation would be an
inaccurate or incorrect density gradient at cell separation. Further attempts to purify
the cells could have been made using magnetic beads or cell sorting with flow

cytometry but time constraints precluded this.

With regards to collagen cross-linking in vitro, the concentrations of each of the
collagen crosslinks were low, and so for some measurements the analyte peak was
not specific and could not be identified well; the data was therefore generated from
best judgement taken on basis of confirmation transitions (different daughter ion) and

peak retention times (compared to standard peak retention times). It is possible that
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these inaccuracies account for the apparent lack of efficacy of PXS5338K in reducing
development of mature collagen crosslinks. However the data for DHLNL are more
reliable than for any other marker as the chromatography for DHLNL is much more
specific and consistent across the study. Given that there is no consistent trend for a
change in the concentration of DHLNL with PXS5338K, it is unlikely that the
compound affects collagen crosslinking in vitro. Time permitting, | would have
repeated the same experiments with larger numbers of cells, so that greater, more
accurate data could be generated. It would also be interesting to repeat this and the
scratch wound assay with higher concentrations of PXS5338K, to evaluate whether
under these conditions, similar inhibitory effects are observed as were seen with the
contraction assay. However, given the poor tolerability of PXS5338K at higher doses
in the Mdr2-/- mice, higher doses of the compound is unlikely to be a safe strategy for
translation of the compound into clinical use, and further investigation would not be

warranted.
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7. Discussion

PXS5338K, a LOXL2 enzyme inhibitor was tested across three murine models of
fibrosis, the Mdr2-/- model of biliary fibrosis, TAA induced liver injury, and during
resolution of fibrosis induced by TAA administration. The same compound was tested
across several in-vitro studies in an attempt to understand the underlying mechanism
of action, and applicability to cells derived from human sources. While there was
some suggestion that the compound may accelerate fibrosis resolution (reduced
collagen | and a-SMA on IHC), and reduce fibroblast contractility at high
concentration during in vitro studies, there was little evidence to suggest PXS5338K
alone will be an effective antifibrotic therapy for liver disease. Similarly PXS5303
which was tested in the fibrosis model using /.P. administration of TAA in mice was
not effective. This is in contrast to data for a related compound, PXS5153,
administered during CCls-induced fibrosis in rats, where the inhibitor reduced both
PSR collagen stain on IHC and expression of fibrosis related mRNA. There was also
some evidence for a reduced ductular reaction, often used as a marker of fibrosis

severity.

PXS5153 has previously demonstrated dose-dependent reduction of LOXL2-
mediated collagen oxidation and crosslinking in vitro, and reduced fibrosis by PSR
and hydroxyproline assay in the streptozotocin/ high fat diet model of NASH in mice
(231). In addition, some improvement in cardiac function was demonstrated following
PXS5153 administration following induction of myocardial infarction in mice (231).

The same compound was demonstrated to inhibit LOXL3 in addition to LOXL2 (ICsg
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of 38 nM for LOXL3 and <30nM for LOXLZ2), and so it is possible that inhibition of
both enzymes is required to significantly reduce fibrosis. PXS5338K, the compound
tested extensively in my experiments, has an 1Csy of 36 nM for LOXL2 and 138 nM
for LOXL4 (see table 1.1), and a higher 1Cso for other amine oxidases and members
of the lysyl oxidase family. Lox/4 mRNA expression was not as elevated as some of
the other lysyl oxidases in injured mice relative to control (see Figure 1.5), and so it is
possible that the off target effects of PXS5338K had less effect on fibrosis reduction

compared to that of PXS5153 through effects on Loxl4 rather than LoxIS3.

Given that other lysyl oxidases are inhibited at higher concentrations of the inhibitors,
it seems likely that the reduction of collagen contraction observed during in vitro
study using high concentration PXS5338K was due to inhibition of multiple members
of the LOX family (particularly LOX), mimicking the early effects seen by Liu et al
using B-APN which is a rather promiscuous inhibitor. While some off-target inhibition
of other lysyl oxidases may be beneficial in reducing liver fibrosis, it is worth noting
the negative effects associated with some of lysyl oxidase knock out models, and

that these may manifest as adverse systemic effects with long-term administration.

Dr Emma Shephard has previously demonstrated significantly increased Lox/2
MRNA expression in TAA induced liver fibrosis in mice, and LOXL2 in human liver
disease (see Figure 1.5 and 1.7), suggesting that targeting LOXL2 alone may be
effective. However, LOXL2 expression in different human disease types was not
interrogated (for example PSC vs NAFLD); it is possible that the balance of lysyl

oxidase family protein expression may vary between diseases, and so targeting
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LOXL2 may have varying efficacy across diseases. mRNA data should be used with
caution, however, as mRNA expression is not always reflected in the amount of
protein present in tissues. In addition, proteins can undergo post translational
modification; specifically LOX is initially secreted as a proenzyme that undergoes
proteolytic transformation into active LOX and the lysyl oxidase propeptide LOX-PP,

and so the contribution of these proteins from mRNA data is not understood.

In addition to possible variation in lysyl oxidase expression in disease types, the
relative contributions of other members of the lysyl oxidase family to the fibrotic
response may be organ specific; LOXL2 enzyme inhibition alone has demonstrated
benefit in diabetes related glomerulosclerosis in mice, and during in vitro models of
interstitial pulmonary fibrosis (133, 288). Isolated LOXL2 enzyme inhibition may

retain therapeutic potential in these conditions.

One failing of the study was that | was unable to confirm enzyme inhibition for each
compound and it would have been preferable to confirm LOXL2 enzyme inhibition in
both serum and liver tissue for each of the compounds tested for each model of liver
disease, and during in vitro studies. Unfortunately, | did not have access to a
biotinylated inhibitor so could not track tissue distribution, and because the
compound has a short half-life and serum samples were taken at 24 hours post

dosing, sending stored samples for testing at the end of the study was not possible.

Similarly, | was unable to demonstrate LOXL2 protein expression in the livers of

treated mice, and whether there was any difference between treated and untreated

265



groups; this was due to the lack of an effective primary LOXL2 antibody for murine
tissue. For this reason Lox/2 mRNA expression was measured by qPCR in lieu of
true protein expression with the known limitation that this may not be equivalent to

protein expression.

Non-alcoholic fatty liver disease (NAFLD), defined by accumulation of excess fat in
the liver, is the commonest cause of liver disease in Western countries, (289, 290)
and is predicted to become the leading cause of liver transplantation over the next 10
years (291). As such, NAFLD is an attractive target for emerging pharmacotherapies,
and yet no drugs are currently available. Although the pathophysiology of NAFLD is
yet to be fully understood, multiple pathways, including accumulation of triglycerides,
insulin resistance, oxidative stress, and mitochondrial dysfunction, culminate in
hepatic injury and the development of fibrosis (292, 293). For this reason, dual drug
therapy targeting multiple biological pathways may be preferential to single therapy.
One phase Il clinical trial assessed a combination of the ASK1 inhibitor selonsertib
and the LOXL2 antibody simtuzumab in NAFLD, targeting oxidative stress known to
promote hepatocellular apoptosis, inflammation, and fibrosis with selonsertib, and
collagen crosslinking with simtuzumab (246). Although no additional benefit with
simtuzumab was demonstrated (246), the concept of targeting several pathogenic
pathways to reduce liver injury in diseases such as NAFLD is the likely model for
clinical trials in the future. In addition, drug combinations could be tailored to
individual patients according to the predominant pathogenic pathways demonstrated

on liver biopsy, or other non-invasive investigations such as MRI (127).
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Despite a keen interest for drug development in NAFLD, few murine models exist
which accurately reflect human pathophysiology, particularly with regards to
development of fibrosis (294). This can hinder drug development, and renders
human response to potential therapies yet more unpredictable. It is not surprising
then, that compounds commonly fail at both preclinical and clinical stages. It is partly
for this reason that Pharmaxis has taken its LOXL2 enzyme inhibitors into phase |
safety and tolerability testing (295) despite mixed results in pre-clinical trials. Ideally,
these studies could have been extended to test PXS5338K in disease specific
murine models such as those for NAFLD, despite their inadequacies, to better predict

its efficacy in different disease types.

Another consideration during drug development is the timing of drug therapy. Based
on the theory that the key role of LOXL2 enzyme activity in liver fibrosis is the
strengthening of collagen fibres laid down during fibrogenesis, the models | used
tested administration of the compound during the latter stages of liver injury, when it
was presumed collagen crosslinking was occurring. However, the more convincing
evidence for efficacy was seen during fibrosis resolution, and so it is possible that
inhibition of LOXL2 may have a greater role during ECM remodelling and resolution.
This would have implications in human diseases such as treated viral hepatitis,
haemochromatosis, and AlH, or abstinence in alcohol-related liver disease, where
the injury has been removed, and reduction of fibrosis still has potential to reduce
long term morbidity. Additionally, exploration of lysyl oxidases within the cancer
microenvironment has suggested a more complex role than crosslinking of collagen,

as discussed in 1.5.1, and this may have relevance in fibrosis resolution.
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Another important consideration pertaining to timing of therapy is the presentation of
liver disease. Individuals developing liver fibrosis rarely develop symptoms, and liver
biochemistry, particularly in later stages of fibrosis and early cirrhosis, can be normal
(296). Diagnoses are therefore often made in the latter stages of the disease, where
there is advanced fibrosis and mature collagen crosslinking, and so
pharmacotherapy will need to be effective at these stages of the disease, once

fibrosis is established.

Upregulation of matrix metalloproteinases -1, -8, -13 and -14, which degrade fibrillary
collagens, or alternatively blocking TIMP-1, which inhibits MMPs, seem like ideal
targets in this regard, as discussed in 1.3.5. However, this theory oversimplifies the
role of MMPs. In the initial phases of injury, MMPs -3, -9 and -10 are elevated and
believed to recruit inflammatory cells to the site of injury. Conversely, MMP-2 and
TIMP-1 are consistently elevated during liver injury and during resolution and may
have diverse roles according to disease aetiology (127). It is likely that this dual role
of MMPs explains the failure of first generation MMP inhibitors in clinical trials in
which the compounds were believed to have low selectivity, and a negative impact
on the role of MMPs in maintaining homeostasis. Similarly, a broad-spectrum MMP
inhibitor was demonstrated to attenuate liver inflammation, but aggravated fibrosis in
mice exposed to CCls (297, 298). Research specifically targeting isolated MMPs or
MMPs in single organs, such as vitamin A coupled liposome-based particles in the
liver, is underway but has not yet reached clinical trial phase (127). Likewise, LOXL2
inhibition was expected to be most effective during matrix generation, and the mouse

models | used assessed the compound during liver injury. However, | have

268



demonstrated potential efficacy during fibrosis resolution, suggesting that timing of
therapy could be crucial. Lysyl oxidase knock out models in mice have demonstrated
diverse roles across a number of organs (similar to the widespread and diverse roles
of MMPs), and so organ targeted inhibition of one or more members of the LOX

family may be effective, while reducing systemic effects.

The dual role of macrophage subpopulations was discussed in 1.2.7. Seki et al.
demonstrated that inhibition of macrophage recruitment via CCR2 receptors
expressed on hepatic stellate cells reduced BDL- and CCls-induced liver fibrosis
(299). Duffield et al. also demonstrated that macrophages contribute to fibrogenesis
via recruitment of activated myofibroblasts during the latter stages of liver injury, and
that their depletion resulted in reduced scar deposition. Conversely, a role for
macrophages during fibrosis resolution was also demonstrated in the same study,
whereby depletion led to reduced ECM degradation, probably via a slightly different
subset of CD11b positive macrophages (49). The same investigators later found that
production of MMP-13 by scar-associated macrophages was likely to be their key
role during fibrosis resolution (92). These macrophages are generally known as Ly-
6C (Ly6C, Gr1) low expressing 'restorative’ macrophages (43), whereas during liver
injury, proinflammatory, profibrogenic Gr-1" (Ly-6C™) macrophage populations
dominate. To my knowledge these subpopulations have yet to be fully characterised,
but could hold therapeutic potential if targeted to the liver at the right time, possibly in
combination with MMP or, indeed LOX/L inhibition. A group in Edinburgh have
demonstrated reduced liver injury and fibrosis, and possibly enhanced liver

regeneration, in CCls-induced liver injury in rats using injection of differentiated
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CD11b F4/80+ bone marrow derived macrophages into the portal vein during liver
injury. And yet, infusion of bone marrow derived precursors in the same experiment
had a deleterious effect, emphasising the importance of using well-defined cell

populations when considering cell therapy (300).

There is increasing interest in targeting fibrosis resolution, possibly attributable to
successful treatment of Hepatitis C in individuals with established liver disease who
may still benefit from reduction in fibrosis. For the first time, we used a TAA-induced
model of fibrosis resolution to interrogate the efficacy of these compounds during
liver repair. A slight reduction in fibrosis was seen in this model (reduced collagen |
and a-SMA on IHC), and it is possible that this study was inadequately powered to
demonstrate a true difference between groups. Unfortunately due to the length of the
study (18 weeks) | was unable to carry out preliminary studies which could have
enabled accurate power calculations to be performed (group sizes were estimated
from similar but not identical murine models), but these results do warrant further
examination of the role of LOXL2 inhibition during ECM remodelling in the liver. Other
approaches could be used to investigate the effect of compounds on the organisation
and alignment of collagens, in addition to use of mass spectroscopy which assesses
collagen crosslinking (301). This would facilitate a better understanding of the
processes underlining collagen reorganisation and remodelling during fibrosis
resolution and whether therapies targeting enzymes such as the LOX family are likely

to be effective.
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Given the potential efficacy of PXS5153 demonstrated in CCls- induced injury in rats,
| would have ideally tested this compound in the TAA and Mdr2-/- models in mice.
Alternatively PXS5338K could have been tested in rats. | could have also compared
LOX/lysyl oxidase expression in mice versus rats to explore whether a difference in
LOXL2 expression may explain the difference in efficacy of the compounds.
Combination therapy, for example targeting LOX and LOXL2, could also be tested for

improved efficacy and tolerability.

In conclusion, | aimed to determine whether inhibition of LOXL2Z led to an
improvement in cell differentiation and liver fibrosis and regeneration, but although
preliminary data with an earlier compound were promising, no benefit could be
demonstrated with prolonged LOXL2 inhibition in the TAA model, or convincingly
during fibrosis resolution, using the PXS5338K compound. Improving liver
regeneration, potentially via manipulation of cell differentiation within the ductular

reaction, remains a therapeutic target to be more fully explored.
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Appendix

Pharmaxis TAA model: CD45

Vehicle PXS5303
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Pharmaxis TAA model: F4/80

Vehicle PXS5303
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Pharmaxis TAA model: Ly6C

Vehicle PXS5303
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Pharmaxis TAA model: Myeloperoxidase

Vehicle PXS5303

Figure 3.2 (S) LOXL2 inhibition has little effect on inflammatory markers in the TAA model.
BALB/c mice received a regimen of 12 weeks of TAA at a dose of 200 mg/kg via I.P. injection, with
vehicle, or PXS5303 administered orally from week 9. IHC was performed on paraffin embedded
slides cut at 3um is shown for the group receiving vehicle (images on the left), and the group receiving
PXS5303 (images on the right), with the test antibodies shown in the top panels and corresponding
isotype controls shown in the panels below for CD45 (A-D), F4/80 (E-H), Ly6C (I-L), and MPO (M-P).
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Pharmaxis TAA model: Collagen |

Vehicle PXS5303

291



PXS5303

Vehicle

Pharmaxis TAA model: Collagen I

SV T & \....,.w.n-.«,\,f Py

Anwv..mr\*m. S

T

%

My 510 X
w..:*..b.ﬁ. 4

e ’ .. B
LY uWM
g . S
SR >

A R N g 5

292



Pharmaxis TAA model: a-SMA

Vehicle PXS5303

Figure 3.3 (S) LOXL2 inhibition has minimal impact on fibrosis by IHC in the TAA model.
BALB/c mice received 12 weeks of TAA at a dose of 200 mg/kg via I.P. injection in addition to vehicle
or PXS5303 orally from week 9, and were culled at week 12. IHC was performed on paraffin
embedded sections for the untreated (left), and treated groups (right) to assess for Collagen | (A-D)
Collagen 1l (E-H) and a-SMA (I-L), with test antibody shown in the top panel and corresponding
isotype controls shown below for each group.
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Pharmaxis TAA model: Cleaved caspase 3

VEHICLE PXS5303
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Pharmaxis TAA model: Ki67

VEHICLE PXS5303
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Pharmaxis TAA model: SOX-9

VEHICLE PXS5303




Pharmaxis TAA model: EpCAM
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Figure 3.5 (A) LOXL2 inhibition had little effect on apoptosis, and no effect on proliferation or
differentiation in the TAA model. BALB/c mice received 12 weeks of TAA at a dose of 200 mg/kg
via |.P. injection in addition to vehicle or PXS5303 orally from week 9, and were culled at week 12.
Apoptosis, proliferation and differentiation was assessed using IHC for cleaved caspase 3 (A-D), Ki67
(E-H), and both SOX-9 (I-L) and EpCAM (M-P), respectively. The untreated is shown on the left and
the PXS5303 treated group is on the right, with test antibodies on the top panel and corresponding
isotype controls demonstrated below.
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Rat CCls; model: Collagen |
CCly CCly
low PXS5153

No injury

e

Figure 3.8 (A) Rats receiving oral CCl, develop fibrosis which is attenuated by LOXL2
inhibition. Sprague Dawley rats were administered with vehicle (vehicle), or 0.25 uL/g CCl, orally 3
times per week for 6 weeks (CCl,). In addition to CCly4, 15 mice received low dose (low) PXS5153 from
day 0, or high dose (high) PXS5153 from week 4. At week 6 the rats were sacrificed and dissected
liver tissue was sectioned, frozen, and later cut for paraffin embedded slides. These were stained
using immunohistochemistry for Collagen-1-alpha (A-D) on the top panel, and corresponding isotype
controls demonstrated below (E-H).
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Rat CCl, model: Myeloperoxidase
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Figure 3.10 (A) Minimal changes in apoptosis and the ductular reaction were seen in rats
receiving LOXL2 inhibitor following injury with CCl,. Sprague Dawley rats were administered with
vehicle, or 0.25 pL/g CCl, P.O. 3 times per week for 6 weeks. In addition, 15 mice received low dose
PX85153 from day O or high dose PXS5153 from week 4. At week 6 the rats were sacrificed and
dissected liver tissue was sectioned, frozen, and later cut for paraffin embedded slides. These were
stained using immunohistochemistry for MPO (A-H). Comparison was made between rats subjected to
CCly liver injury and rats receiving low and high dose PXS5153 in addition to CCl, induced liver injury,
and uninjured rats as a control, in addition to corresponding isotype controls demonstrated on the
panel below.
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Rat CCl, model: Cleaved caspase 3
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Figure 3.10 (A) Minimal changes in apoptosis and the ductular reaction were seen in rats
receiving LOXL2 inhibitor following injury with CCl,. Sprague Dawley rats were administered with
vehicle, or 0.25 yL/g CCl, P.O. 3 times per week for 6 weeks. In addition, 15 mice received low dose
PX85153 from day O or high dose PXS5153 from week 4. At week 6 the rats were sacrificed and
dissected liver tissue was sectioned, frozen, and later cut for paraffin embedded slides. These were
stained using immunohistochemistry for cleaved caspase 3 (A-H). Comparison was made between
rats subjected to CCly liver injury and rats receiving low and high dose PXS5153 in addition to CCl,
induced liver injury, and uninjured rats as a control. IHC for cleaved caspase 3 is demonstrated in the
top panel with corresponding isotype controls demonstrated below.
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Rat CCl4 model: EpCAM
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Figure 3.10 (A) Minimal changes in apoptosis and the ductular reaction were seen in rats
receiving LOXL2 inhibitor following injury with CCl,. Sprague Dawley rats were administered with
vehicle, or 0.25 pL/g CCl, P.O. 3 times per week for 6 weeks. In addition, 15 mice received low dose
PX85153 from day O or high dose PXS5153 from week 4. At week 6 the rats were sacrificed and
dissected liver tissue was sectioned, frozen, and later cut for paraffin embedded slides. These were
stained using immunohistochemistry for EpCAM, on the panel above, with the isotype controls in the

panel below (A-H).
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Rat CCl; model: SOX-9
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Figure 3.10 (A) Minimal changes in apoptosis and the ductular reaction were seen in rats
receiving LOXL2 inhibitor following injury with CCl,. Sprague Dawley rats were administered with
vehicle, or 0.25 yL/g CCl, P.O. 3 times per week for 6 weeks. In addition, 15 mice received low dose
PX85153 from day O or high dose PXS5153 from week 4. At week 6 the rats were sacrificed and
dissected liver tissue was sectioned, frozen, and later cut for paraffin embedded slides. These were
stained using immunohistochemistry for cleaved SOX-9 (A-H). Comparison was made between rats
subjected to CCl, liver injury and rats receiving low and high dose PXS5153 in addition to CCl,
induced liver injury, and uninjured rats as a control, demonstrated in the top panel, in addition to
isotype controls demonstrated below.
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FVB Mdr2-/- model: a-SMA
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=

Figure 4.5 (S) PXS5338K had no effect on hepatic stellate cell activation. Immunohistochemistry
was performed on liver tissue cut on frozen slides from FVB Mdr2-/- mice receiving eight or nine
gavages of either PXS5338K (A and B respectively) at 10 mg/kg, or 9 gavages of vehicle (C, D), for a-
SMA. Isotype controls are shown for each group respectively (E, F).
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FVB Mdr2-/- model: cleaved caspase 3
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Figure 4.6 (A) PXS5338K has no effect on apoptosis in the liver. Immunohistochemistry was
performed on liver tissue cut on paraffin slides from FVB Mdr2-/- mice receiving eight or nine gavages
of either PXS5338K (A and B respectively, and isotype control E) at 10 mg/kg, or 9 gavages of vehicle
(D,E and isotype control F), for cleaved caspase 3.
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FVB Mdr2-/- model: CD45
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Figure 4.7 (A) Immune cell infiltration as measured by CD45 was similar in mice receiving
PXS5338K and vehicle. Immunohistochemistry was performed on liver tissue cut on paraffin slides
from FVB Mdr2-/- mice receiving five, eight or nine gavages of either PXS5338K (mice 1, 2 and 3
respectively) at 10 mg/kg P.O., or 9 gavages of vehicle P.O. (mice 4-6), for CD45. Isotype controls for

mice receiving PXS5338K and vehicle are demonstrated in (7) and (8) respectively.
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FVB Mdr2-/- model: SOX-9
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Figure 4.8 (A) Some FVB Mdr2-/- mice receiving PXS5338K displayed a different pattern of
SOX-9 positive cells compared with those receiving vehicle, in whom biliary structures were
predominantly stained positive. Imnmunohistochemistry was performed on liver tissue cut on paraffin
slides from FVB Mdr2-/- mice receiving gavage of either PXS5338K (1-3) at 10 mg/kg, or 9 gavages of
vehicle (4-6), for SOX-9. Liver tissue from all 6 animals are shown at low and high magnification; those
mice receiving PXS5338K (5, 8 and 9 doses for animals in 1, 2 and 3 respectively), and 9 doses of
vehicle in animals 4, 5 and 6. Isotype controls are demonstrated for animals receiving PXS5338K or

vehicle (A1 and A2) and (B1 and BZ), respectively.
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C57BI6/ Mdr2-/- model: Collagen |
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Figure 4.13 (A) PXS5338K did not improve fibrosis in C57BI6/ Mdr2-/- mice for liver injury were
no different between animals administered with PXS5338K vs vehicle, or no gavage. 41 nine
week old C57BIl/6 Mdr2-/-mice received 9 doses of vehicle, 3 mg/kg PXS5338K, or nil by oral gavage.
Paraffin embedded, or frozen, slides were cut at 3 ym and IHC with morphometric analysis was
performed for PSR (A-E) and collagen | (F-J) (analysis at low and high resolution), collagen Il (K-N)
and ao-SMA (O-R). Test antibodies are in the top panels, with corresponding isotype controls
demonstrated below each group.
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C57BI6/ Mdr2-/- model: Sox-9
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Figure 4.16 (A) Administration of PXS5338K at 3 mg/kg does not alter cell proliferation or
differentiation according to SOX-9 IHC in C57BI16/ Mdr2-/- mice. 36 nine week old C57BI/6 Mdr2-/-
mice received 9 doses of vehicle, or 3 mg/kg PXS5338K, by oral gavage, with 5 C57BI/6 receiving no
gavage. Paraffin-embedded liver tissue was used to assess presence of SOX-9 with IHC and
representative images are demonstrated with isotype controls for each group below (A-F).
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C57BIl6/ Mdr2-/- B220
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C57BI/6 Mdr2-/- model: F4/80
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C57BI/6 Mdr2-/- model: Ly6G
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Figure 4.20 (A) PXS5338K does not alter liver infiltration of B220 CD45 positive, F4/80 positive
or LY6G positive cells during liver injury. 36 nine week old C57BI/6 Mdr2-/-mice received 9 doses
of vehicle, or 3 mg/kg PXS5338K, by oral gavage, with 5 C57BI/6 receiving no gavage. Paraffin-
embedded liver tissue was used to assess presence of B220 CD45+ (A-F), F4/80+ (G-L) and Ly6G+
cells (M-R), and are demonstrated in the top panels, with corresponding isotype controls below.
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TAA model: Collagen |
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TAA model: a-SMA
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Figure 5.8 (A) 16 weeks of TAA induced liver fibrosis in mice which was not ameliorated by
PXS5338K. Mice were exposed to 16 weeks of TAA ad libitum in drinking water with 6 weeks gavage
of either vehicle or PXS5338K from week 10. A comparison group received no TAA. IHC was
performed on paraffin embedded liver sections for Collagen I, collagen Ill and a-SMA (A-R), with test
antibodies in the top panel and associated isotype controls for each group demonstrated below.
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TAA model SOX-9
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Figure 5.10 (A) SOX-9 expression is upregulated in TAA-induced liver injury but not reduced by
inhibition of LOXL2 by PXS5338K. Mice were exposed to 16 weeks of TAA ad-libitum in drinking
water with 6 weeks gavage of either vehicle or PXS5338K from week 10. A comparison group
received no TAA. IHC was performed on paraffin embedded liver sections for SOX-9 and associated
isotype controls are demonstrated for each group (A-F).
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TAA model: Ly6g
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TAA model: F4/80
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Figure 5.13 (A) Comparison of markers of inflammatory cells in the liver showed no differences

in immune cell populations between mice receiving vehicle or PXS5338K by oral gavage. IHC
for Ly6G, B220 and F4/80 was performed on paraffin embedded liver sections from mice exposed to
16 weeks of TAA ad-libitum in drinking water with 6 weeks gavage of either vehicle or PXS5338K from
week 10. A comparison group received no TAA. Test antibodies are demonstrated in each top panel,

with corresponding isotype controls shown below (A-R).
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Resolution model: Collagen |
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Figure 5.17 (A) PXS5338K may reduce collagen | expression in mice recovering from TAA
induced liver injury. C57BI/6 mice received 16 weeks of TAA followed by 7 or 14 days of vehicle or
PXS5338K (3mg/kg) P.O. IHC was performed on paraffin embedded liver sections for collagen | (A-D)
and are demonstrated with corresponding isotype controls for each group (E to H).
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Resolution model: Collagen I
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Figure 5.18 (A) PXS5338K did not alter collagen lll expression in mice recovering from TAA
induced liver injury. C57BI/6 mice received 16 weeks of TAA followed by 7 or 14 days of vehicle or
PXS5338K (3mg/kg) P.O. IHC on paraffin embedded liver sections was performed for collagen Il (A-
D) and are demonstrated with associated isotype controls each group below (E-H).
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Resolution model: a-SMA
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Figure 5.20 (A) Reduced expression of a-SMA was demonstrated in mice receiving
PXS5338K recovering from TAA induced liver injury. C57BI/6 mice received 16 weeks of
TAA followed by 7 or 14 days of vehicle or PXS5338K (3mg/kg) P.O. IHC on paraffin
embedded liver sections (A-D) are demonstrated alongside isotype controls.
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Resolution model: SOX-9
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Figure 5.22 (A). An increase in the ductular reaction was observed in mice receiving PXS5338K
recovering from TAA induced liver injury. C57BI/6 mice received 16 weeks of TAA followed by 7 or
14 days of vehicle or PXS5338K (3mg/kg) P.O. IHC for SOX-9 on paraffin embedded liver sections (A-
D) are demonstrated with associated isotype controls (E-H).
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Resolution model: B220
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Figure 5.29 (A) Administration of PXS5338K has no impact on B cell infiltration into the liver
when delivered during fibrosis resolution. C57BI/6 mice received 16 weeks of TAA followed by 7 or
14 days of vehicle or PXS5338K (3mg/kg) P.O. IHC on paraffin embedded liver sections for CD45
B220+ B lymphocytes are demonstrated (A-D) with appropriate isotype controls for each groups below
(E-H).
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F4/80
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Figure 5.30 (A) Administration of PXS5338K increases macrophage infiltration into the liver
when delivered during fibrosis resolution. C57BI/6 mice received 16 weeks of TAA followed by 7 or
14 days of vehicle or PXS5338K (3mg/kg) P.O. IHC on paraffin embedded liver sections for F4/80 with
are demonstrated (A-D) with corresponding isotype controls for each group below (E-H)

322




Ly6G
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Figure 5.31 (A) Administration of PXS5338K has no impact on granulocyte infiltration into the
liver when delivered during fibrosis resolution. C57BI/6 mice received 16 weeks of TAA followed
by 7 or 14 days of vehicle or PXS5338K (3mg/kg) P.O. IHC for Ly6G on paraffin embedded liver
sections was performed (A-D) and is demonstrated with appropriate isotype controls below (E-H).
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