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Abstract

Organ fibrosis is a common endpoint for a broad spectrum of chronic diseases and represents
a major cause of morbidity and mortality worldwide. Metabolic dysfunction-associated
steatohepatitis (MASH), the fastest growing cause of liver fibrosis and idiopathic pulmonary
fibrosis (IPF), the most common and severe interstitial lung disease, are prominent fibrotic
diseases which pose an increasing socioeconomic burden. At present, therapeutic approaches
are extremely limited and there is an urgent need to better understand mechanisms driving

fibrosis to support development of new anti-fibrotics.

There is spatial and temporal heterogeneity of pathological changes within human liver and
lung tissue during fibrogenesis, which may correlate to changes in pathophysiological
mediators of disease and clinical progression. In this project, we utilised cutting edge single
nuclei RNA sequencing (snRNAseq) and 'omics technology to comprehensively characterise
human liver and lung tissue at different stages of disease progression to identify key cellular
phenotypes and molecular pathways driving fibrosis in MASH and IPF. Specifically, snRNAseq
was performed on patient samples selected to represent the spectrum of MASH from F1-F4
fibrosis stage and cirrhosis, resulting in the identification of 9 targets of interest which were
almost exclusively upregulated in disease-associated, high collagen type 1 expressing
mesenchymal cell subpopulations. Concurrently, 'omics approaches were employed to dissect
the molecular landscape of IPF by comparing macroscopically distinct regions of tissue from
within the same IPF lung. Interrogation of protein heterogeneity identified novel
proteins/pathways that are significantly upregulated in actively remodelling tissue for further
investigation. To validate the translational relevance of these targets to human disease,
precision-cut slices were generated from human liver and IPF lungs and challenged with
candidate inhibitors targeting these proteins/pathways to assess anti-fibrotic and anti-

inflammatory efficacy.

Overall, our findings shed light on the complex cellular and molecular mechanisms underlying
fibrosis progression and highlight promising targets for further development as novel anti-

fibrotic therapies.
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1 Introduction

1.1 Physiological wound healing
Wound healing and timely resolution of injury is understood to be one of the most complex
and tightly regulated biological processes in the human body, involving synchronisation of
multiple distinct cell types to restore tissue integrity and homeostasis [1]. Following injury,
initiation of an acute inflammatory response results in the recruitment of neutrophils,
eosinophils and basophils to begin neutralising invading pathogens and aid clearance of cell
debris by phagocytosis [2]. This is followed by recruitment of monocytes which later mature
to macrophages and other adaptive immune cells to further support elimination of debris as
well as coordinating tissue repair [3]. Upon cessation of the inflammatory response, the second
stage of wound repair shifts towards generation of new tissue and is characterised by cellular
proliferation, migration of cells and angiogenesis. Here, activation and differentiation of
fibroblasts to myofibroblasts is followed by the deposition of extracellular matrix (ECM) and
secretion of pro-fibrogenic factors to promote edge contractility and facilitate wound closure
[4]. Under normal wound healing conditions, this is then followed by the final remodelling
phase where apoptosis of endothelial cells, macrophages and myofibroblasts occurs as well
as the degradation of excess ECM components, including collagen, by matrix metalloproteases

(MMPs) and resolution of injury [1].

1.2 Pathological wound healing - Organ fibrosis
Fibrosis occurs when the physiological wound healing process becomes deregulated either as
a result of defective regenerative mechanisms or in response to severe and/or persistent
injury, leading to continued proliferation and migration of myofibroblasts, deposition of ECM
and release of pro-inflammatory and pro-fibrotic markers with detrimental effects [5]. Fibrosis
is a common pathological feature found in a broad spectrum of chronic diseases and is
characterised by the replacement of functional tissue architecture with excessive deposition
of ECM, resulting in eventual loss of organ function and ultimately death if unresolved [5].
Collectively, fibrotic diseases are considered a major cause of morbidity and mortality
worldwide and present an increasing clinical burden, particularly in the Western world [6,7].
While fibrosis is the common endpoint for a wide range of diseases, the underlying aetiologies

and mechanisms can be either core or organ specific. Effective therapies to tackle fibrosis are



for that reason, a priority to help reduce the anticipated socioeconomic burden. However,
despite considerable research, the precise mechanisms underpinning fibrosis remains
relatively unclear [8]. Further investigation is therefore needed to elucidate the underlying
molecular drivers of fibrosis which in turn will unveil potential targets for future therapeutic

strategies.

1.3 Liver fibrosis

1.3.1 Chronic liver disease
Chronic liver disease (CLD) presents a major global healthcare problem, affecting an estimated

1.5 billion people worldwide [9], with approximately 2 million deaths per year [10]. Typical
causes of CLD include, but are not limited to, viral infections (such as hepatitis B and hepatitis
C), alcohol and drug consumption, metabolic diseases such as metabolic dysfunction-
associated steatotic liver disease (MASLD) and autoimmune diseases such as primary biliary
cholangitis (PBC). Until recently, viral hepatitis was considered the main underlying aetiology
driving CLD and liver fibrosis, though recent improvements in prevention strategies and
treatments options have caused a shift in trends [11]. Within the last few decades, MASLD has
rapidly become the most common cause of liver dysfunction in the Western world owing to
its strong association with obesity, dyslipidaemia, insulin resistance and type 2 diabetes
mellitus (T2DM) [12]. Importantly, in the case of MASLD, the degree of liver fibrosis is
associated with adverse patient outcomes, including development of cirrhosis, hepatocellular
carcinoma (HCC) and increased mortality [13]. Fibrosis is the final common pathway of various
CLDs, and effective anti-fibrotic therapies are therefore crucial to help limit disease

progression and improve patient morbidity and mortality.

1.3.2 Metabolic dysfunction-associated steatotic liver disease (MASLD)
MASLD, formerly known as non-alcoholic fatty liver disease (NAFLD), is a chronic condition

which encompasses a spectrum of progressive liver diseases, previously characterised by
abnormal cytoplasmic retention of triglycerides by hepatocytes in the absence of excessive
alcoholic intake (usually set at a threshold of <20g for women and <30g for men per day).
Estimated prevalence of MASLD ranges from 24% to 38% in the general population, which
substantially rises in patients with known metabolic risk factors [14,15]. Historically, NAFLD was
considered as the hepatic manifestation of metabolic syndrome, with risk factors such as
advancing age, high body mass index (BMI), T2DM and hypertension associated with a higher

risk of progressive disease [16,17]. Accordingly, in June 2023 changes in the nomenclature were
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proposed to incorporate cardiometabolic risk factors (including BMI, fasting serum glucose,
blood pressure, plasma triglycerides and plasma HDL-cholesterol measurements) into patient
diagnosis. Reflecting the increasing prevalence of these conditions due to changes in dietary
patterns and increasingly sedentary lifestyles, MASLD is set to continually rise and is predicted
to become the leading cause for liver transplantation and the main underlying aetiology for
the development of liver cancer in the future [14].

1.3.2.1  Risk factors of MASLD

MASLD spans a wide range of clinical and histopathological features, from simple steatosis
(defined by fat accumulation in at least 5% of hepatocytes), through to steatohepatitis (MASH;
fat uptake, inflammation and hepatocellular ballooning), with potential to progress to fibrosis,
cirrhosis and even HCC (Figure 1). However, not everyone with the above-mentioned risk
factors will go on to develop MASLD or progress through the spectrum. Consequently, MASLD
is considered a complex disease which occurs as a result of the interaction between
environmental risk factors acting against a susceptible polygenic background. It is widely
accepted that environmental and genetic factors play important roles in regulating and
modifying disease progression in MASLD patients, with heritability in humans estimated
between 20-70% [18,19]. To date, at least 5 genetic modifiers have been identified and robustly
associated with increased susceptibility to, and progression of MASLD. These include patatin-
like phospholipase domain—containing protein 3 (PNPLA3), transmembrane 6 superfamily 2
(TM6SF2), glucokinase regulator (GCKR), membrane bound O-acyltransferase domain-
containing 7 (MBOAT7) and hydroxysteroid 17B- dehydrogenase (HSD17B13) [20]. For
example, carriage of the PNPLA3 genetic variant 1148M (rs738409) has been associated with
severity of steatohepatitis, increased fibrosis, cirrhosis and development of HCC [21-23].
Furthermore, the TM6SF2 genetic variant E167K (rs58542926) has been associated with
steatosis and advanced hepatic fibrosis [24,25]. Identification and characterisation of these
gene variants may prove an important diagnostic tool for patient stratification in the future,

facilitating personalised treatment strategies and improving clinical outcomes.



Metabolic-dysfunction associated steatotic liver disease (MASLD) spectrum
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Figure 1: Spectrum of MASLD disease Approximately 24-38% of the population develop steatosis, 20-
30% of individuals with steatosis progress to MASH as the tissue microenvironment becomes
increasingly inflammatory and fibrotic. ~20% of MASH cases evolve into cirrhosis with severe scarring
and poor liver function, before malignant transformation occurs in 7% of cirrhotic livers, resulting in
HCC. HCC also develops in a number of patients with MASH in the absence of cirrhosis. Created with
BioRender.com

1.3.2.2 Histological features of MASLD
At present, clinical diagnosis of MASLD is ultimately confirmed by histological assessment of

tissue following liver biopsy and remains the gold standard in disease classification, allowing
direct assessment of fat accumulation, hepatocyte injury, inflammation and fibrosis [26].
However, due to the invasive nature and considerable tissue heterogeneity, biopsies remain
an impractical diagnostic tool and research is currently underway to identify alternative, non-
invasive methods for widespread use. Over the last decade, several approaches have been
investigated, primarily including advanced imaging techniques such as ultrasound, transient
elastography (e.g., FibroScan) and magnetic resonance imaging (MRI/MRE) and biomarker
panels such as NAFLD fibrosis score, fibrosis index-4 and enhanced liver fibrosis test [27].
However, there are a number of limitations currently associated with these methods which
result in difficulties distinguishing disease stages, activity and progression [26,28-30]. The

distinct phases of disease, including histological features, are outlined below.

1.3.2.3 Steatosis

Hepatic steatosis is the histological hallmark of MASLD, defined by the accumulation of
triglycerides in more than 5% of hepatocytes in the liver, which may be either micro- or macro-
vesicular. In macrovesicular steatosis, large lipid droplets occupy the cytoplasm of

hepatocytes and displace the nucleus to the periphery whereas microvesicular steatosis refers
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to the accumulation of multiple smaller lipid droplets which occupy the cytoplasm without
displacing the nucleus [31]. Typically, MASLD patients will present with a mixed steatosis,
consisting of both micro- and macro- vesicular lipid droplets, with the degree of steatosis
determined using a semi-quantitative scoring system (Table 1) following a pathologist’s

examination of liver biopsy tissue [32].

1.3.2.4 Steatohepatitis
Although the majority of MASLD patients present solely with simple steatosis and are

generally considered to have a benign disease course, approximately 20-30% will progress to
metabolic dysfunction-associated steatohepatitis (MASH) [33]. MASH is a complex,
multifactorial disease which is characterised by inflammation and hepatocellular injury,
alongside steatosis [34]. Hepatocyte ballooning is a key histological feature of MASH, defined
by cellular enlargement of hepatocytes with a rarefied cytoplasm [35]. Lobular inflammation
observed in MASH consists of a mixed inflammatory cell infiltrate, primarily CD4+ and CD8+
lymphocytes, whereas portal infiltrates are typically CD8+ T cells and macrophages [36].
Histological features are typically assessed using the NAFLD Activity Score (NAS) system, which
is calculated by summing the scores for steatosis (0-3), hepatocellular ballooning (0-2) and

lobular inflammation (0-3), resulting in a total score ranging from 0 to 8 [32,36].

Table 1: NAFLD activity score (NAS) grading system (adapted from Burt et al [32])

Histological Feature Grading Criteria

0 <5%
5-33%
34-66%
> 66%
None
Few

Steatosis Grade

Hepatocyte ballooning

Many

None
1-2 foci per 20x field
2-4 foci per 20x field
>4 foci per 20x field

Lobular inflammation

WIN|R|IOIN|R|IO|W|N (k=

1.3.2.5 Fibrosis and cirrhosis

Approximately 25-40% of patients with MASH will develop progressive liver fibrosis, of which
~20% will further progress to end-stage cirrhosis [37-39]. MASH fibrosis is typically categorised
into 5 stages ranging from FO to F4, reflecting increasing disease severity (Table 2). At the early

stages (FO-F1), fibrosis is minimal and localised to portal tracts or the space of Disse. However,



as disease progresses to F2 and above, fibrosis becomes more prominent extending beyond
portal areas and sinusoids, affecting both perisinusoidal and periportal regions [40,41]. Further
progression to F3 is associated with an increase in fibrous septa, which then bridge adjacent
portal areas or extend from portal to central areas of the liver lobule in a pattern known as
bridging fibrosis, resulting in architectural distortion. Finally, the most advanced stage of liver
fibrosis (F4), termed cirrhosis, is characterised by extensive fibrous septa formation and
regenerative nodules [42]. Here, the continued replacement of hepatic parenchyma with non-
functional scar tissue causes significant distortion of the vascular architecture and impaired
liver function (Figure 2). Once established, cirrhosis becomes irreversible and promotes
further degeneration, portal hypertension and hepatocellular necrosis. Cirrhosis has also been
associated with increased risk of liver cancer, with approximately 7% of patients with liver

cirrhosis developing HCC (global incidence 0.5-2.6% per year) [43].

Importantly, fibrosis has been proven to be a key histological feature in predicting MASLD
patient outcomes as highlighted by several studies, with advancing fibrosis stages associated
with increased risk of future liver-related morbidity and mortality [13,44-46]. Additionally,
fibrosis regression is linked with improved clinical outcomes [47]. However, due to the
heterogeneity of clinical presentations, varying rates of progression (and regression) and
complex histological features, the underlying mechanisms driving fibrosis progression in
MASH remains incompletely understood. Consequently, further work is required to elucidate
the cellular mediators and mechanistic pathways driving fibrogenesis to help identify novel

therapeutic targets, inform patient diagnosis and improve treatment options.

Table 2: METAVIR fibrosis scoring system

Fibrosis stage Description

FO No significant fibrosis

F1 1a) Mild zone 3 perisinusoidal fibrosis (PSF) 1b) moderate zone 3 PSF 1c) portal fibrosis only
F2 Zone 3 PSF with periportal fibrosis

F3 Bridging fibrosis

F4 Cirrhosis




g3 : | L NN

Figure 2: Fibrosis progression in MASH. (Left to right) Stage 1: Centrilobular perisinusoidal fibrosis.
Stage 2: Centrilobular perisinusoidal fibrosis and periportal fibrosis. Delicate collagen fibres are
deposited around the sinusoids, while denser collagen expands the portal tract. Stage 3: A
vascularised septum of fibrous tissue cut across the hepatic parenchyma in a pattern termed bridging
fibrosis. Stage 4: Cirrhosis. Nodules of hepatocytes surrounded by fibrous septa of variable sizes.
Image from Younossi et al [41]. Image available with Creative Commons Attribution License (CC BY).

1.3.3 Pathogenesis of liver fibrosis
In response to acute injury, hepatocytes and biliary cells will self-renew to replace the lost

parenchyma coinciding with a tightly organised inflammatory response and minimal ECM
deposition [48]. In this instance, regeneration plays a crucial role in maintaining tissue
homeostasis and hepatic function. However, in the case of persistent hepatic injury, this
response can become impaired, as evidenced in CLD. Here, chronic loss of hepatocytes and
cholangiocytes arising from repetitive injury results in the mechanisms of hepatocellular
regeneration eventually becoming exhausted, whereby the number of parenchymal cells
capable of self-renewal becomes insufficient to effectively restore tissue function, resulting in

substitution of hepatocytes with ECM (particularly type | and lll collagens) [49-51].

In response to chronic hepatic injury, the reciprocal activation of immune cells and
myofibroblasts forms a crucial axis driving fibrogenesis. Persistent hepatocellular damage
promotes the continued infiltration of immune cells into the liver microenvironment which,
alongside tissue-resident cells, release a wide range of pro-inflammatory and pro-fibrotic
mediators. These cytokines, chemokines and growth factors stimulate the activation and
proliferation of myofibroblasts, which are widely accepted as key effector cells driving ECM
deposition and fibrogenesis [52,53]. Moreover, myofibroblasts secrete a range of pro-fibrotic
and pro-inflammatory factors, which further recruitimmune cells and activate myofibroblasts,
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perpetuating the fibrotic and inflammatory milieu within the liver. This bidirectional crosstalk
between immune cells and myofibroblasts establishes a reinforcing loop that sustains and
enhances fibrogenesis, ultimately leading to the progressive accumulation of scar tissue and
the development of liver fibrosis. Dysregulation of matrix MMPs and tissue inhibitors of
metalloproteinases (TIMPs) further exacerbates fibrosis progression by disrupting the balance
between matrix synthesis and degradation, causing increased accumulation of ECM in the liver
[54]. If unresolved, this results in progressive fibrosis, disrupted hepatic architecture and

aberrant regeneration, which are defining features of cirrhosis [49].

1.3.4 Cellular mediators of liver fibrosis
Liver fibrogenesis is a highly dynamic, integrated process involving synchronisation of multiple

cell types to drive excess accumulation of ECM and its components in the liver. These cellular
mediators interact via complex signalling pathways, orchestrating the deposition and
remodelling of ECM. Some of the key cellular mediators involved in liver fibrosis are detailed
below:

1.3.4.1 Hepatocytes

Hepatocytes are the main parenchymal cells of the liver (accounting for approximately 60% of
total cell numbers and about 80% of total liver volume), which are responsible for a variety of
cellular functions required to maintain tissue homeostasis including nutrient metabolism,
detoxification and immune cell activation [55,56]. The development of MASH has been strongly
associated with a range of metabolic injuries to hepatocytes including lipotoxicity, oxidative
stress, mitochondrial dysfunction, endoplasmic reticulum (ER) stress and dyslipidaemia which,
in turn, stimulate liver regeneration and fibrogenesis [57]. Importantly, damaged and dying
hepatocytes actively secrete a range of pro-fibrotic mediators, including transforming growth
factor (TGF)-B, platelet-derived growth factor (PDGF), connective tissue growth factor (CTGF)
and interleukin (IL)-6, to stimulate inflammation and fibrogenesis. Additionally, soluble
mediators that can act as damage-associated molecular patterns (DAMPs) (e.g., high-mobility
group box 1 [HMGB1], heat shock proteins, IL33 and adenosine triphosphate binding [ATP])
are released by stressed hepatocytes into the tissue microenvironment where they are
recognised by a range of cell types through pattern recognition receptors (PRRs) [58]. DAMPs
are crucial danger signals or ‘alarmins’ which alert the immune system to tissue injury and

elicit an inflammatory response [59]. Upon release, hepatocyte-derived DAMPs can stimulate



fibrogenesis through recognition of PRRs on immune cells which, in turn, stimulate release of
pro-fibrotic mediators. Additionally, DAMPs can further stimulate fibrogenesis via PRR-
independent pathways. For example, release of IL-33 from stressed hepatocytes has been
shown to trigger the recruitment of group 2 innate lymphoid cells in vivo, which then activate
hepatic stellate cells (HSCs) through the production of IL-13 [60]. Several studies have also
highlighted a direct role of hepatocellular DAMPs in myofibroblast activation and
proliferation. Mederacke et al recently reported that dying hepatocytes release DAMPs
including P2Y14 ligands, which bind to their cognate receptors on HSCs, resulting in direct
activation in mouse and human HSCs [61]. Similarly, release of HMGB1 from damaged
hepatocytes has been shown to directly activate HSCs in vitro [62], with genetic ablation of
HMGB1 in hepatocytes and myeloid cells in vivo preventing development of fibrosis in carbon
tetrachloride (CCls)-induced liver injury models [63].

1.3.4.2 Hepatic immune cells

Upon injury, damaged hepatocytes rapidly produce pro-inflammatory mediators (primarily
chemokines and cytokines) to recruit leukocytes to the site of damage. Among the first
circulating immune cells to arrive are neutrophils, which act as first responders to clear
apoptotic hepatocytes and entrap harmful bacteria via neutrophil extracellular traps (NETs)
[64]. The role of neutrophils during liver fibrosis remains controversial, with both pro- and anti-
fibrotic affects described in the literature. For example, neutrophil-derived IL-17 is a common
signature of advanced liver fibrosis and has been shown to exert a range of pro-fibrogenic
functions including recruitment of pro-inflammatory monocytes, increased TGF-p production
and enhanced TGF-B responses in HSCs [65-67]. Moreover, pharmacological inhibition of IL-17
and ablation of neutrophils and/or neutrophil chemoattractants (including IL-17) attenuates
development of fibrosis in several liver injury models [68,69]. Similarily, production of reactive
oxygen species (ROS) and myeloperoxidase by neutrophils have also been found to activate
HSCs and drive fibrogenesis in vivo [70,71]. Conversely, evidence from several studies suggest
an important role for neutrophils in the resolution phase of liver inflammation by inducing a
functional switch in macrophages from pro-inflammatory to a restorative phenotype and
secretion of MMPs which promote collagen degradation in experimental models of MASH

[72,73].



Hepatic macrophages, comprised of tissue-resident Kupffer cells (KCs) and monocyte-derived
macrophages (MoMFs), are the most abundant immune cells in the liver and have been
extensively implicated in inflammation, injury and fibrogenesis [74,75]. KCs are the self-
renewing, resident phagocytes found in the sinusoids of the liver, which act as sentinel cells
by sensing hepatocyte stress and changes in tissue integrity [76]. Widely considered the
“gatekeepers” in the initiation or suppression of immune responses, KCs play important roles
in liver homeostasis by scavenging bacterial/microbial products and secreting inflammatory
mediators to further shape the inflammatory response. In response to injury, the pool of
hepatic macrophages is rapidly expanded due to the infiltration of monocytes to the site of
damage, where they differentiate into MoMFs. Recruitment of MoMFs is facilitated by a range
of cell types including activated KCs, HSCs, and liver sinusoidal endothelial cells via chemokine
C-C motif (CC)L2/CCR2, CCL1/CCR8 and CCL25/CCR9 signalling pathways [77]. These MoMFs
are functionally and phenotypically distinct from KCs, though multiple studies have reported
high levels of plasticity between lineages [78,79]. As potent producers of TGFB, MoMFs are
thought to be the main macrophage lineage driving fibrogenesis through activation of HSCs.
This is supported by in vivo mechanistic studies whereby genetic and/or pharmacological
inhibition of these cells, or their associated chemokines, resulted in attenuation of liver
fibrosis [74,80,81]. Interestingly, recent advances in single-cell sequencing technologies have
unveiled novel insights into hepatic myeloid cell heterogeneity, resulting in the identification
of MoMFs with a ‘scar-associated macrophage’ (SAM) phenotype in human MASLD cirrhotic
liver tissue [82-85]. Expansion of pro-fibrotic TREM2+, CD9+ macrophage subpopulations in
fibrotic/cirrhotic livers have been observed in several studies, with histological analysis
revealing that these pro-fibrotic macrophages are spatially localised to regions of collagen-
dense scar tissue, providing a direct link between MoMFs and the fibrotic niche [82-85].
Importantly, SAMs have been found to exhibit increased expression of a range of fibrogenic
genes, including osteopontin (SPP1), which can regulate myofibroblast function and promote
deposition of fibrillar collagen [86].

1.3.4.3  Myofibroblasts

Myofibroblasts, which are not present in the normal liver, are significantly upregulated in
response to liver injury where they act as the primary source of ECM (primarily type | and Il
collagen) during fibrogenesis. Hepatic myofibroblasts are a heterogeneous population of cells

characterised by a spindle-like morphology, the expression of fibrogenic intracellular proteins
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(e.g., a-smooth muscle actin (aSMA) and vimentin) and secretion of pro-inflammatory and
pro-fibrotic soluble mediators [87]. Upon activation, myofibroblasts exhibit a highly contractile
phenotype and migrate to areas of active fibrogenesis to facilitate wound contraction,
deposition of ECM and further recruitment of immune cells. Though the origins of
myofibroblasts have been intensively studied in vitro and in vivo, this remains challenging in
the context of clinical liver disease due to considerable cellular heterogeneity, phenotypic
plasticity and temporal and spatial dynamics of CLDs. To date, several sources of
myofibroblasts have been identified including HSCs, portal fibroblasts, fibrocytes, epithelial-
to-mesenchymal transition and endothelial-to-mesenchymal transition [88,89]. According to
cell fate mapping and deep phenotyping of cell populations in experimental models of liver
fibrosis, activated HSCs and portal fibroblasts comprise more than 90% of the collagen
producing cells during injury, suggesting that these cells are the major sources of
myofibroblasts [90].

1.3.4.4  Hepatic stellate cells (HSCs)

Under homeostatic conditions, HSCs reside in the space of Disse where they exhibit a non-
proliferative, quiescent phenotype. A defining feature of quiescent HSCs (gqHSCs) is the
presence of retinoid lipid droplets, which serve as a major storage site of vitamin A. Following
injury, HSCs become activated, lose their vitamin A and transdifferentiate into a-SMA positive,
collagen type I-producing myofibroblasts [91]. Currently, evidence within the literature
suggests that activated HSCs are central drivers of fibrosis. Several soluble mediators released
by damaged hepatocytes and/or activated immune cells can directly stimulate the phenotypic
switch of HSCs to myofibroblasts including PDGF, TGFB, ROS and CCL2. Of these, TGF-B is the
most potent pro-fibrogenic cytokine which promotes HSC activation in a SMAD2- or SMAD3-
dependent manner [92]. Importantly, HSCs have been found to be responsible for as much as
80% of total collagen | in different mouse models of fibrosis, including MASH [93]. Moreover,
HSC apoptosis, senescence and reversion to the quiescent state have all been associated with
resolution of fibrosis in liver injury models [94,95]. Recent findings from single-cell RNA
sequencing have further provided novel insights into HSC and myofibroblast heterogeneity in
vivo, identifying several distinct populations of activated HSCs in wild type mice subject to
CCla-liver injury [96] as well as experimental modes of MASH (foz/foz mice) on a Western diet
[97]. These studies suggest an interplay of functionally diverse myofibroblast phenotypes

contribute to liver fibrogenesis.
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1.3.4.5 Portal fibroblasts (PFs)
Portal fibroblasts (PFs) are the resident fibroblasts of the portal tracts, which are situated in

the mesenchyme surrounding the bile ducts. Under physiological conditions, PFs provide
structural support and primarily function to maintain the physical integrity of the portal tract.
Although PFs have been identified as potential contributors to liver fibrosis, challenges in
isolating and tracking PFs in vivo have hindered the comprehensive understanding of their
contribution to fibrosis progression [98]. Nonetheless, emerging evidence suggests that PFs
undergo activation and transdifferentiation into myofibroblasts, particularly in response to
cholestatic injury such as PBC and primary sclerosing cholangitis (PSC). For example, in genetic
models of PSC (multidrug resistance gene 2 knockout (Mdr2/") mice) activated PFs were found
to comprise over 50% of the myofibroblasts population during development of cholestatic
liver fibrosis [99]. Similarly, activated PFs comprised >70% of myofibroblasts 5 days post bile
duct ligation (BDL), though the percentage contribution decreased with progressive injury as
HSCs gradually became more activated (14- and 20-days post BDL) [90]. However, the
contribution of activated PFs to liver fibrosis arising from aetiologies such as toxin-induced
liver injury is less well understood. Further research into the role of PFs in liver fibrosis is
required to gain a more comprehensive understanding of the diverse origins and functions of
myofibroblasts and may provide new insights into potential therapeutic targets for liver

fibrosis.

1.3.5 Current treatment options
Despite the increasing socioeconomic burden of CLDs, there are no specific licensed

pharmacological therapies used to treat liver fibrosis, with therapy instead focused on
treatment of the underlying aetiology, which may in turn lead to the regression of fibrosis. For
instance, recent advances in antiviral therapies have delivered promising results in the
treatment of viral hepatitis resulting in the regression of cirrhosis [100]. In the case of
metabolic-associated disease, therapy instead focuses on lifestyle and dietary modification
and treatment of co-existing features of metabolic syndrome [101]. Indeed, bariatric surgery
or weight reduction has been shown to effectively suppress insulin resistance, metabolic
syndrome and cause regression of liver fibrosis in some patients with MASH [63]. Nonetheless,
a large cohort of patients will be subject to continuing liver insults preventing resolution of
injury and enhancing disease progression. Due to the absence of appropriate therapeutic

agents, liver transplantation is now a standard therapy for many end-stage CLDs. However,
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patient demand for transplantation is vastly exceeding current organ supply and those who
do receive transplantation may experience side effects associated with immunosuppression
and organ rejection. Given that fibrosis progression and regression determines prognosis in
MASH, attenuation of fibrosis represents a major therapeutic goal [102]. Consequently, further
investigation is needed to elucidate underlying disease mechanisms and cellular mediators
driving fibrogenesis to aid development of anti-fibrotic compounds to limit and/or reverse

disease progression.

1.4 Pulmonary fibrosis

1.4.1 Interstitial lung disease
Interstitial lung disease (ILD) is an umbrella term encompassing a broad spectrum of

pulmonary disorders characterised by inflammation and fibrosis within the interstitial space
of the lung parenchyma [103]. The pulmonary interstitium is comprised of an intricate network
of connective tissue located between the alveolar epithelium, capillary endothelium and
airways and plays a key role in maintaining lung structure and function. In healthy individuals,
the thickness of the pulmonary interstitium ranges from ~0.1-0.2um which is crucial for
enabling efficient gas exchange between the alveoli and capillaries. In the case of ILDs,
inflammation and fibrosis cause pathological alterations in the normal architecture of the
interstitium including alveolar wall thickening, reduced surface area, altered capillary
perfusion and thickening/stiffening of lung tissue, all resulting in a diminished capacity for gas

diffusion [104,105].

The classification of ILDs is complex and continually changing as our understanding of these
conditions continue to evolve. At present, there are over 200 different ILDs, each with distinct
aetiological drivers, underlying mechanisms and disease trajectories, resulting in a wide range
of clinical presentations and outcomes. As of 2022, a common classification system broadly
categorised ILDs into 6 main categories: idiopathic, exposure-related, autoimmune-related,
ILD with cysts/airspace filling, sarcoidosis or rare orphan diseases [106]. Within these
categories, disease states can range from acute to chronic with variable rates of progression
and, in some conditions, spontaneous reversion or stabilisation can occur. For example, in the
case of exposure related ILDs, removal of harmful substances (e.g., asbestos or silica) from the
patients’ environment can slow or prevent disease progression and may lead to stabilisation

[107]. Likewise, drug induced ILDs may regress or improve through discontinuation of the
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causative drug [108]. Other ILDs, particularly those characterised by inflammation, such as non-
fibrotic hypersensitivity pneumonitis and many forms of sarcoidosis, have generally good
outcomes and respond well to therapy [109-112]. Conversely, ILDs defined by progressive
pulmonary fibrosis are considered some of the most debilitating lung diseases and have been
strongly linked with increased morbidity and mortality [106,107]. Despite advances in
treatment of fibrotic ILDs in the last decade, there are significant challenges in effectively
managing these disorders due to their complex heterogeneity and pathophysiology.
Therefore, elucidating the underlying mechanisms driving pulmonary fibrosis is required to
identify novel therapeutic targets which can achieve stabilisation and/or regression of the

progressive fibrotic phenotype and improve patient outcomes.

1.4.2 Idiopathic pulmonary fibrosis (IPF)
Idiopathic Pulmonary Fibrosis (IPF) is the most common and lethal ILD, with a median survival

rate of 3-5 years after diagnosis, a prognosis worse than many cancers [113]. IPF is a chronic
fibrosing disease characterised by the aberrant deposition of scar tissue in multifocal regions
of the lung parenchyma resulting in destruction of lung architecture, decreased lung
compliance, impaired gas exchange and ultimately respiratory failure [114]. Currently, the
number of IPF patients is estimated at between 2.8-9.3 cases per 100 000, with average onset
occurring around 65 years and predominantly affecting older males [115]. However, patient
numbers are steadily rising in line with an ageing population, particularly in developed
countries, posing a significant socioeconomic burden [116].

1.4.2.1 IPFrisk factors

Though the underlying aetiology of disease remains to be fully elucidated, current evidence
suggests that IPF is the result of several complex factors including age, genetic predisposition,
disease comorbidities and environmental exposure. For instance, meta-analysis of
observational studies examining environmental and occupational risk factors of IPF performed
by Taskar et al found that cigarette smoking/exposure, agriculture and livestock, wood/metal
dust and stone/sand were all significantly associated with IPF [117]. Similarly, the importance
of comorbidities is being increasingly recognised, with a recent study of 272 IPF patients
showing 88% of patients presenting with at least one comorbidity [118]. Moreover, a
comprehensive systematic literature review by Raghu et al found that gastro-oesophageal

reflux disorder, pulmonary hypertension, chronic obstructive pulmonary disorder
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(COPD)/emphysema, lung cancer and obstructive sleep apnoea were all frequently associated

with IPF and, in some cases, linked to increased mortality [119].

Recently, several large genome-wide association studies have also identified a number of
genetic variants which appear to contribute to IPF. The most strongly associated variant is a
gain-of-function mutation (rs35705950) in the mucin 5B gene, resulting in increased mucin in
airway mucus, which has been linked to a greater decline in forced vital capacity (FVC) and
increased risk of death [120-122]. This common variant has been reported across multiple
cohorts and is believed to account for approximately 30% of the risk of developing IPF in some
estimates [123]. Other less frequent mutations have also been reported, primarily relating to
surfactant processing (e.g. surfactant protein C (SFTPC) and surfactant protein A2 (SFTPA2))
and telomere biology (e.g. telomerase reverse transcriptase (TERT), telomerase RNA

component (TERC), regulator of telomere elongation helicase (RTEL1)) [124].

Ageing is widely considered to be one of the primary risk factors for IPF, as incidence and
prevalence of disease increases substantially with age, emphasising the critical role in disease
pathogenesis [125]. Ageing is a complex multifactorial process characterised by a progressive
loss of physiological integrity and cellular repair mechanisms as well as increased oxidative
stress and a higher prevalence of genetic mutations [126]. Importantly, several hallmarks of
ageing have been linked to IPF, including genetic instability, telomere attrition, epigenetic
alterations, loss of proteostasis, mitochondrial dysfunction, cellular senescence and stem cell
exhaustion [127,128]. Current evidence indicates that many of the main hallmarks of ageing
occur prematurely in IPF and contribute to the dysfunction of alveolar epithelial cells and
fibroblast activation [129]. Age-related, chronic low-grade inflammation, also known as
inflammaging, is also thought to contribute to the development and progression of IPF
through persistent activation of inflammatory pathways and impaired regulatory mechanisms
[130]. Consequently, IPF is considered a highly heterogeneous disease caused by a combination
of factors. Despite this, substantial strides in our understanding of IPF aetiology are yet to be
made and the contribution of known risk factors to underlying pathomechanisms remain
largely unclear.

1.4.2.2 Histological features of IPF

The diagnosis and management of IPF presents several challenges due to the complexity of

disease, heterogeneity of clinical presentations and disease trajectories and absence of
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definitive diagnostic markers. Current diagnostic approaches include a combination of clinical
evaluation, pulmonary function tests (PFTs), radiological imaging (particularly high-resolution
computed tomography (HRCT)) and, if required, histopathological examination [131,132].
Typically, when HRCT findings are unclear or inconsistent with usual interstitial pneumonia
(UIP), surgical lung biopsies are considered the gold standard for IPF diagnosis [131].
Histologically, IPF is characterised by the distinctive morphology of UIP, defined by the
presence of extensive temporal and spatial heterogeneity. Here, subpleural patches of dense
established fibrosis can be observed adjacent to regions of lung with seemingly normal tissue
architecture, indicating different stages of disease progression and ongoing injury and repair
(Figure 3) [114,132]. Fibroblastic foci (FF) are one of the defining features of UIP, representing
the leading edge of fibrotic destruction in the lung. These focal aggregations of proliferating
fibroblasts and myofibroblasts are found at the interface of fibrotic and seemingly unaffected
areas of the lung, often parallel to the alveolar surface [132]. As the primary site of collagen
biosynthesis in IPF, FF are key indicators of active fibrosis and tissue remodelling in the lung,
with increased FF activity associated with a poorer patient prognosis [133,134]. Alongside this,
IPF often shows alveolar epithelial cell abnormalities, including hyperplasia and metaplasia of
type Il alveolar epithelial cells. In advanced stages of IPF, evidence of cystic spaces lined by
bronchiolar epithelium (termed honeycombing) typically appear in subpleural regions of the
lung and are associated with extensive loss of functional alveoli and irreversible fibrotic
remodelling [131]. This complex spatial and temporal heterogeneity poses a significant
challenge in the development of suitable anti-fibrotic compounds as IPF can present in various
forms and progress at different rates, underscoring the need for a comprehensive approach
to understand disease progression. Further research is therefore essential to elucidate the
underlying mechanisms driving these histological features to support development of

targeted therapeutic approaches.
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Figure 3: Histological features of IPF Representative images of A) advanced fibrosis with architectural
distortion. B) Fibrosis at the periphery of the lung lobule (arrows) with unaffected centrilobular
regions. C) Advanced fibrosis adjacent to the normal appearing alveolar space. D) Fibroblastic foci
(indicated by *). Figure from Smith et al [132]. Image available with Creative Commons Attribution
License (CC BY).

1.4.3 Pathogenesis of IPF
Though IPF was first thought to be an inflammatory-driven disease, strong experimental data

and the failure of anti-inflammatory and immunosuppressive drugs in clinic have since
challenged this theory [114]. The current paradigm now suggests that IPF is an epithelial-driven
disease whereby repeated and persistent epithelial injury is a key initiating event driving
fibrogenesis [135]. Though the precise aetiology remains unclear, it is believed that continued
epithelial micro-injury drives aberrant epithelial repair and dysregulated epithelial-fibroblast
crosstalk, resulting in the sustained activation and recruitment of myofibroblasts, distortion

of the alveolar structure and irreversible loss of lung function [136].

Under normal conditions, maintenance of the alveolar epithelium is achieved through the
proliferation and differentiation of type Il alveolar epithelial cells (AEC2s) to type | alveolar
epithelial cells (AEC1s) to restore alveolar integrity and cover the exposed basement

membrane [137]. However, extensive evidence shows that this process is defective in IPF
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patients, resulting in aberrant wound healing responses such as increased apoptosis,
premature senescence, increased ER stress and mitochondrial dysfunction [138]. The
subsequent loss of effective reepithelialisation results in pronounced areas of denundation
(depletion of AECs) in fibrotic regions of tissue and a reduction in surface area available for
gas exchange. Concurrently, sustained activation and proliferation of myofibroblasts
exacerbates epithelial damage, enhancing basement membrane disruption and alveolar
epithelial cell apoptosis, further limiting the proliferation and differentiation of alveolar
epithelial cells and reepithelialisation. In response to epithelial injury and myofibroblast
activation, both tissue-resident and infiltrating immune cells establish a milieu of injury-
related cytokines, chemokines, DAMPs and growth factors which further recruits and activates
myofibroblasts, resulting in a positive feedback loop supporting fibrogenesis and impeding
tissue repair [139,140]. Enhanced immune cell function can also drive excessive epithelial death,
highlighting the dynamic interplay between multiple cell types and their microenvironment,
acting in concert to sustain the fibrotic response [141]. Interestingly, changes to the
composition of the ECM and increasing mechanical tension and/or lung stiffness have also
been shown to promote progression of fibrosis, suggesting that at a certain point, fibrosis can

become self-perpetuating irrespective of the initial triggers [106,142].

1.4.4 Cellular mediators of pulmonary inflammation and fibrosis
Pulmonary fibrogenesis involves complex crosstalk between multiple cell types including

alveolar epithelial cells, fibroblasts, immune cells and endothelial cells. Some of the key
cellular mediators involved in IPF pathophysiology are detailed below:

1.4.4.1 Epithelial cells

The respiratory epithelium differs considerably depending on the location and ranges from
simple ciliated cuboidal cells to layer of pseudostratified ciliated, columnar cells based on a
fibrous membrane [143]. It is comprised of 6 distinct cell types (Figure 4) dispersed throughout
the epithelium, with abundance depending on region [143]. Epithelial cells can be broadly
divided into 3 main categories: nasal, bronchial and alveolar epithelial cells. Alveolar epithelial
cells can then be further classified into type | or type Il pneumoctyes (or AECs) and display
distinct physiologic roles [144]. AEC1s make up approximately 90-95% of the alveolar surface

with their uniquely thin squamous morphology facilitating gas-exchange to allow passive
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diffusion of oxygen into the blood stream [145]. AEC2s, comprising the remaining 5-10% of
alveolar epithelial cells, primarily function to produce and secrete pulmonary surfactant which

is required to reduce surface tension and aid pulmonary compliance [146].
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Figure 4: Schematic of the respiratory epithelium. The respiratory epithelium can be broadly
classified into 3 regions, each with distinct cellular heterogeneity with abundance of different cell
types changing depending on the region as outlined above. Created using Biorender.com.
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In the lung, epithelial cells are situated at the interface between the internal and external
environment and exert many important functions to maintain tissue integrity by acting as the
first line of defence against a broad range of insults [147]. Due to their location, pulmonary
epithelial cells are uniquely susceptible to injury and face substantial challenges to tissue
integrity. Epithelial cells are routinely exposed to a range of harmful molecules including, but
not limited to, bacterial and viral insult, cigarette smoke, asbestos and airborne pollutants [2].
Epithelial damage may also arise in response to oxidative stress, triggering DNA damage and
ATP depletion [148]. Various forms of epithelial damage have been reported in IPF, including
dysregulation of cellular processes such as apoptosis, necrosis, cell senescence and ER stress

[149].

Cellular senescence is a complex, multifaceted process resulting in permanent loss of the
proliferative ability of cells, which can be triggered in response to different stimuli, including
telomere shortening/damage, oxidative stress and engagement of the DNA-damage response
(DDR) [150,151]. Unlike apoptotic and necrotic cells, senescent cells remain metabolically active
and can affect activity of themselves and neighbouring cells via secretion of a multitude of
chemokines, cytokines, proteases, and growth factors known as the senescent associated
secretory phenotype (SASP) [152]. Senescent epithelial cells exert diverse roles in the lung due
to the heterogeneity of SASP factors, including activation of fibroblasts and immune cells to
drive fibrosis and inflammation, respectively (Figure 5). Importantly, senescent epithelial cells
can also induce senescence in neighbouring cells, reinforcing growth arrest, impairing

epithelial regeneration and efficient lung function [153,154].

Emerging evidence suggests that senescence may be a key contributing factor to IPF
pathophysiology with numerous senescence biomarkers, including senescence-associated B-
galactosidase activity (SA-B-gal), p16 and p21, identified in fibroblasts and epithelial cells of
IPF patients [155,156]. Several studies have confirmed that senescent cells in IPF patient
samples are predominantly epithelial cells which are spatially located proximal to fibroblastic
foci, suggesting an active involvement in fibrogenesis [157-160]. Consistent with this, data from
a recent pilot study found that depletion of senescent cells in IPF patients using the senolytic
compound Dasatinib conferred significant clinical benefit and alleviated physical dysfunction
[161]. Furthermore, in vivo studies have demonstrated that genetic and pharmacological

ablation of senescent epithelial cells can successfully attenuate fibrosis and restore tissue
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function in experimental models of pulmonary fibrosis [162,163]. Interestingly, single-cell RNA
sequencing studies examining transcriptomic differences between IPF-derived and healthy
control AEC2s predicted Wnt/B-catenin to be one of the main transcriptional factors driving
aberrant changes in fibrotic AEC2s [164]. In keeping with these results, subsequent studies
have confirmed that the Wnt/B-catenin signalling pathway induces AEC2 senescence in
several pre-clinical models including in vivo mouse models, 3D organoids and precision-cut
lung slices [165]. More recently, the crosstalk between senescent epithelial cells and fibroblasts
has begun to be explored with one study showing that co-culture of pulmonary fibroblasts
with senescent epithelial cells resulted in increased activation of fibroblasts and expressed
increased levels of a-SMA, collagen | and vimentin [159]. These data suggest that senescent
epithelial cells can induce activation of fibroblasts downstream to drive fibrogenesis. Indeed,
inhibition of epithelial senescence with rapamycin (mTOR inhibitor) effectively suppressed
fibroblast activation and limited development of fibrosis in vivo [159]. TGF-B1-induced
senescent epithelial cells have also been reported to trigger differentiation of fibroblasts into

myofibroblasts via secretion of IL-1p [157].

In addition to epithelial senescence, aberrant activation of programmed cell death pathways,
such as apoptosis, has been shown to play a major role in the pathogenesis of IPF. For instance,
early studies investigating human IPF lung biopsies found increased expression of pro-
apoptotic markers in alveolar and bronchial epithelial cells, including p53, p21, and caspase-3
[166]. Additionally, work by Anathy et al demonstrated that FAS, a pro-apoptotic member of
the TNF receptor superfamily, is a key regulator of pathogenesis of fibrosis in vivo [167].
Furthermore, GSTP (glutathione-S-transferase m), which critically interacts with FAS during
epithelial cell apoptosis, was shown to be upregulated in AEC2s in human IPF lungs,
particularly in areas of active fibrosis [168]. Consistent with these results, global knockdown or
inhibition of GSTP resulted in protection from bleomycin-induced and adenovirus-driven TGF-
B overexpression models of pulmonary fibrosis [169]. Taken together, these studies highlight a

key role for epithelial apoptosis in IPF disease progression.
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Figure 5: Schematic diagram of epithelial senescence in the lung. Cellular senescence can be triggered
in response to different stimuli, including telomere shortening/damage and engagement of the DNA-
damage response (DDR). Senescent cells upregulate expression of senescence-associated
heterochromatin foci (SAHF), senescence-associated B-galactosidase activity (SA-B-gal), p16 and p21
and secrete a multitude of chemokines, cytokines, proteases, and growth factors known as the
senescent-associated secretory phenotype (SASP). Senescent epithelial cells exert diverse roles in the
lung due to the heterogeneity of SASP factors, including activation of fibroblasts and immune cells to
drive fibrosis and inflammation, respectively. Senescent epithelial cells can also induce senescence in
neighbouring cells, reinforcing growth arrest, impairing epithelial regeneration and efficient lung
function. Senescent fibroblasts further impair lung function and repair of epithelial cells, suggesting
bi-directionality and positive feedback mechanisms driving epithelial damage and fibroblast
activation. Senolytic compounds including Dasatinib and Rapamycin can successfully attenuate
fibroblast activation and immune cell recruitment in the lung, making modulation of senescence an
attractive therapeutic target for several chronic diseases. Image from Burgoyne et al [149]. Image
available with Creative Commons Attribution License (CC BY).
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Other cell death pathways, such as unprogrammed necrosis, have been implicated in IPF due
to their ability to release DAMPs into the tissue microenvironment. Although DAMPs primarily
function to stimulate the immune response, several studies have highlighted a direct role in
fibrogenesis in multiple organs [170,171]. In the context of the lung, DAMPs including HMGB1,
$100 proteins, uric acid and extracellular ATP are all significantly increased in BAL fluid of IPF
patients compared with healthy controls [172-176]. Though information on the cellular origin
of these DAMPs in humans is limited, histological assessment of IPF samples found that
HMGB1 was predominantly expressed in the nuclei of infiltrating inflammatory cells and
epithelial cells in fibrotic IPF lesions. Likewise, HMGB1 was found to be upregulated primarily

in bronchiolar and alveolar epithelial cells in bleomycin-induced fibrotic mouse models [177].

Several studies have now demonstrated a potentially key role for epithelial-derived DAMPs in
the pathogenesis of pulmonary fibrosis, with release of alarmins from epithelial cells
enhancing the fibrotic response in multiple systems (Figure 6). For instance, extracellular ATP
has been found to cause upregulation of TGF-B1, collagen and fibronectin in pulmonary
fibroblasts [178]. Interestingly, depletion of HMGB1 using neutralising antibodies [177] and
ethyl pyruvate (a HMGB1 inhibitor) [179] in bleomycin-challenged mice successfully attenuated
the fibrotic response, suggesting a key role in fibrogenesis. Though the involvement of HMGB1
in fibrosis is incompletely understood, some studies suggest that activation of fibroblasts and
production of IL-1B are key drivers in disease progression. Indeed, it has been shown that
HMGB1 released from damaged epithelial cells in vitro causes upregulation of IL-13, which in
turn activates TGF-B1 to facilitate alveolar epithelial cell repair [180]. Li et al provided the first
evidence that HMGB1 can mediate epithelial-to-mesenchymal transition in both human and
rat airway epithelial cells through activation of TGF-B1/Smad2/3 signalling pathways [181].
Wang et al subsequently showed that HMGB1-induced TGF-B1 release precedes the
upregulation of a-smooth muscle actin (SMA) and collagen | in pulmonary fibroblasts,
indicating that TGF-B1 is required for the differentiation of human lung fibroblasts to
myofibroblasts in response to HMGB1 [182]. Collectively, these studies provide novel evidence
that HMGB1 released from damaged epithelial cells might contribute to the development of
fibrosis through persistent upregulation of TGF-B1, causing fibroblast activation,

differentiation and deposition of ECM.
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Figure 6: Schematic diagram of downstream effects of epithelial damage in IPF. Upon injury,
epithelial cells release chemokine/cytokines and DAMPs (e.g., high-mobility group box-1 (HMGB1),
heat shock proteins (HSPs) and interleukin (IL)-1a) into the extracellular space. DAMPs can activate
pattern recognition receptors (PRRs) on neighbouring epithelial cells and immune cells, directly
stimulating the release of profibrotic cytokines including tumour growth factor (TGF)-B, PDGF and
CCL2, which are involved in the activation of fibroblasts. Epithelial cells also secrete proinflammatory
cytokines which recruit and activate innate immune cells (e.g., neutrophils, macrophages and
dendritic cells), as well as adaptive immune cells (e.g., T lymphocytes and B lymphocytes), which
further secrete pro fibrotic factors including IL-33, IL-4, IL-5, IL-13. For example, IL-33 promotes the
differentiation of macrophages towards to a pro-fibrotic M2 phenotype, causing upregulation of pro-
fibrotic cytokines including CCL2, IL-6 and TGF-B. Once activated, fibroblasts begin secretion of
extracellular matrix (ECM) and pro-fibrotic factors to promote edge contractility and facilitate wound
closure. Fibrosis is thought to occur in response to persistent epithelial damage leading to continued
proliferation and migration of myofibroblasts, deposition of extracellular matrix (ECM) and
recruitment of pro-inflammatory and pro-fibrotic markers with detrimental effects. Image from
Burgoyne et al [149]. Image available with Creative Commons Attribution License (CC BY).
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1.4.4.2  Pulmonary immune cells
Interactions between epithelial cells and immune cells are essential to maintain tissue

homeostasis, mount an effective immune response and promote resolution of epithelial
injury. Acute inflammation is considered an integral component of a normal wound healing
response to epithelial damage [183,184]. This is a highly synchronised and carefully regulated
process involving the secretion of multiple cytokines and chemokines to stimulate recruitment
and activation of inflammatory cells to the site of injury [185]. However, in many chronic lung
diseases this process becomes dysregulated resulting in a persistent inflammatory response
and establishment of a pro-fibrotic milieu which, in turn, drives pathological wound repair and
loss of functional tissue architecture [186]. Though inflammation is no longer thought to be a
key determinant of pulmonary fibrosis, multiple immune cell types are reported to have
altered signalling in IPF. This is achieved through multiple mechanisms both directly and
indirectly, including epithelial- and fibroblast-immune cell cross talk, resulting in modulation

of the fibrotic response.

Following tissue damage, neutrophils quickly migrate to the site of injury in response to
several chemoattractants, including chemokine C-X-C motif (CXC)L8 (also known as IL-8). As
previously mentioned, neutrophils exert diverse roles in the tissue microenvironment such as
phagocytosis, degranulation and release of pro-inflammatory cytokines, ROS and NETs,
shaping the ensuing immune response [187]. Furthermore, neutrophils also play an important
role in ECM turnover, primarily due to production of neutrophil elastase (NE). Interestingly,
inhibition of NE in vivo has been reported to reduce bleomycin-induced pulmonary fibrosis
[188] and NE is increased in the bronchoalveolar lavage fluid (BALF) of IPF patients [189].
Consistent with these findings, elevated levels of IL-8 and granulocyte colony-stimulating
factor (G-CSF) are also observed in the BALF and sputum of patients, suggesting increased
levels of neutrophil attraction and activation. Though this was previously reported to have no
effect of survival rates of IPF patients [190], subsequent studies have challenged these findings.
In two separate IPF cohorts, neutrophilia was associated with a decline in forced vital capacity
and/or all-cause mortality [191,192]. However, whether neutrophils contribute directly to
fibrosis progression or are upregulated in an attempt to restore homeostasis remains to be

elucidated.
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Pulmonary macrophages are a heterogeneous population of cells comprised of alveolar
macrophages (AMs), interstitial macrophages (IMs) and monocyte-derived macrophages
(MoMFs), which play crucial roles in maintaining tissue homeostasis in the lung [193]. However,
macrophages have also been widely implicated in aberrant tissue repair and pulmonary
fibrosis [194-196]. Recent characterisation of immune cell populations during bleomycin-
induced pulmonary fibrosis revealed that macrophage-related interactions were consistently
highest and most dynamic, with AM and MoMF populations exhibiting the greatest
heterogeneity and expression of pro-fibrotic genes during disease progression [197]. Similarily,
lineage-tracing and single-cell RNA sequencing analysis of experimental models of fibrosis
identified expansion of pro-fibrotic MoMFs during fibrogenesis, which were subsequently
shown to localise to areas of fibrosis [198,199]. Moreover, targeted deletion of these pro-
fibrotic MoMFs was sufficient to protect mice from bleomycin-induced fibrosis, suggesting
that they play a pivotal role in disease [200]. Consistent with these findings, CCL2 (a key
monocyte chemokine) is elevated in human IPF patients and associated with increased risk of
disease progression and mortality [201]. Taken together, these data suggest that MoMFs adopt
a pro-fibrotic phenotype in IPF, causing an imbalance between pro-repair and pro-fibrotic

macrophage states, hindering effective epithelial restoration.

Functionally, macrophages can be further subdivided into two distinct populations: classically
activated M1 macrophages and alternatively activated M2 macrophages. In this context, M1
macrophages are generally considered to be pro-inflammatory/anti-fibrotic whereas M2
macrophages are typically anti-inflammatory/pro-fibrotic. M2 macrophages are activated by
a range of soluble factors including IL-4, IL-10, granulocyte-macrophage colony-stimulating
factor (GM-CSF), and IL-13 [202]. Importantly, M2 macrophages release pro-fibrotic mediators
including TGF-B1, CCL18, galectin, CTGF and MMPs, all of which promote fibroblast migration,
proliferation and transdifferentiation to myofibroblasts [202]. In IPF, increased polarisation of
macrophages towards an M2-like phenotype has been reported in multiple systems, with
CCL18 upregulation in the BALF and sputum of IPF patients correlated with a poorer prognosis
and mortality [203,204]. More recently, advances in next generation sequencing have allowed
further characterisation of macrophage populations in IPF, resulting in identification of pro-
fibrotic, secreted phosphoprotein-1 (SPP1) high macrophages, which localise to fibroblastic

foci and interact with myofibroblasts [205-208].
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1.4.4.3 Mesenchymal cells
Fibroblasts are the most abundant cell type found in connective tissue throughout the body

[209]. Under homeostatic conditions, fibroblasts remain quiescent and are predominantly
involved in the routine production of ECM required to maintain tissue function. However,
during wound repair, fibroblasts are quickly upregulated and differentiated to activated
myofibroblasts [210] before beginning secretion of ECM and pro-fibrotic factors to promote
edge contractility and facilitate wound closure [211]. The origins of myofibroblasts in
pulmonary fibrosis has long been debated and remains incompletely understood. However,
developments in in vivo lineage-tracing models has enabled more accurate interrogation of
potential precursor cells [212] and it is now thought that myofibroblasts may be derived from
a range of cell types (Figure 7), with TGF-B1 being regarded as a key mediator driving
myofibroblast differentiation and the fibrotic response [213,214]. In addition to tissue resident
fibroblasts, both fibrocytes and pericytes have been implicated in fibrogenesis in the lung
[215,216], kidney [217,218] and liver [87,219] where they have been reported to migrate to the
site of injury and adopt a myofibroblastic phenotype [220]. In vitro work has confirmed their
ability to differentiate to myofibroblasts and begin producing collagen, fibronectin and TGF-3
to promote ECM deposition [221-223]. Moreover, the process of epithelial-mesenchymal
transition (EMT) has been postulated as a contributing factor of the fibrotic response in a
number of chronic diseases [224]. In this process, epithelial cells lose contact adhesion, alter
their morphology and acquire phenotypic properties of mesenchymal cells, migrating to the
interstitium and producing ECM [225]. Accumulating evidence now suggests EMT may play a
functional role in the pathophysiology of a number of fibrotic lung disease including COPD
[226], bronchiolitis obliterans syndrome [227] and IPF [228], though there are conflicting reports
in the literature surrounding the extent of EMT involvement [225,228]. More recently,
endothelial-mesenchymal transition (EnMT) has emerged as another possible source of
myofibroblast accumulation which can be induced by TGF-B1 [229]. Similar to EMT, endothelial
cells are seen to lose their distinctive markers, acquire a myofibroblastic phenotype and begin
production of a-SMA and type | collagen and has been described in the pathogenesis of

pulmonary [230] and renal fibrosis [231].
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Figure 7: Proposed origins of myofibroblasts and relevant signals In addition to tissue resident
fibroblasts, myofibroblasts have also been suggested to arise from a range of other cell types including
pericytes, fibrocytes, mesenchymal stem cells, epithelial-mesenchymal transition (EMT), and
endothelial-mesenchymal transition (EnMT). Created using Biorender.com

In the context of normal wound healing, after initiation of reepithelialisation, myofibroblasts
are no longer required and subsequently undergo apoptosis to clear them from the site of
injury [232]. However, in fibrotic disease, apoptotic resistance occurs early on in disease
pathogenesis whereby myofibroblasts can become resistant to Fas-Ligand mediated apoptosis
and continue to proliferate causing the progressive accumulation of ECM [233,234]. Recent
studies have shown that apoptotic resistance precedes progressive tissue scarring in mouse
models of pulmonary fibrosis, highlighting the importance of regulated apoptotic cell death in
maintaining normal tissue function. Furthermore, HMGB-1 release (an indicator of necrotic
cell death) coincided with onset of fibroblast apoptotic resistanance after radiation-induced
epithelial damage [234]. This suggests the inability of damaged cells to undergo apoptosis,
coupled with initation of the necrotic pathway could directly contribute to stimulation of the
fibrotic response, though the pathways involved remain ill-defined. Additionally, presence of
senescent fibroblasts enhances apoptotic resistance and senescent fibroblasts have been
found to accumulate in the lungs of IPF patients [235,236]. Interestingly, co-culture of alveolar
epithelial cells with senescent fibroblasts was found to impair function and repair of epithelial
cells, suggesting bi-directionality and positive feedback mechanisms driving epithelial damage

and fibroblast activation [237]. Notably, Orjalo et al demonstrated that pulmonary fibroblasts
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increase production and secretion of IL-1la in response to senescence-inducing stimuli.
Moreover, they showed that IL-1a was an essential positive regulator of IL-6 and IL-8 secretion
and that senescent fibroblasts could act in an autocrine manner to drive inflammation and

reinforce senescent growth arrest in themselves and neighbouring fibroblasts [238].

Fibroblasts have long been considered as cells whose function was limited chiefly to
restoration of tissue architecture. However, it is becoming increasingly apparent that
fibroblasts play other critical roles in wound healing and that interactions between the
pulmonary epithelium and fibroblasts play a major role in tissue homeostasis, as well as in the
initiation and progression of several chronic lung diseases [239]. For example, fibroblasts have
been identified as having a critical role in regulating the switch from acute to chronic
inflammation through modulation of immune cell function [240]. Indeed, evidence suggests
that dysfunctional fibroblasts can induce a persistent inflammatory state in the cellular
microenvironment through secretion of proinflammatory cytokines, driving accumulation of
immune cells and impeding wound repair [148]. Suwara et al successfully demonstrated that
pulmonary fibroblasts challenged with conditioned media from damaged/dying epithelial cells
undergo a phenotypic switch to a proinflammatory state, characterised by the secretion of
chemokinesinvolved in the recruitment of neutrophils, monocytes and T cells. This phenotypic
switch was driven exclusively via IL1a released from damaged epithelial cells engaging
interleukin 1 receptor type 1 (IL-1R1) on fibroblasts, and this effect could be attenuated using
an IL1a neutralising antibody or IL-1R1 antagonist, suggesting that IL1a is a key epithelial-
derived factor driving a proinflammatory phenotype in human fibroblasts [148]. Taken
together, these data suggest that epithelial damage and release of intracellular alarmins can
initiate aberrant crosstalk between epithelial cells and fibroblasts to drive inflammation and
alter wound repair signalling. Single-cell sequencing of mouse and human lungs have further
identified subpopulations of pulmonary fibroblasts unique to fibrotic lungs that can adopt a
pro-fibrotic phenotype [241]. Functionally, these cells exhibit enhanced migratory functions
and localise to regions of fibrotic tissue, suggesting an important role in driving pulmonary

fibrosis.

(Section 1.4.5 includes excerpts from my first author review titled “The Role of Epithelial
Damage in the Pulmonary Immune Response” published in Cells, 2021 [149]) available under

Creative Commons Attribution License (CC BY).
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1.4.5 Current treatment options
At present there is no cure for IPF, treatment options are scarce with lung transplantation

remaining the only viable intervention to increase life expectancy. However, due to limited
availability of donor organs and stringent suitability criteria, only a small minority of IPF
patients will be eligible to undergo transplantation [242]. Treatment strategies are therefore
primarily focused on slowing disease progression and alleviating patient discomfort. Currently,
there are only 2 clinically available anti-fibrotic drugs which are licensed exclusively for the
treatment of mild-moderate IPF [243,244]. Pirfenidone (a modified pyridine small molecule
inhibitor) was the first pharmacological therapy approved by the European Medical
Association (EMA) in 2011 for the treatment of IPF, with proven anti-fibrotic and anti-
inflammatory affects. Pirfenidone has been evaluated in 3 multicentre phase 3 trials, including
the CAPACITY and ASCEND trials [245-247] which confirmed clinically meaningful reductions in
disease progression (measured by decline in FVC, lung volume, exercise tolerance and
progression-free survival) and favourable benefit-risk profiles representing an appropriate
treatment option for IPF patients [245,247]. Though the exact mechanism of action remains
unclear, it is thought to exert pleiotropic effects through modulation of multiple cellular
pathways, including the inhibition of TGF-B1 across numerous cell types [248-251]. Nintedanib
was subsequently approved by the EMA in 2015 after clinical evidence arising from the
INPULSIS -1 and -2 [252] and the TOMORROW [253] trials reported a significant decrease in the
rate of FVC deterioration and fewer exacerbations in IPF patients, although the death rate
remained unchanged. Nintedanib’s mechanism of action is somewhat more defined, as an
intracellular tyrosine kinase inhibitor it is thought to exert its anti-fibrotic affects via binding
to ATP sites, supressing signalling pathways linked to vascular endothelial growth factor
receptor (VEGFR), fibroblast growth factor receptor (FGFR) 1-3 and platelet-derived growth

factor receptor (PDGFR) a and B [254-256].

Despite the proven ability to slow FVC deterioration in patients, neither Pirfenidone nor
Nintedanib are good first line therapies for IPF treatment due to heterogeneous treatment
responses and wide-ranging side effect profiles [257-260]. While these adverse effects are
generally well tolerated and can often be managed with medication (skin rash, weight loss,
nausea, vomiting and fatigue [261]), there have been reported cases of drug-induced liver
injury and hepatotoxicity [243,262-264] and approximately 29% of IPF patients prematurely
discontinue their treatment as a direct result of adverse side effects [265]. Additionally, not
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every patient is eligible for anti-fibrotic treatment due to current suitability criteria. It is
currently estimated that only 54% of patients with an IPF diagnosis in Europe receive anti-
fibrotic treatment with an approved drug [266]. Consequently, there is an urgent unmet need
to better understand the underlying mechanisms driving pulmonary fibrosis to support
development of new anti-fibrotic agents to improve the quality of life and life expectancy of

patients.

1.5 Current methods to investigate fibrosis and disease
Current research into fibrosis, including understanding the initiating triggers and the

underlying mechanismes, relies heavily upon in vitro cell culture of human and rodent cells and
in vivo mouse models. Though these techniques have yielded significant insight into our
understanding of basic disease mechanisms, they have often failed to translate to clinical
benefit. Despite considerable investments into drug discovery and development, the
probability of a drug progressing from Phase | trial to full approval currently stands at less than
10% [267,268]. One possible explanation for this phenomenon is sub-optimal and/or
inconsistent preclinical research, in which animal models and other non-physiologically
relevant cell culture systems are used to bridge the gap from bench to bedside [269].
Consequently, it is important to consider the substantial limitations of both cell culture and
mouse models and their failure to recapitulate the incredibly complex pathophysiology
observed in human disease (Figure 8). Additionally, reproducibility between studies and
laboratories remains a critical issue when translating findings from academia to
pharmaceutical drug development. Differences in experimental design, methodologies,
biological variability and quality control measures have all been identified as key variables,
with minor differences potentially resulting in significant outcome discrepancies [270].
Enhancing collaboration and communication between these sectors is therefore essential to
improve reproducibility between models and ensure that promising academic findings can be
reliably translated into effective therapies. An overview of commonly used model systems of

fibrosis are outlined below:
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1.5.1 In vitro: 2D cell culture and 3D models

1.5.1.1 2D cell culture
2D mono- and co-culture systems provide cheap, reproducible models which are fundamental

research tools in many settings, particularly large-scale rapid drug screening [271]. However,
the conventional methodology of culturing cells in a 2D monolayer is known to restrict contact
between cells and prevent the formation of multi-dimensional structures seen in tissue [272].
Moreover, cells exist within the complex ECM scaffold in situ, providing structural support and
facilitating signalling between multiple cell types. These interactions are required for a
number of vital functions including cell differentiation, proliferation and response to stimuli,
all of which are impeded in 2D culture systems [273]. Additionally, cells cultured in a
submerged monolayer are exposed to supra-physiological levels of stiffness which has been
shown to impair function of cells in vitro, altering phenotype and reducing viability [274]. For
example, when cultured in a 2D system, normally quiescent fibroblasts are found to rapidly
differentiate to activated myofibroblasts [275,276].

1.5.1.2 3D models

To overcome some of the inherent limitations associated with 2D monoculture, single or
multicellular spheroids may be used. Spheroids are 3D cell aggregates grown using a scaffold-
free system such as hanging droplets or ultra-low attachment plates [277]. Like 2D cell cultures,
spheroids are cheap, reproducible models for studying disease biology and high-throughput
drug screening. Formation of spheroids into a 3D structure effectively reduces the supra-
physiological levels of stiffness observed in classical monoculture systems, enabling cells to
maintain more physiologically relevant phenotypes in culture as well as facilitating cell-cell
interactions [278]. Despite this, cell types are still limited to broad clusters of cells (e.g.,
hepatocytes or pulmonary epithelial cells) lacking matrix and tissue structure. Furthermore,

spheroids are unable to regenerate and are often susceptible to central necrosis [269,279].

More recently, research has progressed to incorporate the use of more advanced 3D models
(e.g., organoids, airway liquid interface (ALI) and organ-on-a-chip) to alleviate the limitations
outlined above. These models display structures and functions more consistent with tissue in
vivo and can interact with neighbouring cells enabling better interrogation of cellular crosstalk
[269]. For example, organoids (often termed ‘mini organs’) are stem cell-derived 3D structures
resembling the organ they are fated towards with the capacity to regenerate [280]. Unlike

spheroids, organoids rely on artificial ECM scaffolds to facilitate self-organisation into
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structures that mimic the architecture of a whole organ and recapitulate some aspects of the
cellular microenvironment [281]. Though there has been considerable progress in the
development of 3D models for use in research, 3D systems are still limited to include few cell
types and fail to address the complex cellular heterogeneity and cell-cell interactions present

in the lung and liver [282].

1.5.2 In vivo mouse models
Animal models are widely used in the study of fibrotic diseases and can overcome several of

the issues seen in vitro, allowing multiple cell-to-cell interactions and providing a tissue
microenvironment to study basic physiology. Mouse models remain one of the most
commonly used in vivo models owing to their short gestational period, extensive genome
characterisation and ease of genetic manipulation. Numerous models have been developed
for the study of both liver [283] and lung [284] fibrosis, with recent advances leading to
improved models of targeted epithelial injury, fibroblast-selective genetic manipulations and
epithelial-mesenchymal crosstalk. For instance, Sisson et al recently described a model of
pulmonary fibrosis utilising a transgenic mouse expressing the human diphtheria toxin
receptor (DTR) on AEC2 cells. Repetitive delivery of diphtheria toxin was then delivered daily
for 14 days to induce hyperplastic proliferation in an AEC2-selective manner, resulting in a
model of interstitial thickening similar to IPF [285]. In the case of liver fibrosis, there are several
experimental models available reflecting the variety of pathogenic factors leading to
pathological wound healing. Fibrogenesis can be induced via exogenous chemical challenge,
surgical intervention, dietary modification or transgenic manipulation, each with their own
advantages and limitations [283]. Although these models still fail to recapitulate the full
spectrum of disease pathogenesis, they allow for specific analyses of signalling pathways and
interactions among different cell types. However, there remains significant challenge in
translating in vivo findings to human patients based on the biological differences between
species [286]. Additionally, many established rodent models rely on accelerated disease
progression in young mice (8-12 weeks old), often using non-physiologically relevant stimuli

(e.g. CCla) [284]. Given that fibrosis develops over the course of decades, and in the case of IPF
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in response to unknown stimuli, it can be concluded that these models will be incapable of

accurately replicating the complex pathophysiology seen in humans.

1.6 Emerging translational pre-clinical models and research tools

1.6.1 Ex vivo precision-cut slices (PCS)
Precision cut slice (PCS) technology provides an exciting alternative to currently available

models and has been utilised successfully in a range of organs including lung, liver, kidney, and
heart [287-289]. Critically, PCS preserves tissue architecture, matrix scaffolds and cellular
heterogeneity of native tissue, offering a physiologically and structurally relevant system in
which to test potential therapeutics and interrogate underlying mechanisms of disease
[269,287]. PCS technology has been used extensively to investigate drug metabolism and
toxicity [290] and is becoming an increasingly common tool for fibrosis research, from
modelling early onset to end-stage disease in both murine and human tissue. To investigate
changes associated with early-stage fibrosis in the lung, ex vivo models have been established
by challenging PCS derived from excess human donor lungs with a pro-fibrogenic cocktail
(TGF-B, tumour necrosis factor-a (TNFa), PDGF-AB, and lysophosphatidic acid) to promote
induction of fibrosis, alveolar thickening and increased secretion of ECM proteins, whilst

maintaining tissue viability [291]. Similarily, PCS generated from human liver tissue can be
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Figure 8: Pre-clinical models for fibrosis disease modelling. Summary of pre-clinical systems currently
used to model fibrotic disease, along with the main advantages and disadvantages of each method.
Created with BioRender.com.
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stimulated with exogenous compounds such as ethanol, bile acids and pro-fibrogenic
recombinant proteins to induce fibrogenesis and validate efficacy of anti-fibrotic therapies
[287,292,293]. PCS have also been generated from patients with established disease pathology
such as IPF [294], COPD [295] and severe liver fibrosis and/or cirrhosis [296] to interrogate
pathomechanisms successfully. For example, Mercer et al utilised IPF-derived PCS to
demonstrate that PI3K/mTOR pathway activation plays a role in disease remodelling and
further showed that inhibition of this pathway resulted in decreased secretion of pro-
fibrogenic markers suggesting a direct link between PI3K/mTOR signalling and ECM formation

in IPF [294].

Although PCS technology has significant advantages compared to other available models, it is
not without its limitations. Access to tissue remains one of the central issues, with many
researchers unable to establish the required ethical approval and networks between hospitals
and laboratories to receive human tissue. The absence of infiltrating immune cells is also a
fundamental caveat in the system as, in patients, infiltrating immune cells play key roles in
modulating disease. Limited tissue longevity and maintenance of tissue-resident cells is also a
prominent obstacle due to non-uniform culturing protocols, with some groups only capable
of culturing tissue for 24-48 hours. Our laboratory has significant expertise in the generation
and culture of PCS in multiple organs, including resected liver tissue [287], healthy unused
donor lung tissue and explant diseased lung tissue which can be maintained for up to 14 days
whilst remaining viable and metabolically active. Treatment of PCS prepared from explanted
lung tissue with Pirfenidone and Nintedanib have effectively shown that the PCS system can
be used to test therapeutic compounds in diseased human lung tissue including IPF, COPD and
obliterative bronchiolitis and subsequently can be used to investigate other inflammatory
and/or fibrotic mechanisms. Additionally, we have shown the ability to stimulate (and blunt)
inflammatory and fibrotic responses in normal unused donor lungs and resected liver tissue,
using IL1a and TGF-B1/PDGFBB challenge, respectively. Both systems therefore provide
attractive models to interrogate underlying disease mechanisms and validate targets of

interest.

1.6.2 ‘Omics Technology
Over the past few decades there has been considerable progress made in understanding the

molecular mechanisms of organ fibrosis in experimental animal models of disease. However,
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insights into pathomechanisms underlying the initiation and progression of fibrosis in humans
are only just beginning to emerge [297]. This is due, in part, to the technological advancements
of high-throughput ‘omics data generation including genomics, transcriptomics, proteomics,
metabolomics and single-cell sequencing. Unbiased ‘omics technologies, particularly when
coupled with physiologically relevant pre-clinical models, offer powerful tools to investigate
the molecular networks driving fibrosis, providing comprehensive molecular profiles of
control and diseased tissues.

1.6.2.1 Transcriptomics

Transcriptomics, which involves the high-throughput profiling of gene expression, has become
a cornerstone in fibrosis research, providing novel insights into dysregulated gene expression
signatures associated with fibrosis progression in multiple organs. For example, before the
routine use of next-generation sequencing technologies, development of IPF pathogenesis
was thought to be caused by higher expression of TIMPs and reduced activity of MMPs [298].
However, microarray profiling of human lungs subsequently challenged this theory, reporting
increased gene expression of several MMPs in IPF lungs [299]. These findings have since been
validated in several transcriptomic studies and it is now well accepted that MMPs are
upregulated during disease, affecting multiple signalling pathways to contribute to
fibrogenesis [297,300,301]. More recently, integrative analysis combining transcriptomic data
with clinical outcomes have identified potential diagnostic and prognostic biomarkers of
disease. Interestingly, work by Herazo-Maya et al identified a 52-gene expression profile in
the peripheral blood of IPF patients which was predictive of patient survival across numerous
cohorts [302,303]. However, while transcriptomics provides valuable insights into gene
expression patterns, it has one major caveat in that RNA expression does not necessarily
correlate with protein abundance due to post-transcriptional regulatory mechanisms such as
alternative splicing, mRNA stability and translational control [304]. Consequently, we are
unable to discern the rate at which RNA is translated into protein, or if the protein is active in
the cell. Moreover, in cases where upregulation of genes in one cell type is offset by
downregulation in another (or vice versa), the net change in overall expression may be
negligible, leading to false negatives in differential expression analysis. RNA sequencing
(RNAseq) results could therefore be misleading and may obscure functional insights into

cellular activity and disease mechanisms.
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1.6.2.2 Proteomics
Proteomics, the large-scale profiling of protein expression and function, offers

complementary insights into fibrosis pathogenesis by characterising the total protein content
of cells and/or tissue. Rapid advances in proteomic technologies, particularly liquid
chromatography-mass spectrometry (LC-MS), have facilitated the identification and
quantification of proteins in normal and fibrotic tissues and patient serum in multiple organs
and disease states. Furthermore, proteomic profiling has uncovered novel protein biomarkers
associated with disease severity, progression and response to anti-fibrotic therapy [305,306].
More recently, proteogenomic approaches integrating transcriptomic and proteomic data
have enhanced our understanding of gene expression regulation and protein dynamics in
fibrosis. For example, multi-omic profiling of IPF blood samples performed by Ruan et al
identified two novel endotypes of IPF associated with distinct clinical characteristics [307].
However, challenges such as sample complexity due to different chemical and physical
properties, dynamic range limitations, and sensitivity to low-abundance proteins and data
integration remain key considerations in proteomic studies. Furthermore, despite intensive
efforts, the total coverage of the cell proteome remains incomplete, with an estimated 11%
of the expected proteome still unaccounted for [308].

1.6.2.3 Single cell RNA sequencing

Since its inception in the mid-late 2000s, bulk RNAseq has become one of the most valuable
and routinely used tools in research, enabling in-depth interrogation of entire transcriptomes
[309]. However, over time it became increasingly clear that potentially biologically relevant
differences between cells and/or rare cell populations could be obscured by this method as
bulk RNA-seq data represents an average of gene expression profile across thousands/millions
of cell types [310]. This biological challenge served as a catalyst to the advent of single-cell RNA
sequencing (scRNAseq) technology as a next generation sequencing approach to overcome
this problem. scRNAseq is a rapidly evolving methodology which has become more readily
available over the past decade and is transforming our understanding of disease pathogenesis,
enabling the unbiased interrogation of individual cell populations at an extraordinary
resolution [311]. By isolating single cells, capturing their transcripts and mapping gene
expression, scRNAseq enables detailed analysis of the biological properties of diverse cell

populations in different disease states and biological systems [312].
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Multiple studies utilising these cutting-edge single-cell approaches have already begun to
unpick the complex, multicellular interplay driving both liver and lung fibrosis resulting in
novel insights into disease pathomechanisms. For example, Ramachandran et al recently
described a previously unreported subpopulation of scar-associated macrophages which
expand in liver fibrosis and adopt a pro-fibrogenic phenotype [82]. Similarily, investigation of
explant IPF tissue using scRNAseq identified a distinct population of aberrant basaloid cells
spatially located at the edge of fibroblast foci [205]. As this exciting field continues to evolve,
itis now possible to assess multiple ‘omic readouts (transcriptome, genome, epigenome) from
the same single cell as well as spatially profiling cells to understand cell-to-cell interactions in
situ [311,313]. Integration of these single-cell technologies are providing even more
comprehensive assessments of cell phenotypes and function in human disease, enabling
unprecedented interrogation of underlying cellular and molecular mechanisms driving
fibrosis. Biological insights gained from these single-cell approaches should therefore help

drive the identification of potential therapeutic targets for a broad range of fibrotic diseases.
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1.7 Aims and objectives

1.7.1 Study rationale
Fibrosis is a common pathological feature underpinning a broad spectrum of chronic diseases

and is characterised by the replacement of functional tissue architecture with excessive
deposition of ECM, resulting in eventual loss of organ function and ultimately death if
unresolved. Collectively, fibrotic diseases are considered a major cause of morbidity and
mortality worldwide and present an increasing clinical burden, particularly in the Western
world. To date, therapeutic approaches have been extremely disappointing and there is an
urgent need to better understand mechanisms that drive fibrosis to support the development
of new anti-fibrotic agents. Access to human tissue is one of the main factors impeding
development of suitable anti-fibrotic compounds. Consequently, much of the research carried
out in the field relies heavily on the use of 2D/3D cell culture systems and in vivo mouse
models which poorly translate to patients. In this project, we will utilise cutting edge
methodologies in both whole human tissue and PCS generated from different disease-
states/organs to identify and interrogate potential therapeutic targets with the goal of

illuminating novel targets to dampen the inflammatory and fibrotic response.

1.7.2 Hypothesis/research question
| hypothesise that investigation of diseased organs with a broad ‘omics/single-cell sequencing

approach will identify novel therapeutic targets/pathways driving fibrogenesis with direct
relevance to lung and liver fibrosis. Through the application of novel therapeutics in our
human precision-cut slice models | will be able to develop a greater understanding of the
mechanisms driving hepatic and pulmonary inflammation and fibrosis to generate hypotheses

for further exploration.

1.7.3 Aims
1. Utilise single nuclei RNA sequencing in human MASLD/cirrhosis samples to identify novel

fibrotic targets (Edinburgh University) and validation of targets of interest in human precision-

cut slices.

2. Utilise an unbiased ‘omics approach to identify potential therapeutic targets in regional IPF

samples.

3. Development of a 96-well medium-throughput PCS methodology using IPF explant tissue to

test novel candidate compounds for anti-fibrotic and anti-inflammatory effects.
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2 General materials & methods

2.1 Human liver acquisition and ethical approval
All work derived from human liver tissue was performed with approval of the Newcastle and

North Tyneside Ethics Committee (12/NE/0395) and informed consent was obtained from
patients prior to involvement in the study. Human liver tissue was acquired from resection
margins surrounding colorectal metastasis from patients who undergoing surgery at the

Freeman Hospital, Newcastle-upon-Tyne.

2.2 Precision-cut liver slices (PCLS)
Resected liver tissue was collected from the Freeman hospital, Newcastle in 4°C Krebs buffer

comprised of molecular grade water (693520, Sigma) supplemented with krebs ringer powder
(SLC07890, Sigma), 1.26g/L sodium bicarbonate (S-6014, Sigma), and 1.80g/L D-glucose
powder (G8769, Sigma). To minimise ischaemic time and preserve hepatocyte viability, PCLS

were generated no longer than 2 hours post-resection [287].

2.2.112-well methodology
To generate 8mm PCLS, liver tissue was cored using an 8mm biopsy punch (BI3000, Stiefel)

before being transferred vertically to a metal mould, submerged in 3% low gelling
temperature agarose (A9414, Sigma) and placed on ice to set. Agarose-embedded cores were
superglued to the vibratome mounting stage, loaded into the media chamber containing 4°C
Krebs buffer, and cut using a Leica VT1200S vibrating blade microtome (Leica Biosystems) at
a speed of 0.3 mm/sec, amplitude 2 mm and thickness of 250um. PCLS were then transferred
into 8um pore transwell inserts (66563, Greiner bio-one) in custom made 12 well cell culture
plates containing paired wells (BioR plates) and placed on bioreactor platforms (patent
PCT/GB2016/053310) to rock plates at a flow rate of 18.136 uL/sec (Figure 9). PCLS were
cultured in 1.5ml/well (500ul inside transwell and 1ml outside) of Williams medium E (W4128,
Sigma), supplemented with 1% penicillin/streptomycin (100U/ml and 100ug/ml; P0781,
Sigma), 1x insulin transferrin-selenium X (1g/L, 0.55g/L and 0.00067g/L; 51500056, Gibco), 1x
glutamine (200mM; G7513, Sigma)/pyruvate (100mM; 58636, Sigma), 2% foetal bovine serum
(10500-064, Gibco) and 100nM of dexamethasone (D-085, Cerilliant). PCLS were incubated at
37°C, supplemented with 5% CO,. Media was refreshed at 24-hour intervals with collected

media snap frozen for downstream analysis.
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Figure 9: Workflow to generate precision cut liver slices (PCLS) from resected liver tissue A)
Workflow to generate 8mm x 250uM PCLS. Briefly, tissue was cored using 8mm biopsy punch,
embedded in low-gelling agarose and glued to vibratome mounting stage. 250uM-thick PCLS were
generated using Leica VT1200S vibrating blade microtome. B) Custom made BioR plate containing
paired wells. C) PCLSs cultured on 8um Transwell inserts in the Bioreactor (BioR) plate. Image from
Paish et al [287].

2.2.296-well methodology
To generate 3mm PCLS for 96-well transwells, liver tissue was cut to 1.5cm3 before being

transferred to a metal mould, submerged in 3% low gelling temperature agarose (A9414,
Sigma) and placed on ice to set. Agarose-embedded tissue blocks were superglued to the
vibratome mounting stage, loaded into the media chamber containing 4°C Krebs buffer, and
cut using a Leica VT1200S vibrating blade microtome (Leica Biosystems) at a speed of 0.3
mm/sec, amplitude 2 mm and thickness of 250um to generate tissue sheets. Sheets of 250um-
thick tissue were then cored using 3mm biopsy punches (BP30F, Kai medical) before being
transferred into 8um pore transwell inserts (3384, Corning) in custom made 96 well cell
culture plates containing paired wells (BioR plates) and placed on bioreactor platforms (patent
PCT/GB2016/053310) to rock plates at a flow rate of 18.136 uL/sec. PCLS were cultured in
250ul/well (100ul inside transwell and 150pl outside) of Williams medium E (W4128, Sigma),
supplemented with 1% penicillin/streptomycin (100U/ml and 100ug/ml; P0781, Sigma), 1x
insulin transferrin-selenium X (1g/L, 0.55g/L and 0.00067g/L; 51500056, Gibco), 1x glutamine
(200mM; G7513, Sigma)/pyruvate 100mM; 58636, Sigma), 2% foetal bovine serum (10500-
064, Gibco) and 100nM of dexamethasone (D-085, Cerilliant). PCLS were incubated at 37°C,
supplemented with 5% CO,. Media was refreshed at 24-hour intervals with collected media

snap frozen for downstream analysis.
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2.3 Human lung acquisition and ethical approval
All human explant lung experiments were carried out with approval by the Newcastle and

North Tyneside Local Regional Ethics Committee (lung: 11/NE/0291) and informed written
consent was obtained from patients prior to their involvement in the study. Human lung tissue
was collected at the Freeman Hospital, Newcastle upon Tyne from patients who underwent
either single or bi-lateral lung transplants. Normal unused donor lungs were acquired through

Blood and Transport Research Unit (lung: 11/NE/0352).

2.4 Precision-cut lung slices (PCLuS)
Explanted lung tissue was collected in 4°C Hank’s Balanced Salt Solution (HBSS; 14170, Gibco)

and transported from the Freeman Hospital, Newcastle to the Royal Victoria Infirmary
Pathology department for processing by a pathologist to determine if the samples were
suitable for research and to advise on areas for sampling. Tissue was then dissected into 6cm
x 6cm x 3cm regions and warmed to 37°C for 60mins in HBSS prior to processing. Tissue was
inflated with ~20ml of 3% low gelling agarose (A9414, Sigma) using a 19g Luer needle
(AN*1938R1, Terumo) and 25ml syringe before being left to set on ice at 4°C.

2.4.1 24-well methodology
To generate PCLuS for 24 well transwells, tissue was cored using an 8mm biopsy punch

(BI3000, Stiefel) before cores were transferred vertically to a metal mould, submerged in 3%
low gelling agarose and set on ice for 15mins at 4°C. Tissue blocks were superglued to the
vibratome mounting stage, loaded into the media chamber and submersed in 4°C HBSS. Slicing
was performed using a Leica VT1200S vibrating blade microtome at a speed of 0.3 mm/sec,
amplitude 2mm and a thickness of 450um (Figure 10). PCLuS were transferred to 8um pore
transwell inserts in 24 well cell culture plates (662638, Greiner bio-one) and cultured in
500ul/well (200ul inside transwell and 300ul outside) of Small Airway Epithelial Cell media (C-
21270, Promo Cell) supplemented with a supplement pack (bovine pituitary extract
[0.004mI/ml], recombinant human L-epidermal growth factor recombinant human [10ng/ml],
recombinant human Insulin [Spg/ml], hydrocortisone [0.5ug/ml], epinephrine [0.5ug/ml],
triiodo-L-thyronine [6.7ng/ml], recombinant human transferrin [10pg/ml], retinoic acid
[0.1ng/ml] and bovine serum albumin-fatty acid free [2.5mg/ml]; C-39170, Promo Cell) and
1% penicillin/streptomycin (100U/ml and 100ug/ml; P0781, Sigma). PCLuS were incubated at
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37°C, supplemented with 5% CO,. Media was refreshed at 24-hour intervals with collected

media snap frozen for downstream analysis.

O a ¥ O ®

Figure 10: Workflow to generate precision cut lung slices (PCLuS) from explant lung tissue 1) Explant
IPF tissue acquired, cut into smaller sections, inflated using 3% low gelling agarose and allowed to set
on ice 2) Tissue cored using an 8mm biopsy punch and 3) cores were transferred to metal mould and
submerged in 3% low gelling agarose and allowed to set on ice 4) Agarose-embedded cores glued to
Leica VT1200S vibratome stage and set to generate 5) 450um-thick 8mm diameter PCLuS. 6) PCLuS
transferred to 8um pore transwell inserts in 24 well cell culture plate.

2.4.2 96-well methodology
To generate 3m or 4mm PCLuS, after inflation, tissue was cut to smaller 1.5cm? sections before

being transferred to a metal mould, submerged in 3% low gelling agarose and set on ice for
15mins at 4°C. Tissue blocks were superglued to the vibratome mounting stage, loaded into
the media chamber and submersed in 4°C HBSS. Slicing was performed using a Leica VT1200S
vibrating blade microtome at a speed of 0.3 mm/sec, amplitude 2mm and thickness of 450um
to produce sheets of tissue which were then transferred to a 10cm petri dish containing
culture media and cored using a 3mm or 4mm biopsy punch (BP-30F and BP-40F, Kai medical)
(Figure 11). Slices were transferred to 8um pore transwell inserts in 96 well cell culture plates
(3384, Corning) and cultured in 200ul/well (50ul inside transwell and 150ul outside) of Small
Airway Epithelial Cell media (C-21270, Promo Cell) supplemented with a supplement pack (see
above; C-39170, Promo Cell) and 1% penicillin/streptomycin (100U/ml and 100ug/ml); P0781,
Sigma). PCLuS were incubated at 37°C, supplemented with 5% CO,. Media was refreshed at

24-hour intervals with collected media snap frozen for downstream analysis.

43



P ) ;
® @ /,‘/ ® O/ \) | ()
e

Figure 11: Workflow to generate precision cut lung slices (PCLuS) from explant lung tissue 1) Explant
IPF tissue acquired and cut into smaller sections 2) Smaller tissue sections inflated using 3% low
gelling agarose and allowed to set on ice 3) Set tissue blocks cut to approx. 1.5cm3®and any uninflated
tissue discarded 4) Tissue blocks transferred to metal mould and submerged in 3% low melting point
agarose and allowed to set on ice 5) Tissue blocks glued to Leica VT1200S vibratome stage and set to
generate 450um-thick sheets of tissue 6) Tissue sheets collected into SAEC culture media in a 10cm
dish and 3/4mm cored using 3/4mm biopsy punch to generate PCLuS 7) PCLuS transferred to 8um
pore transwell inserts in 96 well cell culture plate.

2.5 Enzyme Linked Immunosorbent Assay (ELISA)
Sandwich ELISA was performed using DuoSet ELISA Kits (unless otherwise mentioned) on

conditioned culture media and tissue homogenates to measure fibrotic and inflammatory
markers including Collagen 1al (DY6220-05, R&D), TIMP-1 (DY970, R&D), IL-6 (DY206, R&D)
and IL-8 (DY208, R&D) according to manufacturer’s guidelines. Briefly, capture antibodies
were diluted in PBS and used to coat 96 well half area plates (3365, Corning) before overnight
incubation on a rocking platform. Plates were washed 3 times with wash buffer (PBS + 0.05%
Tween) before non-specific binding was blocked by incubation with reagent diluent (1% BSA
+ PBS) for 1hr at room temperature (RT). Next, plates were washed, and relevant
samples/standards were added before incubation at RT for 2hrs on a rocking platform.
Following this, samples were removed and plates washed 3 times before incubation with
biotinylated detection antibodies diluted in PBS for 2hrs at RT, with rocking. Streptavidin-
horseradish protein (HRP) was added after washing and plates were incubated in the dark for

20mins. Plates were washed for the final time before incubation with substrate solution
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(DY999, R&D). Colour change was stopped when the standard curve was clearly defined by
adding stop solution (1M sulfuric acid). Optical density was measured at 450nm and 570nm
using Tecan Infinite Pro 2000 with sample concentrations calculated using the 7-point

standard curve.

2.6 Lactate Dehydrogenase (LDH) Assay
Lactate dehydrogenase (LDH) is a cytosolic enzyme present in cells that is released into culture

medium upon damage to the plasma membrane and can be used to determine cellular
cytotoxicity. To measure extracellular LDH in conditioned media, Pierce LDH cytotoxicity Assay
Kit (C20300, Thermo Scientific) was used following manufacturer’s guidelines. Briefly, reaction
mixture was made by adding Substrate Mix to ultrapure water and dissolved by gentle mixing
before addition of Assay Buffer. A tissue positive control was prepared by the addition of a
tissue slice to 20% Triton X in culture media at RT before being added in duplicate to a 96 well
plate (3365, Corning). Samples and a negative media control were added in duplicate to the
plate before being incubated for 30mins in the dark. Finally, the reaction was stopped using
Stop solution and plates were read using Tecan Infinite Pro 2000 with optical density

measured at 490nm and 680nm.

2.7 Resazurin assay
To assess the metabolic activity of PCS, 4.5mM resazurin stock solution (ab145513, Abcam)

was diluted into relevant culture media to produce a 450uM resazurin working solution. For
tissue, 8mm PCS were incubated in 100ul of the working solution and 3/4mm PCLS and PCLuS
were incubated in 50ul of working solution in 96 well tissue culture plates for 1hr at 37°C
supplemented with 5% CO,. For cells, culture media was removed and wells were washed x2
with PBS before incubation with of 50ul of the working solution at 37°C supplemented with
5% CO;. A media blank (containing media and working stock resazurin but no tissue/cells) for
each media type was cultured alongside tissue/cells. After incubation, resazurin working
solution was transferred to a white 96 well plate (Greiner) and fluorescence was measured at
excitation 535nm and emission 595nm using a Max Filter 5 plate reader. Media blank
fluorescent values were subtracted from each tissue/cell values, and fluorescence was
normalised to control unstimulated tissue/cells for each donor/cell line (presented as %

change from baseline).
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2.8 RNA isolation and quantification

2.8.1 RNA isolation from whole tissue
Total RNA was isolated from snap frozen whole tissue using RNeasy mini kits (74104, Qiagen)

according to manufacturer’s guidelines. Briefly, samples were homogenised in 350ul of RLT
lysis buffer containing B-mercaptoethanol (444203, Sigma) in Precellys® Ceramic hard tissue
tubes (432-3752, VWR) using a Precellys bead homogeniser at 0°C. Lysate was transferred to
a Qiashredder column (79656, Qiagen) and spun at 8,000 x g for 2mins to further homogenise
samples. Following this, an equal volume of 70% ethanol was added to each sample and mixed
by pipetting. Next, samples were transferred to RNeasy spin columns and spun at 8,000 x g
for 15secs, discarding flow through. Spin columns were washed with Buffer RW1 followed by
Buffer RPE, each time spinning samples at 8,000 x g for 15 secs and discarding flow through.
Samples were washed a second time with RPE buffer at 8,000 x g for 2mins to eliminate
residual ethanol contamination before 30ul of RNase-free water (129112, Qiagen) was added
to each spin column and spun at 8,000 x g for 1min to elute samples. RNA was collected into

a fresh collection tube and quantified before long-term storage at -80°C.

2.8.2 RNA isolation from PCS
Total RNA was isolated from individual PCS by homogenising tissue samples in 500ul QlAzol

lysis reagent (79306, Qiagen) using a Tissue Lyser |l bead homogeniser (Leica) before
incubation for 5mins at RT. Tissue lysate was transferred to a Qiashredder column and spun
at 8,000 x g for 2mins to further homogenise tissue and reduce viscosity. Next, 140ul
chloroform (437581, Sigma) was added to each sample, vortexed briefly for 15secs and
incubated for 2-3mins at RT. Samples were spun at 12,000 x g for 15mins at 4°C and the clear
upper aqueous layer was collected into a new tube before an equal volume of 70% ethanol
was added and vortexed. Samples were transferred to RNeasy spin columns and spun at 8,000
x g for 15secs, discarding flow through. Following this, spin columns were washed with Buffer
RW1 followed by Buffer RPE, each time spinning samples at 8,000 x g for 15 secs and discarding
flow through. Samples were washed a second time with RPE buffer at 8,000 x g for 2mins to
eliminate residual ethanol contamination before 30ul of RNase-free water was added to each
spin column and spun at 8,000 x g for 1Imin to elute samples. RNA was collected into a fresh

collection tube and quantified before long-term storage at -80°C.
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2.8.3 RNA quantification
RNA quality was ascertained by measuring absorbance at wavelengths of 260nm and 280nm

via Nanodrop 2000 spectrophotometer. After a blank measurement (RNase free water), 1pl
of sample was loaded onto the lower optical pedestal and measured. RNA concentration and
purity were then calculated with absorbance A260/A280 ratios of >1.8 indicating acceptable
sample purity.
2.9 cDNA synthesis

RNA stock (1ug per sample) was diluted in RNase free water to a total volume of 8ul before
incubation at 37°C for 30mins with DNase (M6101 and M610A, Promega) to remove genomic
contaminants. After incubation, 1ul of DNase Stop solution (M199A, Promega) was added to
each sample before 0.5ul of random hexamers/primers (C1181, Promega) was added at RT
and incubated at 70°C for 5mins. Following this, samples were immediately placed on ice for
5mins prior to addition of reverse transcriptase mix (comprised of 0.5ul RNAsin, 1ul M-MLV
RT, 1ul 10mM dNTPs oligonucleotides and 4ul 5X M-MLV RT buffer; N2515, M1705, C1141;

Promega) to each sample and incubation at 42°C for 1hr. cDNA was then stored at -80°C.

2.10 Reverse transcription polymerase chain reaction (RT-PCR)
RT-PCR was used to investigate gene transcription levels in samples using a 7500 fast System

(Applied Biosciences). For each gene of interest, a master mix was prepared consisting of 10ul
2x TagMan™ Fast Advanced Master Mix (4444556, Sigma), 1ul 20x PCR Probe mix (Sigma) and
7ul nuclease free water and added to a 96-well PCR plate. 2ul of cDNA (at 20ng/ul) was added
to each well containing 18ul of master mix before the plate was sealed and spun at 200g for
3mins. Reactions were run on 7500 fast PCR System (Applied Biosciences) in quadruplicate.
All samples were subject to 40 cycles of denaturing (at 95°C for 15secs), annealing (at 60°C for
30secs) and elongation (at 72°C for 30secs) before a dissociation curve was produced by a final
cycle of 95°C for 15secs, 60°C for 60secs and 95°C for 30secs to confirm specificity of the PCR
amplification by distinguishing the desired product from primer-dimers and/or non-specific
products based on their melting temperatures (where a single sharp peak typically indicates
amplification specificity). Results were normalised to B-actin housekeeping gene
(Hs01060665_g1, Sigma) and presented as relative levels of transcriptional difference (RLTD)
in which the experimental data is displayed relative to a control sample (set at 100%)

according to the delta-delta Ct method. Briefly, cycle threshold (Ct) values (defined as the
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cycle at which the fluorescence of a sample rises above the background fluorescence
indicating detectable gene expression) were obtained for each reaction using the QuantStudio
design & analysis software v1.4.1 (ThermoFisher) and normalised to a reference gene (e.g. B-
actin), which is assumed to be consistently expressed across all samples (ACt value= Cttarget gene
—Ctreferencegene). The average ACt value for experimental controls was calculated, giving a
calibrator value and this was then subtracted from all ACt values (AACt value= ACtsample of interest

—=ACtcalibrator sample)-

2.11 Histology

2.11.1 Haematoxylin & Eosin
5uM- thick formalin-fixed, paraffin-embedded tissue sections were dewaxed for 2x 5mins in

clearene (3803600E, Leica) and rehydrated in 100% ethanol and 70% ethanol (each for 5mins)
before being washed in running tap water. Samples were then incubated with Mayer’s
haematoxylin for 2mins, washed in running tap water and incubated with Eosin (PRC/66/1,
PRC) for 40 secs before being dehydrated through graded alcohols of 50%, 75% and 100% (x2)
ethanol for 20 secs. Slides were transferred to clearene for 10mins before being mounted with

coverslips using Pertex (SEA-0100-00A, Cell Path).

2.11.2 Picrosirius Red (PSR)
5uM- thick formalin-fixed, paraffin-embedded tissue sections were dewaxed in clearene and

rehydrated in graded alcohols before being washed in deionised water and incubated with
0.2% phosphomolybdic acid (79560, Sigma) for 5mins. Next, sections were washed in
deionised water and incubated in 0.1% Picro Sirius Red (365548, Sigma) for 2hrs. After
incubation, sections were washed twice in 0.01M HCl (258148, Sigma) and dehydrated
through graded alcohols of 70%, 90%, 100% ethanol for 20 seconds each before 2mins in 100%

ethanol and transfer to clearene for 10mins prior to mounting in pertex.

2.12 Immunohistochemistry
Tissue sections were deparaffinised and rehydrated before blocking endogenous peroxidase

activity using 0.6% hydrogen peroxide/methanol solution. Antigen retrieval was performed
using antigen unmasking solution (H-3300, Vector laboratories), 20 pg/ml proteinase K
(P2308, Sigma) or Tris-EDTA. Endogenous avidin and biotin were blocked for 20mins
respectively using Avidin/Biotin Blocking Kit (SP-2001, Vector laboratories). Non-specific
binding was blocked with 20% swine serum (C15SB, Bio-Rad) or 10% goat serum (S-1000-20,
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Vector Laboratories) dependant on the secondary antibody for 45mins before incubation with
the primary antibody at 4°C overnight. Slides were washed and incubated with secondary
antibody (goat anti-fluorescein [BA-0601, Vector Laboratories] 1/300 dilution, swine anti-
rabbit [E0353, Dako] 1/200 dilution or goat anti-mouse [BA-9200, Vector Laboratories] 1/300
dilution) for 1hr, followed by incubation with Vectastain R.T.U Elite ABC HRP Reagent (PK-
7100, Vector Laboratories) for 45mins. Visualisation was carried out using DAB peroxidase
substrate kit (SK-4100, Vector Laboratories) prior to counterstaining with Mayer’s
haematoxylin. Slides were then dehydrated and mounted using Pertex to allow histological
assessment. Nikon Eclipse Upright DS-U3 microscope and NIS-Elements BR programme was

used to analyse tissue sections.

2.13 Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.5.0. Results are presented as mean

+ standard error of the mean (SEM). Data were considered statistically significant with p<0.05
*, p<0.01 **, p<0.001 *** and p<0.0001 ****, Specific statistical analysis is detailed within

each results chapter.
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3 Identification and validation of novel fibrotic disease targets using
human precision-cut slices

Statement of contribution

e snRNAseq of human liver samples, including processing of tissue and downstream
bioinformatics analysis, was performed by Dr Sebastian Wallace and Professor Neil
Henderson (Edinburgh University) to identify targets of interest for exploration in this
project (Figures 12-14 provided by Dr Sebastian Wallace).

e Experiments carried out to generate pre-existing transcriptomic datasets in PCLS
(Figure 15 and Figure 16) and pulmonary fibroblasts (Figure 37 and Figure 38) prior to
the start of this project were performed by equal contribution between myself and Dr
William Reilly. Downstream bioinformatics analysis of these datasets was performed
by Dr Laura Sabater.

e Investigation of targets of interest in a pre-existing scRNAseq datasets generated from
6 integrated single cell lung atlases was performed by Dr Stephen Christensen (Figure
35 and Figure 36).

e All other work in this chapter was performed solely by the author.
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3.1 Introduction
Organ fibrosis represents a major cause of morbidity and mortality worldwide. As a common

endpoint for a wide range of diseases, the underlying causes and mechanisms of fibrosis can
be either core or organ specific, and in the majority of cases remain poorly defined [314]. To
date, there are only two approved anti-fibrotic therapies (Pirfenidone and Nintedanib) and
their usage is restricted exclusively to the treatment of patients with mild-moderate Idiopathic
Pulmonary Fibrosis (IPF) [315]. Meanwhile, the escalating global prevalence of metabolic
dysfunction-associated steatohepatitis (MASH) in conjunction with the mounting rates of
obesity, type 2 diabetes and cardiometabolic syndrome, has become a leading cause of liver
fibrosis [16,17]. Similarily, as the most common and severe fibrosing interstitial lung disease,
IPF continues to rise in line with an ageing population [316]. This growing health challenge
emphasises the urgent unmet need for the development of novel anti-fibrotic therapies to

address the increasing socioeconomic burden of MASH and other fibrotic diseases.

The process of drug discovery is widely considered an inefficient and expensive process,
characterised by high costs, lengthy timelines and high rates of attrition at various stages
[317,318]. Consequently, despite significant efforts to unpick the underlying molecular
mechanisms of fibrosis, the translation of promising pre-clinical findings into effective anti-
fibrotic therapies remains extremely limited. These inefficiencies can be, in part, attributed to
our limited understanding of disease heterogeneity and pathomechanisms driving fibrosis,
impeding the identification of actionable therapeutic targets. This critical gap from bench to
bedside is further exacerbated by the frequent use of reductionist pre-clinical models, which
fail to recapitulate the intricate pathophysiology and cellular heterogeneity of human disease.
For example, the conventional methodology of culturing cells in a 2D monolayer is known to
restrict contact between cells and their ability to form the multi-dimensional structures seen
in tissue [272]. Additionally, the 2D system exposes cells to supra-physiological levels of
stiffness and has been shown to impair function of fibroblasts in vitro, altering phenotype and
reducing viability [274]. More recently, research has advanced to incorporate the use of 3D
models such as organoids to alleviate the limitations outlined above. These models display
structures and functions more consistent with tissue in vivo and can interact with
neighbouring cells enabling better interrogation of cellular crosstalk [269]. However, 3D

systems are still limited to include few cell types and fail to address the complex cellular
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heterogeneity present in disease [282]. Animal models can overcome several of the issues seen
in vitro, allowing multiple cell-to-cell interactions, and providing a microenvironment to study
basic physiology. However, there remains significant challenge in translating in vivo findings
to human patients based on the biological differences between species [286]. Additionally,
many established rodent models rely on accelerated disease progression in young mice (8-12
weeks old), using non-physiologically relevant stimuli (e.g., CCls and Bleomycin) [284]. Given
that fibrosis develops over the course of decades, and in many cases in response to unknown
stimuli, it can be concluded that these models will be incapable of accurately replicating the

disease state seen in humans.

Addressing these limitations requires innovative technologies that provide a more nuanced
and accurate representation of the cellular landscape observed during fibrosis development.
In this context, the integration of single-nuclei sequencing (snRNAseq) and precision cut slice
(PCS) technology emerges as a cutting-edge approach to enable identification of common and
distinct mechanisms driving fibrosis toward end-stage disease. Importantly, snRNAseq
enables the unbiased interrogation of cellular heterogeneity at an unprecedented resolution,
unravelling the complex interplay of various cell types within the fibrotic microenvironment
[311]. Having already vyielded new discoveries in the field [82,205,319,320], snRNAseq
methodologies provide previously unattainable insights into the diverse cell populations,
phenotypes and signalling pathways in health and disease, laying the groundwork for the
identification of key fibrogenic cell types, interactions and novel therapeutic targets.
Furthermore, PCS technology provides an exciting alternative to currently available pre-
clinical models and has been utilised successfully from a range of organs [287-289]. Critically,
PCS preserves tissue architecture and cellular heterogeneity of human tissue and offers a
physiologically and structurally relevant system in which to test potential therapeutics and

interrogate underlying mechanisms of disease [269,287].

Here, we combined our extensive knowledge in the generation and culture of PCS with the
expertise of Prof Neil Henderson’s group in single-cell technologies to identify and validate

novel fibrotic and disease targets.
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3.2 Materials and methods

3.2.1Target identification using single nuclei RNA sequencing
The identification of targets of interest via snRNAseq of human liver samples was performed
by Dr Sebastian Wallace and Professor Neil Henderson, Edinburgh University. Specifically, Dr
Sebastian Wallace performed single nuclei isolation, processing of human samples and
downstream bioinformatics analysis under the supervision of Prof Neil Henderson as outlined

below.

3.2.1.1 Sample ethics and acquisition

Non-cirrhotic liver tissue was acquired from patients undergoing partial liver resections at the
Royal Infirmary of Edinburgh, with tissue obtained from normal resection margins surrounding
solid tumour metastases or hepatic adenomas. Cirrhotic explant liver tissue was acquired by
identifying patients on the Scottish Liver Transplant Unit waiting list through BIOBANK Study
(EC:15/ES/0094). MASH biopsies were obtained from NHS Lothian and NHS Grampian as
excess tissue during routine clinical biopsies/trials as part of the Liver Cell Atlas (LiCA) study
(approved by the Northwest Ethics committee in February 2020, EC: 20/NW/0075, Submitted
by Sebastian Wallace, Pl Prakash Ramachandran). All subjects provided written, informed

consent prior to their involvement in the study.

3.2.1.2 Single nuclei isolation

Nuclei isolation was performed from snap frozen liver samples using the Tween with salts and
Tris (TST) method described by Slyper et al [321]. Briefly, 40-60ug of frozen tissue was placed
in a 6-well plate on ice with 1ml of 1% TST buffer (2ml 2x Salt-Tris (ST) buffer (Table 3) plus
TWEEN-20 (Bioshop) and 20% BSA (Sigma Aldrich)) before being chopped for 10mins with
Noyes Spring scissors (FST). Tissue lysate was then filtered using a 35um Falcon™ cell strainer
before being washed with 1ml TST. Next, 3ml 1x ST buffer was added to tissue lysate before
transferring to 15ml conical tube and centrifuging at 4°C for 5 minutes at 500g. Finally, the
pellet was resuspended in 1Iml 1x ST buffer and nuclei quality was assessed by Hoecsht
staining. Nuclei were then loaded onto the BioRad nuclei counter and the concentration was
adjusted for the 10x protocol. For MASH biopsies, the volume of TST and ST buffer was diluted

10-fold in ultrapure water.
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Table 3: 2x ST buffer components diluted in ultrapure water

Compound Concentration Supplier Code

NaCl 292mM Thermo Fisher Scientific AM9759
Tris-HCl pH 7.5 20mM Thermo Fisher Scientific 15567027
CaCl2 2mM VWR International Ltd 97062-820

MgCl2 42mM Sigma Aldrich M1028

3.2.1.3 10X sample processing, cDNA library preparation and sequencing

Single nuclei samples were processed through the 10X Genomics Chromium Platform using
the Chromium Single Cell 3’ Library and Gel Bead Kit v3 (10X Genomics, PN-1000075) and the
Chromium Single Cell B Chip Kit (10X Genomics, PN-1000074) as per the manufacturer’s
guidelines. In brief, single nuclei suspensions were diluted to a targeted capture of 5000 single-
nuclei libraries per sample, loaded onto the single cell B chip and partitioned into Gel Beads
in Emulsion (GEM) using the Chromium instrument. Next, reverse transcription of RNA
occurred, followed by amplification, fragmentation and 5’ adaptor and sample index
attachment. Samples were sequenced on NovaSeq 6000 by Genewiz ™.

3.2.1.4 Computational analysis

In total, 317,428 nuclei from healthy (n=14), MASH (n=25) and cirrhotic (n=14) liver samples

were isolated from liver donors outlined in

Table 4 with snRNAseq sample readouts detailed in Table 6. The total spectrum of MASH
fibrosis was represented by FO (n=1), F1 (n=4), F2 (n=6), F3 (n=10) and F4 (n=4) outlined in
Table 7. A summary table of liver donor demographics is provided in Table 5, where all
continuous variables are reported as mean + SD. Statistical analysis was performed using
Kruskal-Wallis test with post hoc Dunn’s multiple comparisons test to infer homogeneity or
heterogeneity between patient ages between cohorts. Results confirmed no statistical
differences between cohorts (see Appendix A; Table 1). Chi-square test was performed to
assess sex distribution between the cohorts where chi-square statistic=12.94, degrees of
freedom=6 and p value=0.0441, indicating that the observed differences are unlikely due to

random chance.
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Table 4: Liver snRNAseq donor demographics

Tissue Biopsies

Healthy 1 39 M MASH BIOPSY 1 40 M
Healthy 2 70 M MASH BIOPSY 2 50 F
Healthy 3 80 M MASH BIOPSY 3 58 F
Healthy 4 71 F MASH BIOPSY 4 56 F
Healthy 5 62 F MASH BIOPSY 5 64 M
Healthy 6 70 M MASH BIOPSY 6 58 F
Healthy 7 59 M MASH BIOPSY 7 55 M
Healthy 8 72 M MASH BIOPSY 8 61 M
Healthy 9 62 F MASH BIOPSY 9 66 M
Healthy 10 59 M MASH BIOPSY 10 29 F
Healthy 11 66 M MASH BIOPSY 11 47 F
Healthy 12 64 M MASH BIOPSY 12 66 M
Healthy 13 60 F MASH BIOPSY 13 58 F
Healthy 14 71 M MASH BIOPSY 14 44 M
Cirrhotic 1 60 F MASH BIOPSY 15 59 M
Cirrhotic 2 70 M MASH BIOPSY 16 36 M
Cirrhotic 3 59 M MASH BIOPSY 17 68 M
Cirrhotic 4 56 M MASH BIOPSY 18 63 M
Cirrhotic 5 64 F MASH BIOPSY 19 60 M
Cirrhotic 6 58 M MASH BIOPSY 20 45 M
Cirrhotic 7 60 F MASH BIOPSY 21 56 F
Cirrhotic 8 64 M MASH BIOPSY 22 45 M
Cirrhotic 9 70 M MASH BIOPSY 23 65 F
Cirrhotic 10 56 F MASH BIOPSY 24 42 M
Cirrhotic 11 60 F MASH BIOPSY 25 65 M
Cirrhotic 12 59 M
Cirrhotic 13 56 M
Cirrhotic 14 70 M
Table 5: Liver snRNAseq summary donor demographics
Variable Healthy | MASH FO MASH F1 MASH F2 MASH F3 MASHF4  Cirrhotic
N (number) 14 1 4 6 10 4 14
Sex Female 4 0 0 2 6 0 9
Male 10 1 4 4 3 4 5
Age (years) 64.6 £ 9.56 56 51.75+11 | 55.7+10.71 | 52.3+12.17 | 59+9.7 | 61.6 £5.2
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Table 6: snRNAseq sample readouts

Tissue nCells ‘ nGenes ‘ nUMI Biopsies nCells nGenes nUMI
Healthy 1 4910 98,091 3115 MASH BIOPSY 1 6117 2464 5402
Healthy 2 7730 61,734 816 MASH BIOPSY 2 638 1332 2014
Healthy 3 7469 64,707 1282 MASH BIOPSY 3 573 2459 4788
Healthy 4 1223 1048 1860 MASH BIOPSY 4 676 1224 1964
Healthy 5 7883 1265 2102 MASH BIOPSY 5 808 109 161
Healthy 6 3958 1156 1816 MASH BIOPSY 6 2127 12 48
Healthy 7 6535 2750 7898 MASH BIOPSY 7 4678 884 1146
Healthy 8 4469 1777 3224 MASH BIOPSY 8 4165 972 1228
Healthy 9 4721 1199 1999 MASH BIOPSY 9 1464 834 1058
Healthy 10 3712 1455 2467 MASH BIOPSY 10 1583 931 1166
Healthy 11 7087 2844 8423 MASH BIOPSY 11 25551 861 1099
Healthy 12 3865 1281 2162 MASH BIOPSY 12 12323 843 1022
Healthy 13 1855 1269 1919 MASH BIOPSY 13 3753 1342 1868
Healthy 14 7477 2043 4355 MASH BIOPSY 14 16785 1173 1577
Cirrhotic 1 7717 2180 5109 MASH BIOPSY 15 15559 246 307
Cirrhotic 2 1223 1048 1860 MASH BIOPSY 16 5278 551 718
Cirrhotic 3 1265 1577 4995 MASH BIOPSY 17 7223 644 850
Cirrhotic 4 3316 2182 5099 MASH BIOPSY 18 4041 782 978
Cirrhotic 5 2588 2018 4310 MASH BIOPSY 19 10370 560 991
Cirrhotic 6 1146 1326 3818 MASH BIOPSY 20 13627 705 918
Cirrhotic 7 7633 1641 2988 MASH BIOPSY 21 12701 845 1155
Cirrhotic 8 3310 2333 5270 MASH BIOPSY 22 14105 1259 1936
Cirrhotic 9 4581 2267 5181 MASH BIOPSY 23 22187 2323 4420
Cirrhotic 10 1650 2868 6276 MASH BIOPSY 24 8671 983 1286
Cirrhotic 11 3752 2046 4912 MASH BIOPSY 25 3149 680 778
Cirrhotic 12 5525 1298 2091
Cirrhotic 13 1026 770 1096
Cirrhotic 14 1650 2868 6276

nCells= number of cells, nGenes= average number of genes per cell and nUMI= number of unique cells

per gene

Table 7: Fibrosis grading of MASH biopsies in snRNAseq dataset
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3.2.1.5 Processing ShRNAseq datasets and QC

To generate feature-barcoded matrices of genes mapped to their single cell for downstream
analysis, sequencing reads were aligned to GRCh38 reference genomes (modified to allow
intronic feature alignment) and nuclei-containing partitions and unique molecular identifiers
(UMils) were estimated using the CellRanger v3.1.0 Single-Cell Software Suite (10X Genomics).
Poor quality nuclei and empty droplets were excluded by removing droplets containing <200

UMIs and >10% mitochondrial genes of the total UMI count.

Data quality control was performed using the SeuratPipe R package v3.1.2. Scrublet python
module v0.2.3 [322] was used to identify potential doublets and the SoupX R package v1.5.2
[323] was used to analyse and correct background mRNA contamination. Samples were
normalised by dividing the UMI count per gene by the total UMI count in the corresponding
nucleus and log-transforming using the Seurat ‘ScaleData’ function. Sample transcriptomes
were concatenated using mergeData function, re-normalised and re-scaled before the top 200
genes exhibiting high cell-to-cell variation were identified and ‘subsetted’ for downstream
principal component analysis (PCA) using the ‘vst’ method. Merged sample datasets were then
integrated using the Harmony® v0.1.0 package to correct for sample bias on PC embedding
and linear dimensional reduction was performed using PCA (Seurat RunPCA) on the variable
features. Next, cells were clustered using the ‘FindNeighbours’ and ‘FindClusters’ function
before being clustered with variable PC dimensions and resolution depending on the size and
variability of each dataset or subset. The mesenchyme clusters were subsetted using the
subset () function and pre-processed with the SCTransform package [324] replacing the
NormalizeData(), ScaleData(), and FindVariableFeatures() functions. This was developed to
improve downstream analytical tasks such as variable gene selection and dimensional
reduction. UMAP non-linear dimensional reduction function was run with the Louvain
algorithm to visualise PC clustering. Clusters were characterised by heat maps, feature plots

and violin plots.
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3.2.2 PCLS liver patient demographics
PCLS were generated from the donors outlined in Table 8 with ethical approval (outlined in

Chapter 2).

Table 8: Liver PCS donor patient demographics

12-well PCLS 96-well PCLS
Sex Age Fibrosis Steatosis Donor Sex | Age Fibrosis Steatosis
Liver Donor 1 M 53 1 0 Liver Donor 6 F 70 3 0
Liver Donor 2 M 65 1 0 Liver Donor 7 M 84 1+ 1
Liver Donor 3 F 56 2 1 Liver Donor 8 F 60 1 1
Liver Donor 4 F 45 1 0 Liver Donor 9 M 87 1 1
Liver Donor 5 F 59 1 0 Liver Donor 10 M 81 0

3.2.3 Treatment of PCLS for target validation
For initial target validation, 8mm PCLS were generated (as outlined in Chapter 2) and cultured
in a 12-well Bioreactor plate (n=5 donors [liver donors 1-5 in Table 8]). Once generated, PCLS
were rested for 24 hours to allow the post-slicing stress period to elapse before challenge with
either control media, a combination treatment of recombinant human TGF-
B1(3ng/ml)/PDGFBB(50ng/ml) to stimulate fibrogenesis or TGF-B1/PDGFBB + activin-like
kinase 5 (ALK5) inhibitor SB525334 (10uM) to blunt the fibrotic response (n=6 PCS per
condition) according to established protocols based on previous dose-optimisation
experiments [287]. Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis. At the terminal 96-hour time point,

PCLS were harvested and snap frozen for downstream analysis (see Figure 17C).

3.2.4 Aspartate Aminotransferase (AST) Assay
AST is a pyridoxal phosphate-dependent enzyme that catalyses the conversion of aspartate
and a-keto-glutarate to oxaloacetate and glutamate and can be used as a measure of liver
function. To measure AST in conditioned culture media, AST Activity Assay Kit (Sigma,
MAKO055) was used by incubating samples and Glutamate standards with Reaction Mix
according to manufacturer’s guidelines in a 96 well flat-bottom plate. After addition of the
Reaction Mix, sampled were briefly mixed using an orbital shaker before being incubated at
37°C (protected from light). After 2-3mins, (Tinitial) timepoint absorbance was measured at
450nm (Asso) using Tecan Infinite Pro 2000. Plates were returned to incubate at 37°C
(protected from light) taking (Asso) every 5mins until the value of the most active sample was

greater than the highest glutamate standard (10nmole/well). The final measurement ([A450]
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final) for calculating enzyme activity was the penultimate reading before samples exceeded
the linear range of the standard curve. Samples were corrected for background and AST
activity was measured using the following equation: AST activity= (B x Sample dilution factor)/
([Reaction time] x V) where Glutamate amount (B), reaction time (Tfinal — Tinitial [Minutes]) and

volume (V).

3.2.5Testing of candidate compounds in PCLS
To test candidate compounds at multiple doses, 3mm PCLS were generated for culture in a

96-well CMR plate (outlined in Chapter 2) before being subject to the following treatment
course.

3.2.5.1 Candidate compounds in combination with inflammatory stimuli

PCLS were generated from resected liver tissue (n=3 donors) and rested for 48 hours, with
media being refreshed after 24 hours, before being challenged with control media, human
recombinant IL1a (1ng/ml) alone to stimulate inflammation or in combination with IKK2
(10uM) to blunt the inflammatory response (n=6 PCLS per condition, n=3 donors, n=18 PCLS
total). Alongside this, PCLS were challenged with IL1a in combination with 3 (or 5 in the case
of HAS2) escalating doses of each inhibitor (outlined in Table 9) to assess ability to blunt
inflammation (see Figure 22B). Conditioned media was snap frozen for analysis and PCLS were
harvested for resazurin assay at T72 to measure metabolic activity as an indicator of tissue
viability (outlined in chapter 2). The following experiments were performed using liver donors
7 and 9 for HAS2i compound screening and liver donors 7-9 for all other inhibitors (see Table

8).

Table 9: Details of candidate compounds for testing in 96-well PCS

Compound Target Supplier Code Vehicle Reported in vitro IC50*

IKK2 Inhibitor VI IKK2 Cayman chemical 17276 DMSO 13nM (cell-free assay)
SB-525334 ALKS5i Sigma 58822 DMSO 14.3nM (cell-free assay)
4-Methylumbeliiferone HAS2 Apexbio B6001 | DMSO 400pM
(4-MU)
DCLK1-in 1 DCLK1/2 Tocris 7285 DMSO 279nM
. HY-
E-7386 B-catenin MedChemExpress 111386 DMSO 48.4nM
Porcupine 0.05-2.4nM (cell-free
LGK974 Selleckch $7143 DMSO
(PORCN) elieckehem assay)
NVP-TNKS656 Ta(;\_llily;:)se Selleckchem $7238 DMSO 6nM (cell-free assay)

*Reported IC50 values are generated from 2D cell culture assays (unless otherwise indicated) which
can vary depending on cell lines used for validation.
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3.2.5.2 Candidate compounds in combination with fibrogenic stimuli

Once generated, PCLS (n=4 donors) were rested for 24 hours to allow the post-slicing stress

period to elapse before challenge with either control media, a combination treatment of

recombinant human TGF-B1(3ng/ml)/PDGFBB(50ng/ml) to stimulate fibrogenesis or TGF-

B1/PDGFBB + ALK5i (10uM) to blunt the fibrotic response (n=6 PCLS per condition, n=4 donors,

n=24 PCLS total). Alongside this, PCLS were also challenged with TGF-B1/PDGFBB in

combination with 3 (or 5 in the case of HAS2) escalating doses of each inhibitor (outlined in

Table 4) to assess the ability to blunt fibrogenesis. Media, including all treatments, was

refreshed at 24-hour intervals with conditioned media snap frozen for downstream analysis

(see Figure 28A). At the terminal 96-hour timepoint, PCLS were harvested for resazurin assay

to measure metabolic activity. The following experiments were performed using liver donors

6-8 and 10 for HAS2i compound screening and liver donors 7-10 for all other inhibitors.

3.2.6 ELISA

ELISA was performed on conditioned culture media and tissue homogenates (as outlined in

Chapter 2) for the following markers in Table 10:

Table 10: ELISA kits used to quantify target protein expression

Marker Supplier Reference Number
Albumin R&D Systems DY1455
Collal R&D Systems DY6220
TIMP-1 R&D Systems DY970
IL-8 R&D Systems DY208
IL-6 R&D Systems DY206
UNC5B LS bio LS-F55900-1
WNT4 LS bio LS-F8794-1
THBS2 R&D DY1635
DCLK1 Abbexa abx151261
CDH11 R&D DY1790-05
TNFRSF12A | Aviva systems OKEH01840
HAS2 LS bio LS-F7247
WNT9A ThermoFisher EH486RB
VCAN Novus biological NBP2-75354
3.2.7RT-PCR

To analyse expression of target genes in PCLS (n=2 pooled PCLS per condition, n=5 donors) RT-

PCR was performed (as detailed in Chapter 2) with the following Tagman probes
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(Thermofisher, 4331182) with a FAM-MGB dye: UNC5B (Hs00900710_m1), WNT4
(Hs01573505_m1), THBS2 (Hs01568063 _m1), DCLK1 (Hs00178027_m1), CDH11
(Hs00901479 _m1), TNFRSF12A (Hs00171993_m1), HAS2 (Hs00193435 m1), WNNT9A

(Hs01573829_m1), VCAN (Hs00171642_m1) and ACTB (Hs01060665 g1).

3.2.8 Histology

H&E and PSR was carried out as previously described in Chapter 2. Immunohistochemistry was
performed for the following markers (Table 11) according to the general methodology
previously described in Chapter 2. When performing immunohistochemical staining of targets
of interest, negative controls were included for each of the antibodies. Control slides were ran
in parallel with test slides as previously outlined for relevant markers, but were not incubated

with primary antibodies (available in Appendix A; Figure 2).

Table 11: Details of primary antibodies and antigen retrieval for immunohistochemistry

. . . I, Antigen
Antigen Supplier Host species Dilution retrigval
HAS2 Invitrogen MA5-17087 Mouse 1/1000 Tris-EDTA
WNT4 Proteintech 14371-1-AP Rabbit 1/100 Citrate
WNT9A Abcam ab125957 Rabbit 1/100 Proteinase K

3.2.9 Lung patient demographics
PCLuS were generated from unused donor lung tissue and explant IPF tissue outlined in

Table 12 with ethical approval (see Chapter 2).

Table 12: Patient demographics from IPF explant and unused donor lungs

TLCO, mmol
CO/min/kPa

KCO, mmol

CO/min/kPa Smoking history

Donor ID Sex Age

Unused donor
PCLUS 1 Female 70 N/A N/A N/A N/A N/A Never Smoked
Unused donor Male 48 N/A N/A N/A N/A N/A Never Smoked
PCLuS 2
Unused donor Female | 57 N/A N/A N/A N/A N/A Never Smoked
PCLuS 3
IPF PCLuS donor 1 Female 47 1.20(47%) 1.25(42%) N/A N/A N/A Never Smoked
IPF PCLuS donor 2 Female 61 2.23(42%) 2.66(44%) 4.84(51%) N/A N/A Never Smoked
IPF PCLuS donor 3 Male 64 1.78 1.98 N/A 3.41 N/A Never Smoked

FEV1= forced expiratory volume in 1 second, FVC= forced vital capacity, TLC= total lung capacity, TLCO= carbon monoxide
transfer factor, KCO=carbon monoxide transfer coefficient and N/A= not available Percentages of predicted values are in
parentheses.
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3.2.10 Generation and treatment of PCLuS
To test candidate compounds at multiple doses, 4mm PCLuS were generated for culture in a
96-well cell culture plate (outlined in Chapter 2) before being subject to the following
treatment courses.
3.2.10.1 Testing of candidate compounds in combination with inflammatory stimuli in unused donor

PCLuS
PCLuS were generated from unused donor lung tissue (n=3 donors) and rested for 48 hours,

with media being refreshed after 24 hours, before being challenged with control media,
human recombinant IL1a (1ng/ml) alone to stimulate inflammation or in combination with
IKK2 (10uM) to blunt the inflammatory response (n=5 PCLuS per condition, n=3 donors, n=15
PCLuS total). Alongside this, PCLuS were challenged with IL1a in combination with the highest
dose of each inhibitor (outlined in Table 9) to assess ability to blunt inflammation. Conditioned
media was snap frozen for analysis and PCLuS were harvested for resazurin assay at T72 to
measure metabolic activity as an indicator of tissue viability.

3.2.10.2 Testing of candidate compounds in combination with inflammatory stimuli in unused donor

PCLuS
Once generated, PCLuS (n=3 donors) generated from unused donor lung tissue was rested for

48 hours, with media being refreshed after 24 hours, to allow the post-slicing stress period to
elapse. Next, PCLuS were challenged with either control media, a combination treatment of
recombinant human TGF-B1(10ng/ml)/PDGFBR(50ng/ml) to stimulate fibrogenesis or TGF-
B1/PDGFBB + ALK5i (10uM) to blunt the fibrotic response (n=5 PCLuS per condition, n=3
donors, n=15 PCLuS total). Alongside this, PCLuUS were challenged with TGF-B1/PDGFBB in
combination with the highest dose of each inhibitor (outlined in Table 4) to assess the ability
to blunt fibrogenesis. Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis. At the terminal 144-hour timepoint,
PCLuS were harvested for resazurin assay to measure metabolic activity.

3.2.10.3 Testing of candidate compounds in IPF-derived PCLuS

PCLuS generated from explant IPF tissue (n=3 donors) was rested for 48 hours, with media
being refreshed after 24 hours, to allow the post-slicing stress period to elapse. Next, PCLuS
were challenged with either control media, standard of care compounds Pirfenidone (2.5mM)
and Nintedanib (2.5uM) or ALK5i (10uM) to blunt fibrosis (n=10 PCLuUS per condition, n=3

donors, n=30 PCLuS total) with doses selected based on previous dose-response optimisation
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experiments carried out prior to this project. Concurrently, PCLuUS were challenged with 3
escalating doses of each candidate compound to assess the ability to reduce pre-existing
fibrosis. Media, including all treatments, was refreshed at 24-hour intervals with conditioned
media snap frozen for downstream analysis. At the terminal 144-hour timepoint, PCLuS were

harvested for resazurin assay to measure metabolic activity.

3.2.11 Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.5.0. All results are presented as

mean * SEM. Statistical significance of markers from PCS was determined using ANOVA with
post-hoc Dunnett’s test where *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, unless
otherwise indicated. Statistical analysis was performed on graphs in this chapter which show
results as percentage change from baseline (with baseline specified in the associated figure
legends), unless otherwise indicated. This normalisation accounts for the differences in the
secretion of pro-inflammatory and pro-fibrogenic markers between PCS, primarily driven by
differences in cellular composition and tissue density. For PCLS, this also accounts for
differences in fibrosis staging between donor tissue and, in the case of IPF-derived PCLuS,
presence/absence/numbers of fibroblastic foci thereby providing a uniform approach to
determine changes in the secretion of markers over the duration of culture in multiple
donors. Therefore, the “percentage change from baseline” are the data that should be
considered when observing the effects of any given treatment. Briefly, the mean of the
baseline treatment group (or control tissue in the case if IPF) of PCS was calculated for each
PCS donor, which was subsequently subtracted from each experimental sample of the same
donor (including individual baseline PCS samples) to provide a % change from baseline value
for each individual PCS.

Assumption of Normal Distribution in PCS for parametric statistical tests: PCS data is assumed
to follow a normal distribution, where approximately 95% of the data points fall within 2
standard deviations of the mean. Samples that fall outside this range are relatively rare and
are considered outliers, potentially distorting the overall data representation.

Minimisation of Outlier Impact: Outliers can significantly skew the mean, consequently
impacting the reliability of conclusions drawn from the data in the summary tables included
in the report. Consequently, all samples from a particular PCS were excluded if values (%
change from baseline) were greater than 2 standard deviations from the mean of the other

PCS in the group.
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3.3 Results

3.3.1Identification of targets of interest using single nuclei RNA sequencing
As part of our collaboration with Pfizer and Edinburgh University, we aimed to identify novel
molecular targets of fibrosis in human MASH/Cirrhosis. To achieve this, single nuclei were
isolated from 14 healthy, 26 MASH biopsy and 14 cirrhotic human tissue samples (selected to
represent the transitions of MASH from F1-F4 fibrosis stage and cirrhosis) and snRNAseq was
performed by Dr Sebastian Wallace (Edinburgh University) using the 10X chromium system
(Figure 12A). The combined snRNAseq dataset (317,428 nuclei) was annotated using
signatures of known lineage markers, resulting in the identification of 39 distinct cell
populations, including a large hepatocyte cluster and a smaller mesenchyme compartment, in
keeping with the expected liver cell lineage proportions (Figure 12B-C). Interrogation of the
mesenchyme compartment identified classic hepatic stellate cell (HSC) signature genes (HGF,
RELN, PTHR1, PDGFRA) and myofibroblast (MFB) signature genes (C7, COL1A1, COL1A2, LUM)

corresponding to the 7th and 8th Clusters (Figure 12D).

As mesenchymal cells are widely regarded as major contributors to the development and
progression of liver fibrosis, cells of mesenchymal lineage were re-clustered to permit further
interrogation of cell heterogeneity, with vascular smooth muscle cells (VSMCs) removed to
enable higher-resolution clustering. In total, 5,339 nuclei from the mesenchyme compartment
were isolated from liver tissue across the spectrum of healthy, MASH and cirrhotic (Figure
13A) samples. Further clustering of mesenchymal cells identified 8 subpopulations (Figure
13B-C), of which clusters 3 and 5 were found to be disease-associated, high collagen type 1
producers. Following this, analysis of the top 100 differentially expressed genes within these
groups identified 9 genes of interest which were almost exclusively upregulated in
myofibroblast lineages (cluster 3 and 5). Clusters were prioritised on specificity and not
included if there was detectable expression in other lineages of the pan-lineage dataset. This
collagen | high subpopulation expressed the following markers which were largely
mesenchyme-restricted and selected for further interrogation: Unc-5 Netrin Receptor B
(UNC5B, a netrin receptor involved in axon guidance), Wnt Family Member 4 (WNT4, a ligand
of frizzled receptors), Thrombospondin 2 (THBS2, a glycoprotein that mediates cell-to-cell and
cell-to-matrix interactions), Doublecortin Like Kinase 1 (DCLK1, a kinase involved in calcium-

signalling pathways), Cadherin 11 (CDH11, a cell adhesion molecule), TNF Receptor
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Superfamily Member 12A (TNFRSF12A, a TNF receptor which may modulate cell adhesion to
matrix proteins), Hyaluronan Synthase 2 (HAS2, a key regulator of hyaluronan synthesis), Wnt

Family Member 9A (WNT9A, a ligand of frizzled receptors) and Versican (VCAN, a proteoglycan
involved in ECM organisation) (Figure 14; Table 13).
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Figure 12: Single nuclei RNA sequencing (snRNAseq) of human MASLD patient samples A) Single
nuclei were isolated from 14 healthy, 26 MASH biopsy and 14 cirrhotic liver samples acquired at
Edinburgh University and processed for snRNAseq. The total spectrum of MASH fibrosis was
represented by FO (n=1), F1 (n=4), F2 (n=7), F3 (n=10) and F4 (n=4). B) Clustering datasets (labelled by
lineage) featured a large hepatocyte cluster and a smaller mesenchyme compartment, in keeping with
the expected liver cell lineage proportions (enlarged image provided in Appendix A). C) Identified cell
lineages labelled 1-39 (* indicates cell lineages whose sub-groups were not further characterised). D)
Labelled heat map (Cropped), showing a Human HSC signature genes (HGF, RELN, PTHR1, PDGFRA)
and MFB signature genes (C7, COL1A1, COL1A2, LUM) corresponding to the 7™ and 8™ Clusters.
(Figures B-D provided by Dr Sebastian Wallace).
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Figure 13: Mesenchyme subset of snRNAseq dataset A) 5,339 cells of mesenchyme lineage identified
from the 14 healthy, 25 MASH biopsy and 14 cirrhotic liver samples acquired at Edinburgh University.
B) UMAP of mesenchyme sub clustering generated from snRNAseq dataset, with vascular smooth
muscle cells (VSMCs) removed to enable higher-resolution clustering. C) Clusters are annotated as
Cluster 0: Quiescent HSCs, Cluster 1: Portal fibroblasts, Cluster 2: Activated HSCs, Cluster 3:
Myofibroblasts 1, cluster 4: RBFOX+ Mesenchyme, Cluster 5: Myofibroblasts 2, cluster 6: Quiescent
HSCs 2. (Hepatic stellate cell (HSC) Q= Quiescent HSC, HSC_A = activated HSC) (Figure provided by Dr

Sebastian Wallace).

Table 13: Targets of interest identified from snRNAseq

Target Name Target ID Target Function References
Cadherin 11 CDH11 Cell adhesion molecule. Involved in tissue [325,326]
morphogenesis, osteogenesis and fibroblast function
Doublecortin Like Kinase 1 DCLK1 Associated with cancer stem cell properties. Role in [327,328]
promoting cancer-associated fibroblasts in other tissue
e.g., gastrointestinal cancers
Hyaluronan Synthase 2 HAS2 Involved in the synthesis of hyaluronic acid, a [329,330]
component of the ECM. Changes in expression may
contribute to fibrogenesis
Thrombospondin 2 THBS2 Matricellular glycoprotein involved in ECM modulation.  [331,332]
May influence ECM remodelling, cell-matrix
interactions and cell responses in liver fibrosis.
TNF Receptor Superfamily TNFRSF12A  Member of TNF receptor superfamily involved in [333]
Member 12A immune response, apoptosis and angiogenesis. Limited
information of role in fibrosis.
Unc-5 Netrin Receptor B UNC5B Netrin receptor involved in axon guidance during [334]
development. Implicated in non-neuronal tissue but
involvement in liver fibrosis unclear.
Versican VCAN Large chondroitin sulfate proteoglycan. Contributes to [335,336]
ECM organisation.
Wnt Family Member 4 WNT4 Member of Wnt signalling pathway. Implicated in [337-339]
cellular responses in fibrosis
Wnt Family Member 9A WNT9A Member of Wnt signalling pathway. Dysregulation of [339]

Whnt signalling associated with liver fibrosis
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Figure 14: Target identification from snRNAseq mesenchyme datasets Interrogation of mesenchyme
datasets identified 9 genes of interest which were disease-associated, collagen | high producing cells
which were primarily in myofibroblast lineages (cluster 3 and 5). Clusters were prioritised on
specificity and not included if there was detectable expression in other lineages of the pan-lineage
dataset. A) Violin plots of 9 target genes showing higher expression in cluster 3 and 5 MFBs. B) UMAPs
of 9 target genes showing higher expression in cluster 3 and 5 MFBs. (Figures provided by Dr Sebastian

Wallace).
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3.3.2 Interrogation of targets in precision-cut liver slices

3.3.2.1 Investigation of targets in pre-existing datasets
To begin investigating the targets of interest in our PCLS system, we first interrogated pre-

existing transcriptomic datasets generated in collaboration with Dr William Reilly. Initial
datasets were generated from PCLS prepared from resected liver tissue (n=7 donors), with
slices (n=6 PCLS per condition) being rested for 24 hours before challenge with either control
media, TGF-B1 to induce fibrogenesis or IL1a to stimulate an inflammatory response. After 24
hours challenge, PCLS were snap frozen and processed for bulk RNAseq (see Appendix B).
Results showed that all 9 targets of interest were present in the transcriptomic dataset,
though the abundance varied considerably between targets (Figure 15A). Further analysis
confirmed that, though target gene expression remained unchanged in response to acute
inflammatory challenge, there was a significant increase in expression of CDH11, HAS2, WNT4

and WNT9A in TGF-B1-challenged PCLS (p<0.05; Figure 15B-J).

To ascertain if target gene expression could be further increased in response to repeated
fibrogenic stimuli, we next looked at datasets generated from PCLS prepared from resected
liver tissue, with slices (n=6 PCLS per condition) being rested for 24hrs before challenge with
either control media (n=6 donors), a combination treatment of pro-fibrotic TGF-B1/PDGFBB
alone (n=6 donors) or co-treated with ALK5i (TGFB receptor | inhibitor) to blunt the fibrotic
response (n=4 donors) for 72hrs. Media, including all treatments, was refreshed at 24-hour
intervals before PCLS were harvested and snap frozen at 96hrs for RNAseq (see Appendix C).
Like previous results, we found that all 9 targets were present in varied abundance in each
PCLS donor (Figure 16A). Further investigation revealed that many of the targets followed the
same trend whereby gene expression was significantly upregulated compared to control slices
in response to fibrotic stimuli and modulated back to near control levels with the addition of
ALKS5i (Figure 16B-E, G-J), with the exception of TNFRSF12A which appeared to show no change
in response to treatment (Figure 16F). Notably, results established that repeated stimulation
over a 72hr period with TGF-B1/PDGFBB was able to increase target gene expression in liver
tissue significantly more than a single dose of TGF-B1 alone. Taken together, these data
demonstrated that target genes were present in our PCLS system and could be modulated

using pro-fibrogenic stimuli (TGF-B1/PDGFBB) and anti-fibrotic compounds.
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Figure 15: Interrogation of pre-existing transcriptomic PCLS datasets for targets of interest
Investigation of transcriptomic datasets generated from PCLS prepared from resected liver tissue (n=7
donors), with slices (n=6 PCLS per condition) being rested for 24 hours before 24-hour challenge with
either control media, TGF-B1 (3ng/ml) to stimulate fibrogenesis or IL1a (1ng/ml) to stimulate
inflammation. A) Normalised counts of all target genes and individual graphs of B) CDH11 C) DCLK1 D)
HAS2 E) THBS2 F) TNFRSF12A G) UNC5B H) VCAN |) WNT4 and J) WNT9A were generated. All data are
mean * SEM. Statistical significance was determined using ANOVA with post-hoc Tukey HSD Test
(*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 16: Interrogation of pre-existing transcriptomic PCLS datasets for targets of interest
Investigation of transcriptomic datasets generated from PCLS prepared from resected liver tissue, with
slices (n=6 PCLS pooled per condition) being rested for 24 hours before challenge with either control
media (n=6 donors), a combination treatment of TGF-B1(3ng/ml)/PDGFBR(50ng/ml) to stimulate
fibrogenesis (n=6 donors) or TGF-B1/PDGFBB + ALK5i (10puM) to blunt the fibrotic response (n=4
donors) for 72hrs. A) Normalised counts of all target genes and individual graphs of B) CDH11 C) DCLK1
D) HAS2 E) THBS2 F) TNFRSF12A G) UNC5B H) VCAN 1) WNT4 and J) WNT9A were generated. All data
are mean = SEM. Statistical significance was determined using ANOVA with post-hoc Tukey HSD Test
(*p<0.05, **p<0.01, *** p<0.001 and ****p<0.0001).
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3.3.2.2 Investigation of targets of interest in additional PCLS
To confirm the transcriptomic results and investigate target protein expression, we acquired

additional PCLS donors (n=5 donors) with similar fibrosis and steatosis grades (Figure 17A-B)
to further validate these findings via RT-PCR and ELISA. PCLS were challenged with repeated
TGF-B1/PDGFBB-challenge (alone and in combination with ALK5i) as previously described
(Figure 17C). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLS were snap frozen at

96hrs for RT-PCR or ELISA.

Prior to target evaluation, we first validated suitability of each individual donor tissue for
further assessment. PCLS viability was confirmed by measurement of soluble markers of cell
death (LDH), liver damage (AST) and hepatocellular health and function (albumin) in
conditioned culture media at each time point. Results showed that after an initial post-slicing
spike in LDH and AST in the first 24 hours, the level of damage is reduced, and hepatocyte
function is maintained throughout culture (Donor 1 presented as an example; Figure 17D-F).
Notably, there was a slight reduction of albumin in the slices challenged with fibrotic stimuli
in Donor 1, likely due to dedifferentiation of hepatocytes. Next, we evaluated response to
fibrotic challenge through quantification of secreted collagen 1al, TIMP-1 and IL-6 at each
time point. Results confirmed that TGF-B1/PDGFBB stimulation effectively increased collagen
lal, TIMP-1 and IL-6 secretion compared to control unstimulated PCLS, and this was

attenuated by co-treatment with ALKS5i (Donor 1 presented as an example; Figure 17G-I).

Following individual assessment of each donor for viability and response to stimuli,
guantification of the above markers was normalised to % change from control PCLS for each
donor to allow for integration. Results showed that although LDH and AST was significantly
increased, and hepatocyte function (as measured by albumin) significantly reduced in
response to TGF-B1/PDGFBB treatment, this could be modulated back to near control levels
with ALKS5i therapy (Figure 18A-C). Importantly, donors were responsive to fibrotic stimuli as
collagen 1al, TIMP-1 and IL-6 secretion was significantly increased in all donors compared to
control PCLS, and this was significantly attenuated by ALK5i co-treatment. (Figure 18D-F).
Consequently, the 5 PCLS donors were deemed suitable for further analysis and processed to

look at gene and protein expression of targets of interest.
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Figure 17: Validation of viability and response to stimuli in additional PCLS donors A) Histological
assessment of TO explant tissue was performed via H&E and PSR (scale bar=100uM) to confirm B)
fibrosis and steatosis scores of PCLS donors. C) PCLS were generated from resected liver tissue
with slices (n=6 PCLS per condition) being rested for 24 hours before challenge with either control
media, a combination treatment of TGF-B1(3ng/ml)/PDGFBB(50ng/ml) or TGF-B1/PDGFBB +
ALK5i (10uM). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLS were harvested and snap
frozen at 96hrs for downstream analysis. PCLS viability was determined in each donor (e.g., Donor
1 shown) by quantification of soluble D) LDH E) AST and F) Albumin in conditioned media samples
(n=3 per condition). Response to stimuli was assessed by quantification of soluble G) collagen 1al
H) TIMP-1 and I) IL-6 conditioned media samples (n=3 per condition) at each time point.
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Figure 18: Validation of viability and response to stimuli in additional PCLS donors (n=5) PCLS viability
was determined in all donors (n=3 conditioned media per condition, n=5 donors, n=15 pooled media
total) by quantification of soluble A) LDH B) AST and C) Albumin presented as a % change from control
PCLS at the final timepoint (T96). Response to stimuli was assessed by quantification of soluble D)
collagen 1al E) TIMP-1 and F) IL-6 presented as a % change from control PCLS at the final timepoint
(T96). All data are mean + SEM. Statistical significance was determined using ANOVA with post-hoc
Tukey HSD Test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).

Having confirmed that the donors were suitable for downstream analysis, we next quantified
gene expression of each target in the 5 additional donors via RT-PCR, using RNA isolated from
n=2 individual slices per treatment in each donor. Results showed that CDH11, HAS2, THBS2,
TNFRSF12A, UNC5B, VCAN and WNT4 were detected in all 5 donors (Figure 19A, C-H), whereas
DCLK1 was detected in 2 donors (Donor 4 and Donor 5; Figure 19B) and WNT9A in one donor
(Donor 4; Figure 19I). Consistent with data from pre-existing PCLS transcriptomic datasets, we
found that target gene expression was significantly upregulated compared to control slices in
response to challenge with TGF-B1/PDGFBB and modulated back to near control levels with
the addition of ALK5i (Figure 19A, C, F-1), except for THBS2 (Figure 19D) and TNFRSF12A (Figure

19E) which showed no change in response to treatment.
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Figure 19: Validation of target gene expression in additional PCLS donors Quantification of target
gene expression was performed via RT-PCR (n=2 slices per condition) and the mean relative level of
transcriptional difference (RLTD) of each donor (n=5) was graphed for A) CDH11 B) DCLK1 C) HAS2 D)
THBS2 E) TNFRSF12A F) UNC5B G) VCAN H) WNT4 and I) WNTO9A. All data are mean + SEM. Statistical
significance was determined using ANOVA with post-hoc Tukey HSD Test (*p<0.05, **p<0.01,
***n<0.001).
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Alongside gene expression, we also sought to quantify protein expression of targets in
response to challenge. To achieve this, n=4 slices per treatment were individually
homogenised from all 5 PCLS donors and normalised to a concentration of 0.5mg/ml
(determined by BCA assay) before measuring target protein expression via ELISA. Target
proteins were detected in all 5 donors (Figure 20A-F, H), except for WNT4 which was detected
in only one donor (Donor 4, Figure 20G). However, unlike gene expression, there were no clear
changes in protein expression in response to treatment with TGF-B1/PDGFBB or TGF-
B1/PDGFBB + ALK5i (Figure 20) and target protein expression remained similar to

unstimulated PCLS regardless of treatment.
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Figure 20: Validation of target protein expression in additional PCLS donors Quantification of target
protein expression (pg/ml) was performed via ELISA in protein homogenates generated from n=4
individual slices per condition (normalised to 0.5mg/ml after BCA assay) and the mean protein expression
per treatment of each donor was graphed for A) DCLK1 B) HAS2 C) THBS2 D) TNFRSF12A E) UNC5B F) VCAN
G) WNT4 and H) WNT9A. All data are mean * SEM. Statistical significance was determined using ANOVA
with post-hoc Tukey HSD Test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Next, we performed an initial screening on conditioned media samples for possible secretion
of target proteins. Results showed that DCLK1, HAS2, THBS2, TNFRSF12A, UNC5B and VCAN
could all be detected in the culture media (Figure 21). Following this, quantification of
secreted target proteins in all donors found that HAS2 (Figure 21B) and THBS2 (Figure 21C)
were the most abundantly secreted proteins, followed by DCLK1 (Figure 21A) and TNFRSF12A
(Figure 21D). UNC5B (Figure 21E) and VCAN (Figure 21F) were also present in the conditioned
media but to a lesser extent. Consistent with results seen in protein homogenates, assessment
of secreted proteins at the final point of culture showed no effect of TGF-B1/PDGFBpB
challenge (alone or in combination with ALK5i) on target protein expression which remained

similar to unstimulated PCLS.
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Figure 21: Validation of secreted target protein expression in additional PCLS donors Quantification of
target protein expression (pg/ml) was performed via ELISA on conditioned culture media (n=3 media
samples from n=6 PCLS per condition) collected at T96 from additional PCLS (n=5 donors). Mean protein
expression per treatment of each donor was graphed for A) DCLK1 B) HAS2 C) THBS2 D) TNFRSF12A E)
UNCS5B and F) VCAN. All data are mean + SEM. Statistical significance was determined using ANOVA with
post-hoc Tukey HSD Test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).

77



3.3.3 Validation of candidate inhibitory compounds in PCLS

3.3.3.1 Candidate compounds anti-inflammatory properties in PCLS
Having confirmed target gene and protein expression in response to fibrogenic stimuli, we

next sought to investigate whether inhibition of these targets in combination with IL1a or TGF-
B1/PDGFBB treatment could effectively blunt inflammation and fibrogenesis, respectively.
Work carried out at Pfizer identified 5 candidate compounds targeting HAS2 (HAS2i; 4-MU),
DCLK1 (DCLK1-in-1) and different components of the WNT signalling pathway for further
investigation: E-7386 (a B-catenin inhibitor), LGK974 (a porcupine [PORCN] inhibitor) and
TNKS6565 (a tankyrase [TNKS] inhibitor) (Figure 22A).

First, to evaluate potential anti-inflammatory properties of candidate compounds, we utilised
recombinant IL1a, a pro-inflammatory cytokine which is widely known to be a key regulator
of the immune response. PCLS were generated from resected liver tissue (n=3 donors) and
rested for 48 hours, with media being refreshed after 24 hours, before being challenged with
control media, IL1a alone or in combination with IKK-2 inhibitor VII (IKK2), or three (or 5 in the
case of HAS2) escalating doses of each inhibitor (Figure 22B). PCLS were harvested for
resazurin at T72, and results were normalised to % of control PCLS for each donor to allow
comparison. An arbitrary 70% threshold was applied where compounds/doses which resulted
in <70% metabolic activity compared to unstimulated tissue was considered to have
negatively impacted PCLS function (Figure 22C). Results demonstrated that all 5 compounds
were generally well tolerated and did not affect metabolic activity of tissue after 24-hour
challenge, except for the two highest doses of HAS2 inhibitor (500uM and 1000uM) in Donor
1 (Figure 22C). As this compound was only tested in 2 donors, evaluation in additional PCLS
donors would help clarify whether these doses consistently reduced metabolic activity or if
this effect was specific to Donor 1. Additionally, more specific/sensitive measurements of
tissue viability (e.g. Cell titer glo assay [Promega] which generates a luminescent signal
proportional to the amount of ATP present in tissue) and/or measurements of cytostatic and
cytotoxic effects (e.g. Green Cytotoxicity and Caspase 3/7 [Promega] which measures DNA
and caspases, respectively) should be considered to more accurately determine tissue viability

throughout culture and in response to different exogenous stimuli and compounds.

To determine effective induction of an acute pro-inflammatory response in donor tissue, we

guantified soluble markers of inflammation in the conditioned media at the end of culture.
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Results confirmed that IL1a stimulation significantly increased secretion of IL-8 (p<0.0001) and
IL-6 (p<0.0001), and co-treatment with IKK2 could attenuate this response back to control
levels (p<0.0001; Figure 22G, H). This panel of secreted markers was further used to evaluate
anti-inflammatory properties of each candidate compound at multiple doses. Results found
that DCLK1 (Figure 23) and TNKS656 (Figure 24) had no effect on IL-8 and IL-6 secretion
irrespective of dose. Similarily, LGK974 (Figure 25) and HAS2 (Figure 27) had no effect on IL-8
secretion but were able to significantly reduce IL-6 secretion at the highest dose, (LGK974
10uM and HAS2 1000uM (p<0.05). Notably, PCLS challenged with E-7386 showed a significant
reduction in IL-8 at 1puM (p<0.001) and 10uM (p<0.01) doses, and a substantial dose-
dependent reduction of IL-6 (p<0.0001) suggesting that inhibition of B-catenin signalling could

reduce IL1a-driven inflammation (Figure 26).
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Figure 22: Validation of IL1a-challenged PCLS A) 5 candidate compounds were identified based on
their ability to inhibit targets of interest either directly or indirectly. B) PCLS were generated from
resected liver tissue (n=3 donors) and rested for 48 hours, with media being refreshed after 24 hours,
before being challenged (n=6 slices per condition) with control media, IL1a alone or in combination
with IKK2. PCLS were also challenged with IL1a in combination with escalating doses of each of the
candidate compounds for 24 hours (n=6 PCLS per condition, n=3 donors, n=9 pooled media total).
Conditioned media was snap frozen for analysis and PCLS were harvested for resazurin assay at T72
as an indicator of tissue viability. C) Resazurin values were normalised for each donor and presented
as a % of control PCLS (green values indicate resazurin values 270% of control, yellow/orange 50-69%
of control and red <50% of control). Quantification of D) Resazurin (where red dashed line represents
arbitrary 70% viability threshold), IL-8 and IL-6 was performed and plotted as E-F) absolute pg/ml and
G-H) % change from baseline (IL1a-challenged PCLS). for all PCLS donors (n=3 conditioned media per
donor, n=3 donors, n= 9 samples total) All data are mean * SEM. Statistical significance was
determined on graphs G and H using ANOVA with post-hoc Dunnett’s test where IL1a-challenged PCLS
was set as the control group (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 23: Validation of DCLK1 compound in IL1a-challenged PCLS P PCLS were generated from
resected liver tissue (n=3 donors) and rested for 48 hours, with media being refreshed after 24 hours,
before being challenged (n=6 slices per condition) with control media, IL1a alone, in combination with
IKK2 or 3 escalating doses of DCLK1 inhibitor for 24 hours (n=6 PCLS per condition, n=3 donors, n=9
pooled media total). Conditioned media was collected at T72 and protein secretion of inflammatory
markers) IL-8 and IL-6 were measured via ELISA and plotted as A-B) absolute pg/ml and C-D) average
% change from baseline (IL1a-challenged PCLS) for all donors (n=3 conditioned media, n=3 donors, n=9
samples total).Black dashed line denotes unstimulated control PCLS A-B) pg/ml and C-D) % expression
compared to IL1a-treated tissue. All data are mean + SEM. Statistical significance was determined on
graphs C and D using ANOVA with post-hoc Dunnett’s test where IL1a-challenged PCLS was set as the
control group (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 24: Validation of TNKS656 compound in IL1a-challenged PCLS PCLS were generated from
resected liver tissue (n=3 donors) and rested for 48 hours, with media being refreshed after 24 hours,
before being challenged (n=6 slices per condition) with control media, IL1a alone, in combination with
IKK2 or 3 escalating doses of TNKS656 inhibitor for 24 hours (n=6 PCLS per condition, n=3 donors, n=9
pooled media total). Conditioned media was collected at T72 and protein secretion of inflammatory
markers IL-8 andIL-6 were measured via ELISA and plotted as A-B) absolute pg/ml and C-D) average %
change from baseline (IL1a-challenged PCLS) for all donors (n=3 conditioned media, n=3 donors, n=9
samples total).Black dashed line denotes unstimulated control PCLS A-B) pg/ml and C-D) % expression
compared to IL1a-treated tissue. All data are mean + SEM. Statistical significance was determined on
graphs C and D using ANOVA with post-hoc Dunnett’s test where IL1a-challenged PCLS was set as the
control group (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 25: Validation of LGK974 compound in IL1a-challenged PCLS PCLS were generated from
resected liver tissue (n=3 donors) and rested for 48 hours, with media being refreshed after 24 hours,
before being challenged (n=6 slices per condition) with control media, IL1a alone, in combination with
IKK2 or 3 escalating doses of LGK974 inhibitor for 24 hours (n=6 PCLS per condition, n=3 donors, n=9
pooled media total). Conditioned media was collected at T72 and protein secretion of inflammatory
markers IL-8 and IL-6 were measured via ELISA and plotted as A-B) absolute pg/ml and C-D) average %
change from baseline (IL1a-challenged PCLS) for all donors (n=3 conditioned media, n=3 donors, n=9
samples total).Black dashed line denotes unstimulated control PCLS A-B) pg/ml and C-D) % expression
compared to IL1a-treated tissue. All data are mean * SEM. Statistical significance was determined on
graphs C and D using ANOVA with post-hoc Dunnett’s test where IL1a-challenged PCLS was set as the
control group (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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E-7386 Target: B-catenin
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Figure 26: Validation of E-7386 compound in IL1a-challenged PCLS PCLS were generated from
resected liver tissue (n=3 donors) and rested for 48 hours, with media being refreshed after 24 hours,
before being challenged (n=6 slices per condition) with control media, IL1a alone, in combination with
IKK2 or 3 escalating doses of E-7386 inhibitor for 24 hours (n=6 PCLS per condition, n=3 donors, n=9
pooled media total). Conditioned media was collected at T72 and protein secretion of inflammatory
markers IL-8 and IL-6 were measured via ELISA and plotted as A-B) absolute pg/ml and C-D) average %
change from baseline (IL1a-challenged PCLS) for all donors (n=3 conditioned media, n=3 donors, n=9
samples total).Black dashed line denotes unstimulated control PCLS A-B) pg/ml and C-D) % expression
compared to IL1a-treated tissue. All data are mean = SEM. Statistical significance was determined on
graphs C and D using ANOVA with post-hoc Dunnett’s test where IL1a-challenged PCLS was set as the
control group (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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HAS2 Target: HAS2
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Figure 27: Validation of HAS2 compound in IL1a-challenged PCLS PCLS were generated from resected
liver tissue (n=2 donors) and rested for 48 hours, with media being refreshed after 24 hours, before
being challenged (n=6 slices per condition) with control media, IL1a alone, in combination with IKK2
or 5 escalating doses of HAS2 inhibitor for 24 hours (n=6 PCLS per condition, n=2 donors, n=6 pooled
media total). Conditioned media was collected at T72 and protein secretion of inflammatory markers
IL-8 and IL-6 were measured vig ELISA and plotted as A-B) absolute pg/ml and C-D) average % change
from baseline (IL1a-challenged PCLS) for all donors (n=3 conditioned media, n=3 donors, n=9 samples
total).Black dashed line denotes unstimulated control PCLS A-B) pg/ml and C-D) % expression
compared to IL1a-treated tissue. All data are mean + SEM. Statistical significance was determined on
graphs C and D using ANOVA with post-hoc Dunnett’s test where IL1a-challenged PCLS was set as the
control group (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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3.3.3.2 Candidate compounds anti-fibrotic properties in PCLS
Having determined the anti-inflammatory effects of candidate compounds in response to

ILla-induced inflammation, we next sought to assess the ability to blunt fibrogenesis in
response to TGF-B1/PDGFBB-challenge. To achieve this, PCLS were generated from resected
liver tissue (n=4 donors) as previously described and challenged with either control media,
TGF-B1/PDGFBB alone or in combination with ALK5i or escalating doses of each of the
candidate compounds (Figure 28A). Media, including all treatments, was refreshed at 24-hour
intervals with conditioned media snap frozen for downstream analysis. PCLS were harvested
for resazurin assay at 96hrs and results were normalised to % of control PCLS. This determined
that several compounds reduced metabolic activity below the viability threshold at multiple
doses. Though DCLK1 and LGK974 appeared to have no effect on tissue viability, we found
that PCLS from two or more donors challenged with the highest dose of HAS2 inhibitor
(1000uM) and TNKS inhibitor (10uM) fell below 70% metabolic activity compared to control
slices. Furthermore, treatment with E-7386 resulted in a considerable reduction in PCLS
viability at both the 1uM and 10uM dose (Figure 28B). However, further viability assessment

will be required to confirm these findings with confidence.

Histological assessment of targets showed that HAS2 was highly expressed in all donor tissue
and appeared to localise to areas of perisinusoidal/periportal and bridging fibrosis (Figure 29).
However, we were unable to validate expression of other protein targets in tissue samples
due to suboptimal antibody performance making it difficult to interpret the results of these

targets with confidence (data not shown).

To validate effective stimulation of fibrogenesis in PCLS donors and assess potential anti-
fibrotic effects of candidate compounds, we quantified a panel of pro-fibrotic markers at the
final time-point of culture. Resulted confirmed that, in response to TGF-B1/PDGFBB-challenge
there was a significant increase in soluble collagen 1al, TIMP-1 and IL-6 (p<0.0001).
Additionally, we demonstrated the ability to blunt this response via co-treatment with ALKS5i
back to control levels (p<0.0001; Figure 28G-I). Further analysis revealed that DCLK1 (Figure
30) and TNKS656 (Figure 31) had no beneficial anti-fibrotic effects and were unable to reduce
any of the quantified pro-fibrotic markers. Similarily, PCLS co-challenged with 0.1uM and 1uM
LGK974 showed no reduction in our panel. However, PCLS challenged with the higher 10uM
dose of LGK974 significantly reduced collagen 1al (p<0.01), TIMP-1 (p<0.001) and IL-6 (p
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<0.0001) (Figure 32). Despite the 1uM and 10uM doses of E-7386 impacting tissue viability
(Figure 28B), we found that 0.1uM E-7386 treated PCLS were able to reduce collagen 1lal
secretion by 90% compared to TGF-B1/PDGFBB-stimulated tissue (p<0.0001), resulting in less
soluble collagen 1al than unstimulated control tissue (63% reduction compared to TGF-
B1/PDGFBB-stimulated tissue; Figure 33D). Likewise, we observed a 79% reduction in TIMP-1
secretion (p<0.0001), back to below- control levels (69% reduction compared to TGF-
B1/PDGFBB-stimulated tissue; Figure 33E). Finally, quantification of IL-6 demonstrated that
co-treatment with 0.1uM E-7386 resulted in a 72% reduction of IL-6 compared to TGF-
B1/PDGFBB-stimulated tissue (Figure 33F). Evaluation of PCLS challenged with TGF-
B1/PDGFBB and HAS2 revealed a strong dose-dependent reduction in all pro-fibrotic markers
in correlation with escalating doses (Figure 34). Though 1000uM HAS2 reduced metabolic
activity <70% of control tissue (Figure 28B), the remaining 4 doses resulted in a significant
reduction in collagen 1al (p<0.0001). Furthermore, TIMP-1 secretion was significantly
reduced at all doses (30uM [p<0.001] and 100uM, 300uM and 500uM [p<0.0001]) and IL-6 at
all doses except for the lowest 30uM dose (100uM [p<0.0.1], 300uM and 500uM [p<0.001];
Figure 34).
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Figure 28: Validation of TGF-B1/PDGFBB-challenged liver PCLS A) PCLS were generated from resected liver
tissue (n=4 donors) with slices (n=6 or n=10 PCLS per condition) being rested for 24 hours before challenge
with either control media, a combination treatment of TGF-B1/PDGFBB or TGF-B1/PDGFBB + ALKS5i. PCLS
were also challenged with TGF-B1/PDGFBB in combination with escalating doses of each of the candidate
compounds. Media, including all treatments, was refreshed at 24-hour intervals with conditioned media
snap frozen for downstream analysis before PCLS were harvested for resazurin assay as an indicator of tissue
viability. B) Resazurin assay performed at T96 presented as the average % of control (for n=6 or n=10 slices
per treatment) for each donor (green values indicate resazurin values 270% of control, yellow/orange 50-
69% of control and red <50% of control). Quantification of C) Resazurin (where red dashed line represents
arbitrary 70% viability threshold) Collagen 1al, TIMP-1 and IL-6 was performed on T96 media and plotted
as D-F) absolute pg/ml and G-1) average % change from baseline (TGF-B1/PDGFBB-challenged PCLS)to
confirm tissue could be effectively modulated. All data are mean + SEM. Statistical significance was
determined on graphs G-l using ANOVA with post-hoc Dunnett’s test where TGF-B1/PDGFBB-challenged
PCLS was set as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 29: Histological validation of target proteins in PCLS donor livers Representative images of

HAS2+ cells in PCS liver donor tissue (scale bar= 100um). Primary antibody was applied at 1/100

dilution.

89




DCLK1

Target: DCLK1

Collagen 1a1 TIMP-1 IL-6
2500000 800
40000
2000000
o e L 600 g ©
30000 o e ] o @
T 1500000 o = % 2 o0
= £ o E o
£ 20000 2 o g
@ 1000000 o )
o o
10000 o- control 500000 20 o 3
6 Ta |~ i - control P - control
D) E) F)
Collagen 1a1 TIMP-1 IL-6
200 200+
» 200 2 £
% E o F 150 b
1501 o 1
150 3 a e, .00 8
£ E o .  %® % E 8o -0
2 100 2 100+ o 2 100
& @ [
S = o ? =} S
S s0 ] 50 o ol | @ & 50 ® o
< k- s —+4--} g— ==} -Fg@| - control s
o
= I = P etk e ke i e s - control

B TGF-B1/PDGFBR [ TGF-B1/PDGFRB + 0.1uM DCLK1 B3 TGF-B1/PDGFRR + 1uM DCLK1 B8 TGF-B1/PDGFER + 10uM DCLK1

Figure 30: Validation of DCLK1 compound in TGF-B1/PDGFBB-challenged liver PCLS PCLS were
generated from resected liver tissue (n=4 donors) with slices (n=6 PCLS per condition) being rested for
24 hours before challenge with either control media, a combination treatment of TGF-1/PDGFBR
alone or in combination with 3 escalating doses of DCLK1 (n=6 PCLS per condition, n=4 donors, n=12
pooled media total). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLS were harvested for resazurin
assay at 96hrs. Quantification of soluble Collagen 1al, TIMP-1 and IL-6 was measured in T96 media via
ELISA and plotted as A-C) absolute pg/ml and D-F) average % change from baseline (TGF-B1/PDGFpBB-
challenged PCLS) for all donors (n=3 conditioned media, n=4 donors, n=12 samples total).. Black dashed
line denotes unstimulated control PCLS A-C) pg/ml and D-F) % expression compared to TGF-
B1/PDGFBB-treated tissue. All data are mean + SEM. Statistical significance was determined on graphs
D, E and F using ANOVA with post-hoc Dunnett’s test where TGF-B1/PDGFBB-challenged PCLS was set
as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 31: Validation of TNKS656 compound in TGF-B1/PDGFBB-challenged liver PCLS PCLS were
generated from resected liver tissue (n=4 donors) with slices (n=6 PCLS per condition) being rested for
24 hours before challenge with either control media, a combination treatment of TGF-B1/PDGFBB
alone or in combination with 3 escalating doses of TNKS656 (n=6 PCLS per condition, n=4 donors, n=12
pooled media total). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLS were harvested for resazurin
assay at 96hrs. Quantification of soluble Collagen 1al, TIMP-1 and IL-6 was measured in T96 media via
ELISA and plotted as A-C) absolute pg/ml and D-F) average % change from baseline (TGF-B1/PDGFpBB-
challenged PCLS) for all donors (n=3 conditioned media, n=4 donors, n=12 samples total). Black dashed
line denotes unstimulated control PCLS A-C) pg/ml and D-F) % expression compared to TGF-
B1/PDGFpBB-treated tissue. All data are mean + SEM. Statistical significance was determined on graphs
D, E and F using ANOVA with post-hoc Dunnett’s test where TGF-B1/PDGFBB-challenged PCLS was set
as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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LGK974 Target: PORCN
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Figure 32: Validation of LGK974 compound in TGF-B1/PDGFpBB-challenged liver PCLS PCLS were
generated from resected liver tissue (n=4 donors) with slices (n=6 PCLS per condition) being rested for
24 hours before challenge with either control media, a combination treatment of TGF-B1/PDGFBB
alone or in combination with 3 escalating doses of LGK974 (n=6 PCLS per condition, n=4 donors, n=12
pooled media total). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLS were harvested for resazurin
assay at 96hrs. Quantification of soluble Collagen 1al, TIMP-1 and IL-6 was measured in T96 media via
ELISA and plotted as A-C) absolute pg/ml and D-F) average % change from baseline (TGF-B1/PDGFpBB-
challenged PCLS) for all donors (n=3 conditioned media, n=4 donors, n=12 samples total).. Black dashed
line denotes unstimulated control PCLS A-C) pg/ml and D-F) % expression compared to TGF-
B1/PDGFBB-treated tissue. All data are mean + SEM. Statistical significance was determined on graphs
D, E and F using ANOVA with post-hoc Dunnett’s test where TGF-B1/PDGFBB-challenged PCLS was set
as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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E-7386 Target: B-catenin
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Figure 33: Validation of E-7386 compound in TGF-B1/PDGFBB-challenged liver PCLS PCLS were
generated from resected liver tissue (n=4 donors) with slices (n=6 PCLS per condition) being rested for
24 hours before challenge with either control media, a combination treatment of TGF-B1/PDGFBPB
alone or in combination with 3 escalating doses of E-7386 (n=6 PCLS per condition, n=4 donors, n=12
pooled media total). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLS were harvested for resazurin
assay at 96hrs. Quantification of soluble Collagen 1al, TIMP-1 and IL-6 was measured in T96 media via
ELISA and plotted as A-C) absolute pg/ml and D-F) average % change from baseline (TGF-B1/PDGFpBB-
challenged PCLS) for all donors (n=3 conditioned media, n=4 donors, n=12 samples total).. Black dashed
line denotes unstimulated control PCLS A-C) pg/ml and D-F) % expression compared to TGF-
B1/PDGFpBB-treated tissue. All data are mean + SEM. Statistical significance was determined on graphs
D, E and F using ANOVA with post-hoc Dunnett’s test where TGF-B1/PDGFBB-challenged PCLS was set
as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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A) B) Q)
Collagen 1a1 TIMP-1 IL-6

1500000

1000000

paiml

P
500000 o,

(J

- gy - control .a:ccntrol

TIMP-1

O
=
m

Collagen 1a1

200 150
- **u
ek
= Qoo ek o
wokkk

g

I}

£

E 100 & kkkk ***a. °, iii*

E @ ok 50
E 50 § wrr 00|
ﬁ -l m - - = control T 1T Y9 18] sl ™ - control
s, e ;

BEE TGF-31/PDGFBB 3 TGF-B1/PDGFRRE + 30uM HAS2 = TGF-B1/PDGFBP + 100uM HAS2

% change from baseline
L
% change from baseline

= TGF-B1/PDGFBB + 300uM HAS2 Bm TGF-B1/PDGFBP + 500uM HAS2 B TGF-B1/PDGFBB + 1000uM HAS?2

Figure 34: Validation of HAS2 compound in TGF-B1/PDGFBB-challenged liver PCLS PCLS were
generated from resected liver tissue (n=4 donors) with slices (n=6 or n=10 PCLS per condition) being
rested for 24 hours before challenge with either control media, a combination treatment of TGF-
B1/PDGFPBP alone or in combination with 5 escalating doses of HAS2 (n=6 or n=10 PCLS per condition,
n=4 donors, n=18 pooled media total). Media, including all treatments, was refreshed at 24-hour
intervals with conditioned media snap frozen for downstream analysis before PCLS were harvested for
resazurin assay at 96hrs. Quantification of soluble Collagen 1a1, TIMP-1 and IL-6 was measured in T96
media via ELISA and plotted as A-C) absolute pg/ml and D-F) average % change from baseline (TGF-
B1/PDGFBB-challenged PCLS) for all donors (n=3 conditioned media, n=4 donors, n=12 samples total)..
Black dashed line denotes unstimulated control PCLS A-C) pg/ml and D-F) % expression compared to
TGF-B1/PDGFBB-treated tissue. All data are mean + SEM. Statistical significance was determined on
graphs D, E and F using ANOVA with post-hoc Dunnett’s test where TGF-B1/PDGFBB-challenged PCLS
was set as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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3.3.4 Investigation of targets of interest in lung fibrosis
3.3.4.1 Target exploration in lung sScCRNAseq datasets
To determine whether the targets identified from liver snRNAseq were common to other

fibrotic diseases or organ specific, gene expression was explored in lung-derived single cell
RNAseq datasets by Dr Stephen Christensen, Pfizer. To achieve this, six publicly available
scRNAseq studies were integrated, comprising 616,918 cells (51 healthy and 66 fibrotic
patients [n=10 systemic sclerosis interstitial lung disease and n=56 IPF]; available online
athttps://singlecell.broadinstitute.org/single_cell/study/SCP2155/). Preliminary analysis of
the lung atlas revealed gene expression of 6 of the 9 targets of interest were increased in
fibrotic lung disease, particularly in fibroblast populations (Figure 35; Appendix E Figures 1-3).
Further interrogation of stromal cell populations within this dataset confirmed that target
gene expression was upregulated predominantly in inflammatory and ECM-producing

fibroblasts (Figure 36; Appendix E Figures 4-6).

Next, we proceeded to look at target expression in pre-existing transcriptomic datasets
generated in collaboration with Dr William Reilly. Here, primary lung fibroblasts isolated from
unused donor (n=6 donors) and IPF explant tissue (n=6 donors) were exposed to IL1a or TGF-
B1 for 24 hours to stimulate inflammation and fibrogenesis, respectively (see appendix D).
Results showed that there were no significant differences in target gene expression between
unused donor and IPF-derived fibroblasts in the absence of exogenous stimuli. However, in
response to IL1a challenge, TNFRSF12A was significantly upregulated only in fibroblasts
isolated from IPF tissue (p<0.05; Figure 37E). Conversely, unused donor lung fibroblasts
decreased expression of WNT9A (p<0.05; Figure 371). Finally, exposure to pro-fibrotic TGF-B1
resulted in increased expression of TNFRSF12A, UNC5B and VCAN in fibroblasts from both
healthy and diseased lungs, whereas THBS2 was significantly upregulated in IPF-derived, but

not unused donor fibroblasts (p<0.05; Figure 38).

Taken together, these data confirmed that several previously identified targets in the liver
demonstrated increased gene expression in fibrotic lung disease. Furthermore, we found that
a number of these targets could be significantly upregulated in pulmonary fibroblasts via pro-

fibrotic TGF-B1 stimulation, therefore warranting further investigation.
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Global target gene expression
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Figure 35: Investigation of target gene expression in lung scRNAseq datasets Target gene expression
was investigated in scRNAseq datasets generated from 6 integrated single cell lung atlases
(https://singlecell.broadinstitute.org/single_cell/study/SCP2155/) created by Dr Stephen Christensen,
Pfizer. A) In total, 616,918 cells were included from multiple different fibrotic lung diseases,
comprising 13 different cell lineages. B) Dot plots showed increased average gene expression of
multiple targets in fibroblast populations which was further interrogated by generation of C) individual

UMAPs of target density (Figures provided by Dr Stephen Christensen, Pfizer).
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Figure 36: Investigation of target gene expression in stromal subset of lung scRNAseq datasets Target
gene expression was investigated in the stromal cell subset of scRNAseq datasets generated from 6
integrated single cell lung atlases (https://singlecell.broadinstitute.org/single_cell/study/SCP2155/)
created by Dr Stephen Christensen, Pfizer. A) Cells were included from multiple different fibrotic lung
diseases, comprising 18 different stromal cell lineages. B) Dot plots showed increased average gene
expression of multiple targets in inflammatory and ECM fibroblast populations which was further
interrogated by generation of C) individual UMAPs of target density in stromal compartment (Figures

provided by Dr Stephen Christensen, Pfizer).
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Figure 37: Investigation of target gene expression in IL1a-challenged pulmonary fibroblasts Target
gene expression was investigated in transcriptomic datasets previously generated from primary
parenchymal fibroblasts isolated from unused donor lungs (n=6 donors) and IPF explant tissue (n=6
donors). Fibroblasts were seeded into T75 flasks and (once 70% confluent) serum starved for 24-hours
prior to 24-hour challenge with control media or IL1a (1ng/ml) before being harvested and processed
for bulk RNAseqg. Normalised counts of A) CDH11, B) DCLK1, C) HAS2, D) THBS2, E) TNFRSF12A, F)
UNC5B, G) VCAN H) WNT4 and 1) WNT9A were plotted. All data are mean * SEM. Statistical significance
was determined using two-way ANOVA with Siddk’s multiple comparisons test where the mean of each
treatment was compared with the mean of every other treatment (*p<0.05, **p<0.01, ***p<0.001
and ****p<0.0001).
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Figure 38: Investigation of target gene expression in TGF-B1-challenged pulmonary fibroblasts Target
gene expression was investigated in transcriptomic datasets previously generated from primary
parenchymal fibroblasts isolated from unused donor lungs (n=6 donors) and IPF explant tissue (n=6
donors). Fibroblasts were seeded into T75 flasks and (once 70% confluent) serum starved for 24 hours
prior to 24-hour challenge with control media or TGF-B1 (5ng/ml) before being harvested and
processed for bulk RNAseq. Normalised counts of A) CDH11, B) DCLK1, C) HAS2, D) THBS2, E)
TNFRSF12A, F) UNC5B, G) VCAN H) WNT4 and |I) WNT9A were plotted. All data are mean + SEM.
Statistical significance was determined using two-way ANOVA with Siddk’s multiple comparisons test
where the mean of each treatment was compared with the mean of every other treatment (*p<0.05,
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3.3.4.2 Interrogation of candidate compounds in unused donor PCLuS
To begin investigating the candidate compounds in the context of lung fibrosis, we first sought

to replicate the experimental design previously used in the liver. Here, PCLuS were generated
from unused donor lung tissue (n=3) and rested for 48 hours, with media being refreshed after
24 hours, before being challenged with control media, IL1a alone, in combination with 1KK2,
or the highest dose of each inhibitor (Figure 39A). PCLuS were harvested for resazurin assay
at T72 after 24-hour treatment, and results were normalised to % of control PCLuS for each
donor. Assessment of metabolic activity revealed that all inhibitory compounds were well
tolerated in Donor 1 and 3, though HAS2 and LGK974 —challenged PCLuS from Donor 2 fell
below the 70% threshold (Figure 39B). Consistent with previous results from the liver, we
confirmed that IL1a stimulation significantly increased secretion of IL-8 (p<0.0001) and IL-6
(p<0.0001) in unused donor PCLuS, and co-treatment with IKK2 could attenuate this response
back to control levels (p<0.0001) (Figure 39F-G). However, quantification of these pro-
inflammatory markers in PCLuS co-challenged with each of the candidate compounds showed
no change in soluble IL-8 or IL-6, suggesting none were able to blunt IL1a-induced

inflammation in the lung (Figure 40).
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Figure 39: Validation of IL1a-challenged unused donor PCLuS A) PCLuS were generated from
unused lung donor tissue (n=3 donors) and rested for 48 hours, with media being refreshed after
24 hours, before being challenged (n=5 slices per condition) with control media, IL1a alone or in
combination with IKK2 (n=5 PCLuS per condition, n=3 donors, n=15 PCLuS total). PCLuS were also
challenged with IL1a in combination with the highest dose of each of the candidate compounds for
24 hours. Conditioned media was snap frozen for analysis and PCLuS were harvested for resazurin
assay at T72 as an indicator of tissue viability. B) Resazurin presented as the average % of control
for n=5 slices per treatment for each donor (green values indicate resazurin values 270% of control,
yellow/orange 50-69% of control and red <50% of control). Quantification of C) Resazurin (where
red dashed line represents arbitrary 70% viability threshold) IL-8 and IL-6 was performed and
plotted as D-E) absolute pg/ml and F-G) % change from baseline (IL1a-challenged PCLuS) for all
donors (n=5 conditioned media, n=3 donors, n=15 samples total) to confirm tissue could be
effectively modulated. All data are mean + SEM. Statistical significance was determined on graphs
F and G using ANOVA with post-hoc Dunnett’s test where IL1a-challenged PCLuS was set as the
control group (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 40: Validation of candidate compounds in IL1a-challenged unused donor PCLuS PCLuS were
generated from unused lung donor tissue (n=3 donors) and rested for 48 hours, with media being
refreshed after 24 hours, before being challenged (n=5 slices per condition) with control media, IL1a
alone or in combination with the highest dose of each of the candidate compounds for 24 hours (n=5
PCLuS per condition, n=3 donors, n=15 PCLuS total). Conditioned media was collected at T72 and
protein secretion of inflammatory markers IL-8 and IL-6 were measured via ELISA and plotted as A-B)
absolute pg/ml and C-D) % change from baseline (IL1a- challenged PCLuS) for all donors n=5
conditioned media, n=3 donors, n=15 samples total). Black dashed line denotes unstimulated control
PCLuS A-B) pg/ml and C-D) % expression compared to IL1a-treated tissue. All data are mean + SEM.
Statistical significance was determined on graphs C and D using ANOVA with post-hoc Dunnett’s test
where IL1a-challenged PCLUS was set as the control group (*p < 0.05, **p < 0.01, ***p < 0.001 and
***%p < 0.0001).
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Alongside this, we also investigated potential anti-fibrotic effects of the 5 candidate
compounds in response to TGF-B1/PDGFBB-driven fibrogenesis. To achieve this, PCLuS (n=3
donors) were rested for 48 hours before challenge with either control media, a combination
treatment of TGF-B1/PDGFPBP alone or in combination with ALKS5i, or with the highest dose of
each of the candidate compounds. Media, including all treatments, was refreshed at 24-hour
intervals with conditioned media snap frozen for downstream analysis before PCLuUS were
harvested for resazurin at T144 (Figure 41A). After normalisation, assessment of metabolic
activity found that all tissue remained viable after challenge, except for E-7386-challenged

PCLuS in Donor 1 and TNKS656- challenged PCLuS in Donor 2 (Figure 41B).

To assess target expression prior to culture and/or challenge with exogenous stimuli,
histological assessment of HAS2, Wnt4 and Wnt9a was performed in all donor tissue and
confirmed that all targets were either lowly abundant or not present in non-diseased lungs
prior to culture (Figure 42). Following this, quantification of pro-fibrotic markers was used to
confirm effective modulation of fibrosis as previously described (Figure 41G-I). Results found
that PCLuS treated with TGF-B1/PDGFBB + 10uM LGK974 had no effect on secretion of
collagen 1al, TIMP-1 or IL-6 (Figure 43). This was also true for PCLuUS co-treated with 10uM
TNKS656, where secretion remained comparable to TGF-B1/PDGFBp (Figure 43). Investigation
of DCLK1-treated PCLuS revealed a modest reduction of collagen 1al (p<0.05), but no effect
on TIMP-1 or IL-6 (Figure 43). Conversely, both HAS2 and E-7386 inhibitors showed a
considerable reduction in collagen 1al secretion, with an 86% and 88% reduction from
baseline (TGF-B1/PDGFBB), respectively (p<0.0001; Figure 43). Likewise, HAS2 (p<0.05) and E-
7386 (p<0.01) showed a significant reduction in secretion of TIMP-1 and IL-6 when treated
alongside fibrogenic stimuli (Figure 43). These results were in keeping with findings from the
liver which demonstrated that HAS2 (Figure 34) and E-7386 (Figure 33) were able to blunt TGF-
B1/PDGFBB-induced fibrogenesis. However, unlike PCLS, it appeared that both compounds
were better tolerated at the highest dose in the unused donor lung tissue, generally

maintaining >70% of metabolic activity compared to control PCLuS at the end of culture.
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Figure 41: Validation of TGF-B1/PDGFBB-challenged unused donor PCLuS A) PCLuS were generated
from unused lung donor tissue (n=3 donors) with slices (n=5 per condition) being rested for 48 hours
before challenge with either control media, a combination treatment of TGF-B1/PDGFBB or TGF-
B1/PDGFBP + ALK5i. PCLuS were also challenged with TGF-B1/PDGFBP in combination with the highest
dose of each of the candidate compounds (n=5 PCLuS per condition, n=3 donors, n=15 PCLuS total).
Media, including all treatments, was refreshed at 24-hour intervals with conditioned media snap frozen
for downstream analysis before PCLuS were harvested at 144hrs for resazurin assay to quantify
metabolic activity. B) Resazurin presented as the average % of control for n=6 slices per treatment for
each donor (green values indicate resazurin values 270% of control, yellow/orange 50-69% of control
and red <50% of control). Quantification of C) Resazurin (where red dashed line represents arbitrary
70% threshold),Collagen 1al, TIMP-1 and IL-6 was performed on T144 media and plotted as D-F)
absolute pg/ml and G-1) % change from baseline (TGF-B1/PDGFBB-challenged PCLuS) for all donors (n=5
conditioned media, n=3 donors, n=15 samples total)to confirm tissue could be effectively modulated.
All data are mean + SEM. Statistical significance was determined on graphs G, H and | using ANOVA
with post-hoc Dunnett’s test where TGF-B1/PDGFBB-challenged PCLuUS was set as the control group
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 42: Histological validation of target proteins in PCLuS donor lungs Representative images of
HAS2+, WNT4+ and WNT9+ cells in unused donor lung tissue used to generate PCLuUS (scale bar=
100um). Primary antibodies were used at the following dilutions: HAS2; 1/1000, WNT; 1/100 and
WNT9A; 1/100.
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Figure 43: Validation of candidate compounds in TGF-B1/PDGFBB-challenged unused donor PCLuS
PCLuS were generated from unused lung donor tissue (n=3 donors) with slices (n=5 per condition)
being rested for 48 hours before challenge with either control media, a combination treatment of TGF-
B1/PDGF-BB alone or in combination with the highest dose of each of the candidate compounds (n=5
PCLuS per condition, n=3 donors, n=15 PCLuS total). Media, including all treatments, was refreshed at
24-hour intervals with conditioned media snap frozen for downstream analysis. Quantification of
Collagen 1a1, TIMP-1 and IL-6 was performed on T144 media and plotted as A,C and E) absolute pg/ml
and B,D and F)% change from baseline (TGF-B1/PDGFBB-challenged PCLuS) for all donors(n=5
conditioned media, n=3 donors, n=15 samples total). All data are mean * SEM. Statistical significance
was determined on graphs B, D and F using ANOVA with post-hoc Dunnett’s test where TGF-
B1/PDGFBB-challenged PCLUS was set as the control group (*p<0.05, **p<0.01, ***p<0.001,
***%¥p<0.0001).
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3.3.4.3 Interrogation of candidate compounds in IPF-derived PCLUS
To further interrogate these targets in pulmonary fibrosis, candidate compounds were

assessed in PCLuS generated from IPF explant tissue (n=3 donors). One significant benefit of
this system is the ability to test therapeutic agents in the presence of established fibrosis
accumulated over a prolonged time period in human donors (typically 60+ yrs old). Once
generated, post-rest PCLUS were challenged with either control media, standard of care
compounds (Pirfenidone and Nintedanib) or ALK5i to confirm ability to modulate fibrosis in
donor IPF tissue. Concurrently, PCLuUS were challenged with 3 escalating doses of each
candidate compound to assess the ability to modulate pre-existing fibrosis (Figure 44A).
Media, including all treatments, was refreshed at 24-hour intervals with conditioned media
snap frozen for downstream analysis before PCLuS were harvested for resazurin assay at
144hrs. Results showed that DCLK1, LGK974 and TNKS656 had no effect on tissue viability
after 96hours challenge. HAS2-challenged PCLuS remained above the 70% threshold at all
doses in Donor 2 and 3, but below 70% compared to control PCLuS in Donor 1. Similar to
results from liver PCS, E-7386 appeared to impact tissue viability at the 1um and 10uM dose
in IPF tissue, but 0.1uM E-7386- challenged PCLuS maintained >70% metabolic activity in 2 of
the 3 donors (Figure 44B).

Histological assessment of targets showed that HAS2, WNT4 and to a lesser extent WNT9A
were present in all donor tissue prior to culture and appeared to localise to the epithelium
and areas of dense inflammatory infiltrates (Figure 46). Next, quantification of soluble
collagen 1al, TIMP-1, IL-6 and IL-8 at the final timepoint of culture was performed to evaluate
individual compound effect on fibrosis and inflammation. Using this panel of secreted
markers, we established that Pirfenidone, Nintedanib and ALK5i all demonstrated strong anti-
inflammatory and anti-fibrotic effects, providing a benchmark for candidate compounds
(Figure 45). As expected, DCLK1 had no beneficial effect on IPF-derived PCLuS (Figure 47).
Equally, TNKS656-challenged tissue showed no reduction in fibrotic markers, significantly
increasing collagen 1al, TIMP-1 and IL-6 at various doses, though IL-8 secretion showed a
modest reduction at the 10uM dose (p<0.05; Figure 48). Conversely, inhibition of PORCN via
10uM LGK974 resulted in decreased expression of collagen 1al (p<0.001), TIMP-1 (p<0.05),
IL-6 (p<0.0001) and IL-8 (p<0.001), though lower doses (1uM and 0.1uM) had no effect (Figure
49). Interestingly, E-7386-treated PCLuS showed a significant reduction in all markers at all

doses. However, as the higher 1uM and 10uM doses were shown to negatively impact
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metabolic activity, the reduction in soluble markers was likely due to decreased tissue viability
(Figure 44B). Despite this, PCLuS challenged with 0.1uM E-7386 were highly efficacious,
reducing secretion of collagen 1al (p<0.0001), TIMP-1 (p<0.0001), IL-6 (p<0.0001) and IL-8
(p<0.05) (Figure 50), whilst maintaining >70% metabolic activity in two of the three donors
(Fig 44B). Finally, we found that HAS2 was able to significantly reduce collagen 1al (p<0.0001)
and IL-8 (300uM [p<0.001], 500uM and 1000uM [p<0.0001]) at all doses, whilst also strongly
reducing TIMP-1 and IL-6 at the highest dose (p<0.0001) (Figure 51).

These data confirmed that 1000uM HAS2 (87% reduction compared to control PCLuUS) and
0.1uM E-7386 (86% reduction compared to control PCLuUS) were able to significantly reduce
the amount of collagen 1al secretion more than clinically available standard of care
compounds Pirfenidone (71% reduction compared to control PCLuS) and Nintedanib (52%
reduction compared to control PCLuS) in IPF-derived PCLuS, though further work is required
to determine dose-response curves. Similarly, 1000uM HAS2 (56% reduction compared to
control PCLuS) and 0.1uM E-7386 (73% reduction compared to control PCLuS)- challenged
PCLuS reduced TIMP-1 secretion more than Pirfenidone (32% reduction compared to control
PCLuS) and Nintedanib (55% reduction compared to control PCLuS) -challenged PCLuS.
Evaluation of pro-inflammatory markers further showed that 1000uM HAS2 (75% reduction
IL-6 and 79% reduction IL-8), 0.1uM E-7386 (73% reduction IL-6 and 36% reduction IL-8) and
10uM LGK974 (70% reduction IL-6 and 56% reduction IL-8), demonstrated considerable anti-
inflammatory properties, though failed to surpass the efficacy of Pirfenidone (75% reduction
IL-6 and 83% reduction IL-8), which has clinically proven anti-inflammatory effects in IPF

patients.
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Figure 44: Validation of IPF-derived PCLuUS A) PCLuS were generated from explant IPF tissue (n=3
donors) with slices (n=10 per condition) being rested for 48 hours before challenge with either control
media, standard of care compounds Pirfenidone (2.5mM) and Nintedanib (2.5uM) or ALK5i (10uM) to
blunt fibrosis (n=10 PCLuS per condition). Concurrently, PCLuS were challenged with 3 escalating doses
of each candidate compound to assess the ability to reduce pre-existing fibrosis (n=10 PCLuS per
condition, n=3 donors, n=30 PCLuS total). Media, including all treatments, was refreshed at 24-hour
intervals with conditioned media snap frozen for downstream analysis before PCLuS were harvested
at 144hrs for resazurin assay to quantify metabolic activity. B) Resazurin assay performed at T144
presented as the average % of control for n=10 slices per treatment for each donor (green values
indicate resazurin values 270% of control, yellow/orange 50-69% of control and red <50% of control).
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Figure 45: Validation of IPF-derived PCLuUS Quantification of A) Resazurin (where red dashed line
represents arbitrary 70% viability threshold) Collagen 1al, TIMP-1, IL-6 and IL-8 was performed on
T144 media and plotted as B-E) absolute pg/ml and F-1) % change from baseline (control PCLuS) for all
donors (n=10 conditioned media, n=3 donors, n=30 samples total) to confirm tissue could be
effectively modulated. All data are mean + SEM. Statistical significance was determined on graphs F-I
using ANOVA with post-hoc Dunnett’s test where unchallenged PCLuUS was set as the control group
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 46: Histological validation of target proteins in PCLuS IPF lungs Representative images of
HAS2+, WNT4+ and WNT9+ cells in IPF explant tissue used to generate PCLuS (scale bar= 100um).
Primary antibodies were used at the following dilutions: HAS2; 1/1000, WNT; 1/100 and WNT9A;

1/100.
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Figure 47: Validation of DCLK1 compound in IPF-derived PCLuS PCLuS were generated from explant
IPF tissue (n=3 donors) with slices (n=10 per condition) being rested for 48 hours before challenge with
either control media, or 3 escalating doses of DCLK1 compound to assess the ability to reduce pre-
existing fibrosis (n=10 PCLuS per condition, n=3 donors, n=30 PCLuS total). Media, including all
treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for downstream.
Quantification of Collagen 1al, TIMP-1, IL-6 and IL-8 was performed on T144 media and plotted as A-
D) absolute pg/ml and E-H) % change from baseline (control PCLuS) for all donors (n=10 conditioned
media, n=3 donors, n=30 samples total). All data are mean * SEM. Statistical significance was
determined on graphs E-H using ANOVA with post-hoc Dunnett’s test where unchallenged PCLuS was
set as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 48: Validation of TNKS656 compound in IPF-derived PCLuUS PCLuS were generated from
explant IPF tissue (n=3 donors) with slices (n=10 per condition) being rested for 48 hours before
challenge with either control media, or 3 escalating doses of TNKS656 compound to assess the ability
to reduce pre-existing fibrosis (n=10 PCLuS per condition, n=3 donors, n=30 PCLuS total). Media,
including all treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for
downstream analysis. Quantification of Collagen 1al, TIMP-1, IL-6 and IL-8 was performed on T144
media and plotted as A-D) absolute pg/ml and E-H) % change from baseline (control PCLuS) for all
donors (n=10 conditioned media, n=3 donors, n=30 samples total). All data are mean + SEM. Statistical
significance was determined on graphs E-H using ANOVA with post-hoc Dunnett’s test where
unchallenged PCLuS was set as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 49: Validation of LGK974 compound in IPF-derived PCLuS PCLuS were generated from explant
IPF tissue (n=3 donors) with slices (n=10 per condition) being rested for 48 hours before challenge with
either control media, or 3 escalating doses of LGK974 compound to assess the ability to reduce pre-
existing fibrosis (n=10 PCLuS per condition, n=3 donors, n=30 PCLuS total). Media, including all
treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for downstream.
Quantification of Collagen 1al, TIMP-1, IL-6 and IL-8 was performed on T144 media and plotted as A-
D) absolute pg/ml and E-H) % change from baseline (control PCLuS) for all donors (n=10 conditioned
media, n=3 donors, n=30 samples total). All data are mean * SEM. Statistical significance was
determined on graphs E-H using ANOVA with post-hoc Dunnett’s test where unchallenged PCLuS was
set as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 50: Validation of E-7386 compound in IPF-derived PCLuS PCLuS were generated from explant
IPF tissue (n=3 donors) with slices (n=10 per condition) being rested for 48 hours before challenge with
either control media, or 3 escalating doses of E-7386 compound to assess the ability to reduce pre-
existing fibrosis (n=10 PCLuS per condition, n=3 donors, n=30 PCLuS total). Media, including all
treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for downstream.
Quantification of Collagen 1a1l, TIMP-1, IL-6 and IL-8 was performed on T144 media and plotted as A-
D) absolute pg/ml and E-H) % change from baseline (control PCLuS) for all donors (n=10 conditioned
media, n=3 donors, n=30 samples total). All data are mean * SEM. Statistical significance was
determined on graphs E-H using ANOVA with post-hoc Dunnett’s test where unchallenged PCLuS was
set as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 51: Validation of HAS2 compound in IPF-derived PCLuS PCLuS were generated from explant
IPF tissue (n=3 donors) with slices (n=10 per condition) being rested for 48 hours before challenge with
either control media, or 3 escalating doses of HAS2 compound to assess the ability to reduce pre-
existing fibrosis (n=10 PCLuS per condition, n=3 donors, n=30 PCLuS total). Media, including all
treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for downstream
analysis. Quantification of Collagen 1al, TIMP-1, IL-6 and IL-8 was performed on T144 media and
plotted as A-D) absolute pg/ml and E-H) % change from baseline (control PCLuS) for all donors (n=10
conditioned media, n=3 donors, n=30 samples total). All data are mean = SEM. Statistical significance
was determined on graphs E-H using ANOVA with post-hoc Dunnett’s test where unchallenged PCLuS
was set as the control group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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3.4 Discussion
The rising prevalence of fibrosis represents a growing healthcare challenge on a global scale

[340,341]. Consequently, discovery of key therapeutic targets with relevance to human fibrotic
disease and development of effective anti-fibrotic therapies directed against these targets
continues to be a priority. However, complex disease heterogeneity and cellular diversity
remains a significant obstacle to understanding disease pathomechanisms. Conventional 2D
cell culture assays and widely used mouse models often fail to recapitulate these features,
impeding translatability of findings to clinical application [273]. To overcome these challenges,
we leveraged the expertise of Neil Henderson’s group in single-nuclei sequencing, with our
own experience in the generation of precision cut slices from human tissue. These cutting-
edge tools offered a more comprehensive exploration of fibrosis in the context of human

disease, overcoming many of the limitations of traditional methodologies.

To examine the intricate cellular landscape during liver fibrosis, colleagues at Edinburgh
University generated snRNAseq datasets from human liver samples, selected to represent the
transitions of healthy liver tissue to MASH (F1-F4 fibrosis stage) through to end-stage
cirrhosis, using the 10x Genomics Chromium platform. Given the pivotal role of mesenchymal
cells in orchestrating the fibrotic response [342], we prioritised the sub clustering of
mesenchymal cells for further interrogation. This approach identified a distinct population of
disease-associated, collagen | high producing myofibroblasts with specific molecular
signatures. From this, 9 targets of interest were selected for validation in our precision-cut

slice system.

Firstly, we utilised established protocols of fibrogenic induction via combination treatment of
TGFB-B1/PDGFBB to evaluate gene and protein expression of targets during fibrogenesis
[292,343]. Results confirmed that six of the identified target genes were significantly
upregulated in response to fibrogenic stimuli and could be attenuated by co-treatment with
ALKS5i, suggesting they may be upregulated during fibrogenesis. However, no changes in target
protein expression were observed in either tissue homogenates or conditioned media after
pro-fibrotic challenge. This could be explained by the limited culture period, as PCLS were
challenged with fibrotic stimuli for 72 hours, it is possible that a longer culture time would be
needed for the proteins to accumulate and exert its function. Similarily, post translational

modifications arising from TGF-B1/PDGFBB treatment may impact protein turnover rate.
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When evaluating target protein expression, it is also important to consider the abundance of
target cell populations present in the liver tissue. As mesenchymal cells (excluding VSMCs)
made up <2% of the snRNAseq datasets, it is expected that disease-associated myofibroblasts
would similarly make up a small percentage of PCLS cellular composition. Consequently, if
target protein upregulation was limited to this small cellular subpopulation, it could explain
no effect being observed overall in whole tissue. To investigate this further, future work could
employ flow cytometry or multi-plex imaging to determine target protein expression in
distinct cell types. Additionally, single-cell technologies could be used to confirm cellular

composition of PCLS donor tissue before and after culture.

Having confirmed that targets could be detected and modulated in our PCLS system, we next
evaluated anti-fibrotic and anti-inflammatory properties of 5 candidate inhibitory compounds
targeting DCLK1, HAS2 and different components of the WNT signalling pathway (B-catenin,
porcupine and tankyrase). Furthermore, as several of these targets were also upregulated in
fibroblasts populations of fibrotic lung disease, we utilised our ability to generate PCS from
unused donor lung and IPF explant tissue to determine whether these targets were common

to other fibrotic diseases or organ specific.

Whnt signalling is a conserved pathway critical during development and tissue homeostasis,
aiding regulation of cell proliferation, differentiation, and apoptosis [344]. The family of Wnt
ligands, consisting of 19 distinct secreted glycoproteins, exhibits diverse specificities for
various receptors and co-receptors resulting in activation of canonical (B-catenin-dependent)
or non-canonical (B-catenin-independent) Wnt signalling pathways [345]. In order to exert
their signalling effects, Wnt ligands are required to undergo extensive post translational
modifications due to their hydrophobic nature [346]. Consequently, lipid modification termed
palmitoylation (the addition of palmitic acid) is mediated by porcupine (a multipass
transmembrane protein) in the endoplasmic reticulum, before transport to the cell surface
and binding to cognate receptors [347,348]. Assessment of compounds targeting the Wnt
signalling pathway confirmed that inhibition of B-catenin (via E-7386) and porcupine (via
LGK974) caused a significant reduction in pro-fibrotic and pro-inflammatory markers in both
liver and lung-derived PCS at various doses. These findings were consistent with a growing
body of evidence which has highlighted aberrant Wnt signalling as a key driver of fibrosis in

multiple organs, including kidney, skin, heart, liver and lungs [339,349-351]. To date, studies
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have primarily focused on B-catenin activity, identifying increased expression in several
diseases including pulmonary and liver fibrosis [352-354]. Here, sustained activation of Wnt/pB-
catenin signalling is associated with increased production of ECM components, including
collagen, and fibroblast-myofibroblast differentiation [355,356]. Consistent with our findings,
modulation of Wnt signalling has been shown to be extremely effective in attenuating fibrosis
in mouse models of lung, kidney and liver fibrosis [356-358]. For example, targeted inhibition
of Wnt/B-catenin signalling via ICG-001 (a peptidomimetic small molecule inhibitor), resulted
in reduced mesenchymal-myofibroblast transition, matrix gene expression and cell apoptosis
after bleomycin treatment [355]. Similarily, Akcora et al showed that inhibition of Wnt/B-
catenin signalling via 1CG-001 significantly attenuated collagen accumulation and HSC

activation in CCls-induced acute liver injury models [356].

However, given that B-catenin activity can be influenced by several factors [359], it remains
unclear whether increased Wnt signalling observed in fibrosis is driven by specific Wnt ligands.
Our work suggests that Wnt4 and Wnt9a may be involved in stimulating fibrogenesis in the
liver. Though these ligands have not been studied extensively in the context of fibrosis, there
is some evidence that they may regulate B-catenin activity. For example, work by Yin et al
outlined a clear link between Wnt4, B-catenin/NF-kB activation, and pro-fibrotic signalling in
both in vitro and in vivo models of cardiac fibrosis [360]. Utilising both genetic and
pharmacological manipulation, work showed that elevated levels of Wnt4 resulted in
increased B-catenin/NF-kB activation and pro-fibrotic markers, and that targeted inhibition of
Wnt4 could negate these effects. Similarily, work by Surendran et al found that in a mouse
model of renal fibrosis, Wnt4 expression increased primarily in collagen 1a1, aSMA producing
myofibroblasts, and was reported to induce stabilisation of cytosolic B-catenin [361]. As we
were unable to inhibit Wnt4 and Wnt9a directly in this study, future work should aim to

evaluate the specific contribution of these ligands to fibrosis initiation and progression.

At present, the number of clinical trials investigating the therapeutic potential of targeting the
Whnt signalling pathway to treat fibrotic diseases remains limited. In the liver, a recent phase
1/2a open-label, non-randomised, multi-centre clinical trial (study no: NCT03620474) found
that intravenous administration of the CBP/B-catenin inhibitor PRI-724 in patients with
hepatitis C and B virus-induced liver cirrhosis was well tolerated and resulted in statistically

significant reduction in liver stiffness, Model for End-stage Liver Disease (MELD) score and
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serum albumin level after 12 weeks of treatment. However, evaluation of patient biopsies
obtained at screening and within 2 weeks of final treatment showed no significant reduction
in fibrosis in response to PRI-724 as assessed by ordinal scoring systems (e.g. Ishak-modified
histology activity index [362]) and further evaluation of anti-fibrotic effects in patients with
cirrhosis is therefore warranted [363]. Though limited in regards to fibrotic disease, several
clinical trials are currently underway to investigate the effect on Wnt signalling pathway
inhibition for the treatment of a range of cancers [364]. For example, E-7386 (which was
screened for anti-fibrotic efficacy during this project) is currently being evaluated in phase 1
clinical trials in patients with advanced solid tumours (study no: NCT03833700) and in
advanced neoplasms (study no: NCT03264664) with initial dose-escalation studies reporting
preliminary safety and tolerability of 120mg twice daily oral administration [365]. Similarily, a
recent dose-escalation phase 1 study of LGK974 in patients with advanced solid tumours
(study no: NCT01351103) found that LGK974 treatment was generally well tolerated, with
preliminary biomarker analyses also suggesting a potential effect on immune cell recruitment
to tumours, though further validation in a larger cohort would be required [366]. Interestingly,
results from work carried out in this project found that co-treatment of IL1a-challenged PCLS
with LGK974 was able to significantly reduce IL-6 secretion at the highest dose. Additionally,
LGK974-challenge to IPF-derived PCLuS was able to effectively blunt pro-inflammatory IL-6
and IL-8 secretion at the highest dose, suggesting that LGK974 may be involved in modulating
immune cells. These results are in keeping with previous reports in the literature which have
shown that LGK974 is able to suppress inflammatory responses in several pre-clinical models.
For example, Jang et al recently showed that pre-treatment with LGK974 was able to blunt an
lipopolysaccharide (LPS)-induced inflammatory response in bronchial epithelial cells [367] as
well as an LPS-induced endotoxaemia in a mouse model of sepsis [368]. Here, LGK974 was
found to suppress LPS-induced cytokine production by reducing the crosstalk between Wnt/B-
catenin and NF-kB pathways during endotoxaemia. Taken together, these results suggest that,
providing the candidate compounds meet the required safety and tolerability endpoints
during clinical trials, that these drugs may be repurposed for treatment of fibrotic diseases in

the future to investigate potential anti-fibrotic effects.

Hyaluronan synthase 2 (HAS2) plays a central role in the production of hyaluronan (HA), a

component of the ECM, which has been implicated in the development fibrosis [369]. Though
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the role of HAS2 in diseases such as cancer and fibrosis has been well studied, it often relies
heavily on the use of in vitro an in vivo mouse models, with little data generated from human
tissue [370-373]. In this study, we provided evidence that HAS2 was transcriptionally
upregulated in disease-associated myofibroblasts and in human liver-derived PCLS in response
to TGF-B1/PDGFBB stimulation. Additionally, we showed that modulation of HAS2 had
significant anti-fibrotic and anti-inflammatory effects in early-fibrosis models in the liver and
lung, as well as in established fibrotic pulmonary disease. These results were in line with
previous reports that inhibition of hyaluronan synthesis (via 4-MU) prevents liver fibrosis
progression in mouse models of liver injury [369,370]. Consistent with this, work by Halimani et
al recently showed that in addition to pharmacological inhibition of HAS2 via 4-MU, genetic
knockdown of HAS2 utilising targeted siRNA was able to significantly blunt collagen and HA
deposition in mouse models of CCls-induced liver injury, as well as significantly reducing
biochemical markers of hepatic damage [374]. Furthermore, transcriptomic analysis revealed
that siRNA-mediated HAS2 knockdown was associated with attenuation of ECM-associated
pathways, suggesting that HAS2 inhibition may be an important therapeutic target for the
treatment of hepatic fibrosis. Though previous work has identified a key role for HAS2
promoting HSC activation [370,375], investigation into HAS2 in other mesenchymal cell
populations is limited. In contrast to these findings, we report that HAS2 was upregulated
specifically in myofibroblast populations, but not HSCs. Interestingly, a recent study by
Vollman et al similarly reported that HAS2 was overexpressed in myofibroblasts during CCla-
induced liver fibrosis. In this study, unbiased siRNA-formulated lipid nanoparticles (LNP)
screening identified HAS2 as one of five pro-fibrotic genes present in myofibroblasts that were
responsible for modulating fibrogenesis and collagen accumulation during CCls-induced liver

injury [376].

In the context of the lung, reduction of pro-fibrotic and inflammatory markers in response to
treatment with our HAS2 inhibitor in PCLUS was consistent with previous mechanistic studies
by Li et al [4]. Here, results showed that HAS2 overexpression in myofibroblasts was associated
with an aggressive, invasive fibroblast phenotype leading to severe lung fibrosis and death in
bleomycin-induced injury models. Conversely, conditional knockdown of HAS2 in
mesenchymal cells attenuated myofibroblast invasiveness and accumulation and prevented

the development of pulmonary fibrosis [4]. In a follow up study, Li et al further showed that
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deletion of HAS2 in mesenchymal cells increased cellular senescence of fibroblasts, suggesting
that HAS2 may be a critical regulator of pulmonary fibrosis [377]. These data suggest that HAS2
overexpression in myofibroblasts plays a key role in fibrosis progression in both the liver and
the lung. At present, there are no clinically approved drugs which specifically target HA for the
treatment of fibrotic disease. However, Hymecromone (also known as 4-methylumbelliferone
[4-MU]), is an oral drug (which inhibits HA production by decreasing HAS2/HAS3 expression)
currently approved for use in Europe and Asia exclusively for the treatment of biliary spasm
[378]. Though this drug has not currently been trialled in patients with fibrotic disease, a
recent open-label, single-centre, dose-response study of Hymecromone in healthy adults
(study no: NCT02780752) found that treatment was well tolerated and also resulted in a
significant reduction in sputum HA levels after 4 days, suggesting that this drug could
potentially be repurposed for the treatment of other diseases [379]. Interestingly, HAS2 has
also been found to be upregulated in the lungs during acute respiratory distress syndrome
[380] and in patients with severe COVID-19 [381], where HA exudates were predominantly
found obstructing alveoli and in thickened perialveolar interstitium [382]. These findings were
supported by Yang et al who similarly reported that HA was increased in patients with
pulmonary lesions and significantly correlated to the clinical parameters used to predict
COVID-19 severity, including lymphocytes, C-reactive protein and fibrinogen [383]. Moreover,
treatment with Hymecromone was shown the promote recovery of lymphopenia, decrease
CRP and fibrinogen elevation and accelerate pulmonary lesion abruption in COVID-19 patients
(study no: NCT05386420). Taken together, these results suggest that targeted inhibition of
HAS2 via 4-MU or other therapeutic interventions may be beneficial for the treatment of
fibrotic diseases having demonstrated preliminary safety and tolerability in clinical trials and

the treatment of other conditions, therefore warranting further investigation.

Despite Wnt signalling and HAS2 having been previously implicated in fibrosis, there is limited
information available on how these two targets relate to each other in disease. In models of
cutaneous wound repair, Wnt ligands have been shown to upregulate HAS2 in embryonic
fibroblasts [384]. Likewise, there is evidence in FGF9-deficient mouse models that FGF9
promotes HAS2 expression via the Wnt/B-catenin signalling pathway [385]. While these studies
suggest a potential link between Wnt signalling and increased HAS2 expression, further work

is required to elucidate the precise molecular mechanisms and the extent of their involvement
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during fibrogenesis. It is also possible that Wnt signalling may act indirectly on HAS2 through

interactions with other signalling pathways involved in fibrosis, such as TGF-B1 [386].

By utilising small molecule inhibitors in our PCS system, we were able to modulate target
expression across various tissues. Additionally, we were able to explore dose-dependent
effects in response to different stimuli and validate efficacy. However, there are several
constraints to consider when interpreting experimental outcomes. For example, small
molecule inhibitors may lack specificity, affecting not only the target protein but also other
structurally similar proteins, potentially resulting in off-target effects [387]. Likewise,
incomplete target inhibition, driven by factors such as drug half-life, metabolism and tissue
distribution, can pose challenges in sustaining the desired effect over extended periods [388].
Some inhibitors may also have limited penetration into certain tissues/organs or may struggle
to permeate cell membranes, limiting their effectiveness in reaching intracellular targets. One
of the main limitations of this work was the inability to selectively inhibit the targets of interest
in myofibroblast populations in PCS. Consequently, future work should consider the use of
RNA interference or gene editing tools in combination with viral vectors (such as adeno-
associated virus (AAV)s or lentivirus), neutralising antibodies or lipid nanoparticle (LNP)

technology to achieve targeted inhibition and reduce off-target effects.

When interpreting experimental results involving small molecule inhibitors, it is important to
consider the half maximal inhibitory concentration (IC50) of each compound screened in this
project due to potential off-target effects and/or toxicity (as detailed in Table 9). Low IC50
value indicate that the drug is potent at low concentrations and will therefore be less likely to
cause systemic toxicity when administered to patients [389]. Several of the compounds used
to inhibit targets of interest in this work are reported to have low IC50 values. For example, E-
7386 is reported to have an IC50 value of 48.4nM in HEK293 cells [390]. Similarily, DCLK1-in-1
has been shown to potently inhibit DCLK1 and DCLK2 kinases at low treatment doses in
binding assays (IC50: DCLK1=9.5nM and DCLK2=31nM), kinase assays (IC50: DCLK1=57.2nM
and DCLK2=103nM) and cellular assays (IC50: DCLK1=279nM in HCT116 cells) [391]. LGK974
has been reported to have an IC50 value of 1nM in radioligand binding assays and showed no
major cytotoxicity in cells up to 20uM. Furthermore, LGK974 demonstrated comparable
inhibitory activities against different Wnt ligands (Wnt1, -2, -3, -3A, -6, -7A, and -9A) in Wnt-

dependent reporter assays, with IC50 values ranging from 0.05-2.4nM [392]. Finally, NVP-
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TNKS656 has an IC50 value of 6nM in cell-free assays [393]. Taking these reported IC50 values
into consideration in the context of this study, it would be reasonable to assume that the
doses used in this study (0.1uM, 1uM and 10uM), particularly the highest 10uM dose, could
potentially results in off-target inhibition and increased risk of higher systemic exposure in
patients, if complete on-taget inhibition is achieved at much lower drug concentrations.
However, traditional experiments to determine the IC50 curves for drugs are typically
performed in 2D monolayer cell cultures and/or cell-free assays. Additionally, IC50 values can
vary considerably dependent on the cell line and/or model system used [394], with values
provided by suppliers typically generated from 2D cell culture models utilising various cell
lines. For example, ALK5i (or SB525334) which was treated at 10uM in PCS in this study, is
reported to have nanomolar potency with an IC50 value of 14.3nM in a cell-free kinase assay
[395]. Consequently, treatment at the 10uM dose could potentially result off-target effects on
other kinases such as ALK4 which is reported to also be inhibited by SB25334 with an IC50
value of 58.5nM in kinase assays (SB25334 inhibited ALK2, ALK3 and ALK6 with >1000-fold less
selectivity over ALKS5, requiring >10uM dose to achieve 50% inhibition) [395], rather than the
specific inhibition of the intended fibrotic pathways. However, utilising cell-based assays,
Mercer et al reported an IC50 value of 200.5nM for inhibition of TGF-B1- induced collagen
deposition with the same drug in primary lung fibroblasts and similarly used 10uM SB525334
as a positive control in IPF—derived PCLuS [294]. Likewise, 10uM SB525334 has previously been
used by Paish et al in liver-derived PCS as a positive control in early fibrogenesis models [292].
Conversely, the HAS2i used in this study (4-MU) is a substrate analogue for HAS2 which
outcompetes the natural substrate but requires a high concentration to achieve inhibition,
with a reported IC50 of 400uM, resulting in treatment doses of 30uM, 100uM, 300uM, 500uM
and 1000uM.

Importantly, there are a number of discrepancies between 2D in vitro cell cultures and more
complex 3D models to consider when extrapolating reported in vitro IC50s from monolayer
cell culture systems. It has been widely reported that, with respect to drug efficacy and
sensitivity, many drugs display enhanced potency in 2D cell culture systems when directly
compared with 3D models [396,397] suggesting that predicted clinical efficacy in patients is
often overestimated [398]. For example, a recent study by Nowacka et al investigating

cytotoxic drug resistance of the same cell lines in 2D and 3D cell culture models found a nearly
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ten-fold difference in IC50 values, with spheroids requiring a higher concentration of Cisplatin
and Paclitaxel to achieve the same level of inhibition in 3D than 2D [399]. Similarily, cytotoxic
therapies for the treatment of pancreatic ductal adenocarcinoma (such as Gemcitabine and
Oxaliplatin) were found to require 200-fold greater doses to achieve the same IC50 value in
spheroids compared to monolayer cultures [400]. These differences could be explained by
differences in cell density, proliferation rate, ECM proteins as well as the ability of small
molecule inhibitors to penetrate and diffuse into the spheroid and drug mechanisms of action
[389]. Given that PCS models are considerably more complex than spheroids, with multiple cell
types and established ECM scaffolds and that PCS can retain enzymatic activity that
metabolises drugs [401], possibly reducing its effective concentration and leading to a higher
IC50, it can be reasonably concluded that the IC50 of a drug will differ significantly between
PCS and in vitro cell cultures. Consequently, additional screening of candidate compounds at
lower doses and additional titrations is advised to obtain a more accurate measurement of

IC50 values in ex vivo PCS directly rather than estimates from 2D models.

Taken together, our findings provide potential therapeutic targets for the treatment of MASH
and further our understanding of the molecular mechanisms underpinning liver fibrosis onset
and progression. Furthermore, evaluation of targets in lung tissue confirmed multi-organ
efficacy, suggesting these may be common fibrogenic regulators. Future work will aim to
investigate the precise contribution of this disease-associated myofibroblast population to
disease progression, as well as optimisation of gene editing and delivery tools to investigate

these targets selectively in PCS.

125



4  Utilising an unbiased ‘omics approach to identify therapeutic targets in
regional IPF samples

Statement of contribution

e Tissue processing and RNA isolation was performed by the author before sample

processing, cDNA library preparation and sequencing was performed at Newcastle

University’s Genomics Core facility.

e Dr Laura Sabater performed downstream bioinformatics processing of transcriptomic

datasets, generation of transcriptomic PCA plots and IPA analysis.

e Dr Sandra Murphy performed mass spectrometry and downstream bioinformatics

analysis, including generation of PCA plots.

e Investigation of targets of interest in a pre-existing scRNAseq datasets generated from

6 integrated single cell lung atlases was performed by Dr Stephen Christensen (Figure

104).

e Allother workin this chapter, including histological validation, multi-plex ELISA, further

processing of datasets to identify targets of interest, generation of bar charts, Venny

diagrams, all volcano plots and heat maps was performed solely by the author.
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4.1 Introduction
Idiopathic Pulmonary Fibrosis (IPF) is a devastating progressive lung disease characterised by

the excessive accumulation of scar tissue within the lungs, resulting in impaired pulmonary
function and eventual respiratory failure [402,403]. IPF is the most common and lethal
interstitial lung disease, with a median survival rate of 3-5 years after diagnosis, a prognosis
worse than many cancers [113]. Currently, the number of IPF patients is estimated at between
2.8-9.3 cases per 100 000, with average onset occurring around 65 years and predominantly
affecting older males [115]. Globally, patient numbers are steadily rising in line with an ageing
population, particularly in developed countries, posing a significant socioeconomic burden
[116]. Despite this, substantial strides in our understanding of IPF are yet to be made and the
underlying aetiology of disease remains to be fully elucidated.

At present there is no cure for IPF, treatment options are scarce with lung transplantation
remaining the only viable intervention to increase life expectancy. However, due to limited
availability of donor organs and stringent suitability criteria, only a small minority of IPF
patients will be eligible to undergo transplantation [404]. Treatment strategies are therefore
primarily focused on slowing disease progression and alleviating patient discomfort.
Pirfenidone and Nintedanib, both approved first-line therapies for IPF, have demonstrated the
ability to reduce the rate of decline in FVC and improve progression-free survival in some
patients [405,406]. Despite this, both anti-fibrotics have considerable limitations with
approximately 50% of patients deemed unsuitable for treatment [407]. In those which do
receive treatment, efficacy is highly varied and impact on long-term survival is negligible.
Moreover, a significant portion of patients experience adverse effects, such as gastrointestinal
symptoms, which leads to treatment discontinuation in up to a third of cases [406,408,409]. The
limited efficacy of Pirfenidone and Nintedanib underscores the complex heterogeneity of IPF,
both in terms of clinical presentation and disease pathomechanisms, posing a significant
challenge for therapeutic interventions and the identification of suitable drug targets.
Consequently, there is an urgent unmet need to better understand the underlying molecular
events driving pulmonary fibrosis to support development of new anti-fibrotics which can

effectively halt or reverse disease progression.

As research technologies continue to advance, human tissue samples remain invaluable

resources for understanding mechanisms of disease and developing targeted therapies. To
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date, most of the research carried out involving human IPF samples has centred on inter-
patient studies comparing healthy and diseased tissue. Though this approach has undoubtedly
aided our understanding of disease it nonetheless fails to consider the incredibly complex
spatial heterogeneity of pathological changes in IPF. Small tissue samples, such as biopsies,
are therefore unable to capture the full breadth of this heterogeneity, potentially leading to
the identification of therapeutic targets that are not universally applicable to all patients and
may also fail to identify crucial drivers of fibrosis dependant on the region of lung sampled.
Furthermore, as IPF is a dynamic disease that evolves over time, single timepoint comparisons
may not adequately reflect the temporal changes associated with disease progression.
However, obtaining repeat tissue samples from patients over a sustained period is challenging
due to the invasiveness of the procedure and limited availability. To this end, alternative
strategies must be adopted to overcome these limitations and allow identification of common

and distinct mechanisms driving fibrosis toward end-stage disease.

Here, we utilised a two-pronged approach to investigate disease progression by comparing
macroscopically distinct regions of tissue from within the same IPF lung. We then performed
RNA sequencing and proteomic profiling of the differentially affected IPF regions, alone and
alongside non-diseased age-matched unused donor lungs as a control, to determine gene and
protein expression at these different stages of disease. Following this, interrogation of gene
and protein heterogeneity was performed to identify novel therapeutic targets for further

investigation.
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4.1 Materials and methods
4.1.1 Patient demographics

IPF explant tissue and unused donor lung tissue was acquired with ethical consent as detailed
in Chapter 2. Measures of FEV1, FVC, TLC, TLco and Kco were retrospectively extracted from
pulmonary function test (PFT) data from each participant’s medical records at the date closest
to lung transplantation (Table 14). Data are presented as absolute values and as a percent of
a predicted value (%) for patient pulmonary function tests where available. A summary table
of patient demographics is provided where all continuous variables are reported as mean +
SD (Table 15). Statistical analysis was performed using independent samples t-tests to infer
homogeneity or heterogeneity between unused donor and IPF patient cohorts for age
(p=0.18), Fisher’s exact test was performed to assess sex distribution (p=0.29) and Chi-square
test of independence was performed to assess smoking history (p=0.219) between the 2
cohorts, where a p<0.05 was considered significant. IPF patient pre-transplant white blood
cell counts (Table 16) and and-fibrotic medications (Table 17) were also retrospectively

obtained from each participant’s medical records where available.

Table 14: IPF and unused donor patient demographics for regional sampling

:z:;eb':r Sex  Age FEVL, L FVC, L Z;C/%i:’/";:a' Eg?m':‘ma Smoking history
IPF donor 1 M 53 0.57 (18%) | 2.00(51%) | 5.39 (87%) 1.72 (19%) 1.72 (38%) Non-smoker
PFdonor2 | M | 64 | 2.32(72%) | 2.66(65%) | 4.26 (62%) |  1.75 (19%) 1.60(65%) E"'Sm‘;';ecrks’;::r‘;e" (30
IPF donor 3 M 61 2.1 (64%) 2.32(56%) 3.32(48%) 1.76(19%) 0.58(42%) Ex-smoker (15 pack year)
IPF donor 4 F 50 1.33(46%) 1.51(45%) 2.21(41%) 2.21(25%) 1.20(75%) Ex-smoker
IPF donor 5 M | 63 | 1.55(68%) | 1.85(68%) | 3.00(60%) 1.05(14%) 0.46(30%) U”kno‘:’n:;f(z:e"i°“s
IPF donor 6 M 63 1.53(59%) 1.79(54%) 3.00(52%) 1.48(19%) 0.69(52%) Ex-smoker
IPF donor 7 M 50 1.17(56%) 1.40(55%) N/A 0.56(23%) N/A Smoking history unknown
IPF donor 8 M 49 1.30(35%) 1.43(31%) 2.16(32%) 3.00(32%) 1.00(66%) Non-smoker
Unused donor 1 M 52 N/A N/A N/A N/A N/A Non-smoker
Unused donor 2 M 40 N/A N/A N/A N/A N/A Ex-smoker
Unused donor 3 F 52 N/A N/A N/A N/A N/A Smoker
Unused donor 4 F 52 N/A N/A N/A N/A N/A Non-smoker
Unused donor 5 M 59 N/A N/A N/A N/A N/A N/A
Unused donor 6 M 64 N/A N/A N/A N/A N/A N/A
Unused donor 7 F 43 N/A N/A N/A N/A N/A N/A
Unused donor8 | M 42 N/A N/A N/A N/A N/A SmOkedraiofg'rg:lrjzes per
Unused donor 9 F 59 N/A N/A N/A N/A N/A N/A

FEV1= forced expiratory volume in 1 second, FVC= forced vital capacity, TLC= total lung capacity, TLCO= carbon monoxide
transfer factor, KCO=carbon monoxide transfer coefficient and N/A= not available. Percentages of predicted values are in
parentheses.
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Table 15: Summary demographics of IPF patient and unused donor cohorts

VELEL]S Unused donor IPF
N (number) 9 8
Sex Female 4 1
Male 5 7
Age (years) 51.4+6.69 56.7+8.4
FEV1, L N/A 1.48 +£0.54
FVC, L N/A 1.88+0.48
TLC, L N/A 3.39+1.25
TLCO, mmol CO/min/kPa N/A 1.72+0.78
KCO, mmol CO/min/kPa N/A 1.09 £0.52
Smoking history Smoker 2 0
Ex-smoker 1 4
Non-Smoker 2 2
Unknown 4 2

FEV1= forced expiratory volume in 1 second, FVC= forced vital capacity, TLC= total lung capacity, TLCO= carbon monoxide
transfer factor, KCO=carbon monoxide transfer coefficient and N/A=not available. Percentages of predicted values are in
parentheses.

Table 16: IPF donor white blood cell counts pre-transplant

Patient Number Total WBC (1079/L) Neutrophil (1079/L) Eosinophil (1079/L) Lymphocyte (1079/L) Monocyte (1079/L) Basophil (1079/L)

IPF donor 1 8.81 7.56 0.02 0.58 0.6 0.05
IPF donor 2 8.08 5.5 0.13 1.77 0.62 0.06
IPF donor 3 6.98 4.62 0.12 1.66 0.54 0.04
IPF donor 4 16.35 14.03 0.03 1.33 0.94 0.02
IPF donor 5 10.56 8.26 0.32 1.34 0.57 0.07
IPF donor 6 7.97 6.06 0.08 1.17 0.64 0.02
IPF donor 7 44.2 42.8 0.02 0.21 1.09 0.08
IPF donor 8 8.37 7.17 0.03 0.62 0.52 0.03

Table 17: IPF donor pre-transplant anti-fibrotic medication

Patient Number Pre-transplant medication

IPF donor 1 Unknown

IPF donor 2 Nintedanib

IPF donor 3 Pirfenidone then switched to Nintedanib
IPF donor 4 Pirfenidone

IPF donor 5 Mycophenolate mofetil, no anti-fibrotics
IPF donor 6 Nintedanib

IPF donor 7 Prednisolone 40mg

IPF donor 8 Nintedanib
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4.1.2 Histology and immunohistochemistry
H&E was carried out as previously described in Chapter 2. Masson Trichome staining was
carried out at Cell Pathology, RVI Newcastle. Histology was performed for the following

markers (Table 18) according to the general methodology previously described in Chapter 2.

Table 18: Primary antibodies and antigen retrieval

Anti
Antigen Supplier Code Host species Dilution n .lgen
retrieval

aSMA Sigma-Aldrich F3777 Mouse monoclonal | 1/1000 Citrate pH 6

CD68 Aviva systems | OABB00472 | Rabbit polyclonal 1/200 Citrate pH 6

Cathepsin G Abcam Ab282105 | Rabbit monoclonal 1/100 Citrate pH 6
Lactoferrin Santa Cruz Sc-53498 Mouse monoclonal 1/100 Tris EDTApH 9
Myeloperoxidase R&D systems MAB3174 | Mouse monoclonal | 1/100 Tris EDTApH 9

Mannose receptor 2 Abcam Ab64693 Rabbit polyclonal 1/1000 Citrate pH 6

Integrin B6 R&D systems AF4155 Sheep polyclonal 1/40 Proteinase K
Cytokeratin 18 Abcam Ab181597 Rabbit polyclonal 1/800 Tris EDTApH 9

4.1.3 RNA sequencing
Bulk RNA sequencing was performed on whole tissue samples as detailed below:

4.1.3.1 RNA isolation
1ug total RNA was isolated from snap frozen whole tissue as previously detailed in chapter 2,

treated with DNase and sent for transcriptomic analysis at Newcastle University’s Genomics
Core facility.

4.1.3.2 Sample processing, cDNA library preparation and sequencing

RNA samples were quality assessed by performing RNA Screentape analysis (50567, Aligent)
in combination with a 4200 TapeStation (Aligent). mRNA sequencing libraries were prepared
using the lllumina Stranded mRNA Prep kit (20040534, Illlumina) following manufacturer’s
guidelines. Briefly, total RNA was diluted in nuclease-free water to a final volume of 25ul
before mRNA was purified and captured using RNA purification beads (RPBX). Purified mRNA
was eluted, fragmented and copied into first strand complimentary DNA (cDNA) using reverse
transcriptase and random primers. Following this, a second strand cDNA synthesis step was
performed to replace deoxythymidine triphosphate (dTTP) with deoxyuridine triphosphate
(dUTP) to achieve strand specificity and generate blunt-ended, double-stranded cDNA
fragments. Adenine and thymine nucleotide bases were added to 3’ ends of the blunt
fragments to prevent them ligating to each other and provide a complementary overhang for

ligating the adapter to the fragment, respectively. Pre-index anchors were ligated to the ends
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of cDNA fragments to prepare them for dual indexing before subsequent PCR amplification to
add index adapter sequences. Adapter-ligated cDNA fragment were purified using AMPure XD
beads and selectively amplified using PCR to generate a dual-indexed library (a DNA fragment
with adapters at each end). Dual-indexed libraries were further purified using AMPure XP
beads before quality assessment (fragment size and concentration) using a 4200 TapeStation
and D1000 Screentape (5067-5582, Aligent) and Qubit 4 Fluorometer (16223001, Invitrogen).
Finally, libraries were normalised to 10nM and sequenced on a NovaSeq 6000 (lllumina)
following the NovaSeq 6000 Sequencing System Guide at >30 million 100 bp single reads per
sample.

4.1.3.3 Computational analysis, processing datasets and quality control (QC)

Downstream processing of transcriptomic datasets was performed by Dr Laura Sabater.
Quality control (QC) analysis of fastq files was performed using fastQC (Available online at:
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). All fastqg files from samples
had an average >Q30 across more than 90% of the bases and therefore passed the QC check.
Sequences were trimmed using trimmomatic software (version 0.39). TruSeq3_adaptor
sequences from trimmomatic software were used as adaptors, allowing 1 mismatch, simple
clip threshold >10, minimum length of the remaining fragment after trimming >30 and quality
average after trimming >36. Trimmed sequences were further QC analysed to ensure quality
for further analysis. Mapping and quantification of sequences was performed using salmon
software (version 1.9.0). First, transcript index was created using Human genome assembly
release 31 (gencode.v31.pc_transcripts.fa). Then, pseudo-mapping and quantification of the
mMRNA sequences was performed using the transcript index previously created as a reference.
A gene map for Human genome assembly release 31 (gencode.v31.annotation.gff3) was
created in order to annotate the mRNA found during pseudo-mapping process using
‘GenomicFeatures’ and ‘tximportData’ R packages (version 1.54.4 and 1.24.0, respectively)
before Salmon quantification values were uploaded into R Studio for differential expression
(DE) analysis. DE analysis was performed using R studio (version 4.2.0). mRNA counts were
imported into R using ‘tximport’ R package, and counts matrix was created using DESeq2 R
package. The estimation of the dispersion, normalisation and PCA were performed using
DESeq2 R package (version 1.36.0). A negative binomial GLM was applied to model RNA count
data using DESeq2 R package and mRNA were classified as significantly different when log2

fold change >2 and p-value (adjusted) <0.05.
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4.1.4 Mass spectrometry
Proteomic assessment of whole tissue samples was performed by Dr Sandra Murphy as
detailed below:
4.1.4.1 Protein preparation
Snap frozen whole tissue was homogenised in 200ul of SDS lysis buffer (5% SDS, 50mM
triethylammonium bicarbonate (TEAB) pH 7.5) in Precellys® Ceramic hard tissue tubes (432-
3752, VWR) using a Precellys bead homogeniser at 0°C. Protein concentration was determined
by the bicinchoninic acid (BCA) assay. A total of 20ug protein was reduced by incubation with
5mM tris(2-carboxyethyl)phosphine (TCEP) for 20min at 37°C, and subsequently alkylated
with 20mM iodoacetamide for 30mins at RT in the dark. Protein digestion was performed
using the suspension trapping (S-Trap™) sample preparation method using the manufacturer’s
guidelines (ProtiFi™, Huntington NY). Briefly, 2.5ul of 12% phosphoric acid was added to each
sample, followed by the addition of 165ul S-Trap binding buffer (90% methanol in 100mM
TEAB, pH 7.1). This was added to the S-Trap Micro spin column. The samples were centrifuged
at 4,000 x g for 2mins until all the solution passed through the filter. Each S-Trap Mini-spin
column was washed with 150 ul S-trap binding buffer by centrifugation at 4,000 x g for 1min.
This process was repeated for a total of four washes. 25ul of 50mM TEAB, pH 8.0 containing
trypsin (1:20 ratio of trypsin to protein) was added to each sample, followed by proteolytic
digestion for 4hrs at 47°C using a thermomixer (Eppendorf) without shaking. Peptides were
eluted with 50mM TEAB pH 8.0 and centrifugation at 4,000 x g for 2 mins. Elution steps were
repeated using 0.2% formic acid and 0.2% formic acid in 50% acetonitrile, respectively. The
three eluates from each sample were combined and dried using a speed-vac before storage
at -80°C.
4.1.4.2 Mass spectrometry (MS)
Peptides were resuspended in 5% formic acid and each digested sample was analysed on an
Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific), connected to an
UltiMate 3000 RSLCnano System (Thermo Fisher Scientific). Peptides were injected on an
Acclaim PepMap 100 C18 LC trap column (300pm ID x5mm, 5um, 100A) followed by
separation on an EASY-Spray nanoLC C18 column (75 IDpm x 500mm, 2um, 100A) at a flow
rate of 250nI min~'. Solvent A was water containing 0.1% formic acid, and solvent B was 80%
acetonitrile containing 0.1% formic acid. The gradient used was as follows: solvent B was

maintained at 2% for 5mins, followed by an increase from 2 to 35% B in 120mins, 35-90% B in
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0.5mins, maintained at 90% B for 4mins, followed by a decrease to 2% in 0.5mins and
equilibration at 2% for 10mins. The Orbitrap Fusion Tribrid mass spectrometer was operated
in data dependent, positive ion mode. Full scan spectra were acquired in a range from 400
m/z to 1600 m/z, at a resolution of 120,000, with automated gain control (AGC) set to standard
and a maximum injection time of 50ms. Precursor ions were isolated with a quadrupole mass
filter width of 1.6 m/z and HCD fragmentation was performed in one-step collision energy of
30%. Detection of MS/MS fragments was acquired in the linear ion trap in rapid mode using a
Top 3s method, with AGC target set to standard and a dynamic maximum injection time. The
dynamic exclusion of previously acquired precursors was enabled for 35secs with a tolerance
of +/-10 ppm.

4.1.4.3 MS Data analysis
All spectra were analysed using MaxQuant version 2.4.13.0 using the SwissProt Homo sapiens

fasta file and a contaminant sequence set provided by MaxQuant. Peak list generation was
performed within MaxQuant and searches were performed using default parameters and the
built-in Andromeda search engine. The following search parameters were used: first search
peptide tolerance of 20ppm and second search peptide tolerance 4.5ppm. Cysteine
carbamidomethylation was set as a fixed modification and oxidation of methionine was set as
variable modification. A maximum of two missed cleavage sites were allowed. False Discovery
Rates (FDR) were set to 1% for both peptides and proteins. Label-free quantification (LFQ)
intensities were calculated using the MaxLFQ algorithm from razor and unique peptides with
a minimum ratio count of two peptides across samples. Match between runs was enabled.
Statistical analysis was performed using R (version 4.2.0). The data was first filtered to remove
proteins that matched to a contaminant or a reverse database, or which were only identified
by site. Only proteins identified by a minimum of 2 unique peptides were retained. LFQ
intensity values were log2 transformed. For the analysis of regional IPF lung tissue the data
was filtered to contain at least 4 valid values in all 3 groups (IPF normal, IPF intermediate and
IPF fibrotic). For the analysis of unused donor (UD) versus regional IPF lung tissue the data was
filtered to contain at least 4 valid values in each two groups of the comparison being tested
(UD vs IPF normal, UD vs IPF inter and UD vs IPF fibrotic). LIMMA was used for statistical
analysis (paired t-tests) where proteins with a p-value <0.05 were considered as statistically
significant. For the analysis of regional IPF lung tissue, the effect of patient was included in the

linear model.
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4.1.5 MesoScaleDiscovery U-Plex Assay
To detect additional immune markers typically not present in proteomic datasets, 111

Immuno-oncology (K153424-1, MSD), biomarker (K15067L-1, K151A9H-1, K151AGL-1, MSD),
metabolic (K151ACL-1, MSD) and TGF-B (K15241K-1, MSD) assays were performed on samples
using U-Plex Multi-Spot Assay System (MesoScale Discovery™) as per manufacturer’s
instructions. Briefly, U-plex plates were coated with the relevant linker-coupled capture
antibodies, sealed and incubated for 1hr at RT, with shaking. Plates were washed 3 times using
1X MSD wash buffer (PBS + 0.05% Tween20) before adding samples and calibrators and
incubating at RT with shaking for 1hr. Plates were washed before biotinylated detection
antibodies were added to each well and incubated for 1hr at RT, with shaking. Plates were
washed prior to Read Buffer Gold being added to each well and the plate read using MesoScale
DiscoveryTM Sector imager 2400 plate reader. Analysis of results was performed using the

MSD Discovery Workbench 4.0 analysis software.

4.1.6 Ingenuity pathway analysis (IPA)
Significant data from all proteomic comparisons were uploaded in IPA (QIAGEN, version
111725566) and core expression analysis was performed using log2FC differences for z-score
and prediction calculations. Proteins from the ingenuity knowledge base were used as
reference and all direct and indirect relations, tissues, node types and data sources from
experimentally observed data were considered.

4.1.7 Statistical analysis
Volcano plots, heatmaps and bar charts (represented as + SEM) were created using GraphPad
prism (version 9.5.0). To generate heat maps from transcriptomic and proteomic datasets,
normalised counts and LFQ intensities were z-score normalised using Perseus (version
2.0.11.0) software. Genes/proteins common to multiple conditions were calculated using

Venny version 2.1.0 (available from www.bioinfogp.es/tools/venny.html).
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4.2 Results

4.2.1 Acquisition and histological characterisation of regional IPF samples
Over the past few decades much of the research into the pathogenesis of IPF has relied heavily

on the use of 2D/3D cell culture systems and in vivo mouse models, which poorly translate to
patients. More recently, advances in next generation sequencing and unbiased ‘omics
technologies has enabled novel insights into pathomechanisms underlying the initiation and
progression of fibrosis in human tissue. In the context of IPF, most of the research involving
human tissue samples revolves around studies comparing tissue collected from healthy
patients (often from the margins of cancer resections) versus tissue collected from diseased
lungs (interpatient studies). Due to the considerable spatial and temporal heterogeneity
within IPF lungs, it is likely that these studies may not accurately capture the full spectrum of
pathological changes associated with disease. Hence, we sought to interrogate regional areas
of IPF tissue from the same donor in a more physiologically relevant, intrapatient approach to
assess differences between early-stage, actively diseased regions (‘normal’ and

‘intermediate’) of tissue and end-stage burned out fibrotic regions.

To achieve this, macroscopically ‘normal’, ‘intermediate’ and end-stage ‘fibrotic’ tissue was
sampled under pathology guidance from the upper left lobe of IPF lungs (n=8 donors) collected
from patients undergoing lung transplantation (Figure 52A, B). During tissue sampling, 3
separate samples (from different areas of the lung) were acquired for each stage of disease
(n=3 normal, n=3 intermediate and n=3 fibrotic per donor) and snap frozen for downstream
processing, with an additional 3 samples per region acquired to generate formalin-fixed
paraffin embedded tissue (n=3 normal, n=3 intermediate and n=3 fibrotic per donor). Next,
smaller sections of snap frozen tissue from each of the 3 samples per region were pooled
together to generate a normal, intermediate and fibrotic sample for each IPF donor (n=3
samples per donor, n=8 donors, n=34 samples total for RNA sequencing and n=3 samples per
donor, n=8 donors, n=34 samples total for proteomics). Following this, samples were
processed to generate RNA and tissue homogenates, which were then analysed by
transcriptomic analysis and mass-based spectrometry, respectively (Figure 52C). Alongside
this, samples from the upper left lobe of age-matched, non-diseased unused donor (UD) lungs

(n=9 donors) were similarly processed and sent for ‘omics sequencing as an additional control.
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Before processing tissue for downstream analysis, histological assessment of unused donor
control lungs and IPF regions was performed to confirm correct selection of regions (Figure
53). Results showed that UD lungs generally displayed normal lung histology, with no sign of
usual interstitial pneumonia or fibrosis upon microscopic examination. However, evaluation
of macroscopically unaffected or ‘normal’ regions of IPF tissue showed clear microscopic
differences to non-diseased lungs and early signs of fibrogenesis, with aSMA+ cells (a marker
of myofibroblasts) localised primarily to the epithelium and mild alveolar wall thickening,
indicating aberrant tissue repair mechanisms. Intermediate regions of IPF tissue showed a
considerable increase in ECM deposition, collagen-rich scar tissue and aSMA+ cells, often
adjacent to regions of lung with seemingly normal tissue architecture. Furthermore, there was
evidence of fibroblastic foci and a further reduction in alveolar space compared to IPF normal
regions, coupled with dense patches of inflammatory clusters. Finally, macroscopically fibrotic
regions of IPF tissue demonstrated several hallmarks of advanced pulmonary fibrosis including
dense regions of tissue scarring and ECM deposition, extensive loss of alveolar space, patchy
inflammatory cell infiltration, epithelial denudation and hyperepithelialisation. Importantly,
all lung sections displayed temporal and spatial heterogeneity of fibrotic and inflammatory
features (including collagen abundance, inflammatory infiltrates, fibroblastic foci and
expansion of the lung interstitium) across all three regions. These observations were
subsequently validated by a pathologist, confirming that the regions of IPF tissue became
progressively more fibrotic the further along the disease spectrum the sample were,

confirming correct selection of macroscopic tissue regions.
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Figure 52: Regional IPF explant sampling and workflow A) Representative HRCT image of IPF donor
prior to explantation B) Macroscopic image of upper lobe of IPF tissue and areas of regional
sampling. C) Schematic workflow of regional IPF tissue sampling and downstream processing. 1.
Isolation of upper-left lobe of IPF explant lung post-transplantation and pathology assessment 2.
Three separate regions of macroscopically normal, intermediate and fibrotic tissue identified from
upper left lobe 3. Samples isolated from 9 selected regions and harvested for FFPE or snap frozen
for later processing 4. Smaller sections of each sample pooled per region for each IPF donor 5. 3
samples per IPF donor prepared for bulk RNA sequencing and mass-based spectrometry 6. Target
identification and compound selection 7. Generation of precision-cut lung slices (PCLuS) from
human IPF tissue. 8. Screening of candidate compounds identified through 'omics in IPF-derived
PCLuS
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Figure 53: Histological characterisation of UD and regional IPF samples Representative images of
unused donor samples and IPF regional tissue (staged normal, intermediate and fibrotic upon
macroscopic examination) to assess tissue architecture (H&E, scale bar= 500um), collagen deposition
(Masson Trichrome [MT], scale bar= 500um), myofibroblasts (aSMA+ cells, scale bar= 300um) and
macrophages (CD68+ cells, scale bar= 300um). Primary antibodies were used at the following
dilutions: aSMA; 1/1000 and CD68; 1/200.
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4.2.2 Interpatient comparison
4.2.2.1 Interpatient RNAseq
To begin investigation of our regional IPF tissue, we first sought to replicate previous

interpatient studies, to confirm differences between ‘healthy’ UD control lungs and
macroscopically distinct regions of diseased IPF tissue. To achieve this, PCA plots were
generated to compare UD samples to each IPF region to visualise the variation in patient tissue
based on degree of fibrosis (Figure 54A, Figure 57A, Figure 60A). Evaluation of non-diseased
UD lungs (n=9 donors) and IPF normal regions (n=7 donors) revealed that 4 of the 9 UD lungs
(UD 2, UD 6, UD 7 and UD 8) appeared to be more similar to IPF normal regions than the other
5 UD controls (Fig 54). One possible explanation for this is that, in some cases, there is
evidence of prior damage or reduced lung function of UD tissue which precludes them from
being viable for transplantation. Consequently, some UD lungs may have altered gene
expression to typically ‘healthy’ tissue. Alternatively, this could be attributed to normal age-
related changes in the unused donor lungs as many of the hallmarks of ageing have also been
shown to be present in IPF patients. However, all IPF intermediate and fibrotic regions, with
the exception of IPF 7 fibrotic tissue sample, appeared to cluster based on disease state, with
IPF samples becoming less similar to controls in line with increasing severity of fibrosis (Figure

57, Figure 60A).

Of the 57,449 genes identified, 1,043 genes were significantly different between normal
regions of IPF tissue (n=7 donors) compared to UD lungs (n=9 donors) (Figure 54) with 538
upregulated (Figure 55) and 505 downregulated (Figure 56) genes in normal IPF tissue. GO
enrichment analysis (performed using https://geneontology.org and https://pantherdb.org/)
revealed a number of upregulated genes in IPF normal regions vs UD controls were related to
extracellular matrix organisation (GO:0030198, n=29 genes, fold enrichment (FE)=4.57 and
padj=1.04E-08) and extracellular structure organisation (GO:0043062, n=29 genes, FE=4.65
and padj=1.04E-08). Additionally, upregulated genes were enriched for collagen fibril
organisation (G0:0030199, n=11 genes, FE=8.72 and padj=3.8E-05), collagen catabolic
processes (G0:0030574, n=8 genes, FE=9.3 and padj=0.0011) and collagen metabolic
processes (G0O:0032963, n=11 genes, FE=5.38 and padj=0.0031) in IPF normal tissue compared
to UD controls (see Appendix F; Table 1 and Figure 1A), suggesting that there is an early shift
towards matrix remodelling in macroscopically unaffected regions of IPF lungs. Conversely, a

number of significantly downregulated genes were enriched for processes in the innate
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immune response and antimicrobial genes, such as leukocyte chemotaxis (GO:0030595, n=25
genes, FE=6.94 and padj=2.2E-11) and migration (G0O:0050900, n=28 genes, FE=4.65 and
padj=4.51E-09), myeloid leukocyte migration (G0O:0097529, n=25 genes, FE=6.88 and
padj=2.18E-11), granulocyte chemotaxis (G0:0071621, n=18 genes, FE=9.25 and padj=3.94E-
10) and granulocyte migration (G0O:0097529, n=19 genes, FE=8.12 and padj=9.0E-10).
Additionally, downregulated genes in IPF normal were associated with neutrophil chemotaxis
(GO:0030593, n=16 genes, FE=9.84 and padj=2.32E-09) and neutrophil migration
(G0O:1990266, n=17 genes, FE=8.67 and padj=3.75E-09) versus UD controls (see Appendix F;
Table 2 and Figure 1B), suggesting that immune function is altered early on in IPF

pathogenesis.

1,326 genes were significantly different between intermediate regions of IPF tissue (n=7
donors) and UD controls (n=9 donors) (Figure 57), with 806 upregulated (Figure 58) and 520
downregulated (Figure 59) genes in IPF intermediate tissue. As expected, upregulated genes
in intermediate regions of IPF were enriched for extracellular matrix organisation
(G0O:0030198, n= 33 genes, FE= 3.41 and padj=3.4E-07), extracellular structure organisation
(G0:0043062, n=33 genes, FE=3.4 and padj=3.4E-07), collagen fibril organisation
(GO:0030199, n=13 genes, FE=6.76 and padj=1.3E-05), collagen catabolic processes
(G0O:0030574, n=9 genes, FE=6.87 and padj=0.0009) and collagen metabolic processes
(G0:0032963, n=12 genes, FE=3.85 and padj=0.01) versus UD controls. However, unlike IPF
normal tissue, IPF intermediate regions showed strong gene set enrichment for pathways
involved in the adaptive immune response including lymphocyte-mediated immunity
(GO:0002449, n=62 genes, FE=5.72 and padj=1.2E-26), immunoglobulin production
(G0:0002377, n=58 genes, FE=10.27 and padj=6.6E-39), B cell —mediated immunity
(G0O:0019724, n=57 genes, FE=9.23 and padj=8.0E-36) and B cell receptor signalling pathways
(G0:0050853, n=19 genes, FE=8.37 and padj=3.0E-10), suggesting that the adaptive immune
response is exacerbated and/or deregulated in intermediate regions of IPF tissue (see
Appendix F; Table 3 and Figure 2A). Interestingly, of the downregulated genes in IPF
intermediate regions vs UD controls, genes were similarly enriched for innate-immunity
associated genes (previously identified in IPF normal regions) as well as cellular response to
IL-1 (GO:0071347, n=16 genes, FE=10.14 and padj=5.3E-09) and antimicrobial responses such
as response to lipopolysaccharide (GO:0032496, n=27 genes, FE=5.41 and padj=4.0E-09),
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response to molecule of bacterial origin (G0:0002237, n=27 genes, FE=5.1 and padj=5.3E-09)
and antimicrobial response (GO:0019730, n=14 genes, FE=7.39 and padj=1.4E-06), indicating
persistent downregulation of innate immune signalling during early and ongoing fibrogenesis

(see Appendix F; Table 4 and Figure 2B).

Finally, 2,473 significantly different genes were identified in end-stage fibrotic regions of
tissue (n=7 donors) compared to UD controls (n=9 donors) (Figure 60), of which 1764 genes
were significantly upregulated (Figure 61) and 709 genes were significantly downregulated
(Figure 62). Analysis of gene set enrichment revealed that upregulated genes in IPF fibrotic
regions of IPF tissue vs UD controls were predominantly involved in cilium-related GO terms
(see Appendix F; Table 5 and Figure 3A), whereas collagen and ECM-related pathways were
less prominent than in normal and intermediate regions of fibrosis. These results were
consistent with previous reports in the literature, which similarly identified upregulation of
cilium-associated genes in line with more extensive honeycombing in IPF patient tissue
[410,411]. Moreover, Yang et al reported that elevated expression of cilium-related genes was
also associated with higher expression of MUC5B and MMP7 [411], a gene recently implicated
in attenuation of ciliated cell differentiation during wound repair [412], both of which were
significantly upregulated in IPF fibrotic vs UD lungs (MUC5B: log2FC=4.41 and padj=0.00078,
MMP7: log2FC=4.27 and padj= 2.21E-08). Additionally, downregulated genes in IPF fibrotic
regions were associated with antimicrobial responses also downregulated in IPF normal and
intermediate regions (see Appendix F; Table 6 and Figure 3B), as well as regulation of the
humoral immune response (GO:0006959, n=27 genes, FE=5.39 and padj= 9.9E-10) and the
inflammatory response (G0:0050727, n=30 genes, FE=3.63 and padj= 5.2E-07 and
G0:0050729, n=17 genes, FE=5.72, and padj= 2.7E-06), suggesting that modulation of the
normal immune response occurs early in fibrogenesis and persists through to end-stage

fibrosis.

Of the significantly upregulated genes, 307 (14.9%) were common to all regions of IPF tissue
and included several metalloproteases (ADAMTS14, ADAMTS18, MMP7, MMP11, and
MMP16), collagens (COL1A1, COL3A1, COL5A1, COL9A1, COL10A1, COL11A1, COL15A1,
COL17A1, COL1A2 and COMP) and other ECM-related genes. 279 (13.5%) genes were
upregulated in IPF intermediate and fibrotic regions, 105 (5.1%) were upregulated in IPF

normal and intermediate and 48 (2.3%) were upregulated in IPF normal and fibrotic only.
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Additionally, a number of genes were exclusively upregulated in each region of normal (78,
3.8%), intermediate (115 genes, 5.6%) and fibrotic (1130 genes, 54.8%) IPF tissue (Figure 63B).
Of the significantly downregulated genes, 238 (22.9%) were common to all regions of IPF
tissue, 99 (9.5%) were downregulated in IPF intermediate and fibrotic regions, 70 (6.7%) were
downregulated in IPF normal and intermediate and 51 (4.9%) were downregulated in IPF
normal and fibrotic only. Additionally, a number of genes were exclusively downregulated in
each region of normal (146, 14.1%), intermediate (113 genes, 10.9%) and fibrotic (321 genes,
30.9%) IPF tissue (Figure 63C).

Taken together, these data confirmed an expected dysregulation of genes, including known
pro-fibrogenic markers, in each region of IPF tissue compared to ‘healthy’ unused donor
controls. Furthermore, consistent with previous studies, we demonstrated that even before
fibrosis is macroscopically evident, there are a large number of genes which are significantly
different to non-diseased lungs, suggesting that seemingly unaffected regions of IPF lungs are
primed for injury and represents the first step on the spectrum of disease. Interrogation of
these differential genes, particularly at early stages of disease, could therefore aid

identification of novel targets for early therapeutic intervention.
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Interpatient comparison- Transcriptomics
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Figure 54: Transcriptomic analysis of interpatient unused donor vs IPF normal comparison A)
Principal component analysis (PCA) plot of unused donor (n=9 donors) and IPF normal (n=7 donors)
samples. Significantly different genes were graphed as B) volcano plot (downregulated genes in blue
and upregulated genes in orange) where horizontal dashed line represents p adjusted (padj) <0.05
and vertical dashed lines represent Log 2-Fold Change (FC) +2 threshold criteria applied for significance
C) heat map (downregulated genes in green and upregulated genes in red) for significantly different
genes (padj<0.05 and Log2FC +2).
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UD vs IPF Normal- Top significantly upregulated genes

A)

Ensembl ID Gene ID Description logFC P Adj Value
ENSG00000167656 LY6D lymphocyte antigen 6 family member D 8.41 9.90E-10
ENSGO0000275896 PRSS2 serine protease 2 8.31 1.40E-06
ENSG00000181092 ADIPOQ adiponectin, C1Q and collagen domain containing 6.95 3.40E-03
ENSG00000123500 COL10A1 collagen type X alpha 1 chain 6.28 9.19E-15
ENSG00000178363 CALML3 calmodulin like 3 5.62 4.00E-04
ENSGO0000165376 CLDN2 claudin 2 5.60 1.91E-08
ENSGO0000144583 MARCHF4 membrane associated ring-CH-type finger 4 5.21 4.15E-10
ENSG00000140557 ST8SIA2 ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 2 4.98 2.49E-05
ENSG00000205076 LGALS7 galectin 7 4.97 5.20E-03
ENSG00000204983 PRSS1 serine protease 1 4.96 8.70E-03
ENSG00000170373 CST1 cystatin SN 4.93 5.00E-04
ENSG00000134757 DSG3 desmoglein 3 4.86 1.50E-05
ENSG00000264717 NPY4R2 neuropeptide Y receptor Y4-2 4.83 1.50E-03
ENSGO0000169676 DRD5 dopamine receptor D5 4.77 3.90E-06
ENSG00000163599 CTLA4 cytotoxic T-lymphocyte associated protein 4 4.70 2.80E-03
ENSGO0000086570 FAT2 FAT atypical cadherin 2 4.66 9.00E-04
ENSG0O0000145681 HAPLN1 hyaluronan and proteoglycan link protein 1 4.65 5.63F-06
ENSG00000268297 CLEC4GP1 C-type lectin domain family 4 member G pseudogene 1 4.50 5.30E-07
ENSG00000151952 TMEM132D transmembrane protein 132D 4.47 2.45E-05
ENSGO0000183715 OPCML opioid binding protein/cell adhesion molecule like 4.46 1.10E-03
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Figure 55: Top significantly upregulated genes in unused donor vs IPF normal comparison A) Table of
significantly upregulated genes (padj<0.05 and Log2FC+2) beginning with highest log2FC B) Graphs of
top 8 upregulated genes in all IPF regions and unused donor controls. All data are presented as mean

+ SEM.
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UD vs IPF Normal- Top significantly downregulated genes

A)

Ensembl ID Gene ID Description logFC P Adj Value
ENSGO0000187094 CCK cholecystokinin -7.68 2.2E-11
ENSG00000108342 CSF3 colony stimulating factor 3 -7.49 5.0E-09
ENSGO0000212901 KRTAP3-1 keratin associated protein 3-1 -7.05 5.0E-04
ENSGO0000170423 KRT78 keratin 78 -6.59 1.0E-04
ENSG00000219163 HMGB1P20 high mobility group box 1 pseudogene 20 -6.28 6.0E-04
ENSGO0000171711 DEFB4A defensin beta 4A -5.92 7.9E-03
ENSGO0000177257 DEFB4B defensin beta 4B -5.88 9.8E-03
ENSG00000114349 GNAT1 G protein subunit alpha transducin 1 -5.83 6.0E-04
ENSG00000115009 CCL20 C-C motif chemokine ligand 20 -5.70 1.2E-07
ENSG00000186466 AQP7P1 aquaporin 7 pseudogene 1 -5.60 1.6E-03
ENSGO0000009724 MASP2 MBL associated serine protease 2 -5.59 3.7E-03
ENSG00000240023 RPLPOP3 ribosomal protein, large, PO (RPLPO) pseudogene -5.54 9.0E-04
ENSGO0000232656 IDI2-AS1 IDI2 antisense RNA 1 -5.46 2.7E-03
ENSG00000236581 STARD13-AS STARD13 antisense RNA -5.45 6.1E-03
ENSG00000140465 CYP1A1 cytochrame P450family 1 subfamily A member 1 -5.13 1.1E-03
ENSGO00000197632 SERPINB2 serpin family B member 2 -5.11 1.3E-06
ENSG00000163661 PTX3 pentraxin 3 -5.05 6.5E-07
ENSG00000205362 MT1A metallothionein 1A -5.04 1.0E-06
ENSG00000213386 LINC00478 family with sequence similarity 58, member A (FAMS58A) pseudogene -5.01 1.0E-04
ENSGO0000189410 SH2D5 SH2 domain containing 5 -4.88 3.0E-06
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Figure 56: Top significantly downregulated genes in unused donor vs IPF normal comparison A) Table
of significantly downregulated (padj<0.05 and Log2FC+2) with smallest log2FC B) Graphs of top 8
downregulated genes in all IPF regions and unused donor controls. All data are presented as mean +

SEM.
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Interpatient comparison- Transcriptomics
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Figure 57: Transcriptomic analysis of interpatient unused donor vs IPF intermediate comparison A)
Principal component analysis (PCA) plot of unused donor (n=9 donors) and IPF intermediate (n=7
donors) samples. Significantly different genes were graphed as B) volcano plot (downregulated genes
in blue and upregulated genes in orange) where horizontal dashed line represents padj<0.05 and
vertical dashed lines represent Log2FC+2 threshold criteria applied for significance C) heat map
(downregulated genes in green and upregulated genes in red) for significantly different genes
(padj<0.05 and Log2FC +2).
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UD vs IPF Intermediate- Top significantly upregulated genes

A) Ensembl ID Gene ID Description logFC P Adj Value
ENSG00000275896 PRSS2 serine protease 2 8.70 3.27E-07
ENSGO00000167656 LYED lymphocyte antigen 6 family member D 6.71 1.95E-06
ENSG00000123500 COL10A1 collagen type X alpha 1 chain 6.44 1.12E-15
ENSG00000165376 CLDN2 claudin 2 6.36 7.12E-11
ENSGO0000170373 CST1 cystatin SN 6.35 2.90E-06
ENSG00000169676 DRDS dopamine receptor D5 5.69 9.64E-09
ENSG00000166426 CRABP1 cellular retinoic acid binding protein 1 5.62 1.13E-05
ENSG00000211633 IGKV1D-42 immunoglobulin kappa variable 1D-42 (non-functional) 5.56 1.00E-04
ENSG00000066230 SLCIA3 solute carrier family 9 member A3 5.53 8.00E-03
ENSG00000204983 PRSS1 serine protease 1 5.48 3.10E-03
ENSG00000183715 OPCML opioid binding protein/cell adhesion malecule like 5.44 2.55E-05
ENSG00000204780 IGKV10RS-1 immunoglobulin kappa variable 1/0R9-1 (pseudogene) 5.40 6.00E-04
ENSG00000241186 TDGF1 teratocarcinoma-derived growth factor 1 5.26 1.59E-06
ENSGO00000259303 | IGHV20R16-5 immunoglobulin heavy variable 2/0OR16-5 [non-functional) 5.24 9.00E-04
ENSGO00000163599 CTLA4 cytotoxic T-lymphocyte associated protein 4 5.24 7.00E-04
ENSG00000170374 SP7 Sp7 transcription factor 5.13 5.00E-04
ENSGO0000233705 SLC26A4-AS1 SLC26A4 antisense RNA 1 4.98 8.00E-04
ENSGO0000156234 CXCL13 C-X-C motif chemokine ligand 13 4.95 1.85E-06
ENSG00000211893 IGHG2 immunoglobulin heavy constant gamma 2 (G2m marker) 4.93 2.76E-10
ENSG00000234224 TMEM229A transmembrane protein 220A 4.91 4.86E-07
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Figure 58: Top significantly upregulated genes in unused donor vs IPF intermediate comparison A)
Table of significantly upregulated genes (padj<0.05 and Log2FC+2) beginning with highest log2FC B)
Graphs of top 8 upregulated genes in all IPF regions and unused donor controls. All data are presented
as mean + SEM.
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A) UD vs IPF Intermediate- Top significantly downregulated genes

Ensembl ID Gene ID Description logFC P Adj Value
ENSG00000187094 CCK chaolecystokinin -6.80 2.17E-10
ENSGO0000169836 TACR3 tachykinin receptor 3 -6.55 1.25E-05
ENSG00000240023 RPLPOP3 ribosomal protein, large, PO (RPLPQ) pseudogene -6.40 1.00E-04
ENSGO0000212901 KRTAP3-1 keratin associated protein 3-1 -6.31 1.90E-03
ENSG00000168703 WFDC12 WAP four-disulfide core domain 12 -5.77 9.25E-10
ENSG00000108342 CSF3 colony stimulating factor 3 -5.71 1.41E-05
ENSG00000244215 LINCO2016 long intergenic non-protein coding RNA 2016 -5.47 4.00E-04
ENSG00000140465 CYP1A1 cytochrome P450family 1 subfamily A member 1 -5.32 6.00E-04
ENSG00000260799 KRT8P50 keratin & pseudogene 50 -5.29 1.80E-03
ENSG00000110203 FOLR3 folate receptor gamma -5.18 5.10E-09
ENSG00000189410 SH2D5 SH2 domain containing 5 -5.17 1.72E-07
ENSG00000115602 IL1RL1 interleukin 1 receptor like 1 -5.14 1.40E-08
ENSGO0000280924 LINCO0B28 long intergenic non-protein coding RNA 628 -5.14 9.80E-03
ENSGO0000232656 IDI2-AS1 IDI2 antisense RNA 1 -5.09 5.00E-03
ENSG00000163283 ALPP alkaline phosphatase, placental -5.08 1.86E-09
ENSG00000138411 HECW?2 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 2 -5.07 2.10E-03
ENSG00000115008 IL1A interleukin 1 alpha -5.06 3.91E-08
ENSG00000204792 LINCO1291 long intergenic non-protein coding RNA 1291 -4.94 1.31E-02
ENSG00000162771 FAM71A family with sequence similarity 71 member A -4.87 2.80E-03
ENSG00000110243 APOAS apolipoprotein AS -4.83 2.83E-02
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Figure 59: Top significantly downregulated genes in unused donor vs IPF intermediate comparison
A) Table of significantly downregulated genes (padj<0.05 and Log2FC+2) beginning with smallest
log2FC B) Graphs of top 8 downregulated genes in all IPF regions and unused donor controls. All data
are presented as mean = SEM.
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Interpatient comparison- Transcriptomics
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Figure 60: Transcriptomic analysis of interpatient unused donor vs IPF fibrotic comparison A) Principal
component analysis (PCA) plot of unused donor (n=9 donors) and IPF fibrotic (n=7 donors) samples.
Significantly different genes were graphed as B) volcano plot (downregulated genes in blue and
upregulated genes in orange) where horizontal dashed line represents padj<0.05 and vertical dashed
lines represent Log2FC+2 threshold criteria applied for significance C) heat map (downregulated genes
in green and upregulated genes in red) for significantly different genes (padj<0.05 and Log2FC +2).
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A) UD vs IPF Fibrotic- Top significantly upregulated genes

Ensembl ID Gene ID Description logFC P Adj Value
ENSG00000167656 LY6D lymphocyte antigen 6 family member D 9.28 4.59E-12
ENSGO0000275896 PRSS2 serine protease 2 9.06 5.06E-08
ENSG00000181092 ADIPOQ adiponectin, C1Q and collagen domain containing 8.76 1.00E-04
ENSGO0000178363 CALML3 calmodulin like 3 7.44 4.22E-07
ENSGO0000170454 KRT75 keratin 75 6.66 1.28E-05
ENSG00000233705 SLC26A4-AS1 SLC26A4 antisense RNA 1 6.60 2.18E-06
ENSG00000204983 PRSS1 serine protease 1 6.47 2.00E-04
ENSG00000066230 SLCOA3 solute carrier family 9 member A3 6.43 1.00E-03
ENSG00000134757 DSG3 desmoglein 3 6.13 8.01E-09
ENSG0O0000198183 BPIFA1 BPI fold containing family A member 1 5.97 6.41F-06
ENSG00000170373 CsT1 cystatin SN 5.94 8.26E-06
ENSG00000180347 ITPRID1 ITPR interacting domain containing 1 5.90 2.43E-06
ENSG00000145642 SHISAL2B shisa like 2B 5.87 4.00E-04
ENSG00000241186 TDGF1 teratocarcinoma-derived growth factor 1 5.85 3.68E-08
ENSG00000166426 CRABP1 cellular retinoic acid binding protein 1 5.72 4.07E-06
ENSG00000174697 LEP leptin 5.69 3.35E-05
ENSGO0000165376 CLDN2 claudin 2 5.68 5.55E-09
ENSG00000169676 DRD5S dopamine receptor D5 5.61 1.09E-08
ENSG00000123500 COL10A1 collagen type X alpha 1 chain 5.60 4.81E-12
ENSGO0000229544 NKX1-2 NK1 homeobox 2 5.58 4.00E-04
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Figure 61: Top significantly upregulated genes in unused donor vs IPF fibrotic comparison A) Table of
significantly upregulated genes (padj<0.05 and Log2FC+2) beginning with highest log2FC B) Graphs of
top 8 upregulated genes in all IPF regions and unused donor controls. All data are presented as mean
+ SEM.
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A) UD vs IPF Fibrotic- Top significantly downregulated genes

Ensembl ID Gene ID Description logFC P Adj Value
ENSGO00000115602 ILIRL1 interleukin 1 receptor like 1 -6.23 1.71E-12
ENSGO0000108342 CSF3 colony stimulating factor 3 -5.95 3.08E-06
ENSG00000244215 LINCO2016 long intergenic non-protein coding RNA 2016 -5.74 1.00E-04
ENSG00000140465 CYP1A1 cytochrome P450family 1 subfamily A member 1 -5.54 2.00E-04
ENSG00000009724 MASP2 MBL associated serine protease 2 -5.50 2.60E-03
ENSG00000228437 LINCO2474 long intergenic non-protein coding RNA 2474 -5.47 1.88E-02
ENSG00000110203 FOLR3 folate receptor gamma -5.45 7.58E-10
ENSGO00000187821 HELT helt bHLH transcription factor -5.39 1.60E-05
ENSGO00000232656 IDIZ-AS1 IDI2 antisense RNA 1 -5.37 1.90E-03
ENSG00000212901 KRTAP3-1 keratin associated protein 3-1 -5.23 5.40E-03
ENSG00000169836 TACR3 tachykinin receptor 3 -5.17 4.00E-04
ENSGO00000164283 ESM1 endothelial cell specific molecule 1 -5.06 3.57E-09
ENSG00000187094 CCK cholecystokinin -5.02 9.72E-07
ENSG00000142748 FCN3 ficolin 3 -5.01 3.43E-12
ENSG00000189410 SH2D5 SH2 domain containing 5 -4.97 6.36E-07
ENSG00000168703 WFDC12 WAP four-disulfide core domain 12 -4.97 3.68E-09
ENSGO00000153086 ACMSD aminocarboxymuconate semialdehyde decarboxylase -4.96 9.00E-04
ENSG00000240457 RN7SL472P RNA, 7SL, cytoplasmic 472, pseudogene -4.93 3.66E-02
ENSG00000199161 MIR126 microRNA 126 -4.93 9.60E-03
ENSG00000189419 SPATA41 spermatogenesis associated 41 -4.84 3.88E-02
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Figure 62: Top significantly downregulated genes in unused donor vs IPF fibrotic comparison A) Table
of significantly downregulated genes (padj<0.05 and Log2FC+2) beginning with smallest log2FC B)
Graphs of top 8 downregulated genes in all IPF regions and unused donor controls.
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A)
UD vs IPF Intermediate
Unused Donor IPF Normal  IPF Intermediate  IPF Fibrotic
B) C)

Significantly upregulated Significantly downregulated

IPF Normal IPF Intermediate IPF Normal IPF Intermediate

Figure 63: Overview of transcriptomic interpatient analysis A) Heat map of significantly different
genes (padj<0.05 and Log2FC+2) identified from unused donor vs IPF intermediate comparison in all
samples (downregulated genes in green and upregulated genes in red). Venny diagram of B)
significantly upregulated genes in IPF normal, intermediate and fibrotic vs unused donor samples and
C) significantly downregulated genes in IPF normal, intermediate and fibrotic vs unused donor

samples.
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4.2.2.2 Interpatient proteomics
While RNA sequencing provides valuable insights into gene expression patterns, the presence

and abundance of a transcript does not necessarily correlate with the levels of the
corresponding protein. Consequently, proteomic profiling of unused donor lungs and regional
IPF tissue was performed to provide a more direct measurement of protein abundance and
gain insights into functional changes that may not be captured at the transcript level. First, in
order to visualise the variation in patient samples, PCA plots were generated for the
comparison of UD tissue to each IPF region (Figure 64A, Figure 67A, Figure 70A). Results
confirmed distinct clustering based on disease state, with IPF tissue being more similar to each
other than to UD samples, with the exception of IPF 1 donor normal and intermediate regions
which appeared to be more similar to UD lungs (Figure 64A, Figure 67A). Interestingly, IPF
tissue was shown to become less similar to unused donor controls the further along the
disease spectrum the samples were, with IPF fibrotic regions of tissue showing the most
variation to UD controls (Figure 70A).

Of the 3,886 proteins identified, 2,600 proteins were present in a minimum of 4 replicates of
unused donor (n=9 donors) and IPF normal (n=8 donors) samples. Of these 2,600 proteins,
625 proteins (24%) were significantly different between normal IPF tissue and UD control
lungs, with 242 upregulated proteins (of which 26 proteins have a fold change (FC)>1.5; Figure
65) and 383 downregulated proteins (of which 29 proteins have FC>1.5; Figure 66) in the
macroscopically normal regions compared to UD lungs (Figure 64B,C). 2,643 proteins were
present in a minimum of 4 replicates of unused donor (n=9 donors) and IPF intermediate (n=8
donors) samples, with 726 (27%) significantly different proteins identified. Of these, 270
proteins were significantly increased (of which 45 have FC>1.5; Figure 68) and 456 proteins
were significantly decreased (of which 33 have FC>1.5; Figure 69) in intermediate regions of
IPF tissue compared to UD lungs (Figure 67B, C). Finally, 2,575 proteins were present in a
minimum of 4 replicates of unused donor (n=9 donors) and IPF fibrotic (n=8 donors) samples,
with 1,007 (39%) significantly differential proteins identified between regions. 342 proteins
were significantly increased (of which 75 have FC>1.5; Figure 71) and 665 proteins were
significantly decreased (of which 49 have a FC>1.5; Figure 72) in IPF fibrotic tissue compared
to UD lungs (Figure 708, C).

Further interrogation of protein heterogeneity between IPF regions and UD controls revealed

that, of the significantly upregulated proteins, 146 (33.3%) were common to all regions of IPF

154



tissue, suggesting they represented core IPF proteins. Moreover, 78 (17.8%) were upregulated
in IPF intermediate and fibrotic regions, 30 (6.8%) were upregulated in IPF normal and
intermediate and 15 (3.5%) were upregulated in IPF normal and fibrotic only. Finally, a number
of proteins were exclusively upregulated in each region of normal (51 proteins, 11.6%),
intermediate (16 proteins, 3.6%) and fibrotic (103 proteins, 23.5%) IPF tissue (Figure 73B).
Consistent with histological findings, assessment of COL1A1 found no changes in protein
expression in the IPF normal regions compared to UD controls (logFC=0.428, p=0.259), but
significantly more COL1A1 in later stage intermediate (logFC=0.902, p=0.01) and end-stage
fibrotic (logFC=1.225, p=0.007) regions compared to control tissue. These findings were in
contrast to transcriptomic analysis of the same regions, where COL1A1 was significantly
upregulated in all regions of IPF tissue, including macroscopically normal regions, suggesting
that upregulation of pro-fibrotic genes in normal tissue is a precursor to functional changes in

pro-fibrotic protein expression in the later intermediate regions.

Conversely, of the significantly downregulated proteins, 224 (34.3%) were common to all
regions of IPF tissue, 114 (13.9%) were downregulated in IPF intermediate and fibrotic regions,
54 (6.6%) were downregulated in IPF normal and intermediate and 25 (3%) were
downregulated in IPF normal and fibrotic only. Additionally, 60 proteins (7.3%) were
exclusively downregulated in IPF normal regions, 44 proteins (5.3%) were downregulated in
IPF intermediate regions alone and 282 proteins (34.3%) were downregulated only in end-
stage fibrotic tissue (Figure 73C). One of the most highly downregulated proteins in the
actively remodelling (normal and intermediate) regions of IPF tissue was RAGE (UD vs IPF
normal; logFC=-1.85, p=0.015 and UD vs IPF intermediate; logFC=-2.688, p=0.0001), which has
previously been shown to be decreased in IPF [413]. Notably, downregulated proteins in all IPF
regions were enriched with innate-immunity associated proteins and antimicrobial peptides
including bactericidal permeability-increasing protein (BPl), myeloperoxidase (MPO),
S100A8/9, neutrophil collagenase (MMP8), neutrophil defensin 3 (DEF3), neutrophil cytosol
factor 2 and 4 and neutrophil elastase (NE), indicating early changes in innate immune

signalling during fibrogenesis.

Taken together, these data show that, similar to transcriptomic findings, there are distinct
patterns of protein expression present in each region of IPF tissue compared to ‘healthy’

unused donor lungs. Moreover, there are a number of proteins which are significantly up- or
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down- regulated in all regions of IPF tissue compared to control lungs, which may be
considered as core IPF proteins. Interestingly, approximately 24% of proteins detected in
macroscopically normal regions of IPF tissue were significantly different to unused donor
lungs, suggesting that even at this early stage there are significant changes in the protein
landscape of seemingly unaffected regions of tissue. However, though this method of
interpatient sampling is able to determine differences between health and disease, it does not
specifically address how these differential proteins are modulated throughout disease
progression. Consequently, further interrogation of differential proteins between IPF regions

could aid identification of novel targets for early therapeutic intervention.
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Figure 64: Proteomic analysis of interpatient unused donor vs IPF normal comparison A) Principal
component analysis (PCA) plot of unused donor (n=9 donors) and IPF normal (n=8 donors) samples.
Significantly different proteins (p<0.05) were graphed as B) volcano plot (downregulated proteins in
blue and upregulated proteins in orange) and C) heat map (downregulated proteins in green and

upregulated proteins in red).
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A)

LFQ Intensity (Log2)

UD vs IPF Normal- Top significantly upregulated proteins

Accession Code Protein ID Protein Name log2FC P Value
P04114 APOB Apolipoprotein B-100 4.02 | 2.97E-05
P11277-2 SPTB1 Isoform 2 of Spectrin beta chain, erythrocytic 3.38 | 4.00E-04
P01861-1 IGHG4 Isoform 1 of Immunoglobulin heavy constantgamma 4 3.34 |2.32E-02
P69891 HBG1 Hemoglobin subunit gamma-1 3.14 | 2.90E-03
P02549 SPTA1 Spectrin alpha chain, erythrocytic 1 3.06 | 6.00E-04
P69905 HBA Hemoglobin subunit alpha 2.63 |7.10E-06
P02730 B3AT Band 3 anion transport protein 2.56 |2.77E-05
P16157-14 ANK1 Isoform Er13 of Ankyrin-1 2.51 |9.00E-04
P68871 HBB Hemoglohin subunit beta 2.50 |7.73E-06
P0O0915 CAH1 Carbonic anhydrase 1 2.49 |2.42E-05
P02042 HBD Hemoglobin subunit delta 2.38 |7.58E-06
P08263 GSTAL Glutathione 5-transferase Al 2.37 |5.00E-03
Q14192 FHL2 Four and a half LIM domains protein 2 2.36 | 1.00E-04
Q8N251-2 LTBP4 Isoform 2 of Latent-transforming growth factor beta-binding protein 4 2.12 | 7.00E-04
P01031 Co5 Complement C5 1.82 |1.40E-03
015061 SYNEM Synemin 1.81 2.10E-03
P22570 ADRO NADPH:adrenodoxin oxidoreductase, mitochondrial 1.78 |8.71E-07
Q14767 LTBP2 Latent-transforming growth factor beta-binding protein 2 1.74 | 1.00E-04
PODOY3 IGLC3 Immunoglobulin lambda constant 3 1.68 | 1.00E-04
QIUMS6-2 SYNP2 Isoform 2 of Synaptopodin-2 1.67 |4.60E-03
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Figure 65: Top significantly upregulated proteins in unused donor vs IPF normal comparison A) Table
of significantly upregulated proteins (p<0.05) beginning with highest log2FC B) Graphs of top 8
upregulated proteins in all IPF regions and unused donor controls. All data are presented as mean %

SEM.
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UD vs IPF Normal- Top significantly downregulated proteins

A)
Accession Code Protein ID Protein Name log2FC P Value
Q9HDE&9 RETN Resistin -3.68 |2.66E-06
P17213 BPI Bactericidal permeability-increasing protein -3.14 |1.00E-04
P22748 CAH4 Carbonic anhydrase 4 -3.10 |1.14E-05
P16671 CD36 Platelet glycoprotein 4 -3.06 |4.32E-07
P20160 CAP7 Azurocidin -2.55 |3.82E-05
Q9IUMO7 PADI4 Protein-arginine deiminase type-4 -2.32 |2.00E-04
P24158 PRTN3 Myeloblastin -2.20 |2.00E-04
P05164-2 PERM Isoform H14 of Myeloperoxidase -2.12 |8.05E-06
P08246 ELNE Neutrophil elastase -1.95 |1.00E-04
P20292 ALSAP Arachidonate 5-lipoxygenase-activating protein -1.95 |4.10E-03
075594 PGRP1 Peptidoglycan recognition protein 1 -1.93 |5.00E-04
P12821 ACE Angiotensin-converting enzyme -1.91 |1.70E-03
P59666 DEF3 Neutrophil defensin 3 -1.89 |1.00E-04
P02788 TRFL Lactotransferrin -1.89 |2.00E-04
P53420 CO4A4 Collagen alpha-4(1V) chain -1.88 |4.90E-03
PO6702 S10A9 Protein $100-A9 -1.85 |1.00E-04
Q15109 RAGE Advanced glycosylation end product-specific receptor -1.85 |1.50E-02
QIBXMO PRAX Periaxin -1.85 |1.64E-02
P14780 MMP9 Matrix metalloproteinase-9 -1.81 |1.40E-03
P22894 MMP8 Neutrophil collagenase -1.79 |1.40E-03
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Figure 66: Top significantly downregulated proteins in unused donor vs IPF normal comparison A)
Table of significantly downregulated proteins (p<0.05) beginning with smallest log2FC B) Graphs of top
8 downregulated proteins in all IPF regions and unused donor controls. All data are presented as mean

+ SEM.
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Figure 67: Proteomic analysis of interpatient unused donor vs IPF intermediate comparison A)
Principal component analysis (PCA) plot of unused donor (n=9 donors) and IPF intermediate (n=8
donors) samples. Significantly different proteins (p<0.05) were graphed as B) volcano plot
(downregulated proteins in blue and upregulated proteins in orange) and C) heat map (downregulated
proteins in green and upregulated proteins in red).
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UD vs IPF Intermediate- Top significantly upregulated proteins

A)
AccessionCode  ProteinID Protein Name log2FC P Value
P0O4114 APOB Apolipoprotein B-100 4.13 |2.81E-05
Q8WU39 MZB1 Marginal zone B- and B1-cell-specific protein 2.92 |1.00E-03
P11277-2 SPTB1 Isoform 2 of Spectrin beta chain, erythrocytic 2.85 |2.30E-03
015061 SYNEM Synemin 2.75 |2.00E-04
P69891 HBG1 Hemoglobin subunit gamma-1 2.74 |3.30E-03
P02549 SPTA1 Spectrin alpha chain, erythrocytic 1 2.67 |2.80E-03
Q14192 FHL2 Four and a half LIM domains protein 2 2.54 |2.52E-05
P08263 GSTA1 Glutathione 5-transferase A1 2.50 |[4.20FE-03
QIUMS6-2 SYNP2 Isoform 2 of Synaptopodin-2 2.29 |5.00E-04
Q9BY50 SC11C Signal peptidase complex catalytic subunit SEC11C 2.24 |4.00E-04
P69905 HBA Hemoglobin subunit alpha 2.22 |1.00E-04
P17661 DESM Desmin 2.17 |1.00E-04
Q05707 COEA1 Collagen alpha-1(XIV) chain 2.17 |5.75E-06
P68871 HBB Hemoglobin subunit beta 2.17 |1.00E-04
P02730 B3AT Band 3 anion transport protein 2.14 |4.00E-04
Q8N251-2 LTBP4 Isoform 2 of Latent-transforming growth factor beta-binding protein 4 2.12 |6.00E-04
P00915 CAH1 Carbonic anhydrase 1 2.10 |3.00E-04
P16157-14 ANK1 Isoform Er13 of Ankyrin-1 2.08 |5.10E-03
P0O1031 CO5 Complement C5 2.03 |7.00E-04
P04216 THY1 Thy-1 membrane glycoprotein 2.01 |1.00E-04
B)
APOB MZB1 SPTB1 SYNEM
5x107 154107
= < < =
£ E E E
g g g £
HBG1 SPTA1 GSTA1
1x10% 2.5410°
:g 8x108 o :g '::-: ‘:“-gv 2x100 °
= 6xt0 = = = 1.5%100
w w " L3
g e 2 5 S 1xq08
E o & E E E P
g 2%108 g g g s#1074 @ 0.0
0 0
O Unused Donor o IPF Normal © |IPF Intermediate ® |PF Fibrotic

Figure 68: Top significantly upregulated proteins in unused donor vs IPF intermediate comparison A)
Table of significantly upregulated proteins (p<0.05) beginning with highest log2FC B) Graphs of top 8
upregulated proteins in all IPF regions and unused donor controls. All data are presented as mean +
SEM.
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UD vs IPF Intermediate Top significantly downregulated proteins

A)
AccessionCode  ProteinID Protein Name log2FC P.Value
P22748 CAH4 Carbonic anhydrase 4 -4.23 |1.52E-06
Q9HD89 RETN Resistin -3.33 | 1.14E-04
P16671 CD36 Platelet glycoprotein 4 -3.00 |1.71E-06
Q9BXMO PRAX Periaxin -2.75 |4.85E-03
P17213 BPI Bactericidal permeability-increasing protein -2.74 |2.61E-03
P20160 CAP7 Azurocidin -2.74 |4.99E-04
Q15109 RAGE Advanced glycosylation end product-specific receptor -2.69 |1.48E-04
P24158 PRTN3 Myeloblastin -2.43 | 8.66E-04
P05164-2 PERM Isoform H14 of Myeloperoxidase -2.28 |6.20E-05
Q16787 LAMA3 Laminin subunit alpha-3 -2.16 |3.13E-02
P08246 ELNE Neutrophil elastase -2.10 |3.00E-04
P59666 DEF3 Neutrophil defensin 3 -1.96 | 2.74E-04
QINZN3 EHD3 EH domain-containing protein 3 -1.94 |8.73E-04
P0O5109 S10A8 Protein 5100-A8 -1.93 |1.48F-04
P02788 TRFL Lactotransferrin -1.91 |8.38E-04
P61626 LYSC Lysozyme C -1.89 |4.47E-06
P12821 ACE Angiotensin-converting enzyme -1.88 |2.55E-03
P06702 510A9 Protein 5100-A9 -1.84 |4.21E-04
P14780 MMP9 Matrix metalloproteinase-9 -1.81 |5.73E-03
075594 PGRP1 Peptidoglycan recognition protein 1 -1.80 |1.32E-03
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Figure 69: Top significantly downregulated proteins in unused donor vs IPF intermediate comparison
A) Table of significantly downregulated proteins (p<0.05) beginning with smallest log2FC B) Graphs of
top 8 downregulated proteins in all IPF regions and unused donor controls. All data are presented as

mean + SEM.
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Figure 70: Proteomic analysis of interpatient unused donor vs IPF fibrotic comparison A) Principal
component analysis (PCA) plot of unused donor (n=9 donors) and IPF fibrotic (n=8 donors) samples.
Significantly different proteins (p<0.05) were graphed as B) volcano plot (downregulated proteins in
blue and upregulated proteins in orange) and C) heat map (downregulated proteins in green and

upregulated proteins in red).
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UD vs IPF Fibrotic- Top significantly upregulated proteins

A)

Accession Code  Protein ID Protein Name log2FC P Value
Q8TDLS BPIB1 BPI fold-containing family B member 1 4.79 [1.00E-03
P04114 APOB Apolipoprotein B-100 4.09 |3.46E-05
Q8WU39 MZB1 Marginal zone B- and B1-cell-specific protein 3.93 [3.62E-05

P01861-1 IGHG4 Isoform 1 of Immunoglobulin heavy constantgamma 4 3.82 [2.50E-02
Q13938-4 CAYP1 Isoform 3 of Calcyphosin 3.54 |[2.00E-03
P08263 GS5TAL Glutathione 5-transferase Al 3.45 |2.00E-04
QIBY50 SC11C Signal peptidase complex catalytic subunit SEC11C 3.04 |[3.68E-06
P01876-1 IGHA1 Isoform 1 of Immunoglobulin heavy constant alpha 1 3.04 |[2.79E-08
Q13683-3 ITA7 Isoform Alpha-7X1B of Integrin alpha-7 3.00 [2.27E-05
QIUMS6-2 SYNP2 Isoform 2 of Synaptopeodin-2 2.94 |[2.69E-05
015061 SYNEM Synemin 2.80 |2.87E-05
P17661 DESM Desmin 2.79 |B.99E-07
P11277-2 SPTB1 Isoform 2 of Spectrin beta chain, erythrocytic 2.76 [3.30E-03
PODOY3 IGLC3 Immunoglobulin lambda constant 3 2.72 |2.09E-07
PODPO8 HVD82 Immunoglobulin heavy variable 4-38-2 2.67 |[4.56E-05
P11678 PERE Eosinophil peroxidase 2.66 [4.90E-03
Q14192 FHL2 Four and a half LIM domains protein 2 2.64 [1.26E-05
P01591 1GJ Immunoglobulin J chain 2.54 |[3.16E-05
PODOX5 1GG1 Immunoglobulin gamma-1 heavy chain 2.49 |6.15E-06
P02549 SPTA1 Spectrin alpha chain, erythrocytic 1 2.49 |[5.50E-03
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Figure 71: Top significantly upregulated proteins in unused donor vs IPF fibrotic comparison A) Table
of significantly upregulated proteins (p<0.05) beginning with highest log2FC B) Graphs of top 8

upregulated proteins in all IPF regions and unused donor contro

SEM.

s. All data are presented as mean +
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UD vs IPF Fibrotic- Top significantly downregulated proteins

A)
Accession Code  Protein ID Protein Name log2FC P Value
Q16787 LAMA3 Laminin subunit alpha-3 -4.49 |2.00E-04
Q13751 LAMB3 Laminin subunit beta-3 -4.24 | 7.00E-04
Q99758 ABCA3 Phospholipid-transporting ATPase ABCA3 -3.64 |3.60E-05
P12821 ACE Angiotensin-converting enzyme -3.45 |2.61E-05
QINZA1-2 CLICS Isoform 1 of Chloride intracellular channel protein 5 -2.94 |1.78E-06
Q9HD89 RETN Resistin -2.78 |6.00E-04
P16671 CD36 Platelet glycoprotein 4 -2.77 |5.71E-06
Q10589-2 BST2 Isoform 2 of Bone marrow stromal antigen 2 -2.50 |3.32E-07
Q9H8LE MMRN2 Multimerin-2 -2.40 |2.00E-04
096009 NAPSA Napsin-A -2.33 |1.20E-03
Q9BW04 SARG Specifically androgen-regulated gene protein -2.32 |3.00E-04
076041-2 NEBL Isoform 2 of Nebulette -2.30 |2.68E-06
P12429 ANXA3 Annexin A3 -2.28 |1.05E-07
Q9UGT4 SUSD2 Sushi domain-containing protein 2 -2.28 |3.56E-05
Q5U651 RAIN Ras-interacting protein 1 -2.16 |1.95E-08
Q92817 EVPL Envoplakin -2.08 |3.30E-03
P33151 CADH5 Cadherin-5 -2.07 |2.15E-05
Q15067-2 ACOX1 Isoform 2 of Peroxisomal acyl-coenzyme A oxidase 1 -2.06 |7.00E-04
QINZN3 EHD3 EH domain-containing protein 3 -2.06  |3.00E-04
Q15599 NHRF2 Na(+)/H(+) exchange regulatory cofactor NHE-RF2 -1.98 |2.40E-08
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Figure 72: Top significantly downregulated proteins in unused donor vs IPF fibrotic comparison A)
Table of significantly downregulated proteins (p<0.05) beginning with smallest log2FC B) Graphs of top
8 downregulated proteins in all IPF regions and unused donor controls. All data are presented as mean

+ SEM.

165



Interpatient comparison- Proteomics

A)
UD vs IPF Intermediate
Unused Donor IPF Norrmal IPF Intermediate  IPF Fibrotic
B) S A o
Significantly upregulated Significantly downregulated

a5 > (5 =

IPF fibrotic IPF fibrotic

Figure 73: Overview of proteomic interpatient analysis A) Heat map of significantly different
proteins (p<0.05) identified from unused donor vs IPF intermediate comparison in all samples
(downregulated proteins in green and upregulated proteins in red). Venny diagram of B)
significantly upregulated proteins in IPF normal, intermediate and fibrotic vs unused donor
samples and C) significantly downregulated proteins in IPF normal, intermediate and fibrotic vs
unused donor samples.
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4.2.3 Intrapatient comparison
4.2.3.1 Intrapatient RNAseq
Having confirmed that all IPF regions were different to ‘healthy’ UD controls, we next sought

to assess whether intrapatient comparisons of the macroscopically distinct IPF regions within
the same lung would vyield novel insight into the molecular heterogeneity between
differentially affected regions of human IPF tissue. Accordingly, IPF samples from all regions
(n=7 donors per region) were batch corrected for patient variability and presented as a PCA
plot to assess variability of tissue samples. Evaluation of PCA plots revealed that samples
tended to cluster based on early (normal and intermediate regions) and late stage (fibrotic
regions) disease, with no clear differences between normal and intermediate IPF tissue (Figure
74). However, there were several instances where samples clustered with regions different to
their macroscopic classification. For example, IPF 6 normal and IPF 1 and IPF 5 intermediate
samples appeared to cluster more closely with fibrotic regions of tissue based on their
transcriptomic profiles. Conversely, the fibrotic sample of donor IPF 7 appeared to share closer
homogeny with less advanced regions of disease (normal and intermediate), suggesting this
sample was less fibrotic than end-stage regions of other IPF donors (Figure 75). Notably, donor
IPF 7 was also on a heavy dose of steroids prior to explantation (see Table 17) which was likely
due to an acute exacerbation as shown by elevated levels of white blood cells pre-transplant

(see Table 16), which may account for the differences observed.

Of the 54,779 genes identified, 17 genes were significantly different between normal and
intermediate regions of IPF tissue with 5 genes upregulated in intermediate tissue, and 12
genes downregulated (Figure 76). 874 genes were significantly different between normal and
fibrotic regions of IPF tissue (Figure 77) with 731 genes increased (Figure 78) and 143 genes
decreased (Figure 79) in fibrotic regions compared to IPF normal. Finally, 214 genes were
significantly different between areas of fibrotic and intermediate IPF tissue (Figure 80) with
160 increased (Figure 81) and 54 decreased (Figure 82) in end-stage fibrotic regions compared

to intermediate tissue.

While these results did not identify clear distinctions in gene expression between normal and
intermediate regions of disease, comparison of earlier regions of IPF tissue (normal and
intermediate) with late-stage disease did highlight upregulation of a number of genes that

have previously been associated with fibrosis and/or IPF pathogenesis in severe stages.
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Among these genes are MUC5AC, MUC5B, SPP1, MMP1, MMP3, AGER, C6, DNAH6, DNAH7,
DNAI1, LCN2, NELL1, PCSK1 and RXFP1 [414]. Gene set enrichment analysis of the differentially
expressed genes found that several cilium-related pathways were upregulated in IPF fibrotic
regions of tissue versus IPF normal (see Appendix F; Table 7 and Figure 4A) and IPF
intermediate regions of tissue (see Appendix F; Table 8 and Figure 4B). Interestingly, MUC5B,
which has been reported to be preferentially expressed in epithelial cells lining honeycomb
cysts and in AEC2s [415], was one of the top most upregulated genes in end-stage fibrotic tissue
regions compared to IPF normal (Figure 78B), and has previously been strongly associated

with expression of cilium genes in IPF lungs [416,417].

These data, when considered alongside previous interpatient analysis, indicate that though
many of the transcriptional changes in IPF are already present in seemingly unaffected regions
of the lungs, there are also a number of genes which become dysregulated only in the late
stages of disease (IPF fibrotic regions). Notably, evaluation of individual donor transcriptomes
(Figure 75C, Figure 77C, Figure 80C) in each comparison confirmed that IPF6 normal regions
of tissue exhibited a different gene profile to normal regions of tissue from other IPF donors
(n=6). Additionally, intermediate regions of IPF 1 and IPF 5 appeared to have similar gene
profiles to fibrotic tissue samples, whereas donors IPF 7 and IPF 8 fibrotic samples were
inconsistent with the other 5 tissue samples of the same region. Consequently, it is possible
that potentially significant changes in gene expression between regions is obscured by the

variability between samples.
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Intrapatient comparison- Transcriptomics
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Figure 74: Transcriptomic analysis of intrapatient comparison Principal component analysis (PCA)
plot of batch corrected IPF normal (n=7 donors), IPF intermediate (n=7 donors) and IPF fibrotic

(n=7) RNA samples.
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IPF Intermediate vs IPF Normal

A) ) IPF Nermal IPF Intermediate
IPF intermediate vs IPF Normal
25
! © Sig increased
@ Sig decreased 3
L N s No change
20+
' 2
g 15 [ ]
g . :
g :
2 . i
° . !
=4 \
S 4 L] H
N ' & 1
. ! o
5 i
o
Vo =] 0
Y
B E‘--'.--l -------------------------
n-—r—.-*-—|—
40 20 0 20 a0

Log2 fold change

12 significantly decreased and 5 significantly increased

Q)

IPF Normal IPF Intermediate IPF Fibrotic

Figure 75: Transcriptomic analysis of intrapatient IPF intermediate vs IPF normal comparison
Significantly different genes (padj<0.05 and Log2FC+2) were graphed as A) volcano plot
(downregulated genes in blue and upregulated genes in orange) and B) heat map (downregulated
genes in green and upregulated genes in red). C) Heat map of significantly different proteins in all 3 IPF
regions.
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Intrapatient comparison- Transcriptomics

A) IPF Intermediate vs IPF Normal- Top significantly upregulated genes
Ensembl ID Gene ID Description logFC P Adj Value
ENSGO00000259604 novel transcript 28.30 1.40E-14
ENSGO0000275976 SPDYE11l long intergenic non-protein coding RNA 656 27.96 2.88E-14
ENSGO0000276612 proline rich protein BstNI subfamily 4 24.43 2.51E-11
ENSGO0000267110 novel transcript 18.07 9.95E-07
ENSG00000196092 PAXS speedy/RINGO cell cycle regulator family member E11 3.04 1.04E-05
B)
IPF Intermediate vs IPF Normal- Top significantly downregulated genes
EnsemblID Gene D Description logFC P Adj Value
ENSG00000263917 paired box 5 -35.62 5.49E-18
ENSGO0000233746 LINCO0656 novel transcript -29.71 1.21E-11
ENSGO0000230657 PRE4 metaxin 1pseudogene 1 -28.65 9.88E-11
ENSG0000276919 novel transcript, similarto YY1 associated myogenesis RNA LYAML -26.73 2.05E-09
ENSG00000176289 IDSP1 NA -25.55 1.30E-08
ENSGO0000205085 FAM71F2 novel pseudogene -24.12 2.07E-07
ENSG00000273007 dexamethasone-induced transcript (DEX1) pseudogene -21.58 1.54E-05
ENSGO0000256951 novel transcript, antisense to FGF2 -21.53 1.83E-05
ENSG00000231615 family with sequence similarity 71 memberF2 -2L.15 2.28E-05
ENSGO0000276692 NA novel protein -20.77 5.29E-05
ENSG00000281383 iduronate 2-sulfatase pseudogene 1 -19.09 5.94E-04
ENSGO0000236675 MTX1P1 -18.42 1.48E-03

Figure 76: Top significantly upregulated and downregulated genes in IPF intermediate vs IPF normal
comparison Table of significantly A) upregulated genes (padj<0.05 and Log2FC+2) beginning with
highest log2FC and B) Table of significantly A) downregulated genes (padj<0.05 and Log2FC+2)
beginning with smallest log2FC.
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Figure 77: Transcriptomic analysis of intrapatient IPF fibrotic vs IPF normal comparison Significantly
different genes (padj<0.05 and Log2FC+2) were graphed as A) volcano plot (downregulated genes in
blue and upregulated genes in orange) and B) heat map (downregulated genes in green and
upregulated genes in red). C) Heat map of significantly different proteins in all 3 IPF regions.
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A) IPF Fibrotic vs IPF Normal- Top significantly upregulated genes

Ensembl ID Gene ID logFC P Adj Value
ENSG00000244094 SPRR2F small proline rich protein 2F 6.47 1.20E-03
ENSG00000184956 MUC6 mucin 6, oligomeric mucus/gel-forming 6.03 9.00E-04
ENSG00000152611 CAPSL caleyphosine like 5.80 1.02E-02
ENSG00000215182 MUCSAC mucin SAC, oligomeric mucus/gel-forming 5.31 2.00E-04
ENSGO0000255319 ENPP7PB ectonucleotide pyrophosphatase/phosphodiesterase 7 pseudogene 8 5.28 6.40E-03
ENSG00000255071 SAA2-SAAL SAA2-SAA4readthrough 5.13 0.00E+00
ENSG00000246731 MGC16275 uncharacterized protein MGC16275 5.08 2.34E-02
ENSG00000181092 ADIPOQ adiponectin, C1Q and collagen domain containing 2.01 3.40E-03
ENSG00000111262 KCNAL potassium voltage-gated channel subfamily A member 1 4.84 5.40E-03
ENSG00000169562 GJB1 gap junction protein beta 1 4.82 5.00E-04
ENSG00000224343 LINCO0240 long intergenic non-protein coding RNA 240 4.51 3.00E-04
ENSG00000102313 ITIHG inter-alpha-trypsin inhibitor heavy chain family member 6 4.46 1.66E-02
ENSG00000171711 DEFB4A defensin beta4A 4.44 2.27e-02
ENSGO0000186910 SERPINALL serpin family Amember 11 4.37 4.60E-03
ENSG00000227308 LINC02832 long intergenic non-protein coding RNA 2832 4.26 1.00E-04
ENSG00000280780 JAKMIP2-AS1 JAKMIP2 antisense RNA L 4.10 1.64E-02
ENSG00000006128 TAC1 tachykinin precursor 1 4.01 3.60E-03
ENSG00000123455 KLK8 kallikrein related peptidase 8 4.00 A4.02E-02
ENSG00000145642 SHISAL2B shisa like 2B 3.99 2.68E-02
ENSGO0000066813 ACSM2B acyl-CoA synthetase medium chain family member 28 3.94 1.00E-04
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Figure 78: Top significantly upregulated genes in IPF fibrotic vs IPF normal comparison A) Table of
significantly upregulated genes (padj<0.05 and Log2FC+2) beginning with highest log2FC B) Graphs
of top 8 upregulated genes in all IPF regions and unused donor controls.
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Normalised counts

Normalised counts

IPF Fibrotic vs IPF Normal- Top significantly downregulated genes

Ensembl ID Gene ID Description logFC P Adj Value
ENSG00000230657 PRB4 proline rich protein BstNI subfamily 4 -19.57 2.55E-05
ENSG00000104938 CLEC4M C-type lectin domain family 4 member M -5.81 5.68E-10
ENSG00000108576 SLCBA4 solute carrier family 6 member 4 -5.65 1.27E-05
ENSG00000178084 HTR3C 5-hydroxytryptamine receptor 3C -5.04 1.16E-06
ENSG00000164283 ESM1 endothelial cell specific molecule 1 -4.64 6.60E-11
ENSG00000171388 APLN apelin -4.54 6.37E-09
ENSGO0000269186 LINCO1082 long intergenic non-protein coding RNA 1082 -4.43 1.25E-06
ENSG 00000168539 CHRM1 cholinergic receptor muscarinic 1 -4.40 1.65E-08
ENSG00000184374 COLEC10 collectin subfamily member 10 -4.14 6.77E-08
ENSG00000148677 ANKRD1 ankyrin repeat domain 1 -4.13 4.00E-04
ENSG00000196296 ATP2A1 ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 1 -4.07 5.32E-06
ENSG 00000151025 GPR158 G protein-coupled receptor 158 -4.07 2.44E-02
ENSGO0000114812 VIPR1 vasoactive intestinal peptide receptor 1 -3.86 1.40E-10
ENSG0O0000236816 | ANKRD20A7P ankyrin repeat domain 20 family member A7, pseudogene -3.80 1.95E-02
ENSG00000218358 RAET1K retinoic acid early transcript 1K pseudogene -3.78 2.70E-03
ENSG00000142748 FCN3 ficolin 3 -3.72 1.89E-11
ENSG00000267551 GNA15-DT GNA15 divergent transcript -3.67 1.18E-05
ENSGO0000111981 ULBP1 UL16 binding protein 1 -3.67 4.59E-12
ENSG00000167434 CA4 carbonic anhydrase 4 -3.56 3.77E-11
ENSGO0000171243 SOSTDC1 sclerostin domain containing 1 -3.52 9.35E-10
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Figure 79: Top significantly downregulated genes in IPF fibrotic vs IPF normal comparison A) Table
of significantly downregulated genes (padj<0.05 and Log2FC+2) beginning with smallest log2FC B)
Graphs of top 8 downregulated genes in all IPF regions and unused donor controls.
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Figure 80: Transcriptomic analysis of intrapatient IPF fibrotic vs IPF normal comparison Significantly
different genes (padj<0.05 and logFC>+2) were graphed as A) volcano plot (downregulated genes in
blue and upregulated genes in orange) and B) heat map (downregulated genes in green and
upregulated genes in red). C) Heat map of significantly different proteins in all 3 IPF regions.
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IPF Fibrotic vs IPF Intermediate- Top significantly upregulated genes

Ensembl ID

GenelD

logFC

P Adj Value

ENSG00000181092 ADIPOQ adiponectin, C10.and collagen domain cont: 6.04 2.80E-03
ENSGO00000152611 CAPSL caleyphosine like 5.19 4.89E-02
ENSG00000184956 MuCce mucin 6, oligomeric mucus/gel-forming 4.29 4.34E-02
ENSG00000205076 LGALSY galectin 7 4.01 4.21E-02
ENSG00000245750 DRAIC downregulated RNA in cancer, inhibitor of cell invasion and migration 3.93 3.83E-02
ENSG00000073893 BPIFB2 BPIfold containing family B member 2 3.84 4.58E-02
ENSG00000215182 MUCSAC mucin 5AC, oligomeric mucus/gel-forming 3.77 2.91E-02
ENSGO00000186474 KLK12 kallikrein related peptidase 12 3.70 1.46E-02
ENSG00000255071 SAA2-SAAL SAA2-SAAA readthrough 3.52 8.40E-03
ENSGO0000134339 SAA2 serum amyloid A2 3.40 3.80E-03
ENSGO0000206075 SERPINBS serpin family B member3 3.36 2.82E-02
ENSG00000016602 CLCAA chloride channel accessory 4 3.31 2.79E-02
ENSG00000142700 DMRTAZ DMRT like family A2 3.22 8.50E-03
ENSGO0000185479 KRTGB keratin 6B 3.18 4.78E-02
ENSG00000241635 UGT1A1 UDP glucuronosyltransferase family 1member AL 3.16 3.87E-02
ENSGO00000169562 GJBl gap junction proteinbetal 3.12 4.78E-02
ENSG00000234602 MCIDAS multiciliate differentiation and DNA synthesis associated cell cycle protein 3.08 2.49E-02
ENSGO00000267348 GEMINT-ASL GEMINT antisense RNA1 3.07 3.84E-02
ENSGO0000166670 MMP10 matrix metallopeptidase10 3.06 9.20E-03
ENSGO0000198807 PAXS paired box 9 2.98 9.20E-03
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Figure 81: Top significantly upregulated genes in IPF fibrotic vs IPF intermediate comparison A) Table
of significantly upregulated genes (padj<0.05 and Log2FC*2) beginning with highest log2FC B) Graphs
of top 8 upregulated genes in all IPF regions and unused donor controls.
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IPF Fibrotic vs IPF Intermediate- Top significantly downregulated genes

Ensembl ID Gene ID Description logFC P Adj Value
ENSG00000104938 CLECAM C-type lectin domain family 4 member M -4.45 1.00E-04
ENSG00000108576 SLCEA4 solute carrier family 6 member 4 -4.21 7.00E-03
ENSG00000178084 HTR3C 5-hydroxytryptamine receptor 3C -4.03 8.00E-04
ENSG00000164283 ESM1 endothelial cell specific molecule 1 -3.73 4.28F-06
ENSGO00000171388 APLN apelin -3.63 1.00E-04
ENSG00000168539 CHRM1 chalinergic receptor muscarinic 1 -3.61 1.00E-04
ENSG0O0000204420 MPIG6B megakaryocyte and platelet inhibitory receptor Géb -3.22 1.80E-02
ENSG00000184374 COLEC10 collectin subfamily member 10 -3.19 4.00E-04
ENSGO00000269186 LINCO1082 long intergenic non-protein coding RNA 1082 -3.16 4.70E-03
ENSG00000142748 FCN3 ficolin 3 -3.08 5.41E-07
ENSG00000111981 ULBP1 UL16 binding protein 1 -3.03 2.50E-07
ENSG00000173826 KCNH6 potassium voltage-gated channel subfamily H member 6 -3.02 1.30E-03
ENSG00000167941 SOST sclerostin -3.00 1.78E-02
ENSG00000171557 FGG fibrinogen gamma chain -2.99 2.79e-02
ENSGO00000148677 ANKRD1 ankyrin repeat domain 1 -2.93 3.71E-02
ENSG00000267551 GMNA15-DT GNA15 divergent transcript -2.92 3.80E-03
ENSGO00000114812 VIPR1 vasoactive intestinal peptide receptor 1 -2.80 1.00E-04
ENSGO00000116147 TNR tenascin R -2.71 4.20E-03
ENSG00000196296 ATP2A1 ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 1 -2.62 1.90E-02
ENSG00000163736 PPBP pro-platelet basic protein -2.60 6.40E-03
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Figure 82: Top significantly downregulated genes in IPF fibrotic vs IPF intermediate comparison A)
Table of significantly downregulated genes (padj<0.05 and Log2FC+2) with smallest log2FC B) Graphs
of top 8 downregulated genes in all IPF regions and unused donor controls.
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4.2.3.2 Intrapatient proteomics
To further interrogate protein heterogeneity between regions of IPF tissue with increasing

severity of fibrosis, intrapatient analysis was also performed on proteomic datasets, following
batch correction for patient variability. PCA plots were generated as previously described and
revealed that, unlike the transcriptomic analysis, there was clearing clustering of tissue
samples based on the degree of fibrosis at all stages, with normal and intermediate regions of
IPF showing less variation to each other than to end-stage fibrotic regions of the same IPF lung

(Figure 83).

Of the 3,886 proteins identified, 2,700 proteins were present in a minimum of 50% of all
replicates. Of these, 234 proteins (8.7%) were significantly different between normal and
intermediate regions of IPF tissue with 97 proteins upregulated (Figure 85) and 137 proteins
downregulated (Figure 86) in intermediate IPF tissue compared to normal regions (Figure 84).
1,037 proteins (38.4%) were significantly different between fibrotic and normal regions of IPF
tissue with 384 increased (of which 14 have FC>1.5; Figure 88) and 653 decreased proteins (of
which 16 have FC>1.5; Figure 89) in IPF fibrotic tissue compared to IPF normal (Figure 87).
Finally, 560 proteins (20.7%) were significantly different between areas of fibrotic and
intermediate IPF tissue with 173 increased (of which 6 have FC>1.5; Figure 91) and 387

decreased (of which 9 have a FC>1.5; Figure 92) in fibrotic regions (Figure 90).

Assessment of changes in protein expression at the early stages of disease revealed that 17 of
the 97 upregulated proteins in IPF intermediate tissue compared to normal regions were
further increased in end-stage fibrotic tissue (compared to intermediate tissue), including
ITA7, SYNP2, PRDX and FBLN2. Conversely, 5 proteins (ARL8A, AGFG1, UBP21, TOLIP and
PMVK) were significantly downregulated in IPF fibrotic (compared to intermediate regions).
The remaining 75 proteins showed no significant changes in fibrotic tissue compared to
intermediate regions. Of the 137 significantly downregulated proteins in intermediate regions
of IPF tissue (compared to normal regions), 58 were further downregulated in IPF fibrotic
tissue (compared to intermediate regions), whereas 4 proteins (SRSF4, PTBP3, H10 and
GOT1B) were significantly increased in fibrotic regions (compared to intermediate tissue) and

75 showed no further significant changes from intermediate tissue.

Notably, of the 2,700 proteins assessed, 1,093 proteins (40.5% of detected proteins) in IPF

fibrotic regions were significantly different to IPF normal and/or intermediate regions of
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tissue. Of these 1,093 proteins, 410 (37.5% of significantly different proteins) were
upregulated in fibrotic regions of IPF tissue compared to less advanced normal and
intermediate regions of disease (Figure 93A). For example, mucin 5B (MUC5B) which is known
to be increased in IPF [416], was one of the most significantly increased proteins in IPF fibrotic
tissue compared to intermediate (logFC=3.03, p=0.0012) and normal (logFC=2.39, p=0.0074)
regions of the same lung. Conversely, 683 proteins (62.5% of significantly different proteins)
were downregulated in IPF fibrotic samples compared to IPF normal and/or intermediate
regions of tissue (Figure 93B). As end-stage fibrotic regions of IPF lungs represent late stages
of disease in which tissue remodelling is reduced, it is likely that initial pathobiological
mechanisms driving IPF pathogenesis have dissipated. Consequently, investigation of proteins
which are elevated in earlier stages of disease but downregulated in end-stage fibrotic tissue
may allow for the detection of key mechanisms driving disease progression and allow

identification of novel targets for early therapeutic intervention.

Taken together, these data confirm that there is significant protein heterogeneity in IPF tissue
with distinct proteins present in each region, particular between early (normal and
intermediate) and late-stage (fibrotic) disease. All regional comparisons identified many
significantly different proteins which were modulated in line with disease severity. Further
analysis of these proteins may unveil potentially key proteins involved in the fibrotic response
seen in IPF patients, particularly those which are significantly different in the normal and

intermediate regions of IPF lungs to end-stage fibrotic.
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Figure 83: Proteomic analysis of intrapatient comparison Principal component analysis (PCA) plot

of batch corrected IPF normal (n=8 donors), IPF intermediate (n=8 donors) and IPF fibrotic (n=8)

protein samples.
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Intrapatient comparison- Proteomics
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Figure 84: Proteomic analysis of intrapatient IPF intermediate vs IPF normal comparison
Significantly different proteins (p<0.05) were graphed as A) volcano plot (downregulated proteins in
blue and upregulated proteins in orange) and B) heat map (downregulated proteins in green and
upregulated proteins in red). C) Heat map of significantly different proteins in all 3 IPF regions.
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IPF Intermediate vs Normal- Top significantly upregulated proteins

A)
Accession Code Protein ID Protein Name log2FC P Value
Q8wuae MZB1 Marginal zone B- and B1-cell-specific protein 1.33 |8.90E-03
P14555 PA2GA Phospholipase A2, membrane associated 1.32 | 1.75E-02
P20774 MIME Mimecan 1.20 3.00E-04
Q05707 COEA1 Collagen alpha-1{XIV) chain 1.06 |5.00E-04
P50479 PDLI4 PDZ and LIM domain protein 4 1.02 2.20E-03
015061 SYNEM Synemin 0.95 1.96E-02
QSBY50 SC11C Signal peptidase complex catalytic subunit SEC11C 0.91 [3.28E-02
013683-3 ITAY Isoform Alpha-7X1B of Integrin alpha-7 0.88 | 4.18E-02
P53708 ITA8 Integrin alpha-8 0.81 1.80E-03
P17661 DESM Desmin 0.81 2.04E-02
P63267 ACTH Actin, gamma-enteric smooth muscle 0.79 | 7.60E-03
PO7585 PGS2 Decorin 0.75 6.60E-03
Q06828 FMOD Fibromodulin 0.73 6.80E-03
Q9UBY9 HSPB7 Heat shock protein beta-7 0.73 | 2.66E-02
Q16647 PTGIS Prostacyclin synthase 0.72 | 1.80E-03
P27658 CO8A1 Collagen alpha-1{Vlll) chain 071 |1.23E-02
P53814-5 SMTN Isoform B2 of Smoothelin 0.71 |2.01E-02
P20292 ALSAP Arachidonate 5-lipoxygenase-activating protein 0.69 |1.39e-02
053GG5-2 PDLI3 Isoform 2 of PDZ and LIM domain protein 3 0.68 | 5.70E-03
Q14BN4-5 SLMAP Isoform 5 of Sarcolemmal membrane-associated protein 0.67 | 3.09E-02
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Figure 85: Top significantly upregulated proteins in IPF intermediate vs IPF normal comparison A)
Table of significantly upregulated proteins (p<0.05) beginning with highest log2FC B) Graphs of top 8
upregulated proteins in all IPF regions and unused donor controls. All data are presented as mean *

SEM.
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IPF Intermediate vs Normal- Top significantly downregulated proteins

A)
Accession Code  Protein ID Protein Name log2FC P Value
P15428 PGDH 15-hydroxyprostaglandin dehydrogenase [NAD(+)] -1.29 |2.70E-03
Q5U651 RAIN Ras-interacting protein 1 -0.96 |9.00E-04
Q10589-2 BST2 Isoform 2 of Bone marrow stromal antigen 2 -0.78 |2.41E-02
Q68CZ2 TENS3 Tensin-3 -0.71 |7.40E-03
P13747 HLAE HLA class | histocompatibility antigen, alpha chain E -0.70 |2.87E-02
000423 EMAL1 Echinoderm microtubule-associated protein-like 1 -0.62 |1.40E-03
P33151 CADHS Cadherin-5 -0.60 |2.91E-02
Q07075 AMPE Glutamyl aminopeptidase -0.60 |4.34E-02
Q15599 NHRF2 Na(+)/H(+) exchange regulatory cofactor NHE-RF2 -0.60 |3.10E-03
Q03135-2 CAV1 Isoform 2 of Caveolin-1 -0.60 |5.00E-04
P15328 FOLR1 Folate receptor alpha -0.59 |2.81E-02
QIUHA4 LTOR3 Ragulator complex protein LAMT -0.58 |2.74E-02
P30273 FCERG High affinity immunoglobulin epsilon receptor subunit gamma -0.54 |1.65E-02
Q15165 PON2 Serum paraoxonase/arylesterase 2 -0.54 |3.80E-03
000468-6 AGRIN Isoform 6 of Agrin -0.54 | 2.60E-03
QI96MME HS128 Heat shock 70 kDa protein 12B -0.52 |2.20E-02
P12429 ANXA3 Annexin A3 -0.51 |4.11E-02
Q77406 MYH14 Myaosin-14 -0.49 |2.10E-02
095810 CAVN2 Caveolae-associated protein 2 -0.47 |2.75E-02
P50895 BCAM Basal cell adhesion molecule -0.46  |2.49E-02
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Figure 86: Top significantly downregulated proteins in IPF intermediate vs IPF normal comparison A)
Table of significantly downregulated proteins (p<0.05) beginning with smallest log2FC B) Graphs of top
8 downregulated proteins in all IPF regions and unused donor controls. All data are presented as mean

+ SEM.
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Intrapatient comparison- Proteomics

IPF Fibrotic vs IPF Normal
B)

IPF Normal IPF Fibrotic
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Figure 87: Proteomic analysis of intrapatient IPF fibrotic vs IPF normal comparison
Significantly different proteins (p<0.05) were graphed as A) volcano plot (downregulated
proteins in blue and upregulated proteins in orange) and B) heat map (downregulated proteins
in green and upregulated proteins in red). C) Heat map of significantly different proteinsin all 3

IPF regions.
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IPF Fibrotic vs Normal- Top significantly upregulated proteins

A)
Accession Code  ProteinlID Protein Name logFC P Value
Q8TDLS BPIB1 BPI fold-containing family B member 1 2.83 |1.70E-03
Q9HC84 MUCS5B Mucin-5B 2.39 |7.40E-03
Q8wWU39 MZB1 Marginal zone B- and B1-cell-specific protein 2.34 |4.18E-05
PO6727 APOA4 Apolipoprotein A-1V 2.06 |4.65E-05
Q13683-3 ITA7 Isoform Alpha-7X1B of Integrin alpha-7 1.97 |1.00E-04
P01591 1G] Immunoglobulin J chain 1.97 |1.02E-06
Q139384 CAYP1 Isoform 3 of Calcyphosin 1.83 |7.60E-03
P14555 PA2GA Phospholipase A2, membrane associated 1.83 |1.70E-03
P15088 CBPA3 Mast cell carboxypeptidase A 1.80 |5.20E-03
Q9BYS50 SC11C Signal peptidase complex catalytic subunit SEC11C 1.71 |3.00E-04
P01833 PIGR Polymeric immunoglobulin receptor 1.69 |2.40E-03
P01876-1 IGHA1 Isoform 1 of Immunoglobulin heavy constant alpha 1 1.55 |7.91E-06
P16050 LOX15 Polyunsaturated fatty acid lipoxygenase AL 1.51 |2.70E-03
QI6NY7-2 CLIC6 Isoform A of Chloride intracellular channel protein 6 1.50 |1.00E-04
P80748 LVv321 Immunoglobulin lambda variable 3-21 1.48 |3.00E-04
P20774 MIME Mimecan 1.48 |2.70E-05
P17213 BPI Bactericidal permeability-increasing protein 1.47 |1.70E-02
PODOX2 1GA2 Immunoglobulin alpha-2 heavy chain 1.44 |1.99E-06
P30838 AL3A1 Aldehyde dehydrogenase, dimeric NADP-preferring 1.44 |1.20E-03
P17661 DESM Desmin 1.42 |2.00E-04
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Figure 88: Top significantly upregulated proteins in IPF fibrotic vs IPF normal comparison A) Table of
significantly upregulated proteins (p<0.05) beginning with highest log2FC B) Graphs of top 8
upregulated proteins in all IPF regions and unused donor controls. All data are presented as mean *

SEM.
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IPF Fibrotic vs Normal- Top significantly downregulated proteins

A)
Accession Code  ProteinID Protein Name logFC  P.Value
Q16787 LAMA3 Laminin subunit alpha-3 -3.56 |1.00E-04
Q13751 LAMB3 Laminin subunit beta-3 -3.27 |2.00E-04
Q99758 ABCA3 Phospholipid-transporting ATPase ABCA3 -3.16 |8.12E-06
P15428 PGDH 15-hydroxyprostaglandin dehydrogenase [NAD(+)] -2.69 |1.38E-06
P09601 HMOX1 Heme oxygenase 1 -2.51 |3.00E-04
Q92817 EVPL Envoplakin -2.12 |1.00E-04
096009 NAPSA Napsin-A -2.11 |1.00E-04
QINZA1-2 CLICS Isoform 1 of Chloride intracellular channel protein 5 -1.90 |8.94E-06
Q8NF37 PCAT1 Lysophosphatidylcholine acyltransferase 1 -1.89 |2.79€E-07
Q10589-2 BST2 Isoform 2 of Bone marrow stromal antigen 2 -1.74 | 2.80E-05
P02792 FRIL Ferritin light chain -1.67 |2.00E-03
Q6UVK1 CSPG4 Chondroitin sulfate proteoglycan 4 -1.63 | 1.00E-04
076041-2 NEBL Isoform 2 of Nebulette -1.60 |1.00E-04
P09668 CATH Pro-cathepsinH -1.59 |2.25E-06
P12821 ACE Angiotensin-converting enzyme -1.58 |1.00E-03
Q96RW7 HMCN1 Hemicentin-1 -1.52 |7.80E-03
Q15599 NHRF2 Na(+)/H(+) exchange regulatory cofactor NHE-RF2 -1.50 |1.94E-08
Q07075 AMPE Glutamyl aminopeptidase -1.48 |1.00E-04
Q5U651 RAIN Ras-interacting protein 1 -1.48 |8.11E-06
Q02809 PLOD1 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 -1.44 |1.10E-03
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Figure 89: Top significantly downregulated proteins in IPF fibrotic vs IPF normal comparison A) Table
of significantly downregulated proteins (p<0.05) beginning with smallest log2FC B) Graphs of top 8
downregulated proteins in all IPF regions and unused donor controls. All data are presented as mean

+ SEM.
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Intrapatient comparison- Proteomics
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Figure 90: Proteomic analysis of intrapatient IPF fibrotic vs IPF intermediate comparison
Significantly different proteins (p<0.05) were graphed as A) volcano plot (downregulated
proteins in blue and upregulated proteins in orange) and B) heat map (downregulated
proteins in green and upregulated proteins in red). C) Heat map of significantly different
proteins in all 3 IPF regions.
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Accession Code  ProteinID Protein Name logFC P Value
Q8TDLS BPIB1 BPI fold-containing family B member 1 3.22 |5.00E-04
Q9HC84 MUCS5B Mucin-5B 3.03 |[1.20E-03
P01833 PIGR Polymeric immunoglobulin receptor 1.95 |6.00E-04

Q13938-4 CAYP1 Isoform 3 of Calcyphosin 1.84 |7.30E-03
P30838 AL3A1 Aldehyde dehydrogenase, dimeric NADP-preferring 1.54 |5.00E-04
P15924 DESP Desmoplakin 1.53 |2.08E-02
PO6727 APOA4 Apolipoprotein A-1V 1.47 |1.70E-03
P01591 1GJ Immunoglobulin J chain 1.43 |1.00E-04
P16050 LOX15 Polyunsaturated fatty acid lipoxygenase AL 1.42 |4.20E-03
P03973 SLPI Antileukoproteinase 1.31 |4.30E-03
Q96NY7-2 CLIC6 Isoform A of Chloride intracellular channel protein 6 1.25 |6.00E-04
P80188 NGAL Neutrophil gelatinase-associated lipocalin 1.16 |5.00E-04
Q13683-3 ITA7 Isoform Alpha-7X1B of Integrin alpha-7 1.09 |1.35E-02
P01876-1 IGHA1 Isoform 1 of Immunoglobulin heavy constant alpha 1 1.06 |7.00E-04
P80748 V321 Immunoglobulin lambda variable 3-21 1.02 |8.20E-03
Q8WU39 MZB1 Marginal zone B- and B1-cell-specific protein 1.01 |4.08E-02
PODOX2 1GA2 Immunoglobulin alpha-2 heavy chain 0.99 |2.00E-04
P12724 ECP Eosinophil cationic protein 0.98 |7.00E-04
P08263 GSTA1 Glutathione S-transferase Al 0.95 |4.45E-02
QIBX97 PLVAP Plasmalemma vesicle-associated protein 0.91 |1.40E-03
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Figure 91: Top significantly upregulated proteins in IPF fibrotic vs IPF intermediate comparison A)
Table of significantly upregulated proteins (p<0.05) beginning with highest log2FC B) Graphs of top 8
upregulated proteins in all IPF regions and unused donor controls. All data are presented as mean %

SEM.
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IPF Fibrotic vs Intermediate- Top significantly downregulated proteins

Accession Code  ProteinID Protein Name logFC P Value
Q99758 ABCA3 Phospholipid-transporting ATPase ABCA3 -2.66 | 1.00E-04
Q16787 LAMA3 Laminin subunit alpha-3 -2.43 |4.00E-03
Q13751 LAMB3 Laminin subunit beta-3 -2.32 |5.40E-03
096009 NAPSA Napsin-A -2.04 |1.00E-04
PO9601 HMOX1 Heme oxygenase 1 -1.66 |1.01E-02
Q92817 EVPL Envoplakin -1.62 |1.00E-03
Q8NF37 PCAT1 Lysophosphatidylcholine acyltransferase 1 -1.59 |3.95E-06
P12821 ACE Angiotensin-converting enzyme -1.54 |1.50E-03
P02792 FRIL Ferritin light chain -1.54 |3.90E-03
P15428 PGDH 15-hydroxyprostaglandin dehydrogenase [NAD(+)] -1.40 |1.80E-03
QIBWO04 SARG Specifically androgen-regulated gene protein -1.37 |7.10E-03
P09668 CATH Pro-cathepsinH -1.36 | 2.65E-05
Q02809 PLOD1 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 -1.33 | 2.80E-03
QINZA1-2 CLICS Isoform 1 of Chloride intracellular channel protein 5 -1.31 |6.00E-04
076041-2 NEBL Isoform 2 of Nebulette -1.27 |8.00E-04
Q9HBL6 MMRN2 Multimerin-2 -1.18 |1.24E-02
Q15067-2 ACOX1 Isoform 2 of Peroxisomal acyl-coenzyme A oxidase 1 -1.17 |1.60E-03
095340 PAPS2 Bifunctional 3-phosphoadenosine 5-phosphosulfate synthase 2 -1.09 |2.00E-04
095436-2 NPT28B Isoform 2 of Sodium-dependent phosphate transport protein 2B -1.08 |3.00E-04
P09467 F16P1 Fructose-1,6-hisphosphatase 1 -1.06 |1.70E-03
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Figure 92: Top significantly downregulated proteins in IPF fibrotic vs IPF intermediate comparison A)
Table of significantly downregulated proteins (p<0.05) beginning with smallest log2FC B) Graphs of top
8 downregulated proteins in all IPF regions and unused donor controls. All data are presented as mean

+ SEM.
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A) Significantly upregulated proteinsin IPF fibrotic vs IPF normal and intermediate

IPF normal IPF intermediate

26

(6.3%)

B) Significantly downregulated proteinsin IPF fibrotic vs IPF normal and intermediate

IPF normal IPF intermediate

Figure 93: Significantly different proteins in IPF fibrotic regions vs early-stage disease Venny diagram
of A) significantly upregulated and B) significantly downregulated proteins in IPF fibrotic regions vs IPF
normal and IPF intermediate regions.
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4.2.4 Interrogation of additional protein markers
To overcome some of the limitations of mass-based spectrometry, such as the inability to

detect lowly abundant or small proteins, we further sought to quantify proteins within
regional IPF and UD lung tissue via multi-plex ELISA (MesoScaleDiscovery). To achieve this,
tissue homogenates were normalised to 0.5mg/ml (as measured by BCA assay) and U-PLEX
ELISA was performed to determine the protein concentration of 123 additional markers
including interleukins, metabolic markers and cytokines (Figure 94). Quantification of these
additional proteins identified a number of markers which were significantly downregulated
(Figure 95) and significantly upregulated (Figure 96) in IPF tissue compared to UD controls.
Interestingly, of the 9 proteins which were found to be significantly downregulated in IPF
tissue compared to UD controls, 7 of these were downregulated exclusively in the IPF normal
and/or intermediate region but not end-stage fibrotic tissue (Figure 95A-E,G-H) including IFN-
v (UD vs IPF intermediate, p<0.05), IL-4 (UD vs IPF normal and intermediate, p<0.05), IL-5 (UD
vs IPF normal and intermediate, p<0.05), IL-8 (UD vs IPF normal and intermediate, p<0.05), IL-
10 (UD vs IPF normal and intermediate, p<0.05), MCP-1 (UD vs IPF normal, p<0.05) and PD-L1

epitope 2 (UD vs IPF normal, p<0.05).

Conversely, 18 of the 123 proteins quantified were found to be significantly upregulated in IPF
donor samples in comparison to UD controls (Figure 96). These included proteins which were
predominantly upregulated in IPF intermediate and fibrotic regions, but not IPF normal (Figure
96A, D, K, O, R) such as BCMA (UD vs IPF intermediate [p<0.05] and UD vs IPF fibrotic
[p<0.0.1]), CD27 (UD vs IPF intermediate and fibrotic [p<0.01]), IL-2Ra (UD vs IPF intermediate
and fibrotic [p<0.05]), TGF-B3 (UD vs IPF intermediate [p<0.05] and UD vs IPF fibrotic
[p<0.0.1]) and TIE2 (UD vs IPF intermediate and fibrotic [p<0.05]). Additionally, a number of
proteins were exclusively upregulated in IPF normal regions including CD276 (p<0.05), CD40
(p<0.05), fractalkine (p<0.05), granzyme A (p<0.05), TGF-B1 (p<0.05) and TGF-B2 (p<0.05). Of
these, CD40 was also significantly downregulated in IPF intermediate (p<0.05) and IPF fibrotic
regions (p<0.05) compared to IPF normal tissue (Figure 96G). Similarily, fractalkine was found
to be significantly downregulated in IPF fibrotic regions (p<0.05) compared to IPF normal
regions (Figure 96l). Finally, several proteins including CD20 (p<0.01), CD28 (0.01), FLT3L
(p<0.05) and MDC (p<0.05) were significantly increased in IPF fibrotic regions compared to UD
lungs and TNB-B (p<0.05) was the only protein to be upregulated in the IPF intermediate
region alone (Figure 96Q).
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Unused Donor IPF Normal IPF Intermediate IPF Fibrotic

Figure 94: Quantification of additional protein markers Heat map of additional protein marker
expression quantified in unused donor controls (n=9), IPF normal (n=8 donors), IPF intermediate
(n=8 donors) and IPF fibrotic (n=8 donors) homogenates (normalised to 0.5mg/ml via BCA assay)
by multi-plex ELISA.
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Figure 95: Significantly downregulated additional protein markers in IPF regions vs UD
Quantification of additional protein markers was performed for 123 immune and metabolic markers
in tissue homogenates (normalised to 0.5mg/ml as measured by BCA assay) generated from unused
donor lungs (n=9 donors), IPF normal (n=8 donors), IPF intermediate (n=8 donors) and IPF fibrotic (n=8
donors) via MSD. A-l) Proteins which were significantly downregulated in IPF vs UD lungs were

graphed. All data are mean + SEM. Statistical significance was determined using ANOVA with post-hoc
Tukey HSD Test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 96: Significantly upregulated additional protein markers in IPF regions vs UD
Quantification of additional protein markers was performed for 123 immune and metabolic
markers in tissue homogenates (normalised to 0.5mg/ml as measured by BCA assay) generated
from unused donor lungs (n=9 donors), IPF normal (n=8 donors), IPF intermediate (n=8 donors)
and IPF fibrotic (n=8 donors) via MSD. A-R) Proteins which were significantly upregulated in IPF vs
UD lungs were graphed. All data are mean + SEM. Statistical significance was determined using
ANOVA with post-hoc Tukey HSD Test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).

194



4.2.5 |dentification of potential targets of interest
To begin discovering potential targets of interest and given that we found clear differences in

functional protein expression in both inter- and intra- patient analysis, we first sought to
identify any proteins which were uniquely up- or down- regulated within the regions of IPF
tissue thought to be undergoing active remodelling (normal and intermediate). First, to
identify proteins which were actively downregulated during fibrogenesis (Figure 98A), results
from both inter- and intra-patient comparisons were filtered to contain only proteins which
were significantly downregulated (p<0.05) in normal and intermediate IPF regions compared
to UD samples, but also significantly upregulated (p<0.05) in the end-stage fibrotic regions of
IPF lungs. Here, UD vs IPF normal and UD vs IPF intermediate interpatient datasets were
filtered for significance (p<0.05) and ranked smallest to largest based on logFC values.
Negative logFC values (downregulated proteins) from both interpatient comparisons were
merged, and duplicate proteins removed, to generate a list of 541 proteins which were
significantly downregulated in IPF normal and intermediate IPF regions vs UD controls.
Alongside this, IPF fibrotic vs IPF normal and IPF fibrotic vs IPF intermediate intrapatient
datasets were filtered for significance (p<0.05) and ranked largest to smallest based on logFC
values. Positive logFC values (upregulated proteins) from both intrapatient comparisons were
merged, and duplicate proteins removed, to generate a list of 410 proteins which were
significantly upregulated in end-stage fibrotic regions of IPF compared to IPF normal and
intermediate regions. Finally, these 2 protein lists were merged together and filtered to select
for proteins which appeared in both datasets, resulting in the identification of 54 proteins
(Figure 97). Of the 54 proteins identified (Figure 98B), 3 targets were selected for
immunohistochemical validation based on their intracellular location and antibody
availability: myeloperoxidase (PERM), lactotransferrin (TRFL) and cathepsin G (CATG) (Figure
99A-C). Results confirmed that all 3 targets were present primarily in UD lungs and fibrotic
regions of IPF tissue, with few positive cells observed in normal and intermediate regions of
IPF donors (Figure 99D). Histologically, positive cells displayed a rounded morphology
consistent with neutrophils which primarily localised to the epithelium in UD and IPF fibrotic

tissue as well as within dense clusters of immune cells in IPF fibrotic tissue.
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Figure 97: Identification of downregulated proteins of interest in IPF normal and intermediate
regions 1. Unused donor vs IPF normal and unused donor vs IPF intermediate interpatient datasets
were filtered for significance (p<0.05) and ranked smallest to largest based on logFC values. Negative
logFC values (downregulated proteins) from both interpatient comparisons were merged, and
duplicate proteins removed, to generate a list of 541 proteins which were significantly downregulated
in IPF normal and intermediate IPF regions vs unused donor controls. 2. IPF fibrotic vs IPF normal and
IPF fibrotic vs IPF intermediate intrapatient datasets were filtered for significance (p<0.05) and ranked
largest to smallest based on logFC values. Positive logFC values (upregulated proteins) from both
intrapatient comparisons were merged, and duplicate proteins removed, to generate a list of 410
proteins which were significantly upregulated in end-stage fibrotic regions of IPF compared to IPF
normal and intermediate regions. Protein lists 1 and 2 were merged and filtered to select for proteins
which appeared in both datasets, resulting in the identification of 54 proteins.
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Figure 98: Downregulated protein target identification A) Schematic of identification of proteins of
interest which were significantly downregulated (p<0.05) in normal and intermediate IPF regions
compared to UD samples and significantly upregulated (p<0.05) in the end-stage IPF fibrotic regions. B)
Heat map of 54 proteins of interest identified in UD and IPF regions.
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Figure 99: Downregulated protein target histological validation LFQ intensity identified through
proteomic analysis were Log2 transformed and plotted for A) cathepsin G (CATG), B) lactotransferrin
(TRFL) and C) myeloperoxidase (PERM). Histological validation of proteins was performed as shown by
D) overview representative images of selected targets in all IPF regions and unused donor controls
(scale bar= 100um). Primary antibodies were used at the following dilutions: cathepsin G; 1/100,
lactoferrin; 1/100 and myeloperoxidase; 1/100. All data are mean = SEM.
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Next, datasets were filtered by selecting for proteins which were significantly upregulated
(p<0.05) in normal and intermediate IPF regions compared to UD samples and significantly
downregulated (p<0.05) in the end-stage IPF fibrotic regions (Figure 101A). Here, UD vs IPF
normal and UD vs IPF intermediate interpatient datasets were filtered for significance (p<0.05)
and ranked largest to smallest based on logFC values. Positive logFC values (upregulated
proteins) from both interpatient comparisons were merged, and duplicate proteins removed,
to generate a list of 337 proteins which were significantly upregulated in IPF normal and
intermediate IPF regions vs UD controls. Alongside this, IPF fibrotic vs IPF normal and IPF
fibrotic vs IPF intermediate intrapatient datasets were filtered for significance (p<0.05) and
ranked smallest to largest based on logFC values. Negative logFC values (downregulated
proteins) from both intrapatient comparisons were merged, and duplicate proteins removed,
to generate a list of 683 proteins which were significantly downregulated in end-stage fibrotic
regions of IPF compared to IPF normal and intermediate regions. Finally, these 2 protein lists
were merged together and filtered to select for proteins which appeared in both datasets,
resulting in the identification of 75 proteins (Figure 100). Of the 75 proteins identified (Figure
101B), 3 targets were further selected for immunohistochemical validation based on their
intracellular location and antibody availability: mannose receptor C type 2 (MRC2), integrin
beta-6 (ITB6) and cytokeratin 18 (K1C18) (Figure 102A-C). Histologically, these proteins were
frequently found adjacent to areas of ECM deposition, coupled with dense inflammatory
infiltrates. MRC2+ cells typically displayed a rounded immune cell morphology and appeared
primarily within clusters of inflammatory cells, whereas K1C18+ and ITB6+ (well defined
epithelial markers) cells were predominantly found in the epithelium. Results showed that,
consistent with proteomic findings, all 3 protein targets appeared to be upregulated in the
normal and intermediate IPF regions compared to the UD controls and end-stage IPF fibrotic
regions of the same donor (Figure 102D). Consequently, these targets could be considered for

further investigation to understand their potential role in driving fibrogenesis.

For instance, there is strong evidence within the literature that ITB6 may be an attractive
therapeutic target as well as a potential biomarker of disease progression in IPF patients
[418,419]. The B6 subunit of integrins is known to specifically dimerize with the av subunit to
form the avp6 integrin heterodimer. Following dimerization, av6 has been proven to play a

key role in the activation of TGF-B, widely considered to be the master regulator of fibrosis,
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resulting in pro-fibrotic effects in multiple organs [420-422]. As the av subunit can also form
heterodimers with other integrin B subunits, further investigation of integrins was performed
to assess expression throughout the different IPF regions and UD controls. Results confirmed
that, like the 6 subunit (Figure 103F), av integrin was also significantly increased in normal
and intermediate regions of IPF tissue compared to UD lungs, before decreasing in end-stage
fibrotic regions (Figure 103A). Consistent with this, the B5 integrin subunit was the mostly
highly expressed in normal regions of IPF tissue before gradually decreasing in the
intermediate and fibrotic regions (Figure 103E). Conversely, B1 (Figure 103B) and B2 (Figure
103C) both demonstrated a trend of decreased expression in IPF tissue in line with disease
severity, whereas B3 (Figure 103D) expression was the highest in fibrotic tissue compared to
earlier IPF regions and UD controls. These results confirmed that integrin subunits exhibit
diverse trajectories throughout the different IPF regions and may therefore warrant further

investigation to determine their role in IPF pathogenesis.
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Figure 100: Identification of upregulated proteins of interest in IPF normal and intermediate regions
1. Unused donor vs IPF normal and unused donor vs IPF intermediate interpatient datasets were
filtered for significance (p<0.05) and ranked largest to smallest based on logFC values. Positive logFC
values (upregulated proteins) from both interpatient comparisons were merged, and duplicate
proteins removed, to generate a list of 337 proteins which were significantly upregulated in IPF normal
and intermediate IPF regions vs unused donor controls. 2. IPF fibrotic vs IPF normal and IPF fibrotic vs
IPF intermediate intrapatient datasets were filtered for significance (p<0.05) and ranked smallest to
largest based on logFC values. Negative logFC values (downregulated proteins) from both intrapatient
comparisons were merged, and duplicate proteins removed, to generate a list of 683 proteins which
were significantly downregulated in end-stage fibrotic regions of IPF compared to IPF normal and
intermediate regions. Finally, these 2 protein lists were merged and filtered to select for proteins
which appeared in both datasets, resulting in the identification of 75 proteins.
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Figure 101: Upregulated protein target identification A) Schematic of identification of proteins of
interest which were significantly upregulated (p<0.05) in normal and intermediate IPF regions
compared to UD samples and significantly downregulated (p<0.05) in the end-stage IPF fibrotic
regions. B) Heat map of 75 proteins of interest identified in UD and IPF regions.
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Figure 102: Upregulated protein target histological validation LFQ intensity identified through
proteomic analysis were Log2 transformed and plotted for A) mannose receptor 2 (MRC2), B)
cytokeratin 18 (K1C18) and C) integrin B6 (ITB6). Histological validation of proteins was performed as
shown by D) overview representative images and E) higher powered images of selected targets in all
IPF regions and unused donor controls (scale bar= 100um). Primary antibodies were used at the
following dilutions: mannose receptor 2; 1/1000, cytokeratin 18; 1/800 and integrin B6; 1/40. All data
are mean + SEM.
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As we were unable to directly ascertain the origins of upregulated proteins, we next sought to
evaluate the cellular source of targets of interest by using annotated cell types from publicly
available single cell RNA datasets derived from human fibrotic lung diseases. To achieve this,
six publicly available scRNAseq studies were integrated by Dr Stephen Christensen, comprising
616,918 cells (51 healthy and 66 fibrotic patients [n=10 systemic sclerosis interstitial lung
disease and n=56 IPF]; available online at
https://singlecell.broadinstitute.org/single_cell/study/SCP2155/) and 20 of the proteins
which were significantly upregulated exclusively in the normal and intermediate regions of IPF
tissue were explored. Preliminary analysis of global gene expression of these targets revealed
that several targets of interest were upregulated in epithelial cell populations (including AT1
and AT2) such as KRT18, OCIAD2, CA2, ITGB6 and S100A13 (Figure 104A). Furthermore,
approximately 10 of the 20 proteins were overexpressed primarily in fibroblast cell
populations, including SPRC, MOXD1, FBLNS, LTBP2, MRC2, SERPINH1, EFEMP2, AEBP1, TUBB
and S100A13 (Figure 104A). Further interrogation of stromal cell populations within this
dataset confirmed that target gene expression was upregulated predominantly in ECM-
producing fibroblasts and, to a lesser extent, alveolar and inflammatory fibroblasts (Figure
104B). These data confirmed that many of the upregulated proteins of interest in our
proteomic dataset were also found to be upregulated in key cell types related to IPF, including

AT2 cells and fibroblasts.

With this in mind, the following proteins were selected for further investigation: av, B3, B5
and B6 integrin subunits, latent TFG-B2 binding protein (LTBP2, a mediator of TGF-B2
function), serpin H1 (SERPH, an ER protein which plays a role in collagen biosynthesis),
carbonic anhydrase 1 (CAH1, a zinc-metalloenzyme) and 2 (CAH2, a zinc-metalloenzyme),
septin 11 (SEP11, a filament-forming cytoskeletal GTPase), SI00A13 (S10AD, a calcium binding
protein required for the copper-dependent stress-induced export of IL1a and FGF1) and
argonaute 2 (AGO2, a protein involved in post-translational gene silencing and the biogenesis
of microRNA) (Figure 105A-I). To interrogate these targets, 12 candidate compounds were
selected for investigation in IPF-derived precision-cut slices based on commercial availability

and target antagonism (Figure 105J).

Finally, to identify additional candidate compounds for validation in PCS, Ingenuity Pathway

Analysis (IPA) was used to highlight upregulated markers/pathways of interest in normal and
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intermediate regions of IPF tissue to target therapeutically. To achieve this, significantly
upregulated proteins (and associated log2 fold change) in IPF normal and intermediate tissue
(compared to UD controls) were used to perform core expression analysis and the upstream
regulator function was used to identify potential upstream regulators that may be responsible
for observed changes in protein abundance in our proteomic datasets. Identified upstream
regulators were filtered according to predicted activation state and the activation z-score,
resulting in the identification of 18 candidate compounds to target upstream regulators in IPF-

derived PCLuS (Table 19).

In summary, interrogation of protein heterogeneity identified distinct patterns of protein
expression that are modulated in line with changes in disease severity. Furthermore, by
interrogating proteins/pathways which were significantly upregulated in regions of IPF tissue
thought to be undergoing active remodelling (normal and intermediate) we were able to
identify 30 candidate inhibitory compounds for validation in PCLuS to assess ability to blunt
inflammation and fibrogenesis in human IPF tissue ex vivo and investigate potential roles in

disease progression.
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Figure 104: Investigation of targets of interest in lung scRNAseq datasets Target gene expression was

investigated in scRNAseq datasets generated from 6

integrated single cell

lung atlases

(https://singlecell.broadinstitute.org/single_cell/study/SCP2155/) created by Dr Stephen Christensen,
Pfizer. In total, 616,918 cells were included from multiple different fibrotic lung diseases, comprising
13 different cell lineages. Dot plots show increased average gene expression of multiple targets in A)
global cell populations and B) stromal cell populations. (Figures provided by Dr Stephen Christensen,

Pfizer).
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Figure 105: Selected compounds for validation in precision cut lung slices LFQ intensity identified
through proteomic analysis (n=9 unused donor lungs, n=8 IPF normal regions, n=8 IPF intermediate
regions and n=8 IPF fibrotic regions) were Log2 transformed and plotted for A) LTBP2 B) SERPH C)
CAH1 D) CAH2 E) ITAV F) ITB6 G) SEP11 and H) S10AD and I) AGO2. J) 12 candidate compounds were
selected based on the ability to target proteins of interest or related proteins. All data are mean +

SEM.
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4.3 Discussion
Current research into IPF relies heavily upon in vitro cell culture of human and rodent cells and

in vivo mouse models. Though these techniques have yielded significant insight into our
understanding of basic disease mechanisms, many candidate drugs derived from these
systems often fail to demonstrate sufficient safety or efficacy in human trials [423]. One
possible explanation for this phenomenon is the frequent use of reductionist pre-clinical
models, in which 2D cell culture, animal models and other non-physiologically relevant cell
culture systems are used to bridge the gap from bench to bedside. Indeed, it is widely
accepted that current models of IPF fail to recapitulate the intricate and multifaceted
pathophysiology of IPF and therefore lack many hallmarks of disease [424-426]. As a result,
information surrounding pathophysiological mediators of disease progression in the human
lung is extremely limited and warrants further investigation. As research technologies
continue to advance, human tissue samples remain invaluable resources for understanding
mechanisms of disease and developing targeted therapies. However, at present, most of the
research carried out involving human IPF samples has centred on interpatient studies (often
small biopsies), comparing healthy and diseased tissue from different patients
[205,206,427,428]. Though this approach has undoubtedly aided our understanding of disease it
nonetheless fails to consider the incredibly complex spatial and temporal heterogeneity of

pathological changes in IPF.

In this chapter, we utilised interpatient and intrapatient approaches to investigate disease
progression by comparing macroscopically distinct regions of ‘normal’, ‘intermediate’ and
‘fibrotic’ regions of tissue from within the same IPF lung. We then performed RNA sequencing
and proteomic profiling of the differentially affected IPF regions alongside non-diseased, age-
matched unused donor lungs to determine gene and protein expression at different stages of
disease progression. To begin investigation of these macroscopically distinct regions of IPF
tissue, we first sought to identify significantly different genes and proteins in these regions
when compared to UD control lungs (interpatient comparisons). Results confirmed that,
consistent with previous transcriptomic studies in the literature [429,430], macroscopically
normal IPF tissue was considerably different to tissue obtained from non-diseased lungs, with
over 1000 genes found to be significantly different to UD controls. We extended these findings

further by demonstrating that, alongside changes in gene expression, there were also
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significant changes in protein expression in seemingly unaffected regions of IPF tissue with
approximately 24% of detected proteins in IPF normal tissue identified as significantly
different to ‘healthy’ controls, suggesting that even at this early stage the lung is primed for
injury. Moreover, IPF tissue was shown to become less similar to UD controls, at both the gene
and protein level, the further along the disease spectrum the samples were. Further
evaluation of IPF tissue alone (intrapatient comparisons) found that normal and intermediate
regions of IPF tissue showed few changes in gene expression, likely due to several samples
clustering with different macroscopic regions of disease, though was still able to identify
differences between early (normal and intermediate) and late (fibrotic) stage disease.
However, protein profiling of the same IPF regions demonstrated clear clustering based on
disease state, with many significantly different proteins between each region of IPF lungs,
including normal and intermediate tissue. Though limited, there is evidence of proteomics
studies of human IPF lungs in the literature, comparing healthy tissue to singular IPF tissue
samples [431]. For example, Schiller et al recently performed proteomic profiling of human ILD
samples which revealed, consistent with results in this study, a significant increase of MZB1
positive plasma B cells in fibrotic tissue samples compared to non-diseased samples [432].
However, to the best of our knowledge, this is the first study which has shown that
differentially affected regions of IPF tissue have distinct protein profiles depending on the

degree of fibrosis.

Consequently, downstream therapeutic target identification focused on analysing protein
expression in these different IPF tissue microenvironments. In doing so, we were able to
directly interrogate protein expression profiles, which led to the discovery of potentially novel
dysregulated proteins/pathways underlying disease progression. For example, we found that
several neutrophil-related markers were significantly downregulated in all stages of IPF
disease compared to ‘healthy’ lungs, particularly those relating to neutrophil chemotaxis (via
IL-8 and CXCL4), degranulation and NET signalling. Neutrophils exert diverse functions in the
tissue microenvironment during injury such as phagocytosis, degranulation and release of pro-
inflammatory cytokines, ROS and NETSs, shaping the ensuing immune response [187]. However,
neutrophils also play key roles in the regulation and biosynthesis of collagen ECM, primarily
via neutrophil elastase (NE) [433]. Downregulation of neutrophil-related proteins such as MM8

(neutrophil collagenase) and NE, which are both involved in cleavage and degradation of ECM
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components [434], suggests that altered neutrophil function in IPF results in a reduced ability
to fragment ECM. Consistent with these findings, interrogation of ingenuity canonical
pathways revealed strong inhibition of several neutrophil-related pathways, including
neutrophil degranulation, IL-8 signalling, CXCR4 signalling and neutrophil extracellular trap
signalling in all regions of IPF tissue compared to non-diseased lungs, suggesting that altered
neutrophil function and/or reduced chemotaxis may play an important role in IPF (Appendix
F, Fig 5). These findings were in contradiction to earlier studies within the literature whereby
genetic and/or pharmacological ablation of NE in vivo was found to have protective effects in
several lung injury models of fibrosis [435-437]. Similarly, elevated levels of IL-8 and NE have
been reported in the BAL of IPF patients across multiple studies [189,438]. One possible
explanation for these contrasting results is the time taken from explantation of IPF donor
tissue to snap-freezing for ‘omics analysis, with neutrophils known to have a short half-life
[439,440]. Additionally, as mass spectrometry-based proteomics often involves complex sample
preparation, it is not always be optimised for detection of small and/or transient proteins such
as cytokines and chemokines. Consequently, neutrophil markers such as IL-8 and CXCR4 may
be challenging to capture and quantify due to their low molecular weight, low abundance due

to restrictions in the dynamic range of detection [441].

Interestingly, intrapatient comparisons of IPF tissue provided further insights into the
modulation of neutrophil-related markers throughout disease. For instance, initial
interpatient analysis found that both MPO (a peroxidase) and cathepsin G (a serine protease)
were decreased in all regions of IPF tissue compared to UD lungs. However, intrapatient
comparisons provided additional resolution and established that, though these proteins were
downregulated in early-stage disease (normal and intermediate IPF tissue), they were
significantly upregulated in end-stage fibrotic regions of IPF lungs (compared to normal and
intermediate regions). Of these, cathepsin G has been shown to modulate ECM degradation
through activation of matrix MMPs (which also increases TNFa and IL-8) [442] and can
intracellularly and/or extracellularly regulate tissue remodelling [443]. Reduced expression of
cathepsin G in the normal and intermediate IPF regions may therefore limit MMP activation,
perpetuating ECM deposition and driving fibrogenesis. Further characterisation of neutrophil
phenotypes and signalling pathways during IPF progression may therefore provide further

insight into their role in disease pathogenesis.
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Other targets of interest identified in this chapter were those which were significantly
upregulated in IPF normal and intermediate regions of IPF tissue, and significantly
downregulated in terminal fibrotic regions. This approach led to the identification of several
proteins which have previously been associated with IPF and/or fibrosis including integrin 6
and various ECM-related proteins such as FBLN4, FBLNS5, SPARC, EFEMP2 and COL18A1 [444-
446). For example, SPARC (Secreted Protein, Acidic and Rich in Cysteine), a matricellular
protein known to promote collagen assembly in the ECM, has recently been implicated as a
potential biomarker of IPF with upregulation of gene and serum protein expression reported
across several patient cohorts, often associated with increased disease severity and IPF
progression [447-449]. SPARC has also been shown to be highly secreted by IPF fibroblasts in
vitro, resulting in aberrant epithelial repair responses which impedes effective
reestablishment of functional epithelial barriers and integrity [445]. Evaluation of upregulated
proteins also revealed a number of potentially novel targets, which have not been extensively
studied in the context of IPF. For instance, results showed that MOXD1 (a copper binding
protein) was significantly increased in the normal and intermediate regions of IPF tissue
compared to end-stage fibrotic regions. These findings were consistent with a recent study by
Jia et al who utilised single cell RNA sequencing of human IPF tissue to show that early changes
in fibroblasts of IPF lung tissue were associated with strong upregulation of copper-binding
proteins, including MOXD1. Moreover, velocity analysis revealed that upregulation of MOXD1
occurred prior to known myofibroblast markers, suggesting that MOXD1 expression is a

precursor to differentiation to myofibroblasts [450].

Following evaluation of proteins of interest, targets were selected for interrogation via
inhibitory compounds based on commercial availability and antagonism of upregulated target
proteins/pathway. This included several integrin-related proteins such as av, B3, B5 and B6.
Integrins are a group of 24 heterodimeric, transmembrane receptors which are involved in a
variety of cellular functions required for regulation of tissue repair and cell-cell and cell-ECM
interactions. Of particular note is the av subunit, which forms heterodimers with B1, B3, B5,
B6 or B8 subunits and, if overexpressed or dysregulated, exerts pleiotropic effects in fibrosis
and inflammation of multiple organs [451,452]. This subclassification of integrins primarily
interacts with the RGD (Arginine-Glycine-Aspartic acid) peptide commonly found in the ECM

(e.g., fibronectin, osteopontin and fibrinogen) and TGF-B-associated latency—associated
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peptide (LAP) [453]. As a result, av integrins play a key role in the activation and regulation of
TGF-B signalling, making them attractive therapeutic targets [454]. Candidate compounds were
also selected to target carbonic anhydrases (CAH) 1 and 2, which were reported to be
upregulated in early stage IPF tissue. CAHs are involved in maintaining the acid-base balance
in the lungs by catalysing the conversion of carbon dioxide to bicarbonate ions and protons
[455]. Overexpression of these enzymes could therefore impact pH levels in IPF lungs,
potentially affecting several cellular processes, including ECM remodelling [456]. Argonaute 2
(AGO2) was also selected for target antagonism due to its pivotal role as a core component of
the RNA-induced silencing complex (RISC) complex, which is central to microRNA (miRNA)-
mediated gene regulation [457]. In the context of IPF, the role of AGO2 loading miRNAs onto
the RISC complex is of interest due to the involvement of miRNAs in IPF pathogenesis [458,459],
with AGO2 reported to be significantly upregulated in rapidly-progressing cases of IPF
compared to normal lung biopsies [460]. The final selected targets were S100-A13 and septin
11, both of which are relatively unstudied in terms of IPF pathogenesis to date. SI00A13 is a
member of the $100 family of calcium-binding proteins, which are involved in various cellular
processes including inflammation, cell proliferation and differentiation and apoptosis [461].
The biological functions of S100-A13 are primarily mediated via receptor for advanced
glycation end products (RAGE) signalling, which has been extensively linked with IPF [462].
Moreover, S100-A13 has been found to modulate NF-kB activity and SASP expression during
cell senescence in an IL1a-dependant manner [463]. Septins are a family of cytoskeletal GTPase
proteins also involved in a range of cellular processes such as cytokinesis, cell polarity, vesicle
trafficking and receptor signalling [464]. Though research into septin dysfunction has primarily
focused on neurodegenerative diseases and cancer, there is some limited evidence, mainly
from the liver and kidney, that suggest the septin cytoskeleton is involved in the regulation of
aberrant tissue repair during fibrosis [465]. For example, in mouse models of renal fibrosis and
human fibrotic kidneys, there is considerable upregulation of various septins which frequently
co-localised with aSMA+ cells [466]. In the liver, septins have been suggested to play part of a
pro-fibrogenic positive feedback loop involving TGF-B—induced upregulation of septins, which
in turn triggers a further increase in TGF-B activation and modulation of HSC activity [465,467].
Alongside these selected targets, a further 18 candidate compounds were identified through
upstream regulator analysis via IPA, resulting in a total of 30 candidate compounds for

investigation.
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Though work in this chapter focused primarily on identifying candidate compounds which
target proteins/pathways which were significantly upregulated during the actively
remodelling regions of tissue, future work should seek to similarly investigate the significantly
downregulated proteins/pathways and whether agonism of these targets can ameliorate or
blunt fibrogenesis. Similarily, as we exclusively interrogated targets identified through
proteomic profiling in this work, exploration of candidate compounds derived from
transcriptomic datasets may yield additional insight into potential therapeutic targets, either
alone or through integration with proteomic datasets. One of the main caveats of this work
was the inability to determine whether the changes in gene and/or protein expression
observed within the different IPF regions were due to changes in gene/protein expression in
tissue-resident cells or, alternatively, alterations in the cellular composition of the tissue
microenvironment. To address this concern, we utilised publicly available single cell datasets
of human fibrotic lungs to provide an estimation of cellular expression of targets of interest
[83]. However, as current IPF-derived datasets often fail to profile gene expression at different
stages of disease and does not provide spatial information of genes, it is possible that results
may not be representative of cellular phenotypes in differentially affected regions of IPF
tissue. Additionally, while single-cell RNA sequencing provides valuable information about
gene expression profiles of individual cell types, this is often insufficient to accurately predict
changes in protein abundance due to several factors such as post-transcriptional regulation,
mRNA stability, translation efficiency and protein degradation rates [468]. Consequently,
future work should seek to identify the cellular sources of significantly different proteins
directly, potentially through the use of spatial proteomics and/or imaging mass cytometry

technologies [469].

Overall, work in this chapter effectively profiled gene and protein heterogeneity in
macroscopically distinct regions of IPF tissue in a two-step process. First, comparison of each
IPF region to unused donor controls confirmed that all regions of IPF tissue were significantly
different to ‘healthy’ controls. Next, further interrogation of the molecular landscape during
progression of IPF samples via intrapatient comparisons identified discrete patterns of protein
expression that were modulated in line with changes in disease severity. Specifically,
interrogation of proteins/pathways which were significantly upregulated in regions of IPF

tissue thought to be undergoing active remodelling (normal and intermediate) identified 30
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candidate inhibitory compounds for validation in PCLuS to investigate potential roles in
disease progression. Taken together, these findings reveal new insights into protein

heterogeneity in IPF progression and offer exciting opportunities to explore new therapeutic

interventions.
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5 Investigation of novel therapeutic targets in IPF using human tissue
models

Statement of contribution

e All work in this chapter was performed solely by the author.

5.1 Introduction
Current research into pulmonary fibrosis, including understanding the initiating triggers and

the underlying mechanisms, relies heavily upon in vitro cell culture of human and rodent cells
and in vivo mouse models. Though these techniques have undoubtedly contributed to our
understanding of disease biology, it has become increasingly clear that more clinically relevant
model systems are required to effectively explore disease pathomechanisms and, more
importantly, to validate potential therapeutic targets. In the last decade, advances in precision
cut slice (PCS) technology have revolutionised the study of human disease, allowing for
detailed investigations into the effects of compounds on multiple tissue types. Importantly,
unlike traditional 2D monolayer cell culture models, PCS retain the anatomical architecture
and structural matrix composition of the native tissue they are derived from, whilst also
maintaining cells in their original tissue-matrix configuration [269]. Additionally, other organ-
specific features such as metabolic activity, tissue homeostasis and, to an extent, certain

immunological functions can also be maintained (or supplemented) throughout culture.

While previous studies involving precision cut lung slices (PCLuS) have predominantly focused
on short-term evaluation of toxicology and pharmacology [470-472], recent developments in
the generation and culture of PCLuS (particularly from diseased human tissue) have provided
an invaluable research tool to enhance our understanding of disease pathobiology and
treatment of several chronic lung diseases, including IPF, COPD and lung cancer [294,295].
Despite the clear benefits of PCLUS technology in pulmonary fibrosis research, there are
several obstacles which needed to be addressed to improve the suitability and reliability of
PCS in future studies. These included establishment of standardised protocols and
development of advanced analysis tools (preferably which lend themselves to automation) for

routine use as fibrosis assays which, at present, remains challenging [473].
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One significant limitation of the current PCLUS methodology is the limited amount of human
tissue available for research, which fundamentally restricts the number of compounds and
doses that can be tested in a single experiment. This in turn can impede comprehensive
screening of potential anti-fibrotic drug candidates or investigative compounds.
Consequently, scalability to medium or high-throughput PCLuUS culture systems is required to
overcome this constraint and improve the efficiency and scope of compound testing in
available human tissue. In this context, the implementation of a 96-well slice culture system
offers several benefits. Firstly, miniaturisation of the system allows for parallel testing of a
larger number of compounds using the same amount of tissue, thereby increasing
experimental efficiency. Additionally, by reducing the size of individual PCLuS, more technical
repeats from different areas of the same tissue can be used to determine efficacy of individual
compounds/doses with more confidence. Finally, scaling to a 96-well format enables
exploration of a wider range of compound doses, facilitating more comprehensive screening

and enhancing the likelihood of identifying promising candidates for further study.

Here, we developed and validated a highly reproducible 96-well medium-throughput PCLuS
methodology which was then used to screen novel targets/compounds identified in Chapter

4 to determine toxicity and efficacy.
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5.2 Materials and methods

5.2.1 96-well PCLuUS optimisation patient demographics
PCLuS were generated from IPF PCLuS donors 4-6 detailed in Table 20 with ethical approval

(outlined in chapter 2).

Table 20: PCLuS donor patient demographics for 96-well methodology optimisation

Age

FEV1, L

FVC, L

TLC, L

TLCO, mmol

KCO, mmol

Smoking history

‘ Sex

CO/min/kPa | CO/min/kPa
IPF PCLuUS o o o o o Ex-smoker (stopped
donor 4 M 57 | 2.34(73%) | 2.73(69%) | 4.29(60%) | 1.84(16%) | 0.51(29%) 20 yrs ago), 15pyh
IPF PCLuUS 0 o 0 0 0 Ex-smoker (stopped
donor 5 M 60 | 1.89(57%) | 3.40(81%) | 5.78(84%) | 1.60(17%) | 0.39(28%) L4yrs ago), 25pyh
IPF PCLuUS o o o o o
donor 6 M 58 | 2.31(66%) | 2.56(58%) | 4.04(57%) | 2.14(22%) | 2.14(22%) Never smoked

FEV1= forced expiratory volume in 1 second, FVC= forced vital capacity, TLC= total lung capacity, TLCO= carbon monoxide
transfer factor and KCO=carbon monoxide transfer coefficient. Percentages of predicted values are in parentheses.

5.2.2 Generation and treatment of 96-well PCLuS
To optimise the culture of PCLuS in a 96-well cell culture plate, PCLUS were generated as

outlined in chapter 2, with the use of 3mm and 4mm biopsy punches (Kai medical) to produce
3mm (n=1 donor; IPF PCLuS donor 4 [Table 20]) and 4mm (n=3 donors; IPF PCLuUS donors 4-6
[Table 20]) PCLuS, respectively. To evaluate whether different sized PCLuS could be
reproducibly modulated via exogenous compounds, both diameter PCLuS were rested for
48hrs post-slicing to allow the stress period to elapse. Following this, PCLuUS (n=20 per
condition) were challenged with control media, recombinant human TGF-B1 (10ng/ml) alone
or in combination with PDGFBB (50ng/ml) to stimulate fibrogenesis or IL1a (1ng/ml) to
stimulate inflammation. Additionally, PCLuUS were treated with standard of care compounds
Pirfenidone (2.5mM) and Nintedanib (2.5uM) or ALK5i (10uM) to blunt fibrosis. Media,
including all treatments, was refreshed at 24-hour intervals with conditioned media snap

frozen for downstream analysis until the terminal 144hr timepoint.

5.2.3 Generation and treatment of 24-well PCLuS
PCLuS were generated as outlined in chapter 2 (n=1 donor; IPF PCLuS donor 4 [Table 20]) and

cultured in a 24-well culture plate, before being rested for 48hrs to allow the post-slicing stress
period to elapse. Following this, PCLUS (n=12 per condition) were challenged with control
media, recombinant human TGF-B1 (10ng/ml) alone or in combination with (50ng/ml)
PDGFBP to stimulate fibrogenesis or IL1a (1ng/ml) to stimulate inflammation. Additionally,

PCLuS were treated with standard of care compounds Pirfenidone (2.5mM) and Nintedanib
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(2.5uM) or ALKS5i (10uM) to blunt fibrosis. Media, including all treatments, was refreshed at
24-hour intervals with conditioned media snap frozen for downstream analysis until the
terminal 144hr timepoint.

5.2.4 Primary cell line donor patient demographics
Primary fibroblast cell lines were generated from IPF donors detailed in Table 21 with ethical

approval (outlined in chapter 2).

Table 21: Primary cell line donor patient demographics

Smoking history

IPF Fib donor 1 M 61 Never smoked
IPF Fib donor 2 M 43 Never smoked
IPF Fib donor 3 M 53 Ex-smoker
IPF Fib donor 4 M 51 Never smoked
IPF Fib donor 5 M 61 Ex-smoker, 15pyh

5.2.5 Isolation and cryopreservation of primary human lung fibroblasts
Areas of parenchyma from IPF explant tissue were disrupted using a tissue mezzaluna to

generate 1mm? pieces of tissue. 10cm cell culture dishes (664-160, Greiner bio-one) were
scored using a scalpel to generate 5 x 5 crosshairs to aid tissue adhesion. Culture medium-
Dulbecco’s Modified Eagle’s Medium — high glucose (DMEM; D5671-500ml, Sigma)
supplemented with 1% Penicillin/Streptomycin (Sigma), 1% L-Glutamine and 10% Foetal
Bovine Serum (10500-064, Gibco)- was added to each tissue section and incubated at 37°C
supplemented with 5% CO; overnight. Media was replenished bi-weekly with tissue removal
occurring after 7 days. Once >4 crosshairs became confluent culture media was removed, cells
were detached using trypsin EDTA (PromoCell; C-41010), pelleted by centrifugation at 500g
for 4mins, resuspended in 15ml culture medium and transferred to a T75 cell culture flask
which was incubated at 37°C supplemented with 5% C0,. Media was replenished bi-weekly
until the flask was ~90% confluent, at which point fibroblasts were detached via trypsinisation
and counted using an EVE automatic cell counter (NanoEnTek). Cells were then pelleted at
500g for 4mins before being resuspended in Cryo-SFM (PromoCell; C-29912) freezing medium
at a density of ~1 million cells/vial and frozen at a rate of -1°C per minute in a Mr Frosty™ for

24 hours, prior to being moved to liquid nitrogen for long-term storage.

220



5.2.6 Testing of candidate compounds in primary lung fibroblasts
Primary fibroblasts previously isolated and cryopreserved from the parenchyma of IPF explant

tissue (outlined above) were reanimated (n=5 donor lines) in culture medium and transferred
to a T75 flask which was incubated at 37°c supplemented with 5% CO,. Media was replenished
bi-weekly until the flask was deemed confluent, at which point fibroblasts were detached via
trypsinisation, counted using an EVE automatic cell counter and seeded into a 96-well cell
culture plate at a density of 5,000 cells/well. Once cells were approximately 70% confluent,
plates were cultured for 24hrs in serum-free culture media before treatment with control
media, standard of care compounds Pirfenidone (2.5mM), Nintedanib (2.5uM), ALK5i (10uM)
or escalating doses (0.1uM, 1uM or 10uM) of candidate inhibitors (outlined in Table 22) for
24 hours in duplicate (n=2 wells per condition, n=5 donors, n=10 wells total). After 24hrs
challenge, conditioned media was snap frozen for further analysis and metabolic activity of

cells was assessed by resazurin (as described in chapter 2).
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Table 22: Candidate compounds for screening in PCLuS

Selected compounds Supplier Vehicle Reported in vitro IC50*
ITD-1 Selleckchem S6713 DMSO N/A
EMD 527040 Tocris 7508 DMSO 6nM-1.6uM
SB273005 Selleckchem S7540 DMSO 1.8nM-3nM (cell-free assay)
Cyclo (-RGDfK) Selleckchem S7834 DMSO 41.7nM
GLPG-0187 Tocris 7059 DMSO 1.2nM-7.7nM (cell-free assay)
Cilengitide Tocris 5870 Water | 4.1nM (avB3) and 70nM (avpB5)
Amlexanox Tocris 4857 DMSO N/A for S100-A13
BCI-137 Sigma 53155200001 DMSO 342uM
Forchlorfenuron Abcam ab143494 Water N/A
Acetazolamide Tocris 6742/100 DMSO N/A
Dorzolamide Selleckchem S1375 Water 1.9nM-31nM
Brinzolamide Selleckchem S3178 DMSO 3.19nM

IPA compounds

Tyrphostin AG490 Tocris 414 DMSO 2uM-13.5uM
GW9662 Tocris 1508 DMSO 3.3nM-2uM
T-5224 Selleckchem $8966 DMSO 4uM-10uM
Gefitinib Tocris 3000 DMSO 23nM -79nM
Raloxifene Tocris 2280 DMSO 1nM
Wortmannin Sigma W1628 DMSO 3nM
Lactacystin Tocris 2267 Water 4.8uM
Imatinib Tocris 5906/100 DMSO 38nM
Bisindolylmalemide | Selleckchem S$7208 DMSO ~20nM (cell-free assay)
Mifepristone Tocris 1479/100 DMSO 0.2nM-2.6nM
PLX5622 Selleckchem S8874 DMSO 16nM (cell-free assay)
Pyrrolidine Dithiocarbamate Selleckchem S$3633 DMSO N/A
Entinostat Tocris 6208 DMSO 0.18nM
Rapamycin Tocris 1292 DMSO ~0.1nM
Staurosporine Tocris 1285 DMSO 2.7nM (cell-free assay)
Napabucasin Selleckchem S7977 DMSO 291nM-1.19uM
Nelfanivir Tocris 3766 DMSO 2nM
Budesonide Tocris 2671/50 DMSO 1-10nM

*Reported IC50 values are generated from 2D cell culture assays (unless otherwise indicated) which
can vary depending on cell lines used for validation.
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5.2.7 Candidate compound patient demographics
PCLuS were generated from the donors detailed in Table 23 with ethical approval (outlined in

chapter 2).

Table 23: Candidate compound patient demographics

TLCO, mmol KCO, mmol

Donor Sex Age ‘ FEVL, L ‘ FVC, L ‘ TLC, L CO/min/kPa  CO/min/kPa Smoking history
IPF PCLUS
donor 6 M 37 1.27(33%) | 1.42(32%) | 3.10(49%) N/A N/A Never smoked
IPF PCLUS
donor 7 M 58 | 2.31(66%) | 2.56(58%) | 4.04(57%) | 2.14(22%) | 2.14(22%) Never smoked
IPF PCLUS
donor 8 F 47 1.20(47%) | 1.25(42%) N/A N/A N/A Never smoked
IPF PCLUS
donor 9 F 61 2.23(42%) | 2.66(44%) | 4.84(51%) N/A N/A Never Smoked

FEV1= forced expiratory volume in 1 second, FVC= forced vital capacity, TLC= total lung capacity, TLCO= carbon monoxide
transfer factor, KCO=carbon monoxide transfer coefficient and N/A= not available. Percentages of predicted values are in
parentheses.

5.2.8 Generation and treatment of PCLuS
To test candidate compounds at multiple doses, 4mm PCLuS were generated from explant IPF

tissue (n=4 donors; IPF PCLuS donors 6-9 [Table 23]) and rested for 48 hours, with media being
refreshed after 24 hours, to allow the post-slicing stress period to elapse. Next, PCLuS were
challenged with either control media, Pirfenidone (2.5mM), Nintedanib (2.5uM) or ALK5i
(10uM) to blunt fibrosis (n=10 PCLuS per condition, n=4 donors, n=40 PCLuS total).
Concurrently, PCLuS were challenged with 3 escalating doses (0.1uM, 1uM and 10uM) of each
candidate compound (n=6 PCLuUS per condition, n=4 donors, n=24 PCLuS total) outlined in
Table 3 and 4 to assess the ability to reduce pre-existing fibrosis. Media, including all
treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for
downstream analysis. At the terminal 144-hour timepoint, PCLuS were harvested for resazurin
assay to measure metabolic activity (see chapter 2).

5.2.9 ELISA
ELISA was performed on conditioned media (as described in chapter 2) using the following
DuoSet sandwich ELISA kits: Collagen 1al (R&D; DY6220), TIMP-1 (R&D; DY970) and IL-8 (R&D;
DY208).

5.2.10 Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.5.0. All results are presented as
mean * SEM. Due to the limited number of donor lines (n=5) and homogeny of cell

populations, statistical significance of secreted markers from in vitro cell culture was
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determined using non-parametric Kruskal-Wallis test with post-hoc Dunn’s multiple
comparisons test where *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical
significance of secreted markers from PCLuUS was determined using ANOVA with post-hoc
Dunnett’s test where *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, unless otherwise
indicated. Statistical analysis was performed on graphs in this chapter which show secreted
marker results as percentage change from baseline (T48 unstimulated PCLuS) after 96hours
treatment (T144). Briefly, secretion of pro-fibrotic and pro-inflammatory markers was
qguantified in PCLuS at T144 for each PCLuS donor, which was then subsequently subtracted
from the same PCLuS sample at T48 to provide a % change from baseline value for each
individual PCLuS. This normalisation accounts for the differences in the secretion of pro-
inflammatory and pro-fibrogenic markers between PCLuS, primarily driven by differences in
cellular composition, tissue density and presence/absence/numbers of fibroblastic foci and
provides a uniform approach to determine changes in the secretion of markers over the
duration of culture. Therefore, the “percentage change from baseline” are the data that
should be considered when observing the effects of any given treatment.

Assumption of Normal Distribution in PCLuS for parametric testing: PCLuS data is assumed to
follow a normal distribution, where approximately 95% of the data points fall within 2
standard deviations of the mean. Samples that fall outside this range are relatively rare and
are considered outliers, potentially distorting the overall data representation.

Minimisation of Outlier Impact: Outliers can significantly skew the mean, consequently
impacting the reliability of conclusions drawn from the data in the summary tables included
in the report. Consequently, all samples from a particular PCLuUS were excluded if values (%
change from baseline) were greater than 2 standard deviations from the mean of the other

PCLuS in the group.
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5.3 Results

5.3.1 Development of 96-well PCLUS methodology
We have previously optimised and validated a PCLuS methodology which can be used to

explore disease pathomechanisms and test efficacy of therapeutic targets in human lung
tissue. To achieve this, 8mm diameter, 450um-thick PCLuS are generated from diseased
explant lung tissue and cultured in a 24-well format. However, access to large quantities of
human tissue remains one of the main limiting factors, often restricting how many compounds
and/or doses can be tested in a single experiment. Consequently, work in this chapter aimed
to develop a reproducible 96-well PCLuUS culture system from IPF-derived human tissue, which
could then be used for medium-throughput screening of novel therapeutics in a dose-

dependent manner for a larger volume of compounds.

To begin optimising this new methodology, 3mm (450uM-thick) and 4mm (450uM-thick)
diameter PCLuS were generated from the same IPF explant donor (IPF PCLuUS donor 4; n=20
PCLuS per condition for both diameter PCLuS), placed in a 96-well transwell insert in a 96-well
cell culture plate and rested for 48 hours, with media being refreshed after 24 hours. Once
the post-slicing stress period elapsed, PCLuS were challenged with control media,
recombinant IL1a (1ng/ml), TGF-B1 (10ng/ml) alone or in combination with PDGFBB (50ng/ml)
to induce inflammation and fibrogenesis, respectively. Alongside this, PCLuS were challenged
with anti-fibrotic compounds including standard of care (SoC) compounds (Pirfenidone and
Nintedanib) and ALK5i to assess the ability to blunt pre-existing inflammation and fibrosis.
Media, including all treatments, was refreshed at 24-hour intervals with conditioned media
snap frozen for downstream analysis. Control PCLuS (n=6 for each size PCLuUS) were harvested
for resazurin assay at 24-hour intervals to determine metabolic activity, until termination at

T144 (Figure 106A).

First, to assess whether IPF-derived PCLuS remained viable in culture, quantification of
metabolic activity (Figure 106B) and a soluble marker of cellular death (LDH) (Figure 106C) was
performed at each timepoint for both 3mm and 4mm PCLuS. Results showed that both
diameter PCLuS remained metabolically active at each time point, maintaining at least 70% of
resazurin compared to TO tissue. Furthermore, after an initial post-slicing spike in LDH in the
first 48 hours, the level of cellular damage was reduced and maintained in both diameter

PCLuS, suggested there was no significant reduction in cell viability.
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Figure 106: Assessment of 3mm and 4mm PCLuS viability A) 3mm and 4mm (450uM-thick) PCLuS
were generated from the same IPF explant donor and cultured in a 96-well cell culture plate. PCLuUS
(n=20 per condition) were allowed to rest for 48hrs before challenge with either control media, IL1a
(1ng/ml), TGF-B1 (10ng/ml) alone or in combination with PDGFBB (50ng/ml), anti-fibrotic compounds
including Pirfenidone (2.5mM) and Nintedanib (2.5uM) or ALK5i (10uM). Media, including all
treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for downstream
analysis. Additionally, control PCLuS (n=6 per day) were harvested at 24-hour intervals for resazurin
assay throughout culture. Quantification of metabolic activity via B) Resazurin and cell damage via C)

LDH was used as an indicator of PCLuUS viability.
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Having confirmed that PCLuS remained viable in 96-well cell culture plates, we next sought to
ascertain whether treatment with exogenous stimuli could effectively modulate fibrosis and
inflammation. First, quantification of soluble IL-8 was performed via ELISA on conditioned
culture media of IL1a- challenged PCLuS as a marker of inflammation. Results showed that
IL1a stimulation significantly increased secretion of IL-8 (p<0.0001) in both 3mm and 4mm
PCLuS at each timepoint of culture, confirming effective induction of a pro-inflammatory
response (Figure 107). Next, to evaluate response to pro-fibrogenic stimuli, quantification of
soluble collagen 1al was performed on conditioned media from TGF-B1- and TGF-
B1/PDGFBB- challenged PCLuS. Results confirmed that, at the end of culture, TGF-B1/PDGFpBB-
challenged PCLuS secreted significantly more collagen 1al (p<0.0001) than unstimulated
slices in both 3mm and 4mm PCLuS. Additionally, 4mm PCLuS, but not 3mm PCLuS, challenged
with TGF-B1 were also found to significantly increase collagen 1lal secretion (p<0.0001)

(Figure 108).

To interrogate this further and normalise for tissue heterogeneity, additional analysis was
performed to assess the individual response of each slice by plotting % change in protein from
baseline (after 48 hours rest). Results for both pro-inflammatory (Figure 107B, D) and pro-
fibrotic (Figure 108B, D) stimuli demonstrated that overall PCLuS responded in a consistent
manner to stimulation and was therefore reproducible between slices. For example, once
normalised, both 3mm and 4mm PCLuS challenged with TGF-B1/PDGFBB resulted in a
significant increase in collagen 1lal at 120hrs (p<0.05) and 144hrs (p<0.0001) with no

significant increase in response to TGF-B1 alone (Figure 108B, D).

Next, to assess whether anti-fibrotic compounds were able to blunt fibrosis in the 96-well
format, quantification of collagen 1al secretion was performed on conditioned media from
PCLuS treated with SoC compounds and ALK5i at each time point. Once normalised to %
change from baseline (T48), results determined a significant reduction in collagen lal
secretion in response to ALK5i and Nintedanib (p<0.0001), with a smaller reduction in 3mm
PCLuS treated with Pirfenidone (p<0.01) (Figure 109B, D). Taken together, these data
confirmed that both 3mm and 4mm diameter PCLuUS remained viable throughout culture and

were responsive to modulation via exogenous stimuli and anti-fibrotic compounds.
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Figure 107: Quantification of soluble IL-8 in IL1a-challenged PCLUS 3mm and 4mm (450uM-thick)
PCLuS were generated from the same IPF explant donor and cultured in a 96-well cell culture plate.
PCLuS (n=20 per condition) were allowed to rest for 48hrs before challenge with either control
media or IL1a (1ng/ml). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis. Quantification of secreted IL-8 was
performed via ELISA at each time-point and plotted as A, C) absolute pg/ml and normalised to B, D)
% change from T48 baseline. All data are mean + SEM. Statistical significance was determined using
multiple unpaired t-tests (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 108: Quantification of soluble collagen 1al in fibrotic stimuli-challenged PCLuUS 3mm and
4mm (450uM-thick) PCLuS were generated from the same IPF explant donor and cultured in a 96-well
cell culture plate. PCLUS (n=20 per condition) were allowed to rest for 48hrs before challenge with
either control media, TGF-B1 (10ng/ml) alone or in combination with PDGFBB (50ng/ml). Media,
including all treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for
downstream analysis. Quantification of secreted collagen 1al was performed via ELISA at each time-
point and plotted as A, C) absolute pg/ml and normalised to B, D) % change from T48 baseline.. All
data are mean * SEM. Statistical significance was determined using two-way ANOVA with multiple
comparisons test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 109: Quantification of soluble collagen 1al in anti-fibrotic- challenged PCLuS 3mm and
4mm (450uM-thick) PCLuS were generated from the same IPF explant donor and cultured in a 96-
well cell culture plate. PCLuS (n=20 per condition) were allowed to rest for 48hrs before challenge
with either control media, anti-fibrotic compounds including Pirfenidone (2.5mM) and Nintedanib
(2.5uM) or ALKS5i (10uM). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis. Quantification of secreted collagen 1al
was performed via ELISA at each time-point and plotted as A, C) absolute pg/ml and normalised
to B, D) % change from T48 baseline. All data are mean + SEM. Statistical significance was
determined using two-way ANOVA with multiple comparisons test (*p<0.05, **p<0.01,
**%*p<0.001 and ****p<0.0001).
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To confirm that results from the 96-well system faithfully recapitulated the previously
validated 24-well methodology, 8mm diameter PCLuUS were also generated from the same IPF
donor tissue, cultured in a 24-well culture plate (n=12 PCLuS per condition) and treated in
parallel to the 96-well PCLuS, following the experimental outline detailed above (Figure 106A).
Using the same panel of secreted markers, we established that 8mm similarly increased IL-8
secretion in response to IL1a stimulation at each timepoint of culture (p<0.0001) (Figure 110A,
B). Additionally, PCLuS significantly increased collagen 1al secretion in response to pro-
fibrogenic stimuli (p<0.0001) (Figure 110C, D), whilst treatment with Nintedanib (p<0.001) and
ALK5i (p<0.001), but not Pirfenidone, was able to blunt collagen 1al secretion (Figure 110E,
F).

Based on these results, 4mm diameter PCLuUS were selected for further optimisation and
validation was performed in PCLuUS generated from additional IPF donor tissue (n=20 PCLuS
per condition, n=3 donors, n=60 PCLuS total) as previously described (Figure 106A).
Quantification of soluble markers was used to confirm effective modulation of fibrosis at T144,
with results normalised to % change from baseline (T48 unstimulated PCLuS) to allow
comparison of donors. Results confirmed that PCLuS responded in a consistent manner to
stimulation whereby IL1a- challenged PCLuS significantly increased secretion of [L-8
(p<0.0001) (Figure 111B) and TGF-B1 and TGF-B1/PDGFBB-challenged PCLuS significantly
increased secretion of collagen 1al (p<0.05 and p<0.001) (Figure 111D). Furthermore, we
established that Pirfenidone, Nintedanib and ALK5i all demonstrated strong anti-
inflammatory and anti-fibrotic effects in all donors as quantified by IL-8 and collagen 1a1l,

respectively (Figure 112).

These data supported the conclusion that the 4mm PCLuS, 96-well cell culture methodology
was a robust, reproducible model and could subsequently be used to test candidate

compounds (n=30) previously identified in chapter 4, at multiple doses.
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Figure 110: Modulation of 8mm diameter PCLUS 8mm PCLuS were generated from the same IPF
explant donor and cultured in a 24-well cell culture plate. PCLuS (n=12 per condition) were allowed to
rest for 48hrs before challenge with either control media, IL1a (1ng/ml), TGF-B1 (10ng/ml) alone orin
combination with PDGFBB (50ng/ml). Concurrently, PCLuS were treated with anti-fibrotic compounds
including Pirfenidone (2.5mM) and Nintedanib (2.5uM) or ALK5i (10uM). Media, including all
treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for downstream
analysis. Quantification of secreted IL-8 was performed via ELISA at each time-point and plotted as A)
aboslute pg/ml and B) % change from T48 baseline. Collagen 1al was quantified in fibrotic stimuli-
challenged PCLuS and presented as C) absolute pg/ml and D) % change from T48 baseline and anti-
fibrotic- treated PCLuUS were presented as E) aboslute pg/ml and F) % change from T48. All data are
mean * SEM. Statistical significance was determined using multiple unpaired t-tests or two-way
ANOVA with Dunnett’s multiple comparisons test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 111: Validation of 4mm PCLuS response to exogenous stimuli (n=3 donors) 4mm (450uM-
thick) PCLuS were generated from IPF explant donors (n=3 donors) and cultured in a 96-well cell
culture plate. PCLuS (n=20 per condition, n=3 donors, n=60 PCLuS total) were allowed to rest for 48hrs
before challenge with either control media, IL1a (1ng/ml), TGF-B1 (10ng/ml) alone or in combination
with PDGFBB (50ng/ml). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis. Quantification of secreted IL-8 was
performed via ELISA at T144 and plotted as A) absolute pg/ml and B) % change from T48 baseline for
control and IL1a-challenged PCLuS. Quantification of secreted collagen 1al was performed via ELISA
at T144 and plotted as C) absolute pg/ml and D) % change from T48 baseline for control, TGF-f1—
challenged and TGF-B1/PDGFBB-challenged PCLuS. All data are mean + SEM. Statistical significance
was determined on graphs B and D using unpaired t-tests or one-way ANOVA with Dunnett’s multiple
comparisons test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 112: Validation of 4mm PCLuS response to anti-fibrotic compounds (n=3 donors) 4mm
(450uM-thick) PCLuS were generated from IPF explant donors (n=3 donors) and cultured in a 96-well
cell culture plate. PCLuUS (n=20 per condition, n=3 donors, n=60 PCLuS total) were allowed to rest for
48hrs before challenge with either control media, anti-fibrotic compounds including Pirfenidone
(2.5mM) and Nintedanib (2.5uM) or ALK5i (10uM). Media, including all treatments, was refreshed at
24-hour intervals with conditioned media snap frozen for downstream analysis. Quantification of
secreted IL-8 was performed via ELISA at T144 and plotted as A) absolute pg/ml and B) % change from
T48 baseline for control and IL1a-challenged PCLuS. Quantification of secreted collagen 1al was
performed via ELISA at T144 and plotted as C) absolute pg/ml and D) % change from T48 baseline for
control, TGF-Bl—challenged and TGF-B1/PDGFBB-challenged PCLuS. All data are mean + SEM.
Statistical significance was determined on graphs B and D using one-way ANOVA with Dunnett’s
multiple comparisons test (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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5.3.2 Investigation of selected candidate compounds

5.3.2.1 Candidate selected compounds in 2D primary cell model
Before progressing to screen compounds of interest in our validated 96-well PCLuS model, we

first investigated selected compounds (Table 22) in traditional 2D in vitro cell culture models.
Here, IPF-derived primary lung fibroblasts (n=5 donors) were seeded into 96-well cell culture
plates and, once ~70% confluent, serum-starved for 24hrs prior to treatment with control
media, standard of care compounds (Pirfenidone and Nintedanib), ALK5i or escalating doses
(0.1uM, 1uM or 10uM) of selected inhibitors for 24 hours (n=2 wells per condition, n=5 donors,
n=10 wells total). Media was harvested at T48 and snap frozen for downstream analysis before
fibroblasts were incubated with resazurin to determine metabolic activity of cells at the end
of culture (Figure 113A). To enable comparison between multiple cell lines, resazurin was then
normalised to % change from control fibroblasts for each donor line and an arbitrary 70%
threshold was applied where compounds/doses which resulted in <70% metabolic activity
compared to unstimulated cells was deemed to have negatively impacted cellular function.
Following this, quantification of soluble pro-fibrogenic markers (collagen 1al and TIMP-1) was

performed via ELISA to determine potential anti-fibrotic effects of selected compounds.

First, assessment of fibroblasts treated with SoC compounds was performed in the hope that
this would provide a benchmark for candidate compounds. However, results showed that
though metabolic activity of ALKSi-challenged fibroblasts was comparable to unstimulated
cells, treatment with Pirfenidone and Nintedanib resulted in a considerable reduction of
resazurin below the 70% viability threshold, suggesting a negative impact on cellular function
(Figure 113B). Interestingly, analysis of soluble pro-fibrogenic markers also found no reduction
in collagen 1al or TIMP-1 secretion in response to anti-fibrotic compounds, except for
Nintedanib-challenged PCLuS which significantly reduced TIMP-1 secretion (p<0.01) (Figure
113F). However, as Nintedanib was shown to reduce metabolic activity by more than 50%,

this reduction was likely due to decreased cellular viability.

Next, we proceeded to investigate the selected candidate compounds for viability and
efficacy. Evaluation of metabolic activity demonstrated that all compounds were generally
well tolerated at the lower 0.1uM and 1um doses and did not affect metabolic activity of cells
after 24-hour challenge. However, the higher 10uM dose of SB273005, Cyclo —-(RGDfK) and

GLPG-0187 all resulted in <70% of resazurin activity compared to control fibroblasts in 3 or
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more donor lines (Figure 114). Consequently, doses/compounds which reduced metabolic
activity below 70% were excluded from further analysis in relevant donor cell lines, as shown
by blank values in summary tables (Figure 115B; Figure 116B). Quantification of soluble
collagen 1al (Figure 115) and TIMP-1 (Figure 116) was then performed in the conditioned
culture media of cells challenged with each inhibitor and normalised to % change from control
fibroblasts to allow comparison between donors. Interestingly, results showed no substantial
decrease in pro-fibrogenic markers in response to selected inhibitors at any dose, including

the highest 10uM dose.

Here, compound screening in 2D cell culture models demonstrated that though selected
inhibitors were well tolerated at the lower doses of each inhibitor, treatment with the highest
10uM dose frequently resulted in a reduction in cellular viability. Conversely, lower doses of
candidate compounds had no beneficial effect on secretion of pro-fibrotic markers after 24-
hours treatment. Similarily, none of the selected compounds resulted in a significant reduction
in collagen 1al and TIMP-1 at the highest 10uM dose. Overall, these data highlight the limited
ability of the selected compounds to inhibit secretion of pro-fibrotic proteins in 2D pulmonary

fibroblasts.
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Figure 113: Validation of IPF-derived primary fibroblast viability after selected inhibitor challenge A)
IPF-derived primary lung fibroblasts (n=5 donors) were seeded into 96-well cell culture plates and,
once ~70% confluent, serum-starved for 24 hours prior to treatment with control media, standard of
care compounds Pirfenidone (2.5mM) and Nintedanib (2.5uM), ALK5i (10uM) or escalating doses
(0.1uM, 1uM or 10uM) of selected inhibitors for 24 hours (n=2 wells per condition, n=5 donors, n=10
wells total). Media was harvested at T48 and snap frozen for downstream analysis before fibroblasts
were incubated with resazurin to determine metabolic activity of cells at the end of culture. B)
Resazurin assay performed at T48 presented as the average % of control for each donor (where red
dashed line represents arbitrary 70% viability threshold). Quantification of secreted Collagen 1al and
TIMP-1 was performed on conditioned media via ELISA and plotted as C-D) absolute pg/ml per donor
and E-F) average % change from control for each donor. All data are mean + SEM. Statistical
significance was determined on graphs E and F using Kruskal-Wallis test with post-hoc Dunn’s multiple
comparisons test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 114: Validation of IPF-derived primary fibroblast viability after selected inhibitor challenge
IPF-derived primary lung fibroblasts (n=5 donors) were seeded into 96-well cell culture plates and,
once ~70% confluent, serum-starved for 24 hours prior to treatment with control media, standard of
care compounds Pirfenidone (2.5mM) and Nintedanib (2.5uM), ALK5i (10uM) or escalating doses
(0.1uM, 1uM or 10uM) of selected inhibitors for 24 hours (n=2 wells per condition, n=5 donors, n=10
wells total). Media was harvested at T48 and snap frozen for downstream analysis before fibroblasts
were incubated with resazurin to determine metabolic activity of fibroblasts at the end of culture. A)
Resazurin was normalised to average % of control for each donor (green values indicate resazurin
values 270% of control, yellow 50-69% of control and orange/red <50% of control). and B) average %
change graphed for each selected inhibitor (where red dashed line represents arbitrary 70% viability

threshold) per donor. All data are mean + SEM.
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Figure 115: Quantification of Secreted collagen 1al frgm IPF-derived pr?n%ry fibroblasts after
selected inhibitor challenge Collagen 1al secretion was quantified via ELISA after 24-hour inhibitor
challenge (n=5 donors, n=2 wells per donor, n=10 samples total) and presented as A) XY graphs
depicting resazurin (normalised to control fibroblasts) as a measure of tissue viability vs average %
reduction of collagen 1al (compared to control fibroblasts) in response to 0.1uM, 1uM or 10uM of
each selected inhibitor. Red dashed vertical line at 70% denotes viability threshold (30% reduction
compared to control fibroblasts). Dashed lines crossing y-axis mark 20% reduction (green), 45%
reduction (orange) and 70% reduction (dark red) compared to collagen 1al secretion from control
fibroblasts (solid black line). B) Collagen 1a1l values normalised to control fibroblasts for each donor
and presented as % of control. Blank values represent results excluded from further analysis due to
resazurin falling below viability threshold (<70% of control fibroblasts). The 10uM dose of all
candidate compounds were plotted as C) average absolute pg/ml per donor and D) average %
change from control fibroblasts where red dashed line denotes unchallenged control fibroblasts. All
data are mean + SEM. Statistical significance was determined using Kruskal-Wallis test with post-hoc
Dunn’s multiple comparisons test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 116: Quantification of secreted TIMP-1 from IPF-derived primary fibroblasts after selected
inhibitor challenge TIMP-1 secretion was quantified via ELISA after 24-hour inhibitor challenge (n=5
donors, n=2 wells per donor, n=10 samples total) and presented as A) XY graphs depicting resazurin
(normalised to control fibroblasts) as a measure of tissue viability vs average % reduction of TIMP-1
(compared to control fibroblasts) in response to 0.1uM, 1uM or 10uM of each selected inhibitor. Red
dashed vertical line at 70% denotes viability threshold (30% reduction compared to control
fibroblasts). Dashed lines crossing y-axis mark 20% reduction (green), 45% reduction (orange) and 70%
reduction (dark red) compared to TIMP-1 secretion from control fibroblasts (solid black line). B) TIMP-
1 values normalised to control fibroblasts for each donor and presented as % of control. Blank values
represent results excluded from further analysis due to resazurin falling below viability threshold
(<70% of control fibroblasts). The 10uM dose of all candidate compounds were plotted as C) average
absolute pg/ml per donor and D) average% change from control fibroblasts where red dashed line
denotes unchallenged control fibroblasts. All data are mean + SEM. Statistical significance was
determined using Kruskal-Wallis test with post-hoc Dunn’s multiple comparisons test(*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001).
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5.3.2.2 Candidate selected compounds in PCLuS human tissue model
Tointerrogate the selected inhibitors in a more clinically relevant model of pulmonary fibrosis,

candidate compounds were further assessed in IPF-derived PCLuS (n=4 donors). Once
generated, PCLuS (n=10 PCLuS per condition, n=4 donors, n=40 PCLuS total) were rested for
48 hours before challenge with either control media, SoC compounds or ALK5i to blunt fibrosis.
Concurrently, PCLuS were challenged with 3 escalating doses (0.1uM, 1uM and 10uM) of each
selected compound to assess the ability to reduce pre-existing inflammation and fibrosis (n=6
PCLuS per condition, n=4 donors, n=24 PCLuS total). Media, including all treatments, was
refreshed at 24-hour intervals with conditioned media snap frozen for downstream analysis
before PCLuS were harvested at T144 for resazurin. Results were normalised to % of control
PCLuS for each donor (Figure 117A). Following this, quantification of soluble collagen 1al,
TIMP-1 and IL-8 was performed in the conditioned media of the final timepoint of culture to
evaluate individual compound effects on fibrosis and inflammation (absolute pg/ml values

available in Appendix G; Figures 1-4).

Using this panel of secreted markers, we first established that Pirfenidone, Nintedanib and
ALKS5i all demonstrated strong anti-inflammatory and anti-fibrotic effects (Figure 117D-F [),
whilst maintaining a level of metabolic activity which was comparable to control PCLuS (Figure
117C). This confirmed that all IPF donor tissue could be effectively modulated via established
anti-fibrotic SoC therapeutics without impacting tissue viability, therefore providing a suitable

benchmark for candidate compound efficacy.

Subsequent evaluation of PCLuS viability in response to selected compound treatment
confirmed that each candidate inhibitor was well tolerated in all donor PCLuS, though IPF
donor 3 appeared to be more sensitive to multiple compounds (Figure 117B). Next,
quantification of soluble pro-fibrogenic markers in the culture media collected at T144
(normalised to % change from baseline T48 secretion), found that all 12 inhibitors were able
to significantly reduce collagen 1al secretion at multiple doses, often in a dose dependent
manner (Figure 118). To interrogate this in more depth and normalise for donor
heterogeneity, further analysis was performed by normalising % change in protein secretion
throughout culture to control PCLuS for each IPF donor (Figure 119A). Interestingly, though
initial screening identified a strong average reduction in collagen 1al secretion in response to

inhibitor treatment, assessment of individual donor response to each inhibitor highlighted
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varying degrees of compound efficacy across the different IPF donors. For example, after 96
hours treatment with 10uM Amlexanox, PCLuS derived from IPF donor 1 and IPF donor 2
demonstrated ~87% reduction of collagen 1al compared to their control PCLuS, whereas
PCLuS from IPF donor 3 and 4 reduced collagen 1al secretion by 43% and 42%, respectively.
One possible explanation for this is differences in patient demographics including ageing,

biological sex, lifestyle, ethnicity and genetics.

Average viability and efficacy of all 4 donors was then determined by plotting the average %
reduction of collagen 1lal secretion compared to untreated PCLuS against normalised
resazurin values for each inhibitor dose (Figure 119B). Results were then summarised in a
table applying the following criteria: one tick represents 20-44% reduction (slight), two ticks
show a 45-69% reduction (moderate), whilst three ticks represent the most potent
attenuation in each marker, >70% reduction (strong) (Figure 119C). This confirmed that the
majority of selected inhibitors were able to reduce collagen 1al secretion by 45-69% at

varying doses but failed to surpass the efficacy of SoC therapeutics (70%+ reduction).

Further assessment of pro-fibrogenic markers found that 7 of the 12 candidate compounds
were able to significantly reduce TIMP-1 secretion at various doses, with GLPG-0187 (Figure
120E), Cilengitide (Figure 120F) and Dorzolamide (Figure 120K) showing the highest
attenuation at 0.1uM, 1uM and 10uM doses compared to T48 baseline PCLuS. However,
normalisation to % change from control PCLuS revealed that these 3 inhibitors, along with
0.1uM BCL-137, fell into the slight reduction subclassification, failing to surpass the efficacy of
Pirfenidone (35% reduction from control PCLuS), Nintedanib (58% reduction from control

PCLuS) and ALK5i (50% reduction from control PCLuS) (Figure 121).

Alongside pro-fibrogenic markers, we also sought to identify any potential anti-inflammatory
effects of selected inhibitors through quantification of soluble IL-8, a key cytokine widely
released during inflammation. After normalisation to baseline secretion, results confirmed
that PCLuS significantly reduced IL-8 secretion in response to all inhibitors (except KT-30) at
various doses (Figure 122). Of these, GLPG-0187 (a potent av integrin inhibitor) demonstrated
the most significant reduction in soluble IL-8 at 0.1uM (p<0.001), 1uM (p<0.0001) and 10uM
(p<0.0001) (Figure 122E). Additional normalisation to % change from control PCLuS further
demonstrated varying degrees of drug efficacy across the different IPF donors, with IPF donor
4 showing the highest % reduction of IL-8 in response to several inhibitor compounds,
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particularly GLPG-0187, Cilengitide, Amlexanox and Acetazolamide (Figure 123A). Consistent
with initial findings, analysis of average efficacy revealed that GLPG-0187- challenged PCLuUS
had the highest % reduction in IL-8 secretion at 1uM (61% reduction from control PCLuS) and
10uM (56% reduction from control PCLuS) doses, alongside 0.1uM SB273005 (56% reduction
from control PCLuS) (Figure 123C). These results were comparable to treatment with
Nintedanib (64% reduction from control PCLuS) and ALK5i (64% reduction from control
PCLuS). However, Pirfenidone remained the most potent anti-inflammatory compound with a

76% reduction in IL-8 secretion compared to control PCLuS (Figure 123B).

In contrast to findings in vitro, compound screening in our PCLUS model demonstrated that
candidate inhibitors were well tolerated in whole tissue models of disease (including the
highest 10uM dose), whilst exerting considerable anti-fibrotic and anti-inflammatory effects
at all doses, including lower 0.1uM and 1uM treatments. Taken together, these data
demonstrated that inhibitory compounds targeting significantly upregulated proteins in the
normal and intermediate regions of IPF were able to effectively blunt pro-fibrotic and pro-

inflammatory markers in our ex vivo PCLUS model, supporting a role in disease pathogenesis.
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Figure 117: Validation of IPF-derived PCLuS viability for assessment of selected compounds A) PCLuS
were generated from explant IPF tissue (n=4 donors) with slices (n=10 per condition) being rested for
48 hours before challenge with either control media, standard of care compounds Pirfenidone
(2.5mM) and Nintedanib (2.5uM) or ALK5i (10uM) to blunt fibrosis (n=10 PCLuS per condition, n=4
donors, n=40 PCLuS total). Concurrently, PCLuS were challenged with 3 escalating doses (0.1uM, 1uM
and 10uM) of each candidate compound (n=6 per condition) to assess the ability to reduce pre-existing
fibrosis (n=6 PCLuS per condition, n=4 donors, n=24 PCLuS total). Media, including all treatments, was
refreshed at 24-hour intervals with conditioned media snap frozen for downstream analysis before
PCLuUS were harvested at T144 for resazurin as an indicator of tissue viability. B) Resazurin assay
performed at T144 presented as the average % of control (for n=6 slices) per candidate compound for
each donor (green values indicate resazurin values >70% of control and yellow 50-69% of
control).Quantification of C) Resazurin (where red dashed line represents arbitrary 70% viability
threshold) D) Collagen 1al, E) TIMP-1 and F) IL-8 was performed on T144 media via ELISA and plotted
as average % change from baseline (T48 unstimulated PCLuS) (n=40 PCLuS per condition) to confirm
tissue could be effectively modulated. All data are mean + SEM. Statistical significance was determined
using ANOVA with post-hoc Dunnett’s test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 118: Validation of collagen 1al secretion in selected compound- challenged PCLuS PCLuS were
generated from explant IPF tissue (n=4 donors) with slices (n=6 per condition) being rested for 48 hours
before challenge with either control media or 3 escalating doses (0.1uM, 1uM and 10uM) of each
candidate compound to assess the ability to reduce pre-existing fibrosis (n=6 PCLuS per condition, n=4
donors, n=24 PCLuS total). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLuUS were harvested for resazurin at
T144 as an indicator of tissue viability. Quantification of Collagen 1a1 was performed via ELISA on T144
media and plotted as A-L) average % change from baseline (T48 unstimulated PCLuS) (n=6 conditioned
media per donor, n=4 donors, n=24 samples total) to assess potential anti-fibrotic affects. All data are
mean + SEM. Statistical significance was determined using ANOVA with post-hoc Dunnett’s test
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Collagen 1al- IPF-derived PCLuS
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Figure 119: Normalised collagen 1lal secretion in selected compound- challenged PCLuS
Quantification of collagen 1al, previously normalised to % change from baseline (T48 unstimulated
PCLuS) was further normalised to A) % change from control PCLuS at T144 for each explant IPF donor
(n=4 donors) to allow assessment of % reduction of collagen 1al in response to 96-hour selected
compound challenge. B) XY graphs depict resazurin (normalised to control PCLuS) as a measure of
tissue viability vs average % reduction of collagen 1al (n=4 donors) in response to 0.1uM, 1uM or
10uM of each selected inhibitor. Red dashed vertical line at 70% denotes viability threshold (30%
reduction compared to control PCLuS). Dashed lines crossing y-axis mark 20% reduction (green), 45%
reduction (orange) and 70% reduction (dark red) compared to collagen 1al secretion from control
slices (solid black line) C) Average % reduction of collagen 1al (n=4 donors) summarised as one green
tick for 20% reduction, two orange ticks for 45% reduction and three red ticks for 70% + reduction in
Collagen 1al vs control PCLuUS for compounds deemed not to have significantly impacted tissue
viability.
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TIMP-1- IPF-derived PCLuUS
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Figure 120: Validation of TIMP-1 secretion in selected compound- challenged PCLuS PCLuS were
generated from explant IPF tissue (n=4 donors) with slices (n=6 per condition) being rested for 48
hours before challenge with either control media or 3 escalating doses (0.1uM, 1uM and 10uM) of
each candidate compound to assess the ability to reduce pre-existing fibrosis (n=6 PCLuUS per
condition, n=4 donors, n=24 PCLuS total). Media, including all treatments, was refreshed at 24-hour
intervals with conditioned media snap frozen for downstream analysis before PCLuS were harvested
for resazurin at T144 as an indicator of tissue viability. Quantification of TIMP-1 was performed via
ELISA on T144 media and plotted as A-L) average % change from baseline (T48 unstimulated PCLuS)
(n=6 conditioned media per donor, n=4 donors, n=24 samples total) to assess potential anti-fibrotic
affects. All data are mean = SEM. Statistical significance was determined using ANOVA with post-hoc
Dunnett’s test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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TIMP-1- IPF-derived PCLuS
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Figure 121: Normalised TIMP-1 secretion in selected compound- challenged PCLuS Quantification of
TIMP-1, previously normalised to % change from baseline (T48 unstimulated PCLuS) was further
normalised to A) % change from control PCLuS at T144 for each explant IPF donor (n=4 donors) to allow
assessment of % reduction of TIMP-1 in response to 96-hour selected compound challenge. B) XY
graphs depict resazurin (normalised to control PCLuUS) as a measure of tissue viability vs average %
reduction of TIMP-1 (n=4 donors) in response to 0.1uM, 1uM or 10uM of each selected inhibitor. Red
dashed vertical line at 70% denotes viability threshold (30% reduction compared to control PCLuS).
Dashed lines crossing y-axis mark 20% reduction (green), 45% reduction (orange) and 70% reduction
(dark red) compared to TIMP-1 secretion from control slices (solid black line). C) Average % reduction
of TIMP-1 (n=4 donors) summarised as one green tick for 20% reduction, two orange ticks for 45%
reduction and three red ticks for 70% + reduction in TIMP-1 vs control PCLuS for compounds deemed
not to have significantly impacted tissue viability.
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IL-8- IPF-derived PCLuUS
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Figure 122: Validation of IL-8 secretion in selected compound- challenged PCLuS PCLuS were
generated from explant IPF tissue (n=4 donors) with slices (n=6 per condition) being rested for 48 hours
before challenge with either control media or 3 escalating doses (0.1uM, 1uM and 10uM) of each
candidate compound to assess the ability to reduce pre-existing inflammation (n=6 PCLuUS per
condition, n=4 donors, n=24 PCLuS total). Media, including all treatments, was refreshed at 24-hour
intervals with conditioned media snap frozen for downstream analysis before PCLuUS were harvested
for resazurin at T144 as an indicator of tissue viability. Quantification of IL-8 was performed via ELISA
on T144 media and plotted as A-L) average % change from baseline (T48 unstimulated PCLuS) (n=6
conditioned media per donor, n=4 donors, n=24 samples total) to assess potential anti-inflammatory
affects. All data are mean * SEM. Statistical significance was determined using ANOVA with post-hoc
Dunnett’s test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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IL-8- IPF-derived PCLuUS
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Figure 123: Normalised IL-8 secretion in selected compound- challenged PCLuS Quantification of IL-
8, previously normalised to % change from baseline (T48 unstimulated PCLuS) was further normalised
to A) % change from control PCLuS at T144 for each explant IPF donor (n=4 donors) to allow assessment
of % reduction of IL-8 in response to 96-hour selected compound challenge. B) XY graphs depict
resazurin (normalised to control PCLuS) as a measure of tissue viability vs average % reduction of IL-8
(n=4 donors) in response to 0.1uM, 1uM or 10uM of each selected inhibitor. Red dashed vertical line
at 70% denotes viability threshold (30% reduction compared to control PCLuS). Dashed lines crossing
y-axis mark 20% reduction (green), 45% reduction (orange) and 70% reduction (dark red) compared to
IL-8 secretion from control slices (solid black line). C) Average % reduction of IL-8 (n=4 donors)
summarised as one green tick for 20% reduction, two orange ticks for 45% reduction and three red
ticks for 70% + reduction in IL-8 vs control PCLuS for compounds deemed not to have significantly
impacted tissue viability.
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5.3.2.3 Comparing selected compound efficacy in different pre-clinical models
To gain a robust understanding of compound efficacy in multiple systems, work in this project

utilised a comparative analysis approach to discern whether results obtained from 2D cell
culture models would translate to more complex, 3D tissue models of disease. Results
acquired from in vitro and ex vivo compound screening of selected inhibitors identified several
differences between systems (Figure 124). First, evaluation of SoC compounds revealed that
whilst Pirfenidone and Nintedanib appeared to negatively impact cellular function in 2D cell
culture models (Figure 125A), SoC compounds had no detrimental effect on PCLuS viability
throughout culture (Figure 125B). Moreover, we found that anti-fibrotic compounds had no
impact on secretion of pro-fibrogenic markers in vitro (Figure 126A, Figure 127A), whilst

exerting potent anti-fibrotic effects in IPF-derived PCLuS (Figure 126B, Figure 127B).

Interestingly, quantification of resazurin highlighted numerous inconsistencies in metabolic
activity between models in response to candidate compounds. For example, the highest dose
of SB273005 (Figure 125C), Cyclo —(RGDfK) (Figure 125E) and GLPG-0187 (Figure 125G) all
resulted in >30% reduction of resazurin activity compared to control fibroblasts. However, in
PCLuS, all 3 compounds maintained a consistent level of metabolic activity and did not impact
overall tissue viability, though we were unable to directly assess potential cell-specific death
in PCLuS (Figure 125D, F, H). Similarily, evaluation of soluble collagen 1al1 and TIMP-1 revealed
that whilst several candidate compounds had no beneficial effect in 2D cell culture, they could
significantly reduce soluble pro-fibrogenic marker secretion in ex vivo PCLuUS (Figure 126,

Figure 127C-F).

These results demonstrate that compounds/doses which may be deemed non-viable or
ineffective in conventional 2D systems, can be well tolerated and exert anti-fibrotic effects in
more clinically relevant PCLUS models. Consequently, it is important to consider the inherent
limitations and advantages of each model when screening compounds as we established that
in vitro testing alone poses the risk of identifying false negatives, potentially resulting in

exclusion of efficacious drugs from further analysis.
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Figure 124: Comparison of selected inhibitor efficacy between 2D primary fibroblasts and IPF-
derived PCLuUS Summary of average % reduction of Collagen 1al and TIMP-1 secretion compared to
control for 2D cell culture and PCLuS models after culture. Results summarised as one green tick for
20% reduction, two orange ticks for 45% reduction and three red ticks for 70% + reduction for A) acute
24hour treatment in 2D cell culture model (n=2 wells per donor, n=5 donors, n=10 samples total) and
B) 96hour treatment in IPF-derived PCLuS. Blacked out doses represent compounds which were
deemed to have significantly impacted viability (<70% resazurin compared to control) and were

excluded from downstream analysis.
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Figure 125: Comparing viability between 2D primary fibroblasts and IPF-derived PCLuS after
selected compound challenge After culture of primary fibroblasts and PCLuS with selected
inhibitors, resazurin was normalised to average % of control for each donor and presented as %
change from control for 2D primary fibroblasts per donor (n=2 wells per donor, n=5 donors, n=10
samples total) and IPF-derived PCLuS (n=6 PCLuUS per condition, n=4 donors, n=24 PCLuS total).
Results were presented as % change from control (where red dashed line represents arbitrary 70%
viability threshold) for A, B) Standard of care (SoC) compounds C, D) SB273005 E, F) Cyclo (-RGDfK)
and G, H) GLPG- 0187. All data are mean * SEM.
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Figure 126: Comparing collagen 1al secretion between 2D primary fibroblasts and IPF-derived
PCLuS after selected compound challenge After culture of primary fibroblasts and PCLuS with selected
inhibitors, collagen 1al was normalised to average % of control for each cell line donor for 2D primary
fibroblasts per donor (n=2 wells per condition, n=5 donors, n=10 samples total) and to T48
unstimulated PCLuS for IPF-derived PCLuS (n=6 PCLuS per condition, n=4 donors, n=24 PCLuS total).
Results were graphed as % change from ctrl for A) SoC compounds, C) Acetazolamide and E)
Brinzolamide and as % change from baseline (T48) for PCLuS for B) SoC compounds, D) Acetazolamide
and F) Brinzolamide. All data are mean + SEM. Statistical significance was determined using Kruskal-
Wallis with post-hoc Dunn’s test for primary fibroblasts and ANOVA with post-hoc Dunnett’s test for
PCLuUS (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 127: Comparing TIMP-1 secretion between 2D primary fibroblasts and IPF-derived PCLuS after
selected compound challenge After culture of primary fibroblasts and PCLuS with selected inhibitors,
TIMP-1 was normalised to average % of control for each cell line donor for 2D primary fibroblasts per
donor (n=2 wells per condition, n=5 donors, n=10 samples total) and to T48 unstimulated PCLuS for
IPF-derived PCLuUS (n=6 PCLuS per condition, n=4 donors, n=24 PCLuS total). Results were graphed as
% change from ctrl for A) SoC compounds, C) Acetazolamide and E) Brinzolamide and as % change from
baseline (T48) for PCLuS for B) SoC compounds, D) Acetazolamide and F) Brinzolamide. All data are
mean = SEM. Statistical significance was determined using Kruskal-Wallis with post-hoc Dunn’s test for
primary fibroblasts and ANOVA with post-hoc Dunnett’s test for PCLuS (*p<0.05, **p<0.01,
**%¥p<0.001, ****p<0.0001).
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5.3.3 Investigation of IPA candidate compounds

5.3.3.1 Candidate IPA compounds in 2D primary cell model
Next, to begin investigating novel upstream regulators of fibrosis identified via IPA analysis

(Table 22), we first sought to replicate the in vitro experimental design as previously described
(Figure 117A). To achieve this, IPF-derived primary lung fibroblasts (n=5 donors) were seeded
into 96-well cell culture plates and, once ~70% confluent, serum-starved for 24hrs prior to
treatment with control media, SoC compounds, ALK5i or escalating doses (0.1uM, 1uM or
10uM) of IPA inhibitors for 24 hours (n=2 wells per condition, n=5 donors, n=10 wells total).
Media was harvested at T48 and snap frozen for downstream analysis before fibroblasts were
incubated with resazurin and results were normalised to % change from control fibroblasts for

each donor, as previously described (Figure 128A).

Analysis of metabolic activity revealed that, though candidate IPA compounds were well
tolerated at the lower 0.1uM and 1uM doses, several inhibitors resulted in >30% reduction of
resazurin activity compared to control fibroblasts (in 3 or more donor lines) at the highest
10uM dose including Raloxifene (Figure 129E), Bisindolylmaleimide | (Figure 129I),
Staurosporine  (Figure 1290) and Napabucasin (Figure 129P). Consequently,
doses/compounds which reduced metabolic activity below 70% were excluded from further
analysis in relevant donor cell lines, as shown by blank values in summary tables (Figure 130B,

Figure 131B).

Following this, quantification of soluble pro-fibrogenic markers was normalised to % change
from control cells for each donor and used to determine potential anti-fibrotic effects of IPA
compounds. Consistent with previous in vitro findings, there was no observed reduction in
soluble collagen 1a1l in response to challenge with lower 0.1uM and 1uM doses of candidate
compounds (Figure 130A, B). However, there was a significant reduction with Tyrphostin
AG490 (p<0.05) and Rapamycin (p<0.05) when treated at the highest 10uM dose. (Figure
130D). Similarly, TIMP-1 secretion remained comparable to control fibroblasts in response to
the lower doses of each inhibitor but was significantly reduced after 24-hour challenge with
the highest dose of Mifepristone (p<0.05), Rapamycin (p<0.001) and Nelfanivir (p<0.0001)
(Figure 131D).

Taken together these data show the limited ability of the compounds identified through IPA

to inhibit the secretion of pro-fibrotic proteins in 2D fibroblast cultures. Whilst we
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demonstrated that a large number of the compounds tested were well tolerated in the 2D
culture system, only 4 compounds were able to attenuate secretion of fibrosis markers
(Collagen 1al and TIMP-1), which needed to be applied at the high dose of 10uM to elicit a

beneficial response.
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Compound name 0T i, L
Doner 1 Donor 2 Donor 3 Donor 4 Donor 5 Donor 1 Donor 2 Donor 3 Denor 4 Donor 5 Donor 1 Donor 2 Donor 3 Donor 4 Donor 5
Tyrphostin AG490 98 96 101 96 124 92 107 104 107 104 84 85 81 85 86
GW9662 103 103 99 103 113 95 105 101 105 103 82 91 91 91 94
T-5224 100 136 116 136 137 94 109 99 109 125 87 a8 95 938 104
Gefitinib 114 96 119 96 135 94 a7 111 97 148 89 71 89 71 89
Raloxifene 100 91 124 91 151 93 86 119 86 140
Wortmannin 115 98 96 98 110 99 113 138 113 126 110 91 122 91 113
Lactacystin 97 116 121 116 117 92 107 145 107 114 88 83 118 83 96
Imatinib 113 95 93 a5 94 92 99 108 99 85 76 72 94 72 63
Bisindolylmaleimide | 96 110 96 110 87 76 75 97 75 68 58 62 76 62 51
Mifepristone 104 100 92 100 110 85 93 96 93 86 72 73 89 73 64
PLX5622 90 102 92 102 101 84 115 111 115 82 77 88 80 88 64
Pyrrolidine Dithiocarbamate | 120 102 96 102 158 121 104 96 104 141 116 88 98 88 170
Entinostat 110 112 88 112 116 110 109 90 109 118 102 a5 75 95 94
Rapamycin 93 116 81 116 122 129 122 87 122 111 96 83 75 83 85
Staurosporine 90 94 59 94 94 95 82 65 82 77 69 47 45 47 46
Napabucasin 125 | 120 | 99 | 120 | 142 | 128 | 126 | 103 | 126 | 122 H 43 H 43 69
Nelfinavir 105 107 89 107 142 102 107 94 107 128 38 78 74 78 80
Budesonide 76 82 82 82 118 72 77 70 77 100 | 69 | 66 | 74 | 66 97

Figure 128: Validation of IPF-derived primary fibroblast viability after IPA inhibitor challenge A) IPF-
derived primary lung fibroblasts (n=5 donors) were seeded into 96-well cell culture plates and, once
~70% confluent, serum-starved for 24 hours prior to treatment with control media, standard of care
compounds Pirfenidone (2.5mM) and Nintedanib (2.5uM), ALK5i (10uM) or escalating doses (0.1uM,
1uM or 10uM ) of IPA inhibitors for 24 hours (n=2 wells per condition, n=5 donors, n=10 wells total).
Media was harvested at T48 and snap frozen for downstream analysis before fibroblasts were
incubated with resazurin as an indicator of metabolic activity. B) Resazurin was normalised to % of
control fibroblasts for each donor (green values indicate resazurin values 270% of control, yellow 50-
69% of control and orange/red <50% of control).
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Resazurin- 2D primary fibroblasts
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Figure 129: Validation of IPF-derived primary fibroblast viability after IPA inhibitor challenge Graphs
of each IPA inhibitor resazurin (n=2 wells per donor, n=5 donors, n=10 samples total) normalised to
average % change from control fibroblasts for each donor line (where red dashed line represents
arbitrary 70% viability threshold). All data are mean + SEM.
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Figure 130: Quantification of secreted Collagen 1al from IPF-derived primary fibroblasts after IPA
inhibitor challenge Collagen 1al secretion was quantified via ELISA after 24-hour IPA inhibitor
challenge (n=5 donors, n=2 wells per donor, n=10 samples total) and presented as A) XY graphs
depicting resazurin (normalised to control fibroblasts) as a measure of tissue viability vs average %
reduction of collagen 1al (compared to control fibroblasts) in response to 0.1uM, 1uM or 10uM of
each IPA inhibitor. Red dashed vertical line at 70% denotes viability threshold (30% reduction
compared to control fibroblasts). Dashed lines crossing y-axis mark 20% reduction (green), 45%
reduction (orange) and 70% reduction (dark red) compared to collagen 1al secretion from control
fibroblasts (solid black line). B) Collagen 1al values normalised to control fibroblasts for each donor
and presented as % of control. Blank values represent results excluded from further analysis due to
resazurin falling below viability threshold (<70% of control fibroblasts). The 10uM dose of all
candidate compounds were plotted as C) average absolute pg/ml per donor and D) average% change
from control fibroblasts where red dashed line denotes unchallenged control fibroblasts. All data are
mean + SEM. Statistical significance was determined using Kruskal-Wallis with post-hoc Dunn’s
multiple comparisons test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 131: Quantification of secreted TIMP-1 from IPF-derived primary fibroblasts after IPA
inhibitor challenge TIMP-1 secretion was quantified via ELISA after 24-hour IPA inhibitor challenge
(n=5 donors, n=2 wells per donor, n=10 samples total) and presented as A) XY graphs depicting
resazurin (normalised to control fibroblasts) as a measure of tissue viability vs average % reduction
of TIMP-1 (compared to control fibroblasts) in response to 0.1uM, 1uM or 10uM of each IPA
inhibitor. Red dashed vertical line at 70% denotes viability threshold (30% reduction compared to
control fibroblasts). Dashed lines crossing y-axis mark 20% reduction (green), 45% reduction
(orange) and 70% reduction (dark red) compared to TIMP-1 secretion from control fibroblasts (solid
black line). B) TIMP-1 values normalised to control fibroblasts for each donor and presented as % of
control. Blank values represent results excluded from further analysis due to resazurin falling below
viability threshold (<70% of control fibroblasts). The 10uM dose of all candidate compounds were
plotted as C) average absolute pg/ml per donor and D) average% change from control fibroblasts
where red dashed line denotes unchallenged control fibroblasts. All data are mean £ SEM. Statistical
significance was determined using Kruskal-Wallis with post-hoc Dunn’s multiple comparisons test
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

261



5.3.3.2 Candidate IPA compounds in PCLuS human tissue model
To further investigate IPA candidate compounds in more advanced models of disease, PCLuS

were generated from explant IPF tissue (n=4 donors) with slices being rested for 48 hours
before challenge with either control media, SoC compounds or ALK5i to blunt fibrosis (n=10
PCLuS per condition, n=4 donors, n=40 PCLuS total). Concurrently, PCLuS were challenged with
3 escalating doses (0.1uM, 1uM and 10uM) of each candidate IPA compound to assess the
ability to reduce pre-existing fibrosis (n=6 PCLuS per condition, n=4 donors, n=24 PCLuS total).
Media, including all treatments, was refreshed at 24-hour intervals with conditioned media
snap frozen for downstream analysis before PCLuS were harvested at 144hrs for resazurin
assay and results normalised to % change from control PCLuS (Figure 132A). Next, soluble
collagen 1al, TIMP-1 and IL-8 was quantified in the conditioned media of the final timepoint
of culture as previously described (absolute pg/ml values available in Appendix G; Figures 5-

8).

Prior to assessment of IPA inhibitors, validation of SoC compounds was performed to confirm
effective modulation of IPF donor tissue and suitability for further analysis. Evaluation of
resazurin and soluble fibrotic and inflammatory marker secretion established that all donors
were responsive to anti-fibrotic compounds (Figure 132B) and could therefore be used to
screen candidate IPA compounds. Following this, review of tissue viability at the end of culture
identified a number of compounds/doses which were deemed to negatively impact tissue
viability (>30% reduction resazurin compared to control PCLuS) and were subsequently
excluded from downstream analysis (Figure 133A). These included, 10uM doses of Pyrrolidine
dithiocarbamate and Napabucasin (Figure 133B, F), 1uM and 10uM Rapamycin (Figure 133D)

and all doses of Entinostat and Staurosporine (Figure 133C, E).

Subsequent interrogation of compound efficacy in viable inhibitors/doses identified several
candidate compounds which were able to significantly attenuate collagen 1a1l secretion after
96-hours treatment (normalised to T48 baseline secretion) including 10uM Tyrphostin AG490
(p<0.0001), Gefitinib (0.1uM (p<0.05), 1uM (p<0.05) and 10uM (p<0.0001), Wortmannin
(0.1uM (p<0.01), 1uM (p<0.0001) and 10uM (p<0.0001), Lactacystin 1uM (p<0.001) and 10uM
(p<0.0001) and 0.1uM Rapamycin (p<0.0001) (Figure 134). To investigate this further and
account for donor heterogeneity, results were then normalised to % change in protein

secretion compared to control PCLuS for each IPF donor (Figure 135A). Average viability and
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efficacy of all 4 donors was summarised as previously described and confirmed that 12 of the
18 compounds identified were able to reduce collagen 1al secretion by more than 20% at
varying doses (Figure 135B, C). Of these, 6 compounds demonstrated strong anti-fibrotic
effects with more than 70% reduction in soluble collagen 1al compared to unchallenged
tissue, including 10uM Tyrphostin A490 (72% reduction from control PCLuS), 10uM Gefitinib
(70% reduction from control PCLuS), 1uM and 10uM Wortmannin (70% and 90% reduction
from control PCLUS, respectively), 0.1uM Rapamycin (89% reduction from control PCLuS),
10uM Lactacystin (91% reduction from control PCLuS) and 10uM Nelfanivir (71% reduction
from control PCLuS). Notably, these results confirmed that several IPA compounds were able
to significantly reduce collagen 1al secretion more effectively than ALK5i (77% reduction from
control PCLuS) and current SoC therapeutics Pirfenidone (68% reduction from control PCLuS),

Nintedanib (70% reduction from control PCLuS).

Consistent with these results, quantification of soluble TIMP-1 further confirmed that
Tyrphostin AG490 (1uM p<0.01 and 10uM p<0.0001), Gefitinib 0.1uM (p<0.01), 1uM and
10uM (p<0.0001), Wortmannin (1uM [p<0.05] and 10uM [p<0.0001]), Rapamycin (0.1uM
[p<0.0001]), Lactacystin 10uM (p<0.0001), and Nelfanivir (0.1uM [p<0.05] and 10uM
[p<0.0001]) were also able to significantly attenuate TIMP-1 secretion throughout the culture
period. Additionally, PCLuS challenged with 10uM Bisindolylmaleimide I, 10uM PLX5622 and
all doses of Budesonide were also found to significantly reduce TIMP-1 secretion after 96-
hours treatment (Figure 136). Once normalised to % change from control PCLuS, analysis of
average efficacy showed that the 10uM doses of Lactacystin (75% reduction from control
PCLuS), Gefitinib (66% reduction from control PCLuS) and Nelfanivir (61% reduction from
control PCLuS) were all able to reduce TIMP-1 secretion more than Pirfenidone (34% reduction
from control PCLuS), Nintedanib (59% reduction from control PCLuS) and ALK5i (50%
reduction from control PCLuS), with the remaining efficacious compounds/doses falling into

the slight-moderate reduction classification (Figure 137).

Finally, after normalisation to baseline secretion, measurement of soluble IL-8 was used to
evaluate potential anti-inflammatory effects of IPA inhibitors. Results found that Gefitinib
demonstrated the most significant reduction in IL-8 at 0.1uM (p=0.053), 1uM (p<0.001) and
10uM (p<0.0001) (Figure 138D), followed by 0.1uM Bisindolylmaleimide | (p<0.001) and 1uM

Raloxifene (p<0.05) (Figure 138E, I). Notably, several compounds were also shown to
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significantly increase secretion of IL-8, including 10um Wortmannin (p<0.0001), 10uM
Lactacystin (p<0.0001), 1uM and 10uM Mifepristone (p<0.0001) and 1uM Napabucasin
(p<0.05), suggesting that treatment with these inhibitors stimulated a pro-inflammatory
response. Following this, average efficacy of each donor was normalised to % change from
control PCLuS (Figure 139A) and results confirmed that Gefitinib was the most potent anti-
inflammatory compound (0.1uM (30% reduction from control PCLuS), 1uM (58% reduction
from control PCLuS) and 10uM (77% reduction from control PCLuS)). Indeed, 10uM Gefitinib-
challenged PCLuS were comparable to treatment with Nintedanib (70% reduction from control
PCLuS) and ALK5i (63% reduction from control PCLuS). However, Pirfenidone remained the
most potent anti-inflammatory compound with an 83 % reduction in IL-8 secretion compared

to control PCLuS (Figure 138B, C).

Overall, we identified n=8 IPA compounds which exhibited promising anti-fibrotic effects and
n=7 compounds with anti-inflammatory effects in our PCLuUS system. Moreover, we found
several inhibitors which were able to reduce secretion of at least one pro-fibrogenic marker

more effectively than current SoC compounds.
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Figure 132: Validation of IPF-derived PCLuS donors for assessment of IPA compounds PCLuS were
generated from explant IPF tissue (n=4 donors) with slices (n=6 per condition) being rested for 48 hours
before challenge with either control media, standard of care compounds Pirfenidone (2.5mM) and
Nintedanib (2.5uM) or ALK5i (10uM) to blunt fibrosis (n=10 PCLuUS per condition, n=4 donors, n=40
PCLuS total). Concurrently, PCLuS were challenged with 3 escalating doses (0.1uM, 1uM and 10uM) of
each candidate IPA compound to assess the ability to reduce pre-existing fibrosis (n=6 PCLuS per
condition, n=4 donors, n=24 PCLuS total). Media, including all treatments, was refreshed at 24-hour
intervals with conditioned media snap frozen for downstream analysis before PCLuS were harvested
at 144hrs for resazurin assay as an indicator of tissue viability. Quantification of B) Resazurin (where
red dashed line represents arbitrary 70% viability threshold) and C) Collagen 1al, D) TIMP-1 and E) IL-
8 was performed on T144 media via ELISA and plotted as average % change from baseline (T48
unstimulated PCLuS) (n=6 conditioned media per donor, n=4 donors, n=24 samples total) to confirm
tissue could be effectively modulated. All data are mean + SEM. Statistical significance was determined
using ANOVA with post-hoc Dunnett’s test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Resazurin- IPF-derived PCLuS

A)
Compound Name 0-1pM 1um 10uM
Doner 1 Doner2 Donor3 Donor4 Donor1l Donor 2 Donor 3 Donor4 Donor1 Donor2 Donor 3 Donor 4
Tyrphostin AG490 78 77 132 114 92 100 120 106 79 72 114 120
GW9662 80 100 89 137 78 92 90 107 94 93 82 115
T-5224 88 100 121 127 69 97 124 116 90 89 113 101
Gefitinib 104 89 139 146 88 73 71 91 72 50 56 80
Raloxifene 86 91 129 105 74 88 116 132 86 63 100 139
Wortmannin 86 63 100 139 78 69 95 o] 63 52 3 90
Lactacystin 73 106 115 116 76 81 103 117 o 50 85 114
Imatinib 88 103 112 164 o 84 106 115 89 86 102 137
Bisindolylmaleimide | 80 52 74 92 72 96 104 143 80 74 83 88
Mifepristone 71 113 91 139 79 114 111 136 72 114 90 116
PLX5622 77 85 105 62 74 67 98 139 72 61 82 121
Pyrrolidine Dithiocarbamate 79 79 72 101 82 97 91 93 77 88 15 60
Entinostat 57 21 84 147 48 22 32 39 40 7 13 88
Rapamycin 70 63 80 85 63 58 44 89 57 34 43 72
Staurosporine 62 32 48 76 44 4 23 57 35 6 12 18
Napabucasin 83 81 104 158 65 61 111 110 22 3 4 36
Nelfanivir 71 64 97 185 87 86 124 125 84 62 71 135
Budesonide 59 56 67 104 73 76 78 82 77 72 88 117
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Figure 133: Validation of IPF-derived PCLuS viability in response to IPA compounds A) Resazurin assay
performed at T144 presented as the average % of control (n=6 slices) per treatment for each donor.
PCLuS were plotted as average % change from baseline (T48 unstimulated PCLuS) (n=6 PCLuS per
donor, n=4 donors, n=24 samples total) to confirm metabolic activity of tissue after culture (green
values indicate resazurin values >70% of control, yellow 50-69% of control and orange/red <50% of
control). Quantification of resazurin (where red dashed line represents arbitrary 70% viability
threshold) identified several compounds/doses which fell below the 70% viability threshold resulting
in exclusion from further analysis including B) Pyrrolidine dithiocarbamate (10uM dose), C) Entinostat,
D) Rapamycin (1uM and 10uM dose), E) Staurosporine and F) Napabucasin (10uM dose). All data are
mean + SEM.
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Figure 134: Validation of collagen 1al secretion in IPA compound- challenged PCLuS PCLuS were
generated from explant IPF tissue (n=4 donors) with slices (n=6 per condition) being rested for 48
hours before challenge with either control media or 3 escalating doses (0.1uM, 1uM and 10uM) of
each IPA compound to assess the ability to reduce pre-existing fibrosis (n=6 PCLuS per condition,
n=4 donors, n=24 PCLuS total). Media, including all treatments, was refreshed at 24-hour intervals
with conditioned media snap frozen for downstream analysis before PCLUS were harvested at
144hrs for resazurin assay. Quantification of secreted collagen 1al was performed on T144 media
via ELISA and plotted as average % change from baseline (T48 unstimulated PCLuS) (n=6
conditioned media per donor, n=4 donors, n=24 samples total) to assess potential anti-fibrotic
affects. All data are mean + SEM. Statistical significance was determined using ANOVA with post-
hoc Dunnett’s test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Collagen 1al- IPF-derived PCLuS

A)
U U
Dono Pono Jono Dono Dono Pono Dono Pono Dono Jono Dono Pono
Tyrphostin AG490 64 105 | 100 | 166 75 67 101 75 20 16 42 34
GW9662 52 63 85 150 82 66 51 80 139 25 101 | 100
T1-5224 142 | 112 | 106 | 142 58 98 96 128 | 137 | 111 | 174 | 133
Gefitinib 16 68 83 20 28 79 53 94 12 30 21 44
Raloxifene 124 95 108 80 92 86 86 71 136 90 83 72
Wortmannin 34 72 45 42 20 25 37 38 8 11 s 15
Lactacystin 71 63 90 105 23 31 73 65 8 9 10 9
Imatinib 41 110 | 102 95 65 166 76 67 8 45 73 63
Bisindolylmaleimide | 73 109 | 105 99 73 100 | 128 66 96 52 152 79
Mifepristone 12 72 108 71 63 51 116 97 103 | 124 95 120
PLX5622 108 96 180 | 103 90 130 | 155 88 59 65 78 66
Pyrrolidine Dithiocarbamate 41 74 66 95 51 103 110 96
Entinostat
Rapamycin 8 | 13 | 12 | |
Staurosporine
Napabucasin 79 114 81 52 90 111
Nelfanivir 36 105 94 55 70 79 31 20 36
Budesonide 21 52 63 72 73 117 29 51 83
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Figure 135: Normalised collagen 1al secretion in IPA compound- challenged PCLuS Quantification of
collagen 1al, previously normalised to % change from baseline (T48 unstimulated PCLuS) was further
normalised to A) % change from control PCLuS at T144 for each explant IPF donor to allow assessment
of % reduction of collagen 1al in response to 96-hour IPA compound challenge. B) XY graphs depict
resazurin (normalised to control PCLUS) as a measure of tissue viability vs average % reduction of
collagen 1al (n=4 donors) in response to 0.1uM, 1uM or 10uM of each IPA inhibitor. Red dashed
vertical line at 70% denotes viability threshold (30% reduction compared to control PCLuS). Dashed
lines crossing y-axis mark 20% reduction (green), 45% reduction (orange) and 70% reduction (dark red)
compared to collagen lal secretion from control slices (solid black line) C) Average % reduction of
collagen 1al (n=4 donors) summarised as one green tick for 20% reduction, two orange ticks for 45%
reduction and three red ticks for 70%+ reduction in Collagen 1al vs control PCLuS. Blank doses
represent compounds deemed to have significantly impacted tissue viability (<70% resazurin
compared to control PCLuS) which were excluded from further analysis.
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TIMP-1- IPF-derived PCLuS
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Figure 136: Validation of TIMP-1 secretion in IPA compound- challenged PCLuS PCLuS were generated
from explant IPF tissue (n=4 donors) with slices (n=6 per condition) being rested for 48 hours before
challenge with either control media or 3 escalating doses (0.1uM, 1uM and 10uM) of each IPA
compound to assess the ability to reduce pre-existing fibrosis (n=6 PCLuS per condition, n=4 donors,
n=24 PCLuS total). Media, including all treatments, was refreshed at 24-hour intervals with conditioned
media snap frozen for downstream analysis before PCLuS were harvested at T144 for resazurin assay.
Quantification of TIMP-1 was performed on T144 media via ELISA and plotted as average % change
from baseline (T48 unstimulated PCLuS) (n=6 conditioned media per donor, n=4 donors, n=24 samples
total) to assess potential anti-fibrotic affects. All data are mean + SEM. Statistical significance was
determined using ANOVA with post-hoc Dunnett’s test (*p<0.05, **p<0.01, ***p<0.001,
**%%*p<0.0001).
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TIMP-1- IPF-derived PCLuS

A)
0.1uM 1um 10pM
Compound Name Deonorl Donor2 Donor3 Donor4 Donorl Donor2 Donor3 Donor4 Donorl Donor2 Dener3 Donord
Tyrphostin AG490 97 76 54 113 60 a3 69 79 48 61 56 72
GW9662 76 103 115 122 109 99 76 99 83 79 79 9% |
T-5224 96 87 80 23 111 84 43 106 119 112 91 123 |
Gefitinib 74 33 95 116 52 46 28 73 24 9 45 56|
Raloxifene 115 96 20 92 156 89 148 92 126 107 57 9% __|
Wortmannin 28 77 90 94 77 68 70 105 69 36 67 46 |
Lactacystin 184 97 78 98 137 68 52 60 36 10 27 27
Imatinib 112 84 112 95 128 110 76 138 81 29 113 89
Bisindolylmaleimide I 85 86 102 95 87 93 107 76 91 50 74 76 |
Mifepristone 40 98 86 90 97 109 109 104 117 88 106 110
PLX5622 102 96 107 119 91 96 84 76 71 75 76 69
Pyrrolidine Dithiocarbamate | 111 95 89 110 106 85 a0 114
Entinostat
Rapamycin 62 | 50 [ 61 [ 60 |
Staurosporine
Napabucasin 109 98 94 95 77 81
Nelfanivir 104 65 74 110 78 69 63 15 39
Budesonide 74 72 80 97 61 72 88 78 65
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Figure 137: Normalised TIMP-1 secretion in IPA compound- challenged PCLuS Quantification of TIMP-
1, previously normalised to % change from baseline (T48 unstimulated PCLuS) was further normalised
to A) % change from control PCLuUS at T144 for each explant IPF donor to allow assessment of %
reduction of TIMP-1 in response to 96-hour IPA compound challenge. B) XY graphs depict resazurin
(normalised to control PCLuS) as a measure of tissue viability vs average % reduction of TIMP-1 (n=4
donors) in response to 0.1uM, 1uM or 10uM of each IPA inhibitor. Red dashed vertical line at 70%
denotes viability threshold (30% reduction compared to control PCLuS). Dashed lines crossing y-axis
mark 20% reduction (green), 45% reduction (orange) and 70% reduction (dark red) compared to TIMP-
1 secretion from control slices (solid black line) C) Average % reduction of TIMP-1 (n=4 donors)
summarised as one green tick for 20% reduction, two orange ticks for 45% reduction and three red
ticks for 70%+ reduction in TIMP-1 vs control PCLuS. Blank doses represent compounds deemed to
have significantly impacted tissue viability (<70% resazurin compared to control PCLuS) which were
excluded from further analysis.
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IL-8- IPF-derived PCLuS
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Figure 138: Validation of IL-8 secretion in IPA compound- challenged PCLuS PCLuS were generated
from explant IPF tissue (n=4 donors) with slices (n=6 per condition) being rested for 48 hours before
challenge with either control media or 3 escalating doses (0.1uM, 1uM and 10uM) of each IPA
compound to assess the ability to reduce pre-existing inflammation (n=6 PCLuUS per condition, n=4
donors, n=24 PCLuS total). Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLuS were harvested at 144hrs
for resazurin assay. Quantification of IL-8 was performed on T144 media via ELISA and plotted as
average % change from baseline (T48 unstimulated PCLuS) (n=6 conditioned media per donor, n=4
donors, n=24 samples total) to assess potential anti-inflammatory affects. All data are mean + SEM.
Statistical significance was determined using ANOVA with post-hoc Dunnett’s test (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001).
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IL-8- IPF-derived PCLuS

A)
0 U
L) L) PDono L 4 D L) Dono L) 4 U Dono L) L) 1
Tyrphostin AG490 53 53 111 04 66 68 125 48 62 107 68 71
GW9662 64 83 125 63 67 68 110 73 67 68 110 73
T-5224 150 47 333 | 114 58 115 | 104 77 93 131 95 a7
Gefitinib 95 31 100 55 27 3 75 63 22 38 19 13
Raloxifene 100 58 91 76 37 438 75 71 47 70 106 64
Wortmannin 70 38 51 61 160 106 140 75 339 440 195 166
Lactacystin 100 80 137 90 160 129 64 80 433 330 304 337
Imatinib 76 102 130 134 a0 80 65 61 169 128 83 72
Bisindolylmaleimide | 54 35 49 46 56 61 89 62 120 72 86 71
Mifepristone 175 133 157 69 104 350 392 200 221 145 481 277
PLX5622 165 | 112 35 56 54 53 67 62 56 69 72 98
Pyrrolidine Dithiocarbamate 67 103 149 76 52 86 73 117
Entinostat
Rapamycin 68 | 133 | 83 | |
Staurosporine
Napabucasin 92 130 208 137 262 150
Nelfanivir 82 143 154 58 35 108 92 67 168
Budesonide 62 187 215 54 58 604 108 88 182
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Figure 139: Normalised IL-8 secretion in IPA compound- challenged PCLuUS Quantification of IL-8,
previously normalised to % change from baseline (T48 unstimulated PCLuS) was further normalised to
A) % change from control PCLuS at T144 for each explant IPF donor to allow assessment of % reduction
of IL-8 in response to 96-hour IPA compound challenge. B) XY graphs depict resazurin (normalised to
control PCLuS) as a measure of tissue viability vs average % reduction of IL-8 (n=4 donors) in response
to 0.1uM, 1uM or 10uM of each IPA inhibitor. Red dashed vertical line at 70% denotes viability
threshold (30% reduction compared to control PCLuS). Dashed lines crossing y-axis mark 20%
reduction (green), 45% reduction (orange) and 70% reduction (dark red) compared to IL-8 secretion
from control slices (solid black line) C) Average % reduction of IL-8 (n=4 donors) summarised as one
green tick for 20% reduction, two orange ticks for 45% reduction and three red ticks for 70%+ reduction
in IL-8 vs control PCLuS. + represents >200% increase in IL-8 ++ >300% increase in IL-8 compared to
control PCLuS. Blank doses represent compounds deemed to have significantly impacted tissue
viability (<70% resazurin compared to control PCLuS) which were excluded from further analysis.
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5.3.3.3  Comparing IPA compound efficacy in different pre-clinical models
To investigate the translational potential between 2D cell culture and PCLuS systems further,

we next sought to identify any differences or similarities in IPA compound responses between
experimental models (Figure 140). As expected, comparison of cell and tissue viability at the
end of culture revealed several distinctions between systems. Notably, 2D cell culture models
failed to identify several inhibitors which significantly reduced tissue viability in PCLuS. For
instance, when examined in 2D cell culture models, Pyrrolidine Dithiocarbamate (Figure
141A), Entinostat (Figure 141C), Rapamycin (Figure 141E) and the lower doses of
Staurosporine (Figure 141G) exhibited no effect on metabolic activity. However, in PCLuS,
10uM Pyrrolidine Dithiocarbamate (Figure 141B), 1uM and 10uM doses of Rapamycin (Figure
141F) and all doses of Entinostat and Staurosporine (Figure 141D, H) were all deemed to
negatively impact tissue viability, resulting in their exclusion from downstream analysis.
Conversely, analysis of results also highlighted instances where compounds which significantly
reduced cell viability in vitro, were found to have no effect on whole tissue viability in PCLUS

models (Figure 1411, J).

Further emphasising the inconsistencies between these models, we also confirmed multiple
cases where compounds/doses which significantly attenuated collagen lal secretion in
PCLuS, had no discernible beneficial effects in 2D cell cultures. Consistent with these results,
guantification of TIMP-1 frequently found that compounds which robustly reduced pro-
fibrotic markers in PCLuS, exhibited no effect in 2D cell culture models (Figure 143A-D). In
instances where an effect was observed in 2D cultures, a higher dose was often required to
achieve a comparable, yet less effective, response than that observed in PCLuS (Figure 143E,
F). Collectively, these results indicate that fibroblasts cultured in 2D models exhibit reduced
sensitivity to inhibitor treatments compared to more sophisticated human tissue models of
the disease such as PCLuS. Furthermore, we showed that while traditional in vitro screening
offers a convenient and scalable platform for initial evaluations, 2D cell culture models are
prone to both false negative and false positive read-outs. Consequently, our study emphasises
the importance of incorporating advanced tissue models into the drug discovery process to
mitigate the risk of overlooking promising candidates or prematurely advancing compounds

with misleading early-stage efficacy.
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Figure 140: Comparison of IPA inhibitor efficacy between 2D primary fibroblasts and IPF-derived
PCLuS Summary of average % reduction of collagen 1al and TIMP-1 compared to controls. Results
summarised as one green tick for 20% reduction, two orange ticks for 45% reduction and three red
ticks for 70% + reduction for A) acute 24-hour treatment in 2D cell culture model (n=2 wells per
donor, n=5 donors, n=10 samples total) and B) 96-hour treatment in IPF-derived PCLuS (n=6 PCLuS
per condition, n=4 donors, n=24 PCLuS total). Blacked out doses represent compounds which were
deemed to have significantly impacted viability (<70% resazurin compared to control) and were

excluded from downstream analysis.
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Figure 141: Comparing viability between 2D primary fibroblasts and IPF-derived PCLuS after IPA
compound challenge After culture of primary fibroblasts and PCLuS with IPA inhibitors, resazurin was
normalised to average % of control for each donor and presented as average % change from control
for 2D primary fibroblasts per donor (n=2 wells per donor, n=5 donors, n=10 samples total) and IPF-
derived PCLuS (n=6 PCLuS per condition, n=4 donors, n=24 PCLuS total). Results were presented as %
change from control (where red dashed line represents arbitrary 70% viability threshold) for A, B)
Pyrrolidine dithiocarbamate C, D) Entinostat E, F) Rapamycin G, H) Staurosporine and I, J) Raloxifene.
All data are mean + SEM.
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Figure 142: Comparing collagen 1al secretion between 2D primary fibroblasts and IPF-derived
PCLuS after IPA compound challenge After culture of primary fibroblasts and PCLuS with IPA
inhibitors, collagen 1al was normalised to average % of control for each cell line donor for 2D
primary fibroblasts (n=2 wells per condition, n=5 donors, n=10 samples total) and % change to T48
unstimulated PCLuS for IPF-derived PCLuS (n=6 PCLuS per condition, n=4 donors, n=24 PCLuS total).
Results were graphed as % change from ctrl for A-B) Gefitinib, C-D) Wortmannin and E-F)
Rapamycin. All data are mean £ SEM. Statistical significance was determined by Kruskal-Wallis with
post-hoc Dunn’s test for primary fibroblasts and ANOVA with post-hoc Dunnett’s test for PCLuS
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 143: Comparing TIMP-1 secretion between 2D primary fibroblasts and IPF-derived PCLuS
after IPA compound challenge After culture of primary fibroblasts and PCLuS with IPA inhibitors,
collagen 1al was normalised to average % of control for each cell line donor for 2D primary fibroblasts
(n=2 wells per condition, n=5 donors, n=10 samples total) and % change to T48 unstimulated PCLuS
for IPF-derived PCLuS (n=6 PCLuS per condition, n=4 donors, n=24 PCLuS total). Results were graphed
as % change from ctrl for A-B) Tyrphostin AG490, C-D) Lactacystin and E-F) Mifepristone. All data are
mean = SEM. Statistical significance was determined by Kruskal-Wallis with post-hoc Dunn’s test for
primary fibroblasts and ANOVA with post-hoc Dunnett’s test for PCLuS (*p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001).
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5.4 Discussion
One of the main obstacles hindering development of effective anti-fibrotic and anti-

inflammatory therapies is the lack of experimental models that faithfully recapitulate the
cellular heterogeneity and complex tissue microenvironment of human disease. Recently,
precision cut slices (PCS) have emerged as a cutting-edge platform for disease modelling,
preserving the native tissue architecture of human tissue and incorporating patient-specific
variables into screening platforms [269]. Consequently, PCS represent a departure from
conventional 2D cell culture and in vivo animal models of disease, offering a more
physiologically relevant ex vivo system for investigating targets of interest and testing

candidate compounds [474].

To begin investigation of novel therapeutic targets previously identified in Chapter 4, n=30
candidate inhibitory compounds were selected for validation within our PCLUS model.
However, due to the amount of explant tissue required, it became apparent that the current
24-well cell culture methodology would limit the number of compounds and/or doses which
could be tested in a single donor. To overcome this limitation, we therefore first sought to
optimise and validate a 96-well, medium-throughput PCLuS methodology to improve
experimental efficiency and facilitate comprehensive compound testing [475,476]. Due to the
considerable tissue heterogeneity observed in IPF lungs, one of the primary concerns of
reducing PCLuS size was reproducibility between individual slices. However, using established
protocols of fibrogenic and inflammatory induction as well as anti-fibrotic SoC compounds
(Pirfenidone and Nintedanib) and ALK5i, we confirmed that 4mm diameter slices were able to
respond in a consistent matter, comparable to the 24-well cell culture system.
These findings were replicated in additional disease explant donors (n=3 donors total),
reinforcing that the transition to a 96-well slice culture system represents a reliable platform

for the screening of novel therapeutics.

Having validated our 96-well PCLUS methodology, we next proceeded to interrogate selected
targets of interest (n=12 compounds) and upstream regulators of fibrosis (n=18 inhibitory
compounds) via inhibitory compounds in 2D cell culture and 96-well PCLuS models. By utilising
a comparative analysis approach, evaluation of candidate compound efficacy identified
several key distinctions between systems. For example, while compound screening in 2D

tended to yield uniform responses across the different cell lines, PCLUS showed more variation
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in drug efficacy and toxicity in different donor tissue. This highlighted an essential advantage
of PCLuS, whereby patient variables which can affect drug efficacy and toxicity in clinical
settings (e.g., age, gender, genetics and lifestyle) can be accounted for at the pre-clinical stage
of drug development. In traditional drug discovery, 2D cell culture models play a crucial role
in the initial screening of potential drug candidates, particularly in assessing drug toxicity [477].
Here, we demonstrated that 2D cell culture models may not accurately predict/replicate read-
outs in more physiologically-relevant models of disease, reinforcing the need for more
advanced 3D systems in the drug discovery pipeline to bridge the gap between in vitro
simplicity and human disease. However, these discrepancies could also be due, in part, to
experimental differences between models. For example, 2D cells only received a single 24-
hour treatment of inhibitors, whereas PCLuS received 4 repeated treatments over a 96-hour
period. Furthermore, while in vitro cells were serum-starved for 24 hours prior to treatment
to synchronise cell cycles, this was not possible in PCLuS due to the effect on tissue viability.
Additionally, a key caveat of the PCS model is the lack of a circulatory system [478] and inability
to replicate the systemic effects of drug administration and pharmacology required to assess
drug absorption, distribution, metabolism and excretion which is vital to understand safety
and tolerability in humans [423]. Consequently, further assessment of compounds in pre-
clinical models which include a circulating immune system and replicate systemic effects (e.g.

rodent models) is advised [474].

Evaluation of candidate compounds selected based on the proteins which were significantly
upregulated in the normal and intermediate regions of IPF tissue (compared to unused donor
controls), but significantly downregulated in end-stage fibrotic IPF tissue identified several
inhibitors with anti-fibrotic effects in IPF-derived PCLuS. Of these, the most efficacious
compounds were those which targeted integrin proteins. Perhaps the most intensively studied
av integrin in the context of pulmonary fibrosis is the avBf6 heterodimer. Upon injury, avp6
becomes specifically upregulated on epithelial cells, where its primary function is to activate
TGF-B [479,480]. Interestingly, the avB6 integrin has been found to be upregulated in IPF
patients, with high levels of expression associated with a poorer prognosis, suggesting a role
in disease pathogenesis [418,419]. These findings are supported by robust pre-clinical studies
which demonstrated that inhibition of the avB6 integrin protects against the development of

pulmonary fibrosis in several models of disease [418,481,482]. For example, previous work

279



carried out in collaboration with John et al found that GSK3008348, a selective small molecule
avB6 RGD-mimetic, could effectively inhibit pSmad2 in IPF-derived PCLuS, confirming
inhibition of TGF-B activation pathways in diseased human tissue. Furthermore, they showed
that avB6 inhibition also caused a significant reduction in collagen deposition and prolonged
inhibition of TGF-B signalling in bleomycin-induced lung fibrosis mouse models [482]. Currently,
there are a number of clinical trials underway and/or recently completed investigating the
therapeutic potential of targeting av integrins (particularly avp6) in fibrotic lung diseases.
Disappointingly, reports published in 2022 from phase 2a (study no: NCT01371305) [483] and
2b (study no: NCT03573505) [484] clinical trials conducted by Raghu et al found that BGO0011
(a humanised monoclonal antibody targeting the avp6 integrin) was associated with a lack of
clinical efficacy (as measured by FVC and HRCT), increased adverse effects and exacerbations,
resulting in the premature termination of the phase 2b trial [484]. However, more recently,
results published by Lancaster et al in 2024 from a phase 2a randomised, double-blind, dose-
ranging, placebo controlled, multi-centre clinical trial (study no: NCT04396756) found that
PLN-74809 (also known as Bexotegrast; an oral small molecule dual inhibitor of the avp6 and
avpB1 integrins) was well tolerated in patients with IPF [485]. Furthermore, preliminary analysis
of potential anti-fibrotic efficacy found that patients treated with Bexotegrast experienced a
reduction in FVC decline over 12 weeks versus placebo-treated patients, with patients
receiving the two highest doses of Bexotegrast having ‘no or limited progression’. Additionally,
there was a dose-dependent anti-fibrotic effect of Bexotegrast treatment as measured by
guantitative lung fibrosis HRCT imaging and a reduction of circulating fibrosis-associated

biomarkers (ITGB6 and PRO-C3) versus placebo [485].

The discrepancies in the safety, tolerability and potential anti-fibrotic efficacy of these two
compounds could be explained by the extent of target inhibition and/or the differences in
chemistry of candidate drugs. For example, there were no anti-drug antibodies detected
patients treated with BG0O0011, suggesting that reported adverse results were likely a result
of inhibition of avpB6 integrins directly and not off-target effects [484]. This led Sime et al to
hypothesise that the adverse effects observed in response to BGO0011 treatment in patients
could be a result of inhibition of avp6 integrin-mediated TGF-f activation pathways which are
required for the normal homeostatic function of macrophages. Here, complete TGF-B

inhibition is thought to impede TGF-B-mediated regulation of macrophage behaviour causing
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enhanced pro-inflammatory responses [486]. This is supported by pre-clinical studies [487,488]
and data from the phase 2a study which showed an increased risk of acute exacerbations at
the highest dose, resulting in its premature termination during the trial [483]. Additionally, due
to their size (approximately 150,000 Daltons) there is reasonable concern that monoclonal
antibodies may be unable to effectively penetrate the dense fibrotic matrix in IPF. This in turn
may then cause preferential binding to non-fibrotic regions of tissue resulting in enhanced
inhibition of homeostatic functions rather than pathological avp6 integrins [486]. Conversely,
the small molecule inhibitor Bexotegrast (<500 Daltons) is reported to have submaximal avf36
receptor occupancy and has been shown to effectively reach and bind to avp6 integrins in
highly fibrotic regions of IPF lungs as measured by PET/CT and radiotracer distribution (study
no: NCT04072315) [489]. Excitingly, a recent press release of clinical data from a phase 2a, 12-
week, single-centre, randomised, double-blinded, placebo-controlled trial study (study no:
NCT05621252) from Pliant Therapeutics reported that IPF patients who received a single daily
dose of Bexotegrast showed a reduction in total lung collagen (as measured by PET imaging
and radiotracer methodologies) versus those who received placebo (who displayed an
increase in total collagen after 12 weeks). Furthermore, they demonstrated an improvement
in FVC and a reduction in cough severity at 4, 8 and 12 weeks compared to placebo, suggesting
a potential stabilisation or reversal of fibrosis. Taken together, these studies highlight several
important considerations when therapeutically targeting novel proteins/pathways in IPF. As
seen in the case of BGO0011, complete suppression of a targets physiological function may
lead to adverse effects, making a thorough understanding of candidate drug pharmacokinetics
essential. Additionally, reliable pharmacodynamic biomarkers are required to confirm target
engagement and extent of inhibition. Finally, different targeting strategies (such as
monoclonal antibodies vs small molecule inhibitors) may result in varying clinical outcomes
and, if one is successful, alternative strategies should be considered rather than ruling out the

target completely [486].

Consistent with these findings and previous pre-clinical reports, work in this project found that
EMD 527040 (a avB6 integrin inhibitor) could significantly reduce collagen 1a1, TIMP-1 and
IL-8 secretion at various doses in IPF-derived PCLuS. Nevertheless, when normalised to %
change from control PCLuS, results showed that EMD 527040 challenge only caused a slight

(20-44% reduction) decrease in soluble collagen 1al compared to unstimulated PCLuS and
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failed to surpass the efficacy of standard of SoC treatments (70%+ reduction). However, as we
only tested one commercially available avB6 inhibitor, it is possible that this particular
compound was less effective at selectively targeting and/or inhibiting avB6 than others
reported in the literature. As secretion of collagen 1al is widely measured in scar-in-a-jar and
other in vitro models used for anti-fibrotic drug testing [490], work in this project similarly
utilised secreted collagen 1al as one of the primary readouts to assess anti-fibrotic efficacy
of compounds in PCLUS for consistency between models. However, it is possible that
potentially significant effects of inhibitors on collagen which is incorporated into the ECM (and
not secreted) may be obscured. Consequently, further work is advised to elucidate precise
effect on changes in ECM composition, structure and the balance of ECM remodelling. For
example, the use of fluorescent probes specific to ECM components or reporters for ECM
remodelling activity would allow real-time observation of how a drug affects ECM dynamics
[491]. Similarily, advanced imaging techniques such as microCT, multiphoton microscopy,
second harmonic generation microscopy and/or confocal microscopy could be considered to

help visualise and assess potential changes in collagen organisation and distribution [492,493].

Though the role of avB6 integrins has been well described in IPF, the function of avB3 and
avB5 heterodimers in pulmonary fibrosis are less well defined. Instead, previous studies of
these integrins have focused primarily on the treatment of various cancers [494]. Here, we
report that inhibition of avB3 alone (via Cyclo- (RGDfK) and Cilengitide), and in combination
with avB5 (via SB273005) using compounds previously developed for the treatment of several
cancers [495,496], significantly reduces soluble markers of fibrosis and inflammation in our
PCLuS model. Corroborating these results, avpf3 and avp5 have been shown to be upregulated
in the dermal epithelium of systemic sclerosis patients, with avp5 also upregulated in the
fibroblastic foci of human IPF lungs [497]. Moreover, both integrins have been shown to
promote myofibroblast differentiation in vitro through activation of latent TGF-B1 [498,499].
However, these findings are in contrast to previous in vivo studies which found no protective
effects of avB3/avB5 double-knockout in bleomycin-induced lung fibrosis [500]. Similarily,
Cilengitide failed to show any anti-fibrotic effects in in vivo models of liver fibrosis, instead
significantly increasing collagen deposition and pro-fibrotic gene expression [501].
Consequently, further work is required to elucidate the precise roles of avB3 and avp5

integrins in IPF and confirm anti-fibrotic effects observed via inhibitors in PCLuS.
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Notably, the most effective selected inhibitor in this work was GLPG-0187, a potent av integrin
inhibitor. Though pan-av inhibition has not been extensively tested in clinic for fibrotic
disease, GLPG-0187 has previously been evaluated for the treatment of solid tumours in phase
Ib clinical trials (study no: NCT01313598). Here, results found that despite failing to show signs
of monotherapy efficacy, GLPG-0187 was well tolerated in patients [502]. Consistent with these
results, GLPG-0187 treatment had no impact on tissue viability in our PCLuS model, suggesting
that this compound could potentially be repurposed for treatment of other diseases.
Intriguingly, evidence from several pre-clinical studies suggest av integrin activity is a
common, targetable pathway in multi-organ fibrosis [452]. For example, Henderson et al
demonstrated that selected depletion of av integrins in myofibroblasts lead to protection
against in vivo mouse models of fibrosis in several organs, including bleomycin-induced lung
fibrosis [452,503]. Similarily, more recent studies performed by Zhang et al found that
pharmacological inhibition of multiple av integrins in in vitro and in vivo models of pulmonary
fibrosis resulted in significant anti-fibrotic effects, providing additional validation for

therapeutic targeting of av integrins in IPF [504].

Further assessment of candidate IPA compounds targeting upstream regulators of fibrosis
revealed several inhibitors which outperformed current SoC therapeutics in our PCLuUS system.
Results confirmed that targeted inhibition of mammalian target of rapamycin (mTOR) via
Rapamycin and phosphatidylinositol 3-kinase (PI3K) via Wortmannin both resulted in a
significant reduction of pro-fibrotic markers in IPF-derived PCLuS. The PI3K/Akt/mTOR
pathway has been widely implicated in IPF pathogenesis, with proven roles in fibroblasts
proliferation, TGF-B1-induced myofibroblast differentiation and collagen production [505,506].
Results in our study were comparable to previous work by Mercer et al who similarly utilised
IPF-derived PCLuUS to demonstrate that PI3K/mTOR pathway activation plays a role in disease
remodelling and further showed that inhibition of this pathway (via GSK2126458) resulted in
decreased secretion of pro-fibrogenic markers, suggesting a direct link between PI3K/mTOR
signalling and ECM formation in IPF [294]. Interestingly, work in this study provided scientific
rationale for progressing GSK2126458 (also known as Omipalisib; a small molecule inhibitor
of PI3K/mTOR) to clinical evaluation in a recent proof-of-mechanism trial in IPF patients (study
no: NCT01725139) which subsequently demonstrated acceptable safety, tolerability and

effective target engagement (both systemically and in IPF lungs) [507]. Taken together, these
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data provide a strong proof-of-concept to our experimental approach as targets previously
identified in the literature were also present in our IPA targets and found to exert strong anti-

fibrotic effects in PCLuS.

In addition to confirming efficacy of previously identified targets, assessment of IPA candidate
compounds further demonstrated robust anti-fibrotic effects of epidermal growth factor
receptor (EGFR) inhibition via Tyrphostin AG490 and Gefitinib in our PCLuUS system. EGFR (also
known as ErbB1 or HER1) is a tyrosine kinase receptor which, upon ligand binding, activates
several downstream signalling pathways involved in regulation of cell growth, proliferation
and survival [508]. To date, several EGFR ligands have been identified including EGF,
transforming growth factor-a (TGF-a), amphiregulin (AREG), heparin-binding EGF-like growth
factor (HB-EGF), betacellulin (BC), epiregulin (EREG) and epigen (EPG) [509]. Overactivation of
EGFR signalling has been widely described in several forms of cancer, resulting in the
development of multiple EGFR tyrosine kinase inhibitors (TKls) which are currently approved
for clinical use as anti-cancer agents [510]. However, emerging evidence suggests that EGFR
signalling and their associated ligands may also be involved in other hyperproliferative

diseases including pulmonary fibrosis [509,511,512].

In this study, we found that IPF-derived PCLuS treated with Gefitinib, an EGFR-TKI currently
approved for the treatment of non-small cell lung cancer (NSCLC), resulted in potent anti-
fibrotic and anti-inflammatory effects [513]. Additionally, Tyrphostin AG490 (a selective EGFR
inhibitor) was able to significantly reduce pro-fibrogenic markers throughout the culture
period. Consistent with these results, EGFR has been shown to be upregulated in hyperplastic
alveolar epithelial cells and fibroblastic foci in IPF lungs, with increasing EGFR mRNA levels
negatively correlated to indicators of IPF progression including decreased FVC [512,514].
Similarily, EGFR ligands such as TGF-a and AREG have been reported to be upregulated in IPF
lungs, particularly in epithelial cells and fibroblasts [515,516]. Moreover, therapeutic inhibition
of EGFR and associated ligands have been repeatedly associated with favourable anti-fibrotic
effects in vitro and in vivo [517,518]. Investigation of EGFR inhibition in other organs suggests
that dysregulated EGFR signalling may be a core fibrotic mechanism driving disease
progression [519-521]. For instance, work by Cao et al reported increased expression of EGFR
in interstitial myofibroblasts in human and mouse fibrotic kidneys. Further investigation of

EGFR signalling in vivo found that selective deletion of EGFR in fibroblast/pericyte cell
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populations protected from development of fibrosis in several models of renal injury,

highlighting EGFR activation as a key driver of fibroblast migration and proliferation [521].

Notably, administration of Gefitinib has been shown to prevent fibrosis in bleomycin-induced
pulmonary fibrosis in multiple studies, significantly inhibiting proliferation of mesenchymal
cells and reducing oxidative damage [517,522,523]. However, contrasting studies by Suzuki et a/
have reported negative effects of Gefitinib treatment in bleomycin-induced lung fibrosis.
Here, Gefitinib treatment was found to enhance development of fibrosis by reducing the
regenerative potential of alveolar epithelial cells [524]. Though the reasons for these
contradictory findings are unknown, differences in mouse strains, drug delivery routes and
dosages may have played a role. Interestingly, it has also been reported that approximately
1% of NSCLC patients who receive Gefitinib therapy go on to develop interstitial lung disease,
suggesting potentially deleterious effects of EGFR inhibition in a minority of cases [525]. Taken
together, these data demonstrate a potentially key role of EGFR signalling in fibrotic disease.
However, considering the complexity of EGFR-ligand signalling and its role in tissue
homeostasis and regeneration, further work is required to evaluate to precise role of EGFR
signalling during acute and chronic lung injury and how this may be therapeutically targeted

in IPF in the future.

As previously mentioned, when interpreting experimental results in this project it is important
to consider the IC50 values of candidate drugs screened (see Table 22). For example, many of
the compounds used in this study are reported to have low IC50 values (within the nanomolar
range) and could therefore potentially have off-target effects at the higher doses tested when
trying to selectively target a protein of interest. Moreover, these higher doses could translate
to higher systemic exposure in patients than necessary, if comparable efficacy could be
achieved at lower concentrations. Conversely, there were several compounds screened during
this project which had reported IC50s within the micromolar range in vitro and/or in cell-free
assays. For example, Tyrphostin AG490, which showed some anti-fibrotic efficacy at the
highest 10uM dose in PCLUS, has the following IC50 values: Jak2 (IC50 = 10uM) and Jak3 (IC50
= 20uM) [526,527], EGFR (IC50 = 2uM) and ErbB2 (IC50 = 13.5uM) [528]. Considering that PCLuS
models likely require higher doses than cell-free and 2D monolayer systems, it could therefore
be assumed that higher doses of the drugs would need to be screened to ascertain IC50 and

anti-fibrotic efficacy in PCLuUS more accurately. Similarily, T-224 which displayed no anti-
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fibrotic or anti-inflammatory effects in this project, is reported to have an IC50 of ~10uM for
the following inflammatory cytokines in vitro: MMP-1, MMP-3, IL-6 and TNF-a [529], and may

also require higher concentrations in 3D models to effectively inhibit target proteins.

In the case of the compounds identified through IPA analysis, the candidate drugs identified
have multiple targets and may affect several pathways simultaneously (see Appendix H; Table
1). As a result, these drugs are more likely to have broader effects on multiple upstream
regulators and/or pathways (with target proteins ranging from 4-10 individual proteins),
making assessment of on-target inhibition difficult given the broad range of potential
interactions. In this regard, IPA compounds are more similar to currently approved anti-
fibrotics, such as Pirfenidone, which is thought to affect several pathways including (but not
limited to) TGF-B1, NF-kB and other inflammatory cytokines, chemokines and pathways,
PI3K/AKT, MAPK and Wnt/B-catenin signalling [530-533]. Therefore, while the in vitro IC50
values provide valuable insights into the potency of these compounds, they should not be
used in isolation to predict clinical outcomes. Indeed, previous review of the differences in
IC50 values between 2D cell culture and 3D spheroid models (as detailed in chapter 3;
subsection 3.4) underscores the necessity of integrating multiple experimental approaches to
obtain a comprehensive understanding of a drug's efficacy and safety profile. Evaluation in
additional physiologically-relevant models, alongside careful consideration of dose-response
relationships, is therefore crucial for translating these findings into safe and effective clinical

therapies.

To strengthen the validity of these findings, future work should consider further screening
candidate compounds in complementary ex vivo models of early fibrogenesis utilising a
cocktail of pro-fibrogenic and pro-inflammatory stimuli (e.g. TGFB, TNFa, PDGFAB, and
lysophosphatidic acid) in non-diseased human PCLuS [534]. As work in this study exclusively
tested compounds in diseased explant tissue, incorporating early disease models would
enable a more comprehensive understanding of therapeutic targets and inhibitory
compounds at different stages of disease. Additionally, use of gene editing tools in
combination with viral vectors, neutralising antibodies or LNP technology should be
considered to achieve more targeted inhibition of proteins of interest and reduce off-target

effects associated with small molecule inhibitors (previously outlined in chapter 3).
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In summary, work in this project effectively optimised the transition of our current PCLuS
methodology into a 96-well cell culture format which was then used to validate therapeutic
targets and upstream regulator of fibrosis. From this, we identified multiple inhibitory
compounds which demonstrated strong anti-fibrotic and/or anti-inflammatory effects in our
PCLuS system. Future work will aim to investigate the mode of action of efficacious
compounds and interrogate cell-specific effects via single RNA sequencing and/or more
advanced models of target inhibition, which in turn should improve our understanding of the

pathways and proteins involved in disease progression.
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6 General discussion

6.1 Final conclusions
Organ fibrosis is a common endpoint for a broad spectrum of chronic diseases and is estimated

to contribute to up to 45% of all deaths in the developed world [311]. Within the last few
decades, MASH has rapidly become the most common cause of liver transplantation, due to
its strong association with obesity and metabolic-associated diseases [535]. Similarily, as the
most common and severe ILD, IPF is a prominent fibrotic disease which poses an increasing
socioeconomic burden in line with an ageing population. Given that fibrosis progression
determines prognosis in MASH and is central to development of IPF, attenuation of fibrosis
represents a major therapeutic goal. Despite this, substantial strides in our understanding of
MASH and IPF are yet to be made and the underlying aetiology of disease remains to be
elucidated. One explanation for this occurrence is the frequent use of reductionist pre-clinical
models, which fail to recapitulate the microscopic spatial and temporal heterogeneity of
pathological changes within human organs during fibrotic disease [424-426]. As a result,
information surrounding pathophysiological mediators of disease progression in human liver

and lung tissue is extremely limited and warrants further investigation.

In this project, we aimed to comprehensively profile the molecular landscape of human liver
and lung tissue at different stages of disease progression, with the overarching goal of
illuminating key cellular phenotypes, proteins and/or molecular pathways underpinning
MASH and IPF fibrogenesis. To begin investigating liver fibrosis, single nuclei RNA sequencing
was performed by colleagues at Edinburgh University on human liver tissue selected to
represent the spectrum of MASH from F1-F4 fibrosis stage and cirrhosis. Following this,
computational analysis revealed a disease-associated, collagen type 1 high expressing
mesenchymal cell subpopulation with distinct molecular markers. Further analysis of the top
100 differentially expressed genes identified 9 genes of interest, which were almost
exclusively upregulated in myofibroblast lineages. Work in this project then systematically
evaluated targets of interest in liver-derived PCS. Utilising established protocols of fibrogenic
induction (TGF-B1/PDGFBB), we confirmed that 6 of the 9 gene targets became significantly
upregulated in response to pro-fibrotic stimuli, whilst protein expression remained
unchanged. Furthermore, we confirmed that inhibition of several targets via inhibitory small

molecule compounds was sufficient to attenuate TGF-B1/PDGFBB-induced fibrogenesis. Of

288



the efficacious inhibitors, antagonism of HAS2 and components of the Wnt signalling pathway
(B-catenin and porcupine) had the most potent anti-fibrotic effects. Notably, further
evaluation of inhibitory compounds in PCS generated from non-diseased and IPF lung tissue

confirmed multi-organ efficacy, suggesting these may be common fibrogenic regulators.

Simultaneously, we utilised unbiased ‘omics approaches to interrogate IPF pathogenesis by
profiling gene and protein expression of seemingly unaffected ‘normal’ regions, actively
remodelling ‘intermediate’ regions and end-stage fibrotic regions from the same IPF lung, in
the hope that this would provide an approximation for the molecular changes associated with
disease progression. Importantly, evaluation of these macroscopically different regions of
tissue identified novel proteins/pathways that are significantly up- and down- regulated in
early-stage and actively remodelling tissue (normal and intermediate regions) compared to
end-stage fibrotic tissue and non-diseased ‘healthy’ lungs. To the best of our knowledge, this
is the first study to describe, and subsequently interrogate, protein heterogeneity in
differentially affected regions of IPF tissue. In doing so, results confirmed various
transcriptomic findings previously described in the literature as well as identifying a number

of novel targets which have not been widely studied in the context of IPF [414].

Further interrogation of protein heterogeneity within IPF regions resulted in the selection of
30 candidate compounds targeting significantly upregulated proteins/pathways of interest.
Previously, targets identified through single-cell or 'omics studies of human tissue have
predominantly been validated or further explored in cell culture and/or in vivo mouse models
[82,430]. However, work in this project utilised ex vivo cultures of human lung derived PCS to
directly evaluate translational relevance of potential therapeutic targets to human disease. In
order to facilitate comprehensive testing of 30 compounds at multiple doses in available
human IPF tissue, we optimised and validated a highly reproducible 96-well medium-
throughput PCLUS methodology which was then used to screen novel targets/compounds to
determine toxicity and anti-fibrotic efficacy. Once optimised, compound screening in the 96-
well PCLuS format identified multiple inhibitory compounds which demonstrated strong anti-
fibrotic (n=17 compounds) and/or anti-inflammatory (n=14 compounds) effects in our PCLuS

system, confirming involvement of the relevant compound targets in IPF pathogenesis.

289



6.2 Study limitations and future work
Though work in this project provided a number of novel insights into the molecular landscape

underpinning fibrosis progression in the liver and lung, there are a number of constraints to
consider when interpreting experimental outcomes. For example, though we confirmed that
several genes of interest could be modulated in liver tissue via exogenous stimuli (TGF-
B1/PDGFBB) in our PCS system, as results were representative of whole tissue and not
individual cell types, we were unable to directly assess effects on disease-associated
myofibroblast subpopulations. To overcome this limitation, future work should consider the
use of single-cell sequencing, first to determine the cellular composition of PCS donor tissue
and presence of myofibroblast populations prior to culture and, secondly, to evaluate how
target gene expression is modulated during fibrogenesis. Furthermore, as results showed no
clear changes in target protein expression after 72-hour treatment with pro-fibrotic stimuli,
subsequent analysis should seek to determine whether this was due to the limited culture
period or whether target upregulation was limited to this small cellular subpopulation
(estimated <2% of whole tissue). To achieve this, future experiments should consider
extending the culture period as well as employing flow cytometry and/or multi-plex imaging

techniques to establish target protein expression in different cell types during fibrogenesis.

In order to evaluate target expression in liver-derived PCS, work in this study utilised
exogenous stimuli to induce inflammation and fibrosis within the 96-hour culture period.
However, as fibrosis is often seen to develop slowly in humans in response to repeated and
sustained damage, it is likely that our model of accelerated disease progression may not fully
recapitulate all aspects of disease seen in patients. Similarily, in order to determine anti-
fibrotic effects of candidate compounds, inhibitors were co-treated with fibrogenic stimuli to
assess the ability to blunt TGF-B1/PDGFBB-induced fibrogenesis. However, as histological
assessment of liver donors used to generate PCS confirmed that some targets of interest were
already present in liver tissue prior to culture, future work should seek to histologically
confirm the presence of all targets of interest and then consider screening candidate
compounds in the absence of any stimuli to determine the effects on pre-existing fibrosis.
Specifically, assessment of compounds in patient tissue with varying fibrosis grades (ranging
from FO-F4) may provide further insight into how these targets are modulated throughout the

disease spectrum and their potential role in fibrosis progression and/or regression.
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To further investigate results from intrapatient sampling and profiling of IPF tissue, future
work should first seek to characterise the tissue microenvironment during macroscopically
distinct phases of disease via multi-plex imaging and/or flow cytometry. In doing so, results
should help clarify whether the changes in gene and protein expression are due to phenotypic
changes in tissue-resident cells or changes in the cellular composition of the tissue
microenvironment. Additionally, work should aim to identify the cellular source of proteins
and map the distribution within tissue via spatial proteomics [536]. Further interrogation of
existing datasets should also be considered to identify additional proteins/pathways of
interest as work in this project focused primarily on proteins which were significantly
upregulated during early-stage disease. For example, we found that several important
neutrophil-related markers were significantly downregulated in IPF regions compared to
‘healthy’ controls. However, this was not investigated in this current project due to the lack of
infiltrating immune cells in our PCS system and the limited longevity of neutrophils in culture.
In this instance, complementary pre-clinical models should be considered such as mouse
models, which have the benefit of systemic responses and whole-body physiology.
Alternatively, isolation and phenotyping of neutrophils from IPF tissue regions could provide
further insights into their seemingly altered function during fibrogenesis. As target
identification was based solely on proteomic datasets, interrogation of the transcriptome
alone, or through integration of the transcriptome with the proteome, should also be
considered. Additionally, single-cell sequencing of regional tissue samples may provide further

insights into cellular heterogeneity and target expression.

Importantly, due to the reduction in the availability of donor tissue caused by the Covid-19
pandemic, our first cohort comprised of 8 IPF patient samples. To validate our findings, a
second larger cohort of donor tissue should be acquired and sampled to determine whether
identified targets are common across multiple cohorts. Additionally, as work in this project
stratified regional samples based on macroscopic (gross) and microscopic (histological)
assessment, future sampling should consider the use of quantitative measurements of fibrosis
to further stratify samples and identify any outliers. For example, in a similar study by
McDonough et al, samples were clustered based on alveolar surface density measurements

computed from microCT imaging and collagen 1 staining [430].
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As candidate compounds were exclusively screened in IPF-derived tissue in this project, future
studies could also utilise models of early fibrogenesis as previously described [534].
Interestingly, a recent study by Lang et al utilised single cell sequencing to evaluate changes
in gene expression of non-disease human lung PCLuS treated with this fibrogenic cocktail (FC)
alone, and in combination with anti-fibrotic compounds [537]. Results confirmed that FC-
treated PCLUS mimicked many aspects of human IPF. Moreover, they demonstrated cell
lineage-specific effects of anti-fibrotic compounds, with gene set enrichment analysis
revealing that co-treatment of FC with Nintedanib resulted in inhibition of VEGF and PGDF
signalling in myofibroblasts [537]. As we did not investigate the mode of action of efficacious
drugs in this study, particularly those identified through IPA analysis, a similar approach may

yield additional insights into cell-specific effects of candidate compounds.

In this project, potential therapeutic targets were investigated in PCS generated from different
disease-states/organs via inhibitory compounds and anti-fibrotic efficacy was determined by
guantification of secreted fibrogenic markers. However, one of the main limitations of this
approach was the inability to selectively inhibit the targets of interest in certain cell types. This
is of particular interest in regard to targets identified for the liver, as cell-specific knockdown
or overexpression in myofibroblast populations during culture may provide further insights
into the precise role in disease progression. Moreover, it is possible that some small molecule
inhibitors may exhibit a lack of target specificity resulting in the inhibition of other proteins
with structural similarities, potentially leading to off-target effects. Consequently, future work
should consider the use of gene editing tools in combination with viral vectors (such as AAVs
or lentivirus) or alternative drug delivery methods (e.g., lipid nanoparticles and antibody-drug-
conjugates [538,539]) to reduce off-target effects and achieve selective and sustained target
inhibition. At present, it is unclear if the compounds which showed little to no anti-fibrotic
efficacy was due to downregulated targets having no effect or, alternatively, if compounds
were unable to effectively inhibit the protein of interest. As some compounds may have
limited tissue/cell penetration and/or incomplete target inhibition, further work is required
to confirm target engagement and determine the amount of drug in PCS tissue and its
distribution (e.g., imaging mass spectrometry) [540]. Likewise, further investigation is required
to determine tolerable patient doses and understand the IC50 within PCS. Notably, a number

of compounds appeared to demonstrate strong efficacy at the lowest 0.1uM dose,
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highlighting the need for additional dose titration to identify the minimal effective dose in
PCS. To obtain an accurate measurement of IC50 values of individual drugs in our PCS model,
additional logarithmic dose titration concentrations (at least 5 drug concentrations) would be
required, preferably at lower doses to assess reported in vitro IC50 concentrations for anti-
fibrotic efficacy. To better understand patient tolerability, further work to understand
systemic effects of drugs should be considered to identify any potential systemic effects of
drugs (e.g. rodent models) due to the lack of circulation in our PCS model. Additionally, further
exploration of candidate compounds which have already demonstrated suitable safety and
tolerability for the treatment of other drugs should be further investigated for repurposing as
an anti-fibrotic therapy. For example, Mercer et al utilised available pharmacokinetic data
from ongoing clinical trials investigating GSK2128458 in solid tumours and integrated results
with in vitro mechanistic studies to predict pharmacological engagement for a range of doses
via stochastic model simulations [294]. Consequently, a similar approach for candidate
compounds screened in this study could be utilised in future. Finally, further investigation of
target engagement and degree of drug inhibition (rather than drug efficacy alone) with
reliable pharmacodynamic biomarkers is recommended to improve our understanding of
understand the relationship between target engagement and inhibition of fibrosis in PCLuS.
For example, phosphorylation of Smad2 has previously been used as a marker of TGFp activity
in several models, including PCLuS [421]. In doing so, we will be able to better understand
potential off-targets effects of candidate compounds. For instance, if target engagement is
achieved at relatively low compound concentrations but anti-fibrotic effects are not detected
until much higher doses, this could likely be explained by off-target effects of candidate

compounds.

Overall, work in this project has shed light on the complex cellular and molecular mechanisms
underlying fibrosis progression in the human liver and lung, revealing new insights into cellular
and protein heterogeneity during disease progression. We have highlighted several promising
targets for further exploration and interrogated translational relevance in the PCS system via
inhibitors, confirming involvement in disease pathogenesis. Future work should aim to further
explore the potential therapeutic targets as outlined above, which in turn should improve our

understanding of the proteins/pathways involved in disease progression of MASH and IPF.
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Appendix A

SnRNAseq liver donor demographics statistical analysis

Table 1: Liver donor demographics Kruskal-Wallis with post hoc Dunn’s multiple comparisons test of
donor ages between cohorts

Dunn's multiple comparisons Mean rank Adjusted P

test diff. Significant? Summary Value
Healthy vs. FO 23.18 No ns >0.9999
Healthy vs. F1 20.05 No ns 0.4559
Healthy vs. F2 17.1 No ns 0.4829
Healthy vs. F3 18.58 No ns 0.0754
Healthy vs. F4 7.929 No ns >0.9999
Healthy vs. Cirrhotic 8.286 No ns >0.9999
FOvs. F1 -3.125 No ns >0.9999
FO vs. F2 -6.083 No ns >0.9999
FO vs. F3 -4.6 No ns >0.9999
FO vs. F4 -15.25 No ns >0.9999
FO vs. Cirrhotic -14.89 No ns >0.9999
F1lvs. F2 -2.958 No ns >0.9999
F1lvs. F3 -1.475 No ns >0.9999
F1vs. F4 -12.13 No ns >0.9999
F1 vs. Cirrhotic -11.77 No ns >0.9999
F2 vs. F3 1.483 No ns >0.9999
F2 vs. F4 -9.167 No ns >0.9999
F2 vs. Cirrhotic -8.81 No ns >0.9999
F3vs. F4 -10.65 No ns >0.9999
F3 vs. Cirrhotic -10.29 No ns >0.9999
F4 vs. Cirrhotic 0.3571 No ns >0.9999
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Enlarged UMAP
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UMAP 2

. UMAP_1 »

Figure 1: Enlarged UMAP from Figure 12 Clustering datasets (labelled by lineage) featured a large
hepatocyte cluster and a smaller mesenchyme compartment, in keeping with the expected liver cell
lineage proportions. Enlarged image for better visualisation of numbering.

295



Negative controls for immunohistochemistry of targets in liver and lung

WNT9A

HAS2

IPF LUNG

WNT4

UD LUNG

LIVER

Figure 2: Negative controls of immunohistochemistry in different organs/diseases for targets of
interest Representative images of negative controls for selected targets in IPF tissue, unused donor
tissue and liver tissue where available (scale bar= 100um). Immunohistochemistry was performed as
previously described (subsection 3.2.8; Table 11), with the exception of incubation with primary

antibodies.
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Appendix B

Transcriptomic dataset for Figures 15

Experimental outline

Pre-existing transcriptomic datasets were generated from PCLS prepared from resected liver

tissue (n=7 donors) detailed in Table 1, with slices (n=6 PCLS per condition) being rested for

24 hours before challenge with either control media, 3ng/ml TGF-B1 to induce fibrogenesis or

1ng/mlIL1a to stimulate an inflammatory response. After 24 hours challenge, PCLS were snap

frozen and processed for bulk RNAseq.

Table 1: Donor demographics from pre-existing transcriptomic dataset used in Figure 15

Donor Sex Age Fibrosis Steatosis
PCLS donor 1 M 84 1 0
PCLS donor 2 F 70 1 0
PCLS donor 3 F 71 0 0
PCLS donor 4 F 63 2 0
PCLS donor 5 F 69 2 0
PCLS donor 6 M 70 4 0
PCLS donor 7 M 69 2 0

RNA isolation, bulk RNA seq and downstream analysis

RNA was isolated from n=2 pooled batched of PCLS per treatment condition for each donor as

outlined in Chapter 2 (subsection 2.8.2) before being DNase treated and sent for RNAseq at

Genomic Core Facility, Newcastle University. RNAseq and downstream analysis was

performed as previously described (see subsection 4.1.3.2) and mRNA values were classified

as significantly different when log2 fold change >2 and p-value (adjusted) <0.001.
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Appendix C

Transcriptomic dataset for Figures 16

Experimental outline
Pre-existing transcriptomic datasets were generated from PCLS prepared from resected liver

tissue, with slices (n=6 PCLS per condition) being rested for 24hrs before challenge with either
control media (n=6 donors; PCLS donors 1-6), a combination treatment of pro-fibrotic TGF-
B1(3ng/ml)/PDGFBPB (50ng/ml) alone (n=6 donors; PCLS donors 1-6) or co-treated with 10uM
ALKS5i (TGFP receptor | inhibitor) to blunt the fibrotic response (n=4 donors; PCLS donors 1-4)
for 72hrs. Media, including all treatments, was refreshed at 24-hour intervals before PCLS
were harvested and snap frozen at 96hrs for RNAseq. Liver donor demographics used to

generate this dataset are outlined in Table 1.

Table 1: Donor demographics from pre-existing transcriptomic dataset used in Figure 16

Donor Sex Age Fibrosis Steatosis
PCLS donor 1 M 37 1 0
PCLS donor 2 F 24 0 0
PCLS donor 3 F 61 0 1
PCLS donor 4 F 67 1 0
PCLS donor 5 F 64 1 0
PCLS donor 6 F 23 2 0
PCLS donor 7 M 60 1 1

RNA isolation, bulk RNA seq and downstream analysis
RNA was isolated from n=2 pooled batched of PCLS per treatment condition for each donor as

outlined in Chapter 2 (subsection 2.8.2) before being DNase treated and sent for RNAseq at
Genomic Core Facility, Newcastle University. RNAseq and downstream analysis was
performed as previously described (see subsection 4.1.3.2) and mRNA values were classified

as significantly different when log2 fold change >2 and p-value (adjusted) <0.001.
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Appendix D

Transcriptomic dataset for Figures 37 and 38

Experimental outline
Primary fibroblasts previously isolated and cryopreserved from the parenchyma of IPF explant

tissue (n=6 donors) and unused donor lungs (n=6 donors) as outlined in subsection 5.2.5. were
reanimated (n=5 donor lines) in culture medium and transferred to a T75 flask, incubated at
37°c supplemented with 5% CO». Media was replenished bi-weekly until the flask was deemed
confluent, at which point fibroblasts were detached via trypsinisation, counted using an EVE
automatic cell counter and seeded into three T75 flasks at a density of 500,000 cells/flask.
Once cells were approximately 70% confluent, flasks were cultured for 24hrs in serum-free
culture media before treatment with control media, recombinant human IL-1a (500pg/ml) or
recombinant human TGF-B1 (10ng/ml) to induce a pro-inflammatory and pro-fibrotic
phenotype, respectively. Following treatment, cells were detached via scraping into 4ml of
ice-cold PBS, centrifuged for 4 minutes at 500g and snap frozen for analysis. Lung donor

demographics used to generate these datasets are outlined in Table 1.

Table 1: Donor demographics from pre-existing transcriptomic datasets used in Figures 37-38

TLCO, mmol KCO, mmol
CO/min/kPa CO/min/kPa
IPF Fib 1 M 54 1.97 (52%) 2.38 (50%) 4.02 (54%) 3.08% Unknown
IPF Fib 2 M 49 1.83 (51%) 2.87 (65%) 5.50 (81%) 1.1 (73%) Non-smoker
IPF Fib 3 M 57 2.34 (72%) 2.71 (66%) 3.26 (50%) 1.23 (87%) Non-smoker
IPF Fib 4 M 55 1.9 (51%) 2.27 (49%) 3.80 (51%) 1.0 (70%) Ex-smoker
IPF Fib 5 M 58 2.25 (70%) 2.60 (63%) 3.97 (61%) 1.68 (116%) Non-smoker
IPF Fib 6 M 60 2.02 (53%) 2.31 (47%) 3.31 (42%) 0.87 (64%) Ex-smoker
UDFib1 M 36 N/A N/A N/A N/A No
UD Fib 2 F 52 N/A N/A N/A N/A Yes
UDFib3 M 52 N/A N/A N/A N/A No
UDFib4 F 54 N/A N/A N/A N/A Yes
UD Fib 5 F 51 N/A N/A N/A N/A Yes
UD Fib 6 M 60 N/A N/A N/A N/A Yes

FEV1= forced expiratory volume in 1 second, FVC= forced vital capacity, TLC= total lung capacity, TLCO= carbon monoxide
transfer factor, KCO=carbon monoxide transfer coefficient and N/A= not available. Percentages of predicted values are in
parentheses.
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RNA isolation, bulk RNA seq and downstream analysis
Total RNA was isolated from snap frozen cell pellets using RNeasy mini kits (74104, Qiagen)

according to manufacturer’s guidelines as outlined in chapter 2 (subsection 2.8.1). Once
isolated, RNA was DNase treated and sent for RNAseq at Genomic Core Facility, Newcastle
University. RNAseq and downstream analysis was performed as previously described (see
subsection 4.1.3.2) and mRNA values were classified as significantly different when log2 fold

change >2 and p-value (adjusted) <0.001.
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Appendix E
UMAPs of snRNAseq target expression in integrated lung datasets

Global target gene expression- healthy controls
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Figure 1: Investigation of global target gene expression in healthy controls of scRNAseq datasets
Target gene expression was investigated in scRNA datasets generated from 6 integrated single cell lung atlases
(https://singlecell.broadinstitute.org/single cell/study/SCP2155/) created by Dr Stephen Christensen, Pfizer.
A) In total, 716,074 cells were included from multiple different fibrotic lung diseases, comprising 13 different
cell lineages. Individual UMAPs of target density are depicted for global target gene expression for healthy
control donors only. (Figures provided by Dr Stephen Christensen, Pfizer).
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Global target gene expression- IPF donors only
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Figure 2: Investigation of global target gene expression in IPF donors of scRNAseq datasets Target
gene expression was investigated in scRNA datasets generated from 6 integrated single cell lung atlases
(https://singlecell.broadinstitute.org/single cell/study/SCP2155/) created by Dr Stephen Christensen, Pfizer.
A) In total, 716,074 cells were included from multiple different fibrotic lung diseases, comprising 13 different
cell lineages. Individual UMAPs of target density are depicted for global target gene expression for IPF donors
only. (Figures provided by Dr Stephen Christensen, Pfizer).
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Figure 3: Pseudobulk differential expression of global target genes in scRNAseq datasets Target gene
expression was investigated in scRNA datasets generated from 6 integrated single cell lung atlases
(https://singlecell.broadinstitute.org/single cell/study/SCP2155/) created by Dr Stephen Christensen, Pfizer.
A) In total, 716,074 cells were included from multiple different fibrotic lung diseases, comprising 13 different
cell lineages. Raw counts were aggregated by patient cell type and within each cell DESeq2was ran and
statistical significance determined using Benjamini-Hochberg adjusted p values where *p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001). [Figures provided by Dr Stephen Christensen, Pfizer].
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Stromal target gene expression- healthy controls
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Figure 4: Investigation of stromal target gene expression in healthy controls of scRNAseq datasets
Target gene expression was investigated in scRNA datasets generated from 6 integrated single cell lung atlases
(https://singlecell.broadinstitute.org/single cell/study/SCP2155/) created by Dr Stephen Christensen, Pfizer.

A) In total, 716,074 cells were included from multiple different fibrotic lung diseases, comprising 13 different
cell lineages. Individual UMAPs of target density are depicted for stromal target gene expression for healthy

control donors only. (Figures provided by Dr Stephen Christensen, Pfizer).
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Stromal target gene expression- IPF donors only
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Figure 5: Investigation of stromal target gene expression in IPF donors of scRNAseq datasets Target
gene expression was investigated in scRNA datasets generated from 6 integrated single cell lung atlases
(https://singlecell.broadinstitute.org/single cell/study/SCP2155/) created by Dr Stephen Christensen, Pfizer.
A) In total, 716,074 cells were included from multiple different fibrotic lung diseases, comprising 13 different
cell lineages. Individual UMAPs of target density are depicted for stromal target gene expression for IPF donors
only. (Figures provided by Dr Stephen Christensen, Pfizer).
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Figure 6: Pseudobulk differential expression of stromal target genes in scRNAseq datasets Target
gene expression was investigated in scRNA datasets generated from 6 integrated single cell lung atlases
(https://singlecell.broadinstitute.org/single cell/study/SCP2155/) created by Dr Stephen Christensen, Pfizer.
A) In total, 716,074 cells were included from multiple different fibrotic lung diseases, comprising 13 different
cell lineages. Raw counts were aggregated by patient cell type and within each cell DESeq2was ran and
statistical significance determined using Benjamini-Hochberg adjusted p values where *p<0.05, **p<0.01,
***¥p<0.001 and ****p<0.0001). [Figures provided by Dr Stephen Christensen, Pfizer].
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Appendix F

GO analysis of inter- and intra- patient IPF datasets

GO analysis was performed on all regional IPF comparisons on significantly upregulated and
significantly downregulated genes (log2 fold change >2 and p-value (adjusted) <0.05) and
presented in the following tables and graphs where gene ratio= the proportion of genes from
differentially expressed gene (DEG) list associated with the relevant GO term (no of genes
involved in GO term/total no of genes in DEG list), Bg ratio= proportion of genes in the
reference list that are associated with the GO term compared to number of genes annotated
in the reference list (no of genes involved in GO term from reference gene list/ total no of
genes in reference gene list), FE=fold enrichment, Ovalue= (odds ratio) statistical value to
account for false discovery rate or how likely a gene in a GO term is to be significant and count=

the number of DEGs enriched in each GO term.
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Table 1: GO enrichment analysis significantly upregulated genes in IPF normal vs UD

Description GeneRatio BgRatio FE pvalue p.adjust Count

G0:0030198 extracellular matrix organization 29/361 [332/18888| 4.57 | 1E-11 | 1.4E-08 29
G0:0043062 extracellular structure organization 29/361 [333/18888| 4.56 | 1E-11 | 1.4E-08 29
G0:0045229 external encapsulating structure organization 29/361 |334/18888| 4.54 | 1E-11 | 1.4E-08 29
G0:0030199 collagen fibril organization 11/361 66/18888 | 8.72 | 4E-08 | 3.8E-05 11
G0:0001503 ossification 26/361 [446/18888]| 3.05 [ 5E-07 [ 0.0004 26
G0:0030574 collagen catabolic process 8/361 45/18888 | 9.30 | 2E-06 | 0.0011 8
G0:0032963 collagen metabolic process 11/361 |107/18888| 5.38 | 6E-06 | 0.0031 11
G0:0042476 odontogenesis 12/361 [133/18888| 4.72 | 1E-05 | 0.0041 12
G0:0031214 biomineral tissue development 13/361 ]180/18888| 3.78 | 4E-05 | 0.0170 13
G0:0008217 regulation of blood pressure 13/361 |187/18888| 3.64 | 7E-05 | 0.0206 13
G0:0097553 calcium ion transmembrane import into cytosol 13/361 187/18888| 3.64 | 7E-05 | 0.0206 13
G0:0045839 negative regulation of mitotic nuclear division 7/361 56/18888 | 6.54 | 9E-05 | 0.0260

G0:0010965 regulation of mitotic sister chromatid separation 7/361 59/18888 | 6.21 | 0.0001 | 0.0336 7
G0:0043588 skin development 17/361 |[318/18888( 2.80 | 0.0001 | 0.0346 17
G0:0060033 anatomical structure regression 4/361 15/18888 [13.95( 0.0002 | 0.0346 4
G0:0051306 mitotic sister chromatid separation 7/361 62/18888 | 5.91 | 0.0002 | 0.0375 7
G0:0051784 negative regulation of nuclear division 7/361 63/18888 | 5.81 | 0.0002 | 0.0384 7
G0:0007094 mitotic spindle assembly checkpoint signaling 6/361 46/18888 | 6.82 [ 0.0002 | 0.0384 6
G0:0071173 spindle assembly checkpoint signaling 6/361 46/18888 | 6.82 [ 0.0002 | 0.0384 6
G0:0071174 mitotic spindle checkpoint signaling 6/361 46/18888 | 6.82 [ 0.0002 | 0.0384 6
G0:0048565 digestive tract development 10/361 133/18888 | 3.93 | 0.0002 | 0.0384 10
G0:0031577 spindle checkpoint signaling 6/361 47/18888 | 6.68 [ 0.0003 [ 0.0384 6
G0:0033046 negative regulation of sister chromatid segregation 6/361 48/18888 | 6.54 [ 0.0003 | 0.0384 6
G0:0033048 negative regulation of mitotic sister chromatid segregation 6/361 48/18888 | 6.54 [ 0.0003 [ 0.0384 6
G0:0045841 negative regulation of mitotic metaphase/anaphase transition 6/361 48/18888 | 6.54 [ 0.0003 [ 0.0384 6
G0:2000816 negative regulation of mitotic sister chromatid separation 6/361 48/18888 | 6.54 [ 0.0003 [ 0.0384 6
G0:0090596 sensory organ morphogenesis 15/361 [278/18888| 2.82 | 0.0003 | 0.0393 15
G0:0034505 tooth mineralization 5/361 32/18888 [ 8.18 | 0.0003 [ 0.0393 5
G0:0051985 negative regulation of chromosome segregation 6/361 50/18888 | 6.28 [ 0.0004 [ 0.0393 6
G0:1902100| negative regulation of metaphase/anaphase transition of cell cycle 6/361 50/18888 | 6.28 [ 0.0004 [ 0.0393 6
G0:1905819 negative regulation of chromosome separation 6/361 50/18888 | 6.28 [ 0.0004 [ 0.0393 6
G0:0001975 response to amphetamine 5/361 33/18888 | 7.93 [ 0.0004 | 0.0393 5
G0:0031069 hair follicle morphogenesis 5/361 33/18888 | 7.93 [ 0.0004 | 0.0393 5
G0:2001251 negative regulation of chromosome organization 8/361 93/18888 | 4.50 | 0.0004 | 0.0412 8
G0:0001649 osteoblast differentiation 14/361 [257/18888] 2.85 [ 0.0005 | 0.0441 14
G0:0055123 digestive system development 10/361 [145/18888| 3.61 | 0.0005| 0.0441 10
G0:0097305 response to alcohol 14/361 |[259/18888| 2.83 | 0.0005| 0.0441 14
G0:0002029| desensitization of G protein-coupled receptor signaling pathway 4/361 20/18888 [10.46| 0.0005| 0.0441 4
G0:0008544 epidermis development 18/361 |[387/18888]| 2.43 [ 0.0005| 0.0441 18
G0:1905818 regulation of chromosome separation 7/361 74/18888 | 4.95 [ 0.0005 | 0.0452 7
G0:0033047 regulation of mitotic sister chromatid segregation 6/361 54/18888 | 5.81 [ 0.0006 | 0.0466 6
G0:0022401 negative adaptation of signaling pathway 4/361 21/18888 | 9.97 | 0.0006 | 0.0474 4
G0:0051383 kinetochore organization 4/361 21/18888 | 9.97 [ 0.0006 | 0.0474 4
G0:0030178 negative regulation of Wnt signaling pathway 11/361 [177/18888]| 3.25 [ 0.0006 | 0.0474 11
G0:0060349 bone morphogenesis 8/361 99/18888 | 4.23 [ 0.0006 | 0.0474 8
G0:0002052 positive regulation of neuroblast proliferation 5/361 37/18888 | 7.07 [ 0.0007 | 0.0477 5
G0:0048730 epidermis morphogenesis 5/361 37/18888 | 7.07 [ 0.0007 | 0.0477 5
G0:0002429 [ immune response-activating cell surface receptor signaling pathway 16/361 [332/18888]| 2.52 [ 0.0007 | 0.0498 16
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Table 2: GO enrichment analysis significantly downregulated genes in IPF normal vs UD

Description GeneRatio BgRatio FE pvalue p.adjust Count
G0:0032496 response to lipopolysaccharide 31/287 |[348/18888| 5.86 |2.3E-15| 8.7E-12 31
G0:0071222 cellular response to lipopolysaccharide 25/287 [225/18888( 7.31 |8.4E-15| 1.56-11 25
G0:0002237 response to molecule of bacterial origin 31/287 |369/18888| 5.53 |1.1E-14| 1.5E-11 31
G0:0030595 leukocyte chemotaxis 25/287 [237/18888( 6.94 |2.8E-14| 2.2E-11 25
G0:0071219 cellular response to molecule of bacterial origin 25/287 |238/18888| 6.91 |3.1E-14| 2.2E-11 25
G0:0097529 myeloid leukocyte migration 25/287 1239/18888]| 6.88 |3.4E-14| 2.2E-11 25
G0:0071216 cellular response to biotic stimulus 25/287 |265/18888]| 6.21 |3.6E-13| 2.0E-10 25
G0:0060326 cell chemotaxis 27/287 322/18888]| 5.52 |6.8E-13| 3.2E-10 27
G0:0071621 granulocyte chemotaxis 18/287 128/18888] 9.25 [9.3E-13| 3.9E-10 18
G0:0097530 granulocyte migration 19/287 |[154/18888]| 8.12 [2.3E-12| 9.0E-10 19
G0:0030593 neutrophil chemotaxis 16/287 |107/18888]| 9.84 |6.7E-12| 2.3E-09 16
G0:1990266 neutrophil migration 17/287 |129/18888| 8.67 |1.2E-11| 3.7E-09 17
G0:0050900 leukocyte migration 28/287 [396/18888( 4.65 |1.5E-11| 4.5E-09 28
G0:0071347 cellular response to interleukin-1 15/287 |110/18888| 8.97 |1.2E-10| 3.3E-08 15
G0:0006935 chemotaxis 29/287 [466/18888( 4.10 |1.4E-10| 3.6E-08 29
G0:0042330 taxis 29/287 [468/18888( 4.08 |1.6E-10| 3.7E-08 29
G0:0006959 humoral immune response 21/287 [258/18888| 5.36 |4.7E-10| 1.1E-07 21
G0:0070555 response to interleukin-1 15/287 138/18888| 7.15 |3.0E-09| 6.4E-07 15
G0:0009636 response to toxic substance 20/287 |260/18888| 5.06 |3.3E-09| 6.6E-07 20
G0:0019730 antimicrobial humoral response 14/287 |132/18888]| 6.98 |1.4E-08| 2.7E-06 14
G0:0006953 acute-phase response 9/287 47/18888 [12.60|3.1E-08| 5.7E-06 9
G0:1990868 response to chemokine 12/287 1101/18888| 7.82 |4.3E-08| 7.2E-06 12
G0:1990869 cellular response to chemokine 12/287 [101/18888]| 7.82 [4.3E-08| 7.2E-06 12
G0:0002687 positive regulation of leukocyte migration 14/287 [149/18888] 6.18 [6.6E-08| 1.1E-05 14
G0:0010273 detoxification of copper ion 6/287 16/18888 |24.68|8.2E-08| 1.2E-05 6
G0:1990169 stress response to copper ion 6/287 16/18888 |24.68|8.2E-08| 1.2E-05 6
G0:0046688 response to copper ion 8/287 38/18888 [13.86|8.5E-08| 1.2E-05 8
G0:0071280 cellular response to copperion 7/287 26/18888 |17.72|8.9E-08| 1.2E-05 7
G0:0044703 multi-organism reproductive process 16/287 [204/18888] 5.16 [9.7E-08| 1.3E-05 16
G0:1903524 positive regulation of blood circulation 8/287 39/18888 |13.50(1.1E-07| 1.3E-05 8
G0:0034612 response to tumor necrosis factor 18/287 [263/18888] 4.50 [1.2E-07| 1.5E-05 18
G0:0044706 multi-multicellular organism process 16/287 [212/18888] 4.97 [1.6E-07| 1.9E-05 16
G0:0070098 chemokine-mediated signaling pathway 11/287 93/18888 | 7.78 |1.7E-07| 1.9E-05 11
G0:0042742 defense response to bacterium 20/287 330/18888| 3.99 |1.7E-07| 1.9E-05 20
G0:0071356 cellular response to tumor necrosis factor 17/287 |241/18888]| 4.64 |1.8E-07| 1.9E-05 17
G0:0001819 positive regulation of cytokine production 25/287 |500/18888]| 3.29 |2.0E-07| 2.2E-05 25
G0:0007566 embryo implantation 9/287 59/18888 |10.04|2.5E-07| 2.5E-05 9
G0:0009266 response to temperature stimulus 14/287 |172/18888]| 5.36 |3.9E-07| 4.0E-05 14
G0:0097501 stress response to metal ion 6/287 21/18888 [18.80|5.2E-07| 5.0E-05 6
G0:0009408 response to heat 11/287 1104/18888]| 6.96 |5.3E-07| 5.0E-05 11
G0:0061687 detoxification of inorganic compound 6/287 22/18888 |17.95[7.1E-07| 6.6E-05 6
G0:0002526 acute inflammatory response 11/287 109/18888| 6.64 |8.4E-07| 7.7E-05 11
G0:0006882 intracellular zinc ion homeostasis 7/287 36/18888 |12.80[9.9E-07| 8.9E-05 7
G0:0002548 monocyte chemotaxis 9/287 70/18888 | 8.46 [1.1E-06| 9.6E-05 9
G0:0071294 cellular response to zinc ion 6/287 24/18888 |16.45]|1.2E-06| 0.0001 6
G0:0045823 positive regulation of heart contraction 7/287 38/18888 |12.12[1.56-06| 0.0001 7
G0:0002822 | regulation of adaptive immune response based on somatic recombination of immune receptors 14/287 [192/18888] 4.80 [1.5E-06] 0.0001 14
G0:0002690 positive regulation of leukocyte chemotaxis 10/287 93/18888 | 7.08 |1.56-06| 0.0001 10
G0:0048246 macrophage chemotaxis 7/287 40/18888 |11.52[2.1E-06] 0.0002 7
G0:0002833 positive regulation of response to biotic stimulus 20/287 [390/18888| 3.37 |2.4E-06| 0.0002 20
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Table 3: GO enrichment analysis significantly regulated genes in IPF intermediate vs UD

GO ID Description GeneRatio BgRatio FE pvalue p.adjust Count
G0:0002377 immunoglobulin production 58/550 |194/18888|10.27[1.8E-42 6.6E-39 58
G0:0016064 immunoglobulin mediated immune response 57/550 [208/18888| 9.41 [2.1E-39| 3.8E-36 57
G0:0019724 B cell mediated immunity 57/550 ]212/18888| 9.23 |6.5E-39| 8.0E-36 57
G0:0002440 production of molecular mediator of immune response 59/550 |310/18888| 6.54 |2.9E-31| 2.7E-28 59
G0:0002449 lymphocyte mediated immunity 62/550 |372/18888]| 5.72 |2.0E-29| 1.2E-26 62
G0:0002460 adaptive immune response based on somatic recombination of immune receptors 63/550 |385/18888| 5.62 [2.0E-29| 1.2E-26 63
G0:0002443 leukocyte mediated immunity 63/550 |469/18888| 4.61 |1.5E-24( 8.1E-22 63
G0:0050853 B cell receptor signaling pathway 19/550 78/18888 | 8.37 |6.6E-13| 3.0E-10 19
G0:0030198 extracellular matrix organization 33/550 |[332/18888]| 3.41 |8.6E-10| 3.4E-07 33
G0:0043062 extracellular structure organization 33/550 [333/18888| 3.40 |9.3E-10| 3.4E-07 33
G0:0045229 external encapsulating structure organization 33/550 |334/18888| 3.39 [1.0E-09| 3.4E-07 33
G0:0050851 antigen receptor-mediated signaling pathway 23/550 |208/18888| 3.80 [4.5E-08| 1.3E-05 23
G0:0030199 collagen fibril organization 13/550 66/18888 | 6.76 [4.7E-08| 1.3E-05 13
G0:0019730 antimicrobial humoral response 18/550 [132/18888| 4.68 |5.4E-08| 1.4E-05 18
G0:0002429 immune response-activating cell surface receptor signaling pathway 28/550 |332/18888| 2.90 [5.2E-07| 0.0001 28
G0:0019731 antibacterial humoral response 12/550 69/18888 | 5.97 |6.4E-07| 0.0001 12
G0:0006959 humoral immune response 23/550 |[258/18888| 3.06 |2.1E-06| 0.0005 23
G0:0002768 immune response-regulating cell surface receptor signaling pathway 28/550 |360/18888| 2.67 [2.6E-06| 0.0005 28
G0:0006958 complement activation, classical pathway 9/550 42/18888 | 7.36 |2.7E-06| 0.0005 9
G0:0002455 humoral immune response mediated by circulating immunoglobulin 10/550 56/18888 | 6.13 |4.3E-06| 0.0008 10
G0:0030574 collagen catabolic process 9/550 45/18888 | 6.87 |4.9E-06| 0.0009 9
G0:0006956 complement activation 10/550 67/18888 | 5.13 |2.3E-05| 0.0038 10
G0:0032963 collagen metabolic process 12/550 |[107/18888]| 3.85 |[6.6E-05| 0.0106 12
G0:0001503 ossification 28/550 |446/18888] 2.16 | 0.0001 | 0.0193 28
G0:1905818 regulation of chromosome separation 9/550 74/18888 | 4.18 | 0.0003 | 0.0418 9
G0:0010965 regulation of mitotic sister chromatid separation 8/550 59/18888 | 4.66 [ 0.0003 | 0.0418 8
G0:0007094 mitotic spindle assembly checkpoint signaling 7/550 46/18888 | 5.23 | 0.0003 [ 0.0434 7
G0:0071173 spindle assembly checkpoint signaling 7/550 46/18888 | 5.23 | 0.0003 [ 0.0434 7
G0:0071174 mitotic spindle checkpoint signaling 7/550 46/18888 | 5.23 | 0.0003 [ 0.0434 7
G0:0031577 spindle checkpoint signaling 7/550 47/18888 | 5.11 | 0.0004 [ 0.0471 7
G0O:0051306 mitotic sister chromatid separation 8/550 62/18888 | 4.43 | 0.0004 | 0.0471 8
G0:0033046 negative regulation of sister chromatid segregation 7/550 48/18888 | 5.01 | 0.0004 [ 0.0471 7
G0:0033048 negative regulation of mitotic sister chromatid segregation 7/550 48/18888 | 5.01 [ 0.0004 | 0.0471 7
G0:0045841 negative regulation of mitotic metaphase/anaphase transition 7/550 48/18888 | 5.01 [ 0.0004 [ 0.0471 7
G0:2000816 negative regulation of mitotic sister chromatid separation 7/550 48/18888 | 5.01 | 0.0004 | 0.0471 7

310




Table 4: GO enrichment analysis significantly downregulated genes in IPF intermediate vs UD

GO ID Description GeneRatio BgRatio FE pvalue p.adjust Count
G0:0032496 response to lipopolysaccharide 27/271 |348/18888| 5.41 [1.1E-12 4.0E-09 27
G0:0002237 response to molecule of bacterial origin 27/271 ]369/18888| 5.10 [4.3E-12[ 5.3E-09 27
G0:0071347 cellular response to interleukin-1 16/271 [110/18888]10.14|4.3E-12| 5.3E-09 16
G0:0071222 cellular response to lipopolysaccharide 21/271 |225/18888| 6.51 [1.2E-11 1.1E-08 21
G0:0071219 cellular response to molecule of bacterial origin 21/271 |238/18888| 6.15 |3.6E-11| 2.7E-08 21
G0:0070555 response to interleukin-1 16/271 |[138/18888| 8.08 |1.5E-10| 9.0E-08 16
G0:0030595 leukocyte chemotaxis 20/271 |237/18888| 5.88 |2.4E-10| 1.1E-07 20
G0:0071216 cellular response to biotic stimulus 21/271 |265/18888| 5.52 |2.7E-10| 1.1E-07 21
G0:0097529 myeloid leukocyte migration 20/271 |[239/18888| 5.83 |2.8E-10| 1.1E-07 20
G0:0006959 humoral immune response 20/271 |[258/18888| 5.40 |1.1E-09| 3.9E-07 20
G0:0060326 cell chemotaxis 22/271 1322/18888| 4.76 [1.6E-09| 5.5E-07 22
G0:0050900 leukocyte migration 24/271 [396/18888| 4.22 |3.2E-09| 9.8E-07 24
G0:0001819 positive regulation of cytokine production 27/271 |500/18888| 3.76 [3.9E-09( 1.1E-06 27
G0:0030593 neutrophil chemotaxis 13/271 [107/18888| 8.47 |4.5E-09| 1.1E-06 13
G0:0071621 granulocyte chemotaxis 14/271 [128/18888| 7.62 |4.5E-09| 1.1E-06 14
G0:1990266 neutrophil migration 14/271 [129/18888| 7.56 |5.0E-09| 1.2E-06 14
G0:0097530 granulocyte migration 15/271 [154/18888| 6.79 |6.3E-09| 1.4E-06 15
G0:0019730 antimicrobial humoral response 14/271 132/18888| 7.39 |6.8E-09| 1.4E-06 14
G0:0006935 chemotaxis 25/271 |466/18888| 3.74 |1.7E-08| 3.3E-06 25
G0:0042330 taxis 25/271 |468/18888| 3.72 |1.9E-08| 3.4E-06 25
G0:0034612 response to tumor necrosis factor 18/271 |263/18888( 4.77 [5.1E-08 [ 9.0E-06 18
G0:0031649 heat generation 6/271 16/18888 |26.14|5.9E-08| 9.9E-06 6
G0:0071356 cellular response to tumor necrosis factor 17/271 [241/18888| 4.92 |7.8E-08| 1.3E-05 17
G0:0007566 embryo implantation 9/271 59/18888 [10.63[1.5E-07[ 2.3E-05 9
G0:1990868 response to chemokine 11/271 [101/18888]| 7.59 |2.2E-07| 3.1E-05 11
G0:1990869 cellular response to chemokine 11/271 |101/18888]| 7.59 |2.2E-07| 3.1E-05 11
G0:0050727 regulation of inflammatory response 22/271 |425/18888| 3.61 [2.4E-07[ 3.2E-05 22
G0:0002687 positive regulation of leukocyte migration 13/271 [149/18888| 6.08 |2.4E-07| 3.2E-05 13
G0:0001660 fever generation 5/271 11/18888 |31.68|2.56-07| 3.2E-05
G0:0032757 positive regulation of interleukin-8 production 9/271 63/18888 | 9.96 |2.7E-07| 3.4E-05 9
G0:0050729 positive regulation of inflammatory response 13/271 |153/18888| 5.92 |3.3E-07| 3.9E-05 13
G0:0030072 peptide hormone secretion 16/271 [242/18888| 4.61 |4.6E-07| 5.3E-05 16
G0:0002790 peptide secretion 16/271 |[247/18888| 4.51 |6.0E-07| 6.7E-05 16
G0:0042886 amide transport 18/271 |312/18888( 4.02 [6.5E-07[ 7.1E-05 18
G0:0070098 chemokine-mediated signaling pathway 10/271 93/18888 | 7.49 |8.9E-07| 9.4E-05 10
G0:0002833 positive regulation of response to biotic stimulus 20/271 ]390/18888| 3.57 [9.8E-07[ 0.0001 20
G0:0009914 hormone transport 18/271 |[322/18888| 3.90 |1.0E-06| 0.0001 18
G0:0002221 pattern recognition receptor signaling pathway 16/271 |[259/18888| 4.31 |1.1E-06| 0.0001 16
G0:0009266 response to temperature stimulus 13/271 172/18888| 5.27 [1.3E-06| 0.0001 13
G0:0044703 multi-organism reproductive process 14/271 [204/18888| 4.78 |1.6E-06| 0.0001 14
G0:0002819 regulation of adaptive immune response 14/271 [207/18888]| 4.71 |1.8E-06| 0.0002 14
G0:0015833 peptide transport 16/271 [271/18888]| 4.11 |2.0E-06| 0.0002 16
G0:0023061 signal release 22/271 |487/18888| 3.15 [2.3E-06[ 0.0002 22
G0:0002675 positive regulation of acute inflammatory response 6/271 28/18888 [14.94[2.4E-06[ 0.0002 6
G0:0044706 multi-multicellular organism process 14/271 [212/18888| 4.60 |2.4E-06| 0.0002 14
G0:0061844 antimicrobial humoral immune response mediated by antimicrobial peptide 9/271 82/18888 | 7.65 |2.7E-06| 0.0002 9
G0:0046879 hormone secretion 17/271 |311/18888]| 3.81 |2.8E-06| 0.0002 17
G0:0002758 innate immune response-activating signaling pathway 16/271 |[278/18888| 4.01 |2.8E-06| 0.0002 16
G0:2001236 regulation of extrinsic apoptotic signaling pathway 12/271 [157/18888| 5.33 |2.9E-06| 0.0002 12
G0:0002822 | regulation of adaptive immune response based on somatic recombination of immune receptors 13/271 [192/18888| 4.72 |4.3E-06| 0.0003 13
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Table 5: GO enrichment analysis significantly upregulated genes in IPF fibrotic vs UD

Description GeneRatio BgRatio FE pvalue p.adjust Count
G0:0035082 axoneme assembly 55/1030 | 97/18888 |10.40|4.9E-44| 2.2E-40 55
G0:0003341 cilium movement 77/1030 |209/18888| 6.76 |1.2E-43| 2.6E-40 77
G0:0001578 microtubule bundle formation 59/1030 |[126/18888]| 8.59 |8.3E-41| 1.2E-37 59
G0:0007018 microtubule-based movement 95/1030 |426/18888| 4.09 [4.7E-33| 5.3E-30 95
G0:0001539 cilium or flagellum-dependent cell motility 57/1030 |[170/18888]| 6.15 |4.8E-30| 3.6E-27 57
G0:0060285 cilium-dependent cell motility 57/1030 [170/18888| 6.15 |4.8E-30 3.6E-27 57
G0:0002377 immunoglobulin production 59/1030 |194/18888| 5.58 |1.8E-28| 1.2E-25 59
G0:0060294 cilium movement involved in cell motility 54/1030 [165/18888]| 6.00 |6.3E-28| 3.5E-25 54
G0:0044782 cilium organization 84/1030 |412/18888]| 3.74 |2.0E-26| 1.0E-23 84
G0:0060271 cilium assembly 76/1030 [385/18888| 3.62 |4.5E-23[ 2.0E-20 76
G0:0016064 immunoglobulin mediated immune response 54/1030 |208/18888| 4.76 |1.7E-22| 6.8E-20 54
G0:0070286 axonemal dynein complex assembly 25/1030 | 40/18888 |11.46|3.6E-22| 1.3E-19 25
G0:0019724 B cell mediated immunity 54/1030 |212/18888| 4.67 |4.5E-22| 1.5E-19 54
G0:0030317 flagellated sperm motility 41/1030 |141/18888]| 5.33 [2.3E-19| 7.0E-17 41
G0:0097722 sperm motility 41/1030 |141/18888]| 5.33 [2.3E-19| 7.0E-17 41
G0:0002440 production of molecular mediator of immune response 61/1030 [310/18888| 3.61 |1.2E-18| 3.2E-16 61
G0:0002449 lymphocyte mediated immunity 61/1030 |372/18888| 3.01 |9.3E-15| 2.4E-12 61
G0:0003351 epithelial cilium movement involved in extracellular fluid movement 20/1030 | 43/18888 | 8.53 |1.3E-14| 3.3E-12 20
G0:0002460 | adaptive immune response based on somatic recombination of immune receptors | 61/1030 |385/18888| 2.91 |4.6E-14| 1.1E-11 61
G0:0006858 extracellular transport 20/1030 46/18888 | 7.97 |6.5E-14| 1.5E-11 20
G0:0044458 motile cilium assembly 24/1030 [ 69/18888 | 6.38 |8.0E-14 1.7E-11 24
G0:0036158 outer dynein arm assembly 14/1030 24/18888 |10.70|2.2E-12| 4.5E-10 14
G0:0002443 leukocyte mediated immunity 62/1030 [469/18888| 2.42 |8.7E-11| 1.7E-08 62
G0:0036159 inner dynein arm assembly 11/1030 17/18888 [11.87|1.1E-10| 2.1E-08 11
G0:0007288 sperm axoneme assembly 13/1030 | 29/18888 | 8.22 [1.0E-09| 1.9E-07 13
G0:0120316 sperm flagellum assembly 15/1030 [ 45/18888 | 6.11 |7.5E-09| 1.3E-06 15
G0:0050853 B cell receptor signaling pathway 19/1030 | 78/18888 | 4.47 [2.6E-08| 4.4E-06 19
G0:0060972 left/right pattern formation 26/1030 [143/18888| 3.33 |5.4E-08 8.7E-06 26
G0:0003352 regulation of cilium movement 13/1030 41/18888 | 5.81 |1.5E-07| 2.3E-05 13
G0:0007286 spermatid development 32/1030 |214/18888| 2.74 |2.0E-07| 3.0E-05 32
G0:0007368 determination of left/right symmetry 24/1030 |[137/18888]| 3.21 |3.6E-07| 5.0E-05 24
G0:0009799 specification of symmetry 25/1030 |147/18888]| 3.12 |3.7E-07| 5.0E-05 25
G0:0009855 determination of bilateral symmetry 25/1030 |[147/18888]| 3.12 |3.7E-07| 5.0E-05 25
G0:0048515 spermatid differentiation 32/1030 |[222/18888]| 2.64 |4.7E-07| 6.2E-05 32
G0:0030198 extracellular matrix organization 41/1030 |[332/18888| 2.26 |8.7E-07| 0.0001 41
G0:0043062 extracellular structure organization 41/1030 |333/18888| 2.26 |9.4E-07| 0.0001 41
G0:0045229 external encapsulating structure organization 41/1030 |334/18888]| 2.25 [1.0E-06| 0.0001 41
G0:0060287 epithelial cilium movement involved in determination of left/right asymmetry 7/1030 13/18888 | 9.87 |1.8E-06| 0.0002 7
G0:0019730 antimicrobial humoral response 22/1030 |132/18888]| 3.06 |2.6E-06| 0.0003 22
G0:0003002 regionalization 47/1030 |429/18888]| 2.01 [4.3E-06| 0.0005 47
G0:0099111 microtubule-based transport 29/1030 [213/18888] 2.50 |5.1E-06[ 0.0006 29
G0:0007281 germ cell development 42/1030 |371/18888]| 2.08 |6.1E-06| 0.0006 42
G0:0060632 regulation of microtubule-based movement 13/1030 | 57/18888 | 4.18 [9.1E-06| 0.0009 13
G0:0007389 pattern specification process 49/1030 |474/18888| 1.90 [1.3E-05| 0.0013 49
G0:0003356 regulation of cilium beat frequency 7/1030 17/18888 | 7.55 |1.7E-05] 0.0017 7
G0:0022412 cellular process involved in reproduction in multicellular organism 48/1030 [482/18888| 1.83 |4.2E-05] 0.0041 48
G0:0006958 complement activation, classical pathway 10/1030 | 42/18888 | 4.37 |6.6E-05| 0.0063 10
G0:0019731 antibacterial humoral response 13/1030 | 69/18888 | 3.45 |7.8E-05| 0.0073 13
G0:0090660 cerebrospinal fluid circulation 6/1030 15/18888 | 7.34 [8.5E-05| 0.0077 6
G0:0031424 keratinization 14/1030 | 83/18888 | 3.09 [ 0.0001| 0.0131 14
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Table 6: GO enrichment analysis significantly downregulated genes in IPF fibrotic vs UD

GO ID Description GeneRatio BgRatio FE pvalue p.adjust Count
G0:0032496 response to lipopolysaccharide 35/367 |348/18888| 5.18 |1.6E-15| 6.6E-12 35
G0:0002237 response to molecule of bacterial origin 35/367 |[369/18888| 4.88 |9.4E-15| 2.0E-11 35
G0:0071222 cellular response to lipopolysaccharide 26/367 |225/18888| 5.95 [3.1E-13| 4.3E-10 26
G0:0071219 cellular response to molecule of bacterial origin 26/367 [238/18888| 5.62 |1.2E-12| 9.9E-10 26
G0O:0006959 humoral immune response 27/367 [258/18888| 5.39 |1.2E-12| 9.9E-10 27
G0:0071216 cellular response to biotic stimulus 26/367 [265/18888| 5.05 |1.4E-11| 9.5E-09 26
G0:0001819 positive regulation of cytokine production 35/367 |500/18888| 3.60 [6.1E-11| 3.7E-08 35
G0:0019730 antimicrobial humoral response 18/367 |132/18888| 7.02 |9.4E-11| 4.9E-08 18
G0:1903522 regulation of blood circulation 24/367 |262/18888| 4.71 |3.5E-10| 1.6E-07 24
G0:0050727 regulation of inflammatory response 30/367 |425/18888| 3.63 [1.3E-09| 5.2E-07 30
G0:0050890 cognition 25/367 |322/18888| 4.00 |4.7E-09| 1.8E-06 25
G0:0050729 positive regulation of inflammatory response 17/367 |153/18888]| 5.72 |7.7E-09| 2.7E-06 17
G0:0031649 heat generation 7/367 | 16/18888 [22.52(9.7E-09| 3.1E-06 7
G0:1903532 positive regulation of secretion by cell 23/367 |288/18888| 4.11 [1.2E-08| 3.5E-06 23
G0:0044703 multi-organism reproductive process 19/367 |204/18888| 4.79 |1.9E-08| 5.1E-06 19
G0:0060047 heart contraction 21/367 |249/18888| 4.34 [2.0E-08| 5.1E-06 21
G0:0003018 vascular process in circulatory system 22/367 |[275/18888| 4.12 |2.3E-08| 5.8E-06 22
G0:0051091 positive regulation of DNA-binding transcription factor activity 20/367 |230/18888| 4.48 |2.6E-08| 6.0E-06 20
G0:0071347 cellular response to interleukin-1 14/367 |110/18888| 6.55 [2.9E-08| 6.4E-06 14
G0:0044706 multi-multicellular organism process 19/367 |212/18888| 4.61 |3.6E-08| 7.5E-06 19
G0:0003015 heart process 21/367 |260/18888| 4.16 |4.2E-08| 8.3E-06 21
G0:0035296 regulation of tube diameter 16/367 |152/18888| 5.42 |4.6E-08| 8.4E-06 16
G0:0097746 blood vessel diameter maintenance 16/367 |152/18888| 5.42 |4.6E-08| 8.4E-06 16
G0:0035150 regulation of tube size 16/367 |153/18888]| 5.38 |5.1E-08 [ 8.6E-06 16
G0:0051047 positive regulation of secretion 23/367 |[312/18888| 3.79 |5.1E-08| 8.6E-06 23
G0:0061844 | antimicrobial humoral immune response mediated by antimicrobial peptide | 12/367 | 82/18888 | 7.53 |5.9E-08| 9.5E-06 12
G0:0051090 regulation of DNA-binding transcription factor activity 25/367 |381/18888| 3.38 [1.3E-07| 1.9E-05 25
G0:0002819 regulation of adaptive immune response 18/367 |207/18888| 4.48 |1.3E-07| 1.9E-05 18
G0:0050804 modulation of chemical synaptic transmission 29/367 |493/18888| 3.03 [1.3E-07| 1.9E-05 29
G0:0099177 regulation of trans-synaptic signaling 29/367 |494/18888| 3.02 [1.4E-07| 1.9E-05 29
G0:0008016 regulation of heart contraction 18/367 |208/18888| 4.45 |1.4E-07| 1.9E-05 18
G0:0022407 regulation of cell-cell adhesion 29/367 |[496/18888| 3.01 |1.5E-07| 2.0E-05 29
G0:0003085 negative regulation of systemic arterial blood pressure 7/367 23/18888 |15.66|1.9E-07| 2.3E-05 7
G0:0002687 positive regulation of leukocyte migration 15/367 |149/18888]| 5.18 |2.2E-07| 2.4E-05 15
G0:0032611 interleukin-1 beta production 13/367 ]110/18888| 6.08 |2.2E-07 [ 2.4E-05 13
G0:0032651 regulation of interleukin-1 beta production 13/367 [110/18888| 6.08 [2.2E-07| 2.4E-05 13
G0:0032612 interleukin-1 production 14/367 |129/18888| 5.59 |2.2E-07| 2.4E-05 14
G0:0032652 regulation of interleukin-1 production 14/367 |129/18888| 5.59 [2.2E-07| 2.4E-05 14
G0:0034612 response to tumor necrosis factor 20/367 |[263/18888| 3.91 |2.3E-07| 2.5E-05 20
G0:0097529 myeloid leukocyte migration 19/367 |239/18888| 4.09 |2.4E-07| 2.5E-05 19
G0:0050900 leukocyte migration 25/367 |396/18888| 3.25 |2.7E-07| 2.7E-05 25
G0:0003073 regulation of systemic arterial blood pressure 12/367 | 96/18888 | 6.43 |3.5E-07| 3.5E-05 12
G0:0050806 positive regulation of synaptic transmission 16/367 |177/18888]| 4.65 |3.8E-07| 3.7E-05 16
G0:0070555 response to interleukin-1 14/367 |138/18888| 5.22 |5.1E-07| 4.8E-05 14
G0:2001237 negative regulation of extrinsic apoptotic signaling pathway 12/367 |100/18888]| 6.18 |5.5E-07| 5.1E-05 12
G0:0007611 learning or memory 20/367 |278/18888| 3.70 |5.7E-07| 5.2E-05 20
G0:0001659 temperature homeostasis 16/367 |183/18888| 4.50 |6.0E-07| 5.4E-05 16
G0:0051092 positive regulation of NF-kappaB transcription factor activity 14/367 ]141/18888| 5.11 |6.6E-07| 5.8E-05 14
G0:0002833 positive regulation of response to biotic stimulus 24/367 |390/18888| 3.17 [7.4E-07| 6.3E-05 24
G0:1905952 regulation of lipid localization 16/367 ]186/18888| 4.43 |7.5E-07| 6.3E-05 16
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Table 7: GO enrichment analysis significantly upregulated genes in IPF fibrotic vs IPF normal

GO ID Description GeneRatio BgRatio FE pvalue p.adjust Count
G0:0035082 axoneme assembly 55/1030 | 97/18888 [10.40|4.9E-44| 2.2E-40 55
G0:0003341 cilium movement 77/1030 |209/18888]| 6.76 |1.2E-43| 2.6E-40 77
G0:0001578 microtubule bundle formation 59/1030 [126/18888| 8.59 |8.3E-41| 1.2E-37 59
G0:0007018 microtubule-based movement 95/1030 |[426/18888| 4.09 [4.7E-33| 5.3E-30 95
G0:0001539 cilium or flagellum-dependent cell motility 57/1030 |170/18888| 6.15 |4.8E-30| 3.6E-27 57
G0:0060285 cilium-dependent cell motility 57/1030 [170/18888| 6.15 |4.8E-30| 3.6E-27 57
G0:0002377 immunoglobulin production 59/1030 [194/18888| 5.58 [1.8E-28| 1.2E-25 59
G0:0060294 cilium movement involved in cell motility 54/1030 |165/18888| 6.00 |6.3E-28| 3.5E-25 54
G0:0044782 cilium organization 84/1030 |412/18888| 3.74 |2.0E-26| 1.0E-23 84
G0:0060271 cilium assembly 76/1030 |385/18888| 3.62 |4.5E-23| 2.0E-20 76
G0:0016064 immunoglobulin mediated immune response 54/1030 |208/18888| 4.76 |1.7E-22| 6.8E-20 54
G0:0070286 axonemal dynein complex assembly 25/1030 | 40/18888 |11.46|3.6E-22| 1.3E-19 25
G0:0019724 B cell mediated immunity 54/1030 [212/18888| 4.67 [4.5E-22| 1.5E-19 54
G0:0030317 flagellated sperm motility 41/1030 |141/18888] 5.33 |2.3E-19]| 7.0E-17 41
G0:0097722 sperm motility 41/1030 |141/18888]| 5.33 |2.3E-19]| 7.0E-17 41
G0:0002440 production of molecular mediator of immune response 61/1030 |310/18888]| 3.61 [1.2E-18| 3.2E-16 61
G0:0002449 lymphocyte mediated immunity 61/1030 |[372/18888]| 3.01 |9.3E-15| 2.4E-12 61
G0:0003351 epithelial cilium movement involved in extracellular fluid movement 20/1030 | 43/18888 | 8.53 [1.3E-14| 3.3E-12 20
G0:0002460 | adaptive immune response based on somatic recombination of immune receptors | 61/1030 [385/18888| 2.91 [4.6E-14| 1.1E-11 61
G0:0006858 extracellular transport 20/1030 | 46/18888 | 7.97 |6.5E-14| 1.5E-11 20
G0:0044458 motile cilium assembly 24/1030 | 69/18888 | 6.38 [8.0E-14| 1.7E-11 24
G0:0036158 outer dynein arm assembly 14/1030 24/18888 [10.70|2.2E-12| 4.5E-10 14
G0:0002443 leukocyte mediated immunity 62/1030 |469/18888| 2.42 |8.7E-11| 1.7E-08 62
G0:0036159 inner dynein arm assembly 11/1030 17/18888 [11.87|1.1E-10| 2.1E-08 11
G0:0007288 sperm axoneme assembly 13/1030 29/18888 | 8.22 |1.0E-09| 1.9E-07 13
G0:0120316 sperm flagellum assembly 15/1030 | 45/18888 | 6.11 |7.5E-09| 1.3E-06 15
G0:0050853 B cell receptor signaling pathway 19/1030 | 78/18888 | 4.47 |2.6E-08| 4.4E-06 19
G0:0060972 left/right pattern formation 26/1030 |143/18888| 3.33 [5.4E-08| 8.7E-06 26
G0:0003352 regulation of cilium movement 13/1030 | 41/18888 | 5.81 |1.56-07| 2.3E-05 13
G0:0007286 spermatid development 32/1030 |214/18888( 2.74 [2.0E-07 3.0E-05 32
G0:0007368 determination of left/right symmetry 24/1030 |137/18888]| 3.21 [3.6E-07| 5.0E-05 24
G0:0009799 specification of symmetry 25/1030 |147/18888]| 3.12 |3.7E-07| 5.0E-05 25
G0:0009855 determination of bilateral symmetry 25/1030 |147/18888]| 3.12 [3.7E-07| 5.0E-05 25
G0:0048515 spermatid differentiation 32/1030 |222/18888]| 2.64 [4.7E-07| 6.2E-05 32
G0:0030198 extracellular matrix organization 41/1030 [332/18888| 2.26 |8.7E-07| 0.0001 41
G0:0043062 extracellular structure organization 41/1030 [333/18888| 2.26 |9.4E-07| 0.0001 41
G0:0045229 external encapsulating structure organization 41/1030 [334/18888| 2.25 [1.0E-06( 0.0001 41
G0:0060287 epithelial cilium movement involved in determination of left/right asymmetry 7/1030 13/18888 | 9.87 [1.8E-06( 0.0002 7
G0:0019730 antimicrobial humoral response 22/1030 |132/18888]| 3.06 [2.6E-06| 0.0003 22
G0:0003002 regionalization 47/1030 |429/18888]| 2.01 |4.3E-06| 0.0005 47
G0:0099111 microtubule-based transport 29/1030 |213/18888| 2.50 |5.1E-06| 0.0006 29
G0:0007281 germ cell development 42/1030 |371/18888| 2.08 |6.1E-06| 0.0006 42
G0:0060632 regulation of microtubule-based movement 13/1030 | 57/18888 | 4.18 |9.1E-06| 0.0009 13
G0:0007389 pattern specification process 49/1030 [474/18888| 1.90 [1.3E-05| 0.0013 49
G0:0003356 regulation of cilium beat frequency 7/1030 17/18888 | 7.55 [1.7E-05| 0.0017 7
G0:0022412 cellular process involved in reproduction in multicellular organism 48/1030 |482/18888| 1.83 |4.2E-05| 0.0041 48
G0:0006958 complement activation, classical pathway 10/1030 | 42/18888 | 4.37 |6.6E-05| 0.0063 10
G0:0019731 antibacterial humoral response 13/1030 | 69/18888 | 3.45 |7.8E-05| 0.0073 13
G0:0090660 cerebrospinal fluid circulation 6/1030 15/18888 | 7.34 |8.5E-05| 0.0077 6
G0:0031424 keratinization 14/1030 | 83/18888 | 3.09 [ 0.0001 | 0.0131 14
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Table 8: GO enrichment analysis significantly upregulated genes in IPF fibrotic vs IPF
intermediate

GO ID Description GeneRatio BgRatio FE pvalue p.adjust Count
G0:0003341 cilium movement 18/112 [209/18888|14.52|3.4E-16| 4.6E-13 18
G0:0001539 cilium or flagellum-dependent cell motility 15/112 |170/18888(14.88|8.1E-14| 3.7E-11 15
G0:0060285 cilium-dependent cell motility 15/112 |170/18888(14.88|8.1E-14| 3.7E-11 15
G0:0060294 cilium movement involved in cell motility 14/112 |165/18888|14.31(9.9E-13| 3.4E-10 14
G0:0007018 microtubule-based movement 19/112 [426/18888| 7.52 |7.1E-12| 1.9E-09 19
G0:0035082 axoneme assembly 11/112 97/18888 [19.12|1.3E-11| 2.9E-09 11
G0:0030317 flagellated sperm motility 12/112 |141/18888(14.35|4.4E-11| 7.4E-09 12
G0:0097722 sperm motility 12/112 |141/18888(14.35|4.4E-11| 7.4E-09 12
G0:0001578 microtubule bundle formation 11/112 |126/18888|14.72|2.2E-10| 3.4E-08 11
G0:0044782 cilium organization 17/112 |412/18888| 6.96 |3.3E-10| 4.6E-08 17
G0:0060271 cilium assembly 16/112 [385/18888]| 7.01 |1.0E-09| 1.3E-07 16
G0:0070286 axonemal dynein complex assembly 6/112 40/18888 |25.30|1.2E-07| 1.4E-05
G0:0044458 motile cilium assembly 7/112 69/18888 [17.11|1.7E-07| 1.8E-05 7
G0:0007286 spermatid development 10/112 [214/18888| 7.88 |5.8E-07| 5.7E-05 10
G0:0048515 spermatid differentiation 10/112 |222/18888| 7.60 |8.2E-07| 7.5E-05 10
G0:0007368 determination of left/right symmetry 8/112 137/18888| 9.85 |1.6E-06| 0.0001 8
G0:0060972 left/right pattern formation 8/112 143/18888| 9.43 |2.2E-06| 0.0002 8
G0:0009799 specification of symmetry 8/112 147/18888] 9.18 |2.7E-06| 0.0002 8
G0:0009855 determination of bilateral symmetry 8/112 147/18888| 9.18 |2.7E-06| 0.0002 8
G0:0003351 | epithelial cilium movement involved in extracellular fluid movement 5/112 43/18888 [19.61|5.4E-06| 0.0004 5
G0:0120316 sperm flagellum assembly 5/112 45/18888 [18.74|6.8E-06| 0.0004 5
G0:0006858 extracellular transport 5/112 46/18888 |18.33|7.6E-06| 0.0005 5
G0:0003002 regionalization 12/112 |429/18888| 4.72 |9.2E-06| 0.0005 12
G0:0007281 germ cell development 11/112 |371/18888| 5.00 |1.3E-05| 0.0007 11
G0:0007389 pattern specification process 12/112 |474/18888| 4.27 |2.5E-05| 0.0013 12
G0:0007288 sperm axoneme assembly 4/112 29/18888 [23.26|2.5E-05| 0.0013 4
G0:0022412| cellular process involved in reproduction in multicellular organism 12/112 |482/18888| 4.20 |2.9E-05| 0.0015 12
G0:0036159 inner dynein arm assembly 3/112 17/18888 |29.76| 0.0001 | 0.0063 3
G0:0036158 outer dynein arm assembly 3/112 24/18888 [21.08| 0.0004 | 0.0177 3
G0:0018149 peptide cross-linking 3/112 27/18888 [18.74| 0.0005 | 0.0244 3
G0:0090183 regulation of kidney development 3/112 34/18888 [14.88| 0.0011| 0.0468 3
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Top 10 enriched GO pathways- upregulated genes UD vs IPF normal
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Figure 1: Top 10 enriched GO pathways in significant upregulated and significantly
downregulated DEGs in UD vs IPF normal Dot plots of A) the top 10 enriched GO terms in
significantly upregulated DEGs in IPF normal vs UD and B) the top 10 enriched GO terms in

significantly downregulated DEGs in IPF normal vs UD.
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Top 10 enriched GO pathways- upregulated genes UD vs IPF intermediate
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Figure 2: Top 10 enriched GO pathways in significant upregulated and significantly
downregulated DEGs in UD vs IPF intermediate Dot plots of A) the top 10 enriched GO terms in
significantly upregulated DEGs in IPF intermediate vs UD and B) the top 10 enriched GO terms in

significantly downregulated DEGs in IPF intermediate vs UD.
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Top 10 enriched GO pathways- upregulated genes UD vs IPF fibrotic
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Figure 3: Top 10 enriched GO pathways in significant upregulated and significantly
downregulated DEGs in UD vs IPF fibrotic Dot plots of A) the top 10 enriched GO terms in
significantly upregulated DEGs in IPF fibrotic vs UD and B) the top 10 enriched GO terms in
significantly downregulated DEGs in IPF fibrotic vs UD.
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Top 10 enriched GO pathways- upregulated genes IPF fibrotic vs IPF normal
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Figure 5: Ingenuity canonical pathways A) Table of top significantly affected pathways In IPF
regions vs UD. B) Top affected pathways in IPF normal vs UD C) Top affected pathways in IPF
intermediate vs UD and D) Top affected pathways in IPF fibrotic vs UD.
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Appendix G

Absolute pg/ml graphs for compound screening in PCLuS
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Figure 1: Validation of IPF-derived PCLuS viability for assessment of selected compounds PCLuS
were generated from explant IPF tissue (n=4 donors) with slices (n=10 per condition) being rested
for 48 hours before challenge with either control media, standard of care compounds Pirfenidone
(2.5mM) and Nintedanib (2.5uM) or ALK5i (10uM) to blunt fibrosis (n=10 PCLuS per condition, n=4
donors, n=40 PCLuS total). Concurrently, PCLuS were challenged with 3 escalating doses (0.1uM,
1uM and 10uM) of each candidate compound (n=6 per condition) to assess the ability to reduce
pre-existing fibrosis (n=6 PCLUS per condition, n=4 donors, n=24 PCLuS total). Media, including all
treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for
downstream analysis before PCLuS were harvested at T144 for resazurin as an indicator of tissue
viability. Resazurin assay performed at T144 presented as the average % of control (for n=6 slices)
per candidate compound for each donor. Quantification of A) Resazurin (where red dashed line
represents arbitrary 70% viability threshold) B) Collagen 1al, C) TIMP-1 and D) IL-8 was performed
on T144 media via ELISA and plotted as absolute pg/ml values to confirm tissue could be effectively
modulated. All data are mean + SEM.
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Figure 2: Quantification of secreted collagen 1al from IPF-derived PCLuS after selected inhibitor
challenge PCLuUS were generated from explant IPF tissue (n=4 donors) with slices (n=6 per
condition) being rested for 48 hours before challenge with either control media or 3 escalating
doses (0.1uM, 1uM and 10uM) of each candidate compound to assess the ability to reduce pre-
existing fibrosis. Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLuS were harvested for resazurin
at T144 as an indicator of tissue viability. Quantification of collagen 1al was performed via ELISA
on T144 media and plotted as A-L) absolute pg/ml values (n=6 conditioned media per donor, n=4
donors, n=24 samples total) to assess potential anti-fibrotic affects. All data are mean + SEM.
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Figure 3: Quantification of secreted TIMP-1 from IPF-derived PCLuS after selected inhibitor
challenge PCLuS were generated from explant IPF tissue (n=4 donors) with slices (n=6 per
condition) being rested for 48 hours before challenge with either control media or 3 escalating
doses (0.1uM, 1uM and 10uM) of each candidate compound to assess the ability to reduce pre-
existing fibrosis. Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLuS were harvested for resazurin
at T144 as an indicator of tissue viability. Quantification of TIMP-1 was performed via ELISA on
T144 media and plotted as A-L) absolute pg/ml values (n=6 conditioned media per donor, n=4
donors, n=24 samples total) to assess potential anti-fibrotic affects. All data are mean + SEM.
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Figure 4: Quantification of secreted IL-8 from IPF-derived PCLuS after selected inhibitor challenge
PCLuS were generated from explant IPF tissue (n=4 donors) with slices (n=6 per condition) being
rested for 48 hours before challenge with either control media or 3 escalating doses (0.1uM, 1uM
and 10uM) of each candidate compound to assess the ability to reduce pre-existing fibrosis. Media,
including all treatments, was refreshed at 24-hour intervals with conditioned media snap frozen
for downstream analysis before PCLuUS were harvested for resazurin at T144 as an indicator of
tissue viability. Quantification of IL-8 was performed via ELISA on T144 media and plotted as A-L)
absolute pg/ml values (n=6 conditioned media per donor, n=4 donors, n=24 samples total) to
assess potential anti-fibrotic affects. All data are mean + SEM.
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Figure 5: Validation of IPF-derived PCLuS viability for assessment of IPA compounds PCLuS were
generated from explant IPF tissue (n=4 donors) with slices (n=10 per condition) being rested for 48
hours before challenge with either control media, standard of care compounds Pirfenidone
(2.5mM) and Nintedanib (2.5uM) or ALK5i (10uM) to blunt fibrosis (n=10 PCLuS per condition, n=4
donors, n=40 PCLuS total). Concurrently, PCLuS were challenged with 3 escalating doses (0.1uM,
1uM and 10uM) of each candidate compound (n=6 per condition) to assess the ability to reduce
pre-existing fibrosis (n=6 PCLuUS per condition, n=4 donors, n=24 PCLuS total). Media, including all
treatments, was refreshed at 24-hour intervals with conditioned media snap frozen for
downstream analysis before PCLuUS were harvested at T144 for resazurin as an indicator of tissue
viability. Resazurin assay performed at T144 presented as the average % of control (for n=6 slices)
per candidate compound for each donor. Quantification of A) Resazurin (where red dashed line
represents arbitrary 70% viability threshold) B) Collagen 1al, C) TIMP-1 and D) IL-8 was performed
on T144 media via ELISA and plotted as absolute pg/ml values to confirm tissue could be effectively
modulated. All data are mean + SEM.
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Figure 6: Quantification of secreted collagen 1al from IPF-derived PCLuS after selected inhibitor
challenge PCLuS were generated from explant IPF tissue (n=4 donors) with slices (n=6 per
condition) being rested for 48 hours before challenge with either control media or 3 escalating
doses (0.1uM, 1uM and 10uM) of each candidate compound to assess the ability to reduce pre-
existing fibrosis. Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLuS were harvested for resazurin
at T144 as an indicator of tissue viability. Quantification of collagen 1al was performed via ELISA
on T144 media and plotted as A-L) absolute pg/ml values (n=6 conditioned media per donor, n=4
donors, n=24 samples total) to assess potential anti-fibrotic affects. All data are mean = SEM.
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Figure 7: Quantification of secreted TIMP-1 from IPF-derived PCLuS after selected inhibitor
challenge PCLuS were generated from explant IPF tissue (n=4 donors) with slices (n=6 per
condition) being rested for 48 hours before challenge with either control media or 3 escalating
doses (0.1uM, 1uM and 10uM) of each candidate compound to assess the ability to reduce pre-
existing fibrosis. Media, including all treatments, was refreshed at 24-hour intervals with
conditioned media snap frozen for downstream analysis before PCLuS were harvested for resazurin
at T144 as an indicator of tissue viability. Quantification of TIMP-1 was performed via ELISA on
T144 media and plotted as A-L) absolute pg/ml values (n=6 conditioned media per donor, n=4

donors, n=24 samples total) to assess potential anti-fibrotic affects. All data are mean + SEM.
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Figure 8: Quantification of secreted IL-8 from IPF-derived PCLuS after selected inhibitor challenge
PCLuS were generated from explant IPF tissue (n=4 donors) with slices (n=6 per condition) being
rested for 48 hours before challenge with either control media or 3 escalating doses (0.1uM, 1uM
and 10uM) of each candidate compound to assess the ability to reduce pre-existing fibrosis. Media,
including all treatments, was refreshed at 24-hour intervals with conditioned media snap frozen
for downstream analysis before PCLUS were harvested for resazurin at T144 as an indicator of
tissue viability. Quantification of IL-8 was performed via ELISA on T144 media and plotted as A-L)
absolute pg/ml values (n=6 conditioned media per donor, n=4 donors, n=24 samples total) to
assess potential anti-fibrotic affects. All data are mean + SEM.
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Appendix H
Target molecules for IPA inhibitors datasets

Table 1: Target molecules for IPA inhibitors in IPF normal and intermediate regions
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Appendix |
Conferences and travel awards

e British Thoracic Society- Winter Meeting (London, UK) November 2023
- Selected for oral presentation (presented by Dr Lee Borthwick)

e Keystone Symposia- Fibrosis Pathogenesis and Resolution (Alberta, Canada) March
2023
- Selected for oral and poster presentation

e Aegean conference- Tissue Repair, Regeneration and Fibrosis (Crete, Greece)
October 2022
- Selected for oral and poster presentation
- Travel award for excellent research contribution

e Newcastle/Edinburgh/Cambridge/Sheffield (NECS) Collaborative Meeting
(Sheffield, UK) November 2022
- Selected for oral presentation

e Northeast Postgraduate Conference- (Newcastle, UK) November 2022
- Selected for oral presentation
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Appendix J
Publications during PhD

Burgoyne RA, Fisher AJ, Borthwick LA. The Role of Epithelial Damage in the Pulmonary
Immune Response. Cells. 2021;10(10):2763.

Reilly WJ, Burgoyne RA, Borthwick LA. The Role of the Interleukin 1 Family in Lung
Disease. In: Janes SM, editor. Encyclopedia of Respiratory Medicine (Second Edition).
Oxford: Academic Press; 2022. p. 275-89

Younes R, Burgoyne R, Tiniakos D, Govaere O. Clinical implications of hepatic
progenitor cell activation in non-alcoholic fatty liver disease. Hepatoma Res 2021;
7:15.

Weeratunga, P.; Hunter, B.; Sergeant, M.; Bull, J.; Clelland, C.; Denney, L.; Vuppusetty,
C.; Burgoyne, R.; Woo, J.; Hu, T.; et al. Temporo-spatial cellular atlas of the
regenerating alveolar niche in idiopathic pulmonary fibrosis. medRxiv 2024,
2024.2004.2010.24305440, d0i:10.1101/2024.04.10.24305440.

Wilkinson AL, John AE, Barrett JW, Gower E, Morrison VS, Man Y, Pun KT, Roper JA,
Luckett JC, Borthwick LA, Barksby BS, Burgoyne RA, Barnes R, Fisher AJ, Procopiou PA,
Hatley RJD, Barrett TN, Marshall RP, Macdonald SJF, Jenkins RG, Slack RJ.
Pharmacological characterisation of GSK3335103, an oral avf6 integrin small molecule
RGD-mimetic inhibitor for the treatment of fibrotic disease. European Journal of
Pharmacology. 2021;913:174618.

John AE, Graves RH, Pun KT, Vitulli G, Forty EJ, Mercer PF, Morrell JL, Barrett JW, Rogers
RF, Hafeji M, Bibby LI, Gower E, Morrison VS, Man Y, Roper JA, Luckett JC, Borthwick
LA, Barksby BS, Burgoyne RA, Barnes R, Le J, Flint DJ, Pyne S, Habgood A, Organ LA,
Joseph C, Edwards-Pritchard RC, Maher TM, Fisher AJ, Gudmann NS, Leeming DJ,
Chambers RC, Lukey PT, Marshall RP, Macdonald SJF, Jenkins RG, Slack RJ. Translational
pharmacology of an inhaled small molecule avB6 integrin inhibitor for idiopathic
pulmonary fibrosis. Nat Commun. 2020 Sep 16;11(1):4659.

Garcia-Macia M, Santos-Ledo A, Leslie J, Paish HL, Collins AL, Scott RS, Watson A,
Burgoyne RA, White S, French J, Hammond J, Borthwick LA, Mann J, Bolafios JP,
Korolchuk VI, Oakley F, Mann DA. A Mammalian Target of Rapamycin-Perilipin 3
(mTORC1-Plin3) Pathway is essential to Activate Lipophagy and Protects Against
Hepatosteatosis. Hepatology. 2021 Dec;74(6):3441-3459.
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White SA, Murphy S, Trost M, Zakrzewski JL, Klein U, Schwabe RF, Mederacke I, Nixon
C, Bird T, Teuwen LA, Schoonjans L, Carmeliet P, Mann J, Fisher AJ, Sheerin NS,
Borthwick LA, Mann DA, Oakley F. c-Rel orchestrates energy-dependent epithelial and
macrophage reprogramming in fibrosis. Nat Metab. 2020 Nov;2(11):1350-1367.

Gee, L.M.V.; Barron-Millar, B.; Leslie, J.; Richardson, C.; Zaki, M.Y.W.; Luli, S.; Burgoyne,
R.A.; Cameron, R.L.T.; Smith, G.R.; Brain, J.G.; et al. Anti—Cholestatic Therapy with
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Castellanos-Uribe, M.; Kobor, M.S.; Hackett, T.-L.; et al. Distinct Idiopathic Pulmonary
Fibrosis Associated Transcriptome and Methylome Changes in Airway and
Parenchymal Fibroblasts. In D29. TRANSLATIONAL RESEARCH IN IPF; pp. A6477-A6477.
[CONFERENCE ABSTRACT]

Lagan AL, Patel J, Barksby B, Burgoyne RA, Maclsaac J, Lin DTS, et al. Differential IPF
Associated Gene Expression and DNA Methylation Changes in Human Airway and
Parenchymal Fibroblasts. C109 PULMONARY FIBROSIS: MOVING FORWARD WITH
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