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Abstract

The maintenance of lung homeostasis is complex and involves the
concerted actions of numerous cell types and signalling pathways. Any
disturbance to these intricate processes and interactions can result in
lung disease, such as pulmonary fibrosis. In pulmonary fibrosis, an
abnormal wound healing response involving the abnormal recapitulation
of developmental signalling pathways occurs, resulting in scarring of the
lungs. An understanding of normal lung developmental pathways, and
how they become abnormally reactivated in pulmonary fibrosis, may hold
the key to creating regenerative strategies to benefit patients with this

condition.

Mesenchymal cells, including fibroblasts, myofibroblasts, and pericytes,
play several roles in maintaining lung homeostasis, including the
manipulation of extracellular matrix (ECM) properties such as content
and mechanical stiffness, cellular crosstalk and transdifferentiation, and
transforming growth factor-B (TGF) activation. These cells can respond
to both chemical and mechanical stimuli, and any disturbance to these
external influences can result in an imbalance between lung repair and
cellular quiescence, as seen in pulmonary fibrosis. In the developing lung

abnormal mesenchymal cell function can halt or disturb normal



developmental processes resulting in structural lung abnormalities, for
example as seen in bronchopulmonary dysplasia (BPD). An
understanding of how mesenchymal cells detect chemical and
mechanical stimuli in lung development and disease could inform the

treatment of both pulmonary fibrosis and BPD.

G proteins are essential signalling mediators in numerous physiological
processes, mammalian organ development and in the pathogenesis of
pulmonary fibrosis. However, the exact roles of these proteins in
mesenchymal cell function have not been determined. The aim of this
study was to understand the role of the mesenchymal cell G protein
families Gaq/11 and Gai12/13 in the pathogenesis of pulmonary fibrosis and
provide insight into the manipulation of these signalling mediators as a
therapeutic strategy for this condition. This study also aimed to assess

the potential adverse effects associated with G protein inhibition in vivo.

Mice lacking mesenchymal Gaq11 (Pdgfrb-Cre*-;Gnaq;Gnall”) from
conception had a severely detrimental phenotype, which included growth
restriction and abnormal lung appearances consistent with disturbed
alveolarisation and reminiscent of BPD. Furthermore, mice lacking
mesenchymal Ga1213 from conception (Pdgfrb-Cre/ERT2;Gnal2"
;Gnal3"M were born abnormally infrequently, suggesting that this
genotype resulted in death in utero. While it was hypothesised that
mesenchymal cell Gagi11 Or Ga12/13 inhibition may be protective against
pulmonary fibrosis, the physical condition of these transgenic mice

precluded their use for in vivo pulmonary fibrosis models.



In vitro experiments demonstrated that breathing-related cyclical stretch
induced TGF signalling in fibroblasts, and this response was elevated
in human lung fibroblasts from donors with pulmonary fibrosis.
Furthermore, fibrotic human lung fibroblasts were more contractile than
non-diseased cells, implying that these cells have greater ECM-
organising abilities. Further experiments revealed that Gag11, but not
Ga12/13, IS essential for stretch-mediated TGF@ activation through the
generation of TGFB2. When the response to matrix stiffness was
assessed, this study found that Gagq/11 also modulates the myofibroblast
phenotype in response to ECM stiffness. Conversely, a contraction assay
showed that Ga12/13, but not Gag11, is essential for fibroblast contractility
at baseline and in response to the G protein coupled receptor (GPCR)
agonist lysophosphatidic acid (LPA). Both Gaq/11 and Ga12/13 were found
to be important mediators of LPA-induced TGFf signalling in fibroblasts.
As stretch, cellular contraction, ECM properties, and TGF( signalling are
all important in the pathogenesis of pulmonary fibrosis and for normal
alveolarisation processes, this study highlights the roles of Gag11 and
Ga12/13 as shared signalling pathway components between development

and disease.

When a tamoxifen-inducible conditional gene knockout model was used
mice with mesenchymal Gaq11 knockdown induced in adulthood
developed emphysema. These data indicate that mesenchymal Gag/11 is
responsible for maintaining lung homeostasis, probably via TGF(

signalling, and this represents a shared pathway between pulmonary
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fibrosis and normal lung development. The breeding of mice with
tamoxifen-inducible knockdown of mesenchymal Ga12113 (Pdgfrb-
Cre/ERT2;Gnal2’;Gnal3") in adulthood was also found to be feasible.
These animals may be suitable for in vivo models of pulmonary fibrosis

in future studies.

Overall, the findings of this study demonstrate that mesenchymal cell
Gagr11 and Ga12/13 play essential roles in the pathogenesis of pulmonary
fibrosis, normal lung development, and lung homeostasis through
responses to mechanical stimuli, cellular contraction, and TGFf
signalling. Further dissection of the processes involved, including the role
of specific TGFB isoforms, could lead to the development of lung
regenerative strategies that will benefit patients with a range of

respiratory diseases including pulmonary fibrosis and BPD.
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1 Introduction

30



1.1 Introduction

G protein coupled receptor (GPCR) signalling drives multiple
physiological processes across every mammalian organ system, and
aberrant GPCR signalling has been implicated in many diseases.
Mesenchymal cells play key roles in maintaining lung structure and
function through a series of complex signalling pathways and interactions
with the mechanical environment. This thesis will explore the role of
mesenchymal cell G protein signalling in idiopathic pulmonary fibrosis
(IPF) and bronchopulmonary dysplasia (BPD and evaluate how G protein

signalling may regulate disease in these two distinct patient populations.

1.2 Idiopathic Pulmonary Fibrosis

1.2.1 Epidemiology

Pulmonary fibrosis is a condition characterised by scarring of the lung
and encompasses multiple heterogeneous conditions with a range of
aetiologies. Idiopathic pulmonary fibrosis (IPF), the commonest form of
pulmonary fibrosis, is a progressive and debilitating chronic condition.
The incidence of IPF is increasing worldwide, an observation that is likely
to be related to the aging population and increasing exposure to inhaled
injurious stimuli (1, 2), resulting in a growing disease burden from this
condition. Unfortunately, the prognosis of IPF is poor and this disease is
associated with a median survival time from diagnosis of just 3 years,

which is worse than many malignancies (3).

The significant and increasing mortality burden associated with IPF has

driven a dramatic increase in research over recent years, aiming to both
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examine the pathophysiological mechanisms that drive this disease and
assess methods of manipulating these processes as therapeutic
measures (2, 4). However, the results from clinical trials have generally
been disappointing and there is still no cure for IPF other than lung
transplantation, which many patients with IPF are unsuitable for because
of their advanced age and comorbidities (5). Therefore, more research
to enhance our understanding of the molecular mechanisms that drive

IPF is essential to identify new targets for novel therapeutic approaches.

1.2.2 Pathophysiology of IPF

The pathophysiological processes that drive IPF involve several cell
types and signalling pathways, and ultimately cause the replacement of
normal lung parenchyma with scar tissue. The current paradigm is that
alveolar epithelial injury, for example from inhaled dusts or gastro-
oesophageal reflux disease, in an individual who is susceptible because
of genetic factors or advanced age triggers an abnormal wound healing
response (Figure 1-1) (5). The recruitment of inflammatory cells and
release of profibrotic cytokines by immune and injured epithelial cells
promotes vascular leak and attracts fibroblasts into the area (5). These
fibroblasts differentiate into myofibroblasts, and accumulations of these
cells form fibroblastic foci, the classic histopathological feature of IPF (6).
Together, the abnormally active fibroblasts and myofibroblasts create
“scarred” (fibrotic) areas in the lung by depositing excessive amounts of

extracellular matrix (ECM) proteins and through cellular contraction (7).
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The subsequent architectural distortion of the lung results in impaired gas

exchange and culminates in respiratory failure (5).

Alveolar
space

Alveolar

1) Susceptible host

- Genetic
- Increasing age

2) Injury to alveolar epithelium

Cigarette smoke

Dusts

Gastro-oesophageal reflux
- Viral infection

4) Profibrotic
mediator

3) Aberrant wound healing release

7) Impaired
gas exchange

6) Increased ECM
deposition

- Immune cell recruitment and
activation

- Increased vascular leak

- Activation of epithelium

- Apoptosis and senescence of
alveolar epithelium

5) Recruitment, proliferation

and activation of fibroblasts.

Differentiation of
myofibroblasts

Figure 1-1: The pathogenesis of IPF

In a susceptible individual, alveolar epithelial injury initiates an
exaggerated wound healing response. The resulting accumulation and
activity of fibroblasts and myofibroblasts causes the formation of fibrotic
tissue through excessive ECM protein deposition and cellular
contraction. This impairs gas exchange across the blood-alveolar

barrier, resulting in respiratory failure. Adapted from Goodwin & Jenkins

2016 (5).

ECM = extracellular matrix

In contrast to normal wound healing following an injury, where

myofibroblasts undergo apoptosis when the intact epithelium is restored,

IPF is characterised by uncontrolled fibroblast and myofibroblast
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persistence and activity (7). This may be perpetuated by a failure of re-
epithelisation due to recurrent injury or ageing, driving the persistent and
abnormal mesenchymal activation (8). While epithelial injury is thought
to be the initiating factor in IPF, it is the dysregulated fibroblast and
myofibroblast response that propagates fibrosis, making these cells
attractive therapeutic targets. However, the development of specific
fibroblast- and myofibroblast-directed therapies has proven challenging
(9). A greater understanding of the molecular pathways that become
dysregulated in IPF, including normal developmental and regenerative

processes, may help to identify new treatments for this condition.

1.3 Lung development

1.3.1 The five stages of lung development

Mammalian lung development occurs in five well characterised stages.
These phases are common across all mammals, however the timing of
each stage varies between species. The stages of normal lung
development are described below, with the timing relevant to human

gestation included in brackets.

1. Embryonic stage (4-7 weeks): Lung development begins as the
primitive trachea and lung buds emerge as an outgrowth of the
embryonic foregut endoderm (10, 11).

2. Pseudoglandular stage (5-16 weeks): During this phase the
conducting airways are formed through  branching
morphogenesis, a process of highly regulated and repeated

branching of airways from the two lung buds (8, 10, 11).
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3. Canalicular stage (16-25 weeks): The respiratory bronchioles
form during this stage (10, 11). Capillaries, which previously
formed a loose network within the mesenchyme, begin to arrange
around the developing distal airspaces (12).

4. Saccular stage (24-40 weeks): Throughout this stage the
saccules, which are the sac-shaped distal airways that form the
primitive basis for the alveoli, develop (13). The developing
epithelium and vasculature become closer together to facilitate
gas exchange, and bilayer capillaries become embedded in the
thick primary septa that divide the saccules (12). Differentiation of
type | (AECI) and type Il (AECII) alveolar epithelial cells also
begins during the canalicular stage (10).

5. Alveolar stage (36 weeks gestation — 8 years old): The final
structure of the alveoli is established during this stage through a
process called alveolarisation. Alveolarisation occurs through
secondary septation, a process where thin walls develop within
and subdivide the saccules, dramatically increasing the surface
area for gas exchange (10, 11). The double capillary layer that
was originally present in the saccular walls condenses to form a
single capillary layer within the alveolar septa (12, 13). The fully
formed air-blood barrier is composed of a thin epithelial layer, the

basement membrane, and a thin layer of endothelial cells (8).

Mouse models are frequently used to study lung development, and the

timings of mouse and human lung developmental stages are shown in
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Figure 1-2. It should be noted that these timings are approximate, and
there is some overlap between the lung developmental stages.
Additionally, when born at term humans are in the alveolar stage of lung
development, whereas mice are born in the saccular stage (13), which is

relevant to studies of BPD and alveolarisation.

" Birth
Mouse: Time (days)
EO E9 E10 EM1 E12 E13 E14 E15 E16 E17 E18 E19 E20 E21 P4 P36
|7/ Il 1 1 1 L 1 1 1 1 1 1 | 1 Vi 1 74 |
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Elongation . A
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of terminal .
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Proximal / distal Generatioh irter I nTlgratlor? avnd
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of blood/
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- | airspace . : s
primitive Lot production Elastin deposition
arrier
foregut
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Figure 1-2: Mammalian lung development

The events of the five stages of mammalian lung development, with
approximate timings in mice (top) and humans (bottom). Figure adapted
from Donahoe et al 2016 (11) and Beauchemin et al 2016 (14).

AEC = alveolar epithelial cell

1.3.2 Alveolarisation
An understanding of the cells involved with and the signalling pathways

that drive alveolarisation is essential if regeneration of injured gas
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exchange areas in adult lungs is ever to be achieved. This late process

in normal lung development will be discussed in detail here.

Major structural changes to the primitive saccules occur during
alveolarisation (Figure 1-3). At the end of the saccular stage, the gas
exchange regions of the lung contain thick septa containing two layers of
blood capillaries separated by connective tissue (15). The physical
distance between the alveolar air and capillary blood, as well as the
multiple layers to traverse, would make gas exchange inefficient at this
stage ex utero. During alveolarisation, saccules are subdivided through
secondary septation, increasing the surface area for gas exchange (15).
Additionally, the bilayer capillaries fuse to form a single capillary layer,
and the septa become thinner (15). These processes form vastly
increase the efficiency of the respiratory units for gas exchange, and
support the transition of the foetus from the in utero to ex utero

environments.
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Late Saccular Period Alveolarisation

<& Type 1 alveolar epithelial cell <= Myofibroblast

@ Type 2 alveolar epithelial cell Elastin matrix

w— Capillary
= Basement membrane

Figure 1-3: The physical changes in the structure of the gas
exchange region in late lung development

At the end of the saccular period the gas exchange areas of the lungs
contain thick septa and a double capillary layer (left). During
alveolarisation, myofibroblast elastin deposition drives secondary
septation, and the thinning of pulmonary septa and the formation of a
single capillary layer increases the efficiency of gas exchange at the

alveoli. Figure adapted from Donahoe et al 2016 (11).

The coordinated activity of multiple different cell types and formation of
various structures is required for proper alveolar development. Growth
factor signalling, the lung vasculature, the ECM, and several cell types
are all known to be integral to alveolar development (13). Some of the
individual cellular roles in alveolarisation are summarised in Table 1-1,
however it should be emphasised that the cooperation and crosstalk
between multiple cell and tissue types is essential for normal alveolar

development (16).
38




Table 1-1: The roles of different cell types and structures in
alveolarisation (17-20)

Structures Cell Function
Epithelial AECI Cover 95% of the distal lung and

form the major gas exchange

area between air and blood.
AECII Secrete surfactant, which
reduces surface tension and
increases lung compliance.
Function as alveolar stem cells
able to differentiate into AECIs.
Mesenchyme Myofibroblasts = Produce elastin and other ECM
proteins.
ECM organisation via
contraction.
Lipofibroblasts | Store vitamin A.
Supply substrate for surfactant
production.
Maintain pulmonary epithelial
cell growth and differentiation.
Microvasculature = Endothelium Formation of blood-air barrier.
Drive vasculogenesis.
Lymphatics Fluid drainage.
AECI = type | alveolar epithelial cell; AECII = type Il alveolar epithelial
cell

Myofibroblasts are essential cells in normal alveolar formation as they
drive secondary septation. Myofibroblasts generate and organise the
ECM protein elastin, which is a critical step in secondary septation (21).

Myofibroblast-induced elastin deposition elevates the secondary crests
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that form ridges along the saccular wall, dividing the saccule into a
greater number of units (22, 23). Furthermore, myofibroblasts also
produce other ECM components in addition to elastin such as collagen
and proteoglycans, the balanced production of which gives structural
support and elasticity to the growing septa (24). Properly deposited
elastin and collagen fibres in the secondary crests tether areas of the
primary saccular wall, allowing the remaining portions of the wall expand
further outwards (22), therefore myofibroblasts play key roles in
alveolarisation. Given their roles in both alveolar development and IPF,

myofibroblasts are a major focus of this study.

1.3.3 Developmental pathways are reactivated in IPF

Many of the abnormal repair processes that drive IPF occur due to the
aberrant reactivation of signalling pathways that drive normal
developmental processes (25). However, in contrast normal lung
development where there is tight spatiotemporal regulation of molecular
signalling pathways and cellular activity, in IPF these developmental
processes are activated in a chaotic and uncontrolled manner (26).
Transforming growth factor-p (TGFB), Wingless Integrated (Wnt), Sonic
hedgehog (Shh), Notch, and fibroblast growth factor (FGF) signalling all
regulate the specialised branching and patterning that occurs during the
earlier stages of lung development, and dysregulation of these signalling

pathways has been implicated in the pathophysiology of IPF (8).

The induction of alveolar regeneration in diseased adult lungs is an

exciting potential therapeutic strategy for numerous conditions, including
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IPF (27). For this approach to translate into an effective treatment for
lung disease, including IPF, an understanding of the processes that drive
alveologenesis is essential. Several pathways that drive alveolarisation,
including Wnt and Shh signalling, have been found to be dysregulated in
IPF (24, 28), however shared profibrotic and late lung developmental
pathways are not as well established as with the earlier stages of lung
development. A better understanding of normal alveologenesis, and the
pathophysiological conditions where this process is disturbed, could
identify key molecular signalling pathways that could be manipulated to

induce alveolar regeneration in adult lung disease.

1.4 Bronchopulmonary dysplasia

1.4.1 Epidemiology

Bronchopulmonary dysplasia (BPD) is a developmental lung disease that
affects premature neonates. BPD is a major cause of death in extremely
premature infants (84 deaths per 1000 of these live births) (29), and is
the second commonest cause of paediatric respiratory disease after
asthma (30). In addition to the significant early life mortality rate, which
is occurs due to respiratory failure, pulmonary hypertension and cor
pulmonale (31), BPD can cause life-long morbidity secondary to chronic
respiratory failure, increased susceptibility to respiratory tract infections,
impaired lung function, and reduced quality of life (30, 32-35). BPD

therefore has significant effects on patients at every stage of their lives.

14.9 million babies are born earlier than 37 weeks gestation worldwide

every year, and the rate of premature birth is stable or increasing in most
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countries (36). Although it is unclear how many preterm babies develop
BPD, these statistics suggest that there is a significant and increasing
rate of a major risk factor (preterm birth) for BPD. Furthermore, due to
advances in neonatal intensive care the proportion of premature infants
that survive has increased considerably over recent decades, and the
lung abnormalities associated with BPD do not resolve with time (30).
BPD is therefore responsible for an increasing disease burden

worldwide, and is a growing clinical problem.

Unfortunately, the medical management of BPD is largely supportive and
has a limited evidence base (32). There are no treatments for BPD that
are targeted against the aberrant molecular pathways that drive this
condition, and regenerative medical approaches are not used for this
disease. Hence, work to identify the molecular mechanisms that drive
BPD has been identified as a research priority, and this may promote the

development of new targeted therapeutics (32).

1.4.2 Definition

BPD is diagnosed according to clinical criteria and is defined by the need
for supplementary oxygen and/ or positive pressure ventilation at 36
weeks post-menstrual age in infants that required supplementary oxygen
at 28 days old (30, 37, 38). BPD has been described in two forms, “old”
and “new” BPD, according to the histological pattern, although histology
does not form part of the diagnostic criteria as lung biopsies are not

performed in routine clinical practice. With advances in neonatal care,
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the pathology and clinical presentation of BPD has changed, and “old”

BPD is now very rarely seen (38).

1.4.3 Pathology

Northway published the first description of BPD in 1967, and his
observations were based on post-mortem samples (39). This “old” form
of BPD occurred prior to the establishment of the modern medical
management of premature neonates, which includes surfactant therapy,
maternal steroids, and protective ventilation strategies that protect
against the sequelae of fibrosis and pulmonary hypertension (30, 33).
While “new” BPD is often regarded to be less severe than “old” BPD, both
forms of the these have the common features of alveolar simplification
and abnormal capillary morphology (40) (Table 1-2). From here, the term

BPD refers to new BPD unless otherwise stated.

Table 1-2: Pathological features of old and new BPD

“Old” BPD (39) “New” BPD (30)
Alveolar simplification and Alveolar simplification and
enlargement enlargement

Smooth muscle hyperplasia Vascular simplification

Pulmonary artery lesions

Extensive interstitial fibrosis

Right ventricular hypertrophy
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The outcomes for infants born extremely prematurely (earlier than 27
weeks gestation) are highly variable, with some babies developing
severe lung disease complicated by pulmonary hypertension, and others
having no serious sequelae (31), and there is considerable heterogeneity
in the clinical manifestations of patients diagnosed with BPD (41). The
reasons for this phenotypic variation are unclear, although genetic
factors and variable circulating cytokine profiles have been proposed as
contributing factors (42). Given the heterogeneity of BPD it has been
proposed that this disease results from several different
pathophysiological processes with a common risk factor, premature birth
(41). While the clinical and pathological definitions of BPD do not
consider how these disease-driving pathways cause this condition, a
greater understanding these processes and how they relate to disease
complications could lead to the identification of novel therapeutic targets

and biomarkers for risk stratification to benefit patients with BPD.

1.4.4 Pathophysiology

The pathophysiology of BPD is complex, but the primary risk factor is
preterm birth. The premature initiation of pulmonary gas exchange that
occurs with preterm birth interrupts the normal processes of
alveolarisation, impairing alveolar and distal lung vasculature
development (40, 41). Other perinatal insults such as sepsis, mechanical
ventilation and hyperoxia contribute to the oxidant injury, barotrauma,
volutrauma, inflammation, and disordered repair processes that disturb

or arrest normal alveolarisation (12), resulting in alveolar simplification.
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While the molecular mechanisms that cause BPD are incompletely
understood, disturbances to elastin production and vascular formation
are central features in this condition. In BPD alveolar elastin fibres are
disorganised and located in abnormal positions away from the alveolar
septa, resulting in disturbed secondary septation, reduced lung
elastance, and increased effort of breathing (17, 22). Dysmorphic
alveolar microvessels that are immature and distributed abnormally are
also found in BPD and are thought to result from the disordered
expression of angiogenic growth factors (12, 40). The molecular
pathways that govern elastin production and vasculogenesis in
alveolarisation are incompletely understood, but mesenchymal cells are

likely to play key roles in these processes.

1.4.5 IPF and BPD have several common features
While IPF and BPD affect patients at opposite ends of the age spectrum
and are associated with distinct histopathological patterns, they also

share several clinical and pathophysiological characteristics.

IPF and BPD have both been identified as heterogeneous conditions,
where the histopathological manifestations are increasingly being
thought to be driven by distinct pathophysiological mechanisms in
individual patients (5, 41). Additionally, genetic polymorphisms are
thought to account for much of the population variability in the risk of
developing either IPF or BPD, should an initiating insult occur (5, 43).
Many potential initiating and perpetuating factors have been identified

that are shared between IPF and BPD including oxidant injury,
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barotrauma and volutrauma from mechanical ventilation, inflammation,
and disordered repair processes (5, 12, 44). Furthermore, IPF and BPD
are both characterised by the existence of abnormal ECM composition
and structure (5, 22). These shared characteristics suggest that IPF and
BPD may be driven by disturbances to similar molecular pathways.
Precise definition of these shared disease pathways could lead to the
development of therapies that restore normal lung structure and function

in both IPF and BPD.

Several growth factors are known to drive the pathogenesis of IPF as
well as normal alveolar septation, including platelet-derived growth factor
(PDGF), fibroblast growth factor (FGF), connective tissue growth factor
(CTGF) and TGFB (13, 24). Myofibroblasts respond to all of these
signalling mediators, but TGF[ is particularly important in governing
myofibroblast activity and differentiation from mesenchymal progenitors
(5, 22). This study will focus on the mechanisms of TGFf signalling in
mesenchymal cells, and how this influences normal alveolar

development and IPF.

1.5 Mesenchymal cells

1.5.1 Pulmonary mesenchymal cells

The pulmonary mesenchymal cell population comprises a diverse range
of cells that develop into connective tissue, blood vessels and lymphatic
tissue (25), and examples include fibroblasts, myofibroblasts, smooth
muscle cells, and pericytes (45). The study of mesenchymal cell lineages

is a complex and evolving field, and the evidence suggests the existence
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of numerous mesenchymal cell subpopulations, which vary in anatomical
location, gene expression, and cell surface markers (45). Combinations
of cellular markers are usually required for mesenchymal cell subtype
identification, but there is a lack of consensus on these defining cellular
markers, the precursor cells from which these cells derive, and their
biological properties (45). This is particularly problematic for the
increasing number of mesenchymal cell subtypes that are Dbeing
identified in the developing and adult lung (45). The mesenchymal cell
subtypes important to myofibroblast function in lung development and

repair will be reviewed in the following section.

1.5.2 Defining mesenchymal cell subtypes

While there are numerous markers used to identify mesenchymal cell
subtypes, the expression of two platelet-derived growth factor receptors
(PDGFR), PDGFRa and PDGFRB, is frequently used to define broad

mesenchymal cell subtypes.

During lung development, PDGFRa* cells display either lipofibroblastic
(lipid-containing, aSMA-negative) or myofibroblastic (a-smooth muscle
actin (aSMA)-expressing) phenotypes (46). As the lungs form, PDGFRa*
progenitors can be found around the distal lung epithelial tubules and
buds, and they then spread to the terminal saccules during the
canalicular and saccular stages (23, 47). These cells eventually become
alveolar myofibroblasts, which are essential for secondary septation (16,
23, 47). By the end of the alveolar stage, few PDGFRa* cells contain

either aSMA or lipid, implying a dynamic change in mesenchymal cellular
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phenotype and function during lung development (46). Both pericytes

and resident lung fibroblasts have been found to express PDGFRa (25).

PDGFRB expression has been demonstrated in adult fibroblasts,
myofibroblasts, smooth muscle cells, pericytes and neurones, as well as
developing, but not adult, endothelial cells (48, 49). PDGFRB" cells are
thought to be particularly important in the wound-healing response to
injury, particularly myofibroblasts which derive from pericytes, and are
therefore important in fibrogenesis (48). Cells with high PDGFRP
expression are increased in fibrotic lungs (45), and the deletion of av
integrins, key mediators of fibrosis, in Pdgfrb* cells has been reported to
protect mice from pulmonary and renal fibrosis (48). This evidence
suggests that PDGFRB* cells are key drivers of fibrogenesis, however
their role in alveolar development is not known. This study will focus on
the roles of PDGFRpB-expressing cells in normal lung development and

pulmonary fibrosis.

1.5.3 Myofibroblasts

Myofibroblasts are characterised by their contractility and the expression
and incorporation of a-smooth muscle actin (aSMA) into stress fibres (9).
These cells contribute significantly to lung development and fibrosis

through the generation and organisation of the ECM (9, 25, 50).

The pulmonary ECM is a dynamic structure that provides physical
support for lung integrity and elasticity, and consists of proteins, such as

collagens, fibronectin, and elastin, and proteoglycans (21). In addition to
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the structural components, the ECM contains sequestered growth
factors, which are released in response to cellular activity and can
influence cell behaviour (21). The activities of local cells modify the ECM,
and there is constant remodelling of the ECM through component

synthesis, degradation, reassembly, and chemical modification (21).

The ECM has different characteristics depending on the physiological or
pathophysiological context. During lung development, the ECM acts as
a structural scaffold that supports branching morphogenesis and
regulates diverse cellular features, such as shape, motility, and growth,
which drive organogenesis (21). ECM remodelling, particularly of elastin,
is essential for normal alveolarisation, and insufficient ECM deposition
negatively impacts lung development (13). Conversely, in IPF the ECM
is excessive in amount and highly organised, and signalling by the ECM-

sequestered growth factor TGF3 becomes excessive.

Myofibroblast activity is central to both normal alveologenesis and IPF.
These cells produce the ECM proteins, including the collagen and
fibronectin that predominate in the abnormal IPF ECM, as well as the
elastin that drives secondary septation during lung development (9, 25,
47). Additionally, myofibroblast contraction is central to both the
excessive organisation of the lung ECM in IPF, and the normal
arrangement of elastin fibres that is required for alveologenesis (47). An
understanding of the stimuli that drive myofibroblast differentiation and
activity in the lung is therefore essential to understand both IPF and

normal alveolar development.
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Lineage tracing studies have demonstrated that myofibroblasts originate
from pericytes and resident fibroblasts during lung development and after
injury (25), although epithelial- and endothelial-to-mesenchymal
transition and differentiation from bone marrow-derived fibrocytes have
also been suggested to contribute to the myofibroblast population in
pulmonary fibrosis (51, 52). Myofibroblast differentiation from precursor
cells is triggered by numerous mediators, including TGF,
lysophosphatidic acid (LPA), platelet derived growth factor (PDGF),
connective tissue growth factor (CTGF), and endothelin-1 (ET-1) (7).
Furthermore, mechanical stimuli are important regulators of
myofibroblast differentiation, as the increased ECM stiffness found in IPF
promotes myofibroblast differentiation and activity (53). Manipulation of
the mechanisms by which myofibroblasts detect and respond to these
chemical and mechanical stimuli could lead to the development of
approaches that modify myofibroblast differentiation and activity to the

benefit of fibrotic and developmental diseases.

1.5.4 Pulmonary pericytes

Pericytes are multipotent cells that are found in every vascularised tissue
in the body, and they are thought to be precursors for multiple cell types,
including fibroblasts, myofibroblasts, neural cells, adipocytes (48, 54).
Pericytes are contractile, found in close contact with capillaries, and are
defined anatomically by the presence of cellular processes that contact
endothelial cells and the capillary basement membrane (25, 55). In

addition to maintaining vascular structure and function, pericytes have
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been postulated to play roles in immune surveillance and the recruitment
of immune cells (25). The extent of pericyte vascular coverage, and thus
the number of cells, varies by organ but is relatively high in the lung (25),

indicating potentially important roles for these cells in lung physiology.

In the lung, pericytes are necessary for the patterning and cellular
differentiation that drives a number of developmental processes (25).
Furthermore, these cells contribute to the pathological inflammation and
tissue remodelling that can occur in response to injury, but they may also
be capable of initiating tissue regeneration with resolution of the injurious
stimulus (25). In pulmonary fibrosis, pericytes migrate away from the
endothelium, contributing to the vascular leak observed in this condition
(56), and these cells are a major source of the myofibroblasts that drive
the expansion of fibrotic tissue within the lung (54, 57). These reports
indicate that pericytes may have essential roles in the maintenance of

lung homeostasis.

In addition to the anatomical definition described above, pericytes are
identified by the presence of molecular markers such as PDGFRB and
nerve glial antigen 2 (NG2) (54), alongside an absence of leukocyte,
endothelial, and parenchymal markers (25). However, it should be noted
that the expression of PDGFRB and PDGFRa expression overlaps in
some cell types, and pericytes have also been reported to express
PGDFRa in adult lung tissue (25). PDGFRB-expressing cells have been

used as targets for gene modification in animal models investigating the
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role of pericytes in adult lung disease (48, 55), however the role of this

cell population in lung development is unknown.

1.6 TGFB signalling is a key physiological and
pathophysiological mediator
TGFB is a pleiotropic cytokine that influences a multitude of cellular
functions, including cellular proliferation and differentiation, wound
healing, ECM homeostasis, haematopoiesis, and immune regulation (8,
58, 59). In the lung, TGF signalling is essential for organ development,
the maintenance of tissue homeostasis, and responses to tissue injury
(8). Dysregulated TGFB signalling can therefore lead to a variety of
pathological manifestations. TGF signalling will be reviewed in the next
section, followed by a review of how dysregulated TGFB signalling

contributes to pulmonary disease.

1.6.1 TGFp signalling

In canonical TGFf signalling, active TGFB binds to TGFB receptor 1
(TGFBR1), which forms a complex with TGFf receptor 2 (TGFBR2). This
receptor complex then phosphorylates serine residues of the intracellular
receptor Smad proteins, Smad2 and Smad3, which subsequently
heterodimerise and bind to co-Smad Smad4 (7). The resulting Smad
complex translocates to the nucleus, binds to Smad binding elements in
gene promoter regions, and recruits transcriptional co-activators, co-
repressors and transcription factors to modulate gene expression, which

may be specific to the cell type (7, 60). Dephosphorylated Smad proteins
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shuttle back into the nucleus and can be targeted for proteasomal

degradation by the inhibitory Smad7 (60) (Figure 1-4).
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Figure 1-4: Canonical TGF signalling

A) TGFB homodimers engage with the heterotetrameric TGFBRI and
TGFBRII receptors, resulting in the phosphorylation of intracellular
Smad2 and Smads3.

B) Smad4 forms a heterotrimeric complex with the phosphorylated
receptor-regulated Smads.

C) Smad7 and the Smad-specific E3 ubiquitin protein ligases (Smurf)
targets the receptor complex for ubiquitination and proteasomal
degradation, and acts as an inhibitor of Smad signalling.

D) The activated Smad complex associates with transcription factors
and cofactors within the nucleus to promote transcription of target
genes

E) Dephosphorylated Smad proteins shuttle back into the cytoplasm
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F) In the cytoplasm, Smads may be targeted for ubiquitination and
proteasomal degradation.
Figure adapted from Piersma 2015 (60).

SARA= Smad anchor for receptor activation

TGFB also induces non-canonical signalling cascades, including the
MAPK and PI3K pathways, demonstrating the wide-ranging effects that
this cytokine can exert (7). While direct modulation of TGFf signalling is
possible, the vital roles that this cytokine plays in physiological processes
such as wound healing and immune regulation explain why toxicity
prohibits complete TGF blockade (61). The upstream mechanisms that
lead to dysregulated TGF[3 activation in disease are an active area of
research, as interrupting these processes may be a less toxic therapeutic

approach for TGFB-associated conditions.

1.6.2 TGFp isoforms

There are three mammalian TGFf isoforms: TGFB1, TGFB2 and TGFR3.
All three isoforms are expressed in the lung and TGFB1 is thought to be
the most important in pulmonary fibrosis (62), however there are few
studies investigating the role of individual TGF( isoforms in the healthy
and diseased lung. Signalling downstream of all TGFB isoforms is
thought to be identical once the cytokine is activated, therefore unique
roles for these mediators may be driven by differences in activation

mechanisms and spatiotemporal expression profiles (61, 63, 64).
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1.6.3 TGFp activation

TGFB is produced by numerous cell types including endothelial,
epithelial, immune, and mesenchymal cells (60). All three TGFf isoforms
are synthesised as homodimeric proproteins, and the propeptide dimer
is cleaved from the mature cytokine prior to secretion (65). This latency
associated peptide (LAP) remains bound to TGFB by non-covalent
interactions, and the complex is secreted as the small latent complex
(SLC) (62, 65). The latent TGF binding protein (LTBP) associates with
the SLC via disulphide bonds between the LAP and LTBP, and tethers

latent TGF( to the ECM in the large latent complex (LLC) (65).

For TGFp to be activated and exert any biological effects, its association
with the LAP must be altered so that it can interact with TGF[3 receptors.
This can occur via several mechanisms, including the action of
proteases, extremes of heat or pH, oxidation or via integrin-mediated

activation (62, 66, 67).

Integrins are heterodimeric transmembrane proteins that consistent of a
and B subunits. Integrins are key mediators of communication between
the intracellular and extracellular environments, and can interact with a
range of molecules including cell surface ligands, transmembrane
proteins, proteases, and growth factors (66). Several integrins, including
the av integrins, bind ligands with an arginine-glycine-aspartate (RGD)
sequence (66). The LAPs of TGFB1 and TGFB3 contain an RGD motif,
and integrins are key activators of these TGF isoforms via traction-

induced alterations to the LLC, or via the facilitation of protease activity
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in the case of the av38 integrin (66). Conversely, the LAP of TGFB2 does
not contain an RGD maotif, and this isoform is therefore predominantly
activated via integrin-independent mechanisms (66, 68). Work to identify
the role of these mechanisms of TGF[3 activation in lung development

and disease is ongoing.

1.6.4 TGFB in pulmonary fibrosis

TGFp is a well-established driver of fibrotic diseases and exerts multiple
profibrotic effects on numerous different cell types. TGFB induces AEC
apoptosis, inhibits AEC proliferation, promotes myofibroblast
proliferation, differentiation and survival, and enhances ECM production
(8, 62, 69, 70), all of which are central features of the pathogenesis of
IPF. Furthermore, TGF is found at elevated levels in the lungs of IPF
patients and in animal models of pulmonary fibrosis (71, 72), and TGFf
blockade ameliorates pulmonary fibrosis in animal models (73). These
studies affirm the critical role of TGFf in this disease and explain the
great interest in the mechanisms of abnormal TGF@ activation as a

treatment strategy for fibrotic diseases.

An example of a strategy to modify the abnormal activation of TGFf in
pulmonary fibrosis is STX-100, a humanised monoclonal antibody that
can block the av36 integrin. The av36 integrin is highly expressed in the
alveolar epithelium of patients with IPF, and can induce TGF[ activation
(74). Antibody-mediated blockade of avB6 signalling can inhibit TGFf3
activation in vivo (75), however the clinical trial of STX-100 in IPF was

halted due to safety concerns (ClinicalTrials.gov NCT03573505). While
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this was a disappointing end to work on a potentially disease-modifying
compound, these studies demonstrate that the mechanisms that cause
abnormal TGFB activation can be modulated in vivo. Further work is
required to further examine the molecular mechanisms of abnormal
TGF activation in fibrosis, to develop new therapeutic compounds that
modify the abnormal activation of this cytokine while maintaining its

physiological functions.

1.6.5 TGFB in lung development

TGFp is broadly expressed during development, and marked increases
in expression are generally observed in areas undergoing
morphogenetic events such as epithelial-mesenchymal interactions or
cellular differentiation (58). TGFB signalling is integral to a number of
processes that drive normal lung development, including branching
morphogenesis (76-78), angiogenesis (79), and epithelial cell
differentiation (80, 81). The wide-ranging effects of TGFB may be

contextual and concentration-dependent during lung development (8).

All three TGFf isoforms are highly expressed in the developing lung, but
they have discrete -cell-specific expression patterns at different
developmental stages (82, 83). The phenotypes of Tgfbl”-, Tgfb2/, and
Tgfb3”/- mice demonstrate the potential unique roles for the TGFf
isoforms in development. Tgfb1” mice develop widespread inflammation
and die within 2-3 weeks of birth (61). Tgfb37- mice die within hours of
birth and have craniofacial abnormalities and evidence of delayed

pulmonary development (64). Tgfb2-- mice die shortly after birth from a
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range of developmental defects that do not overlap with Tgfb1-- or Tgfb3-
- mice (61, 63, 64). Although Tgfb27’- mice have no gross lung
morphological abnormalities at late gestation, collapsed conducting
airways are found postnatally (63). These genetic studies of the roles of
TGFB isoforms in development are complicated by the potential
compensation for the genetic defects by maternal TGFB production
during pregnancy. For example, while Tgfb27’- mice have normal
branching morphogenesis, inhibition of TGFB2, but not TGFB1 or TGFB3,
inhibits branching morphogenesis in vitro (84, 85). This raises the
possibility that maternal TGFB2 compensates for the genetic deficiency
of any offspring during pregnancy (84). Additionally, as TGFf signalling
is broadly involved in the development and function of all organs, any
lung-specific phenotypes may be confounded by the existence of
extrapulmonary pathology which may also negatively impact lung
development (86). Therefore, the isoform-specific roles of TGFf in lung

development remain unclear.

1.6.5.1 TGF in alveolarisation

The importance of tightly regulated TGFB signalling in late lung
development is well established, with both over- and under-activity being
implicated in disturbances to alveolarisation (87-97). In addition to
regulating ECM production, TGF signalling controls an early pathway
that regulates the commitment and differentiation of mesenchymal
precursors to myofibroblasts or lipofibroblasts (98), and is thus essential

for normal secondary septation to occur. Furthermore, TGFf is involved
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in pericyte-endothelial crosstalk during vascular development, a process

that is closely related to alveolar development (54).

While TGFB isoform-specific roles have been suggested in branching
morphogenesis (85), the role of the different isoforms in alveolarisation
is unknown. The expression of all three TGF[ isoform genes increases
dramatically during alveolarisation in rat lung (99), suggesting that all
TGFp isoforms have important roles in this process. Genetic reduction of
TGFB2 in Ltbp47 mice, which already have abnormal alveolar septation
before any manipulations to TGFB signalling, restores a normal lung
appearance (100, 101). However, this approach was taken to reduce
overall TGFp signalling and because of practical difficulties in targeting
the other isoforms, rather than implying an isoform-specific effect (100,
101). Therefore, any unique roles for the TGFB isoforms in

alveolarisation remain to be determined.

1.6.6 TGFBin BPD

Dysregulation of TGF signalling has been described in BPD, suggesting
an important role for TGFB in the pathophysiology of this disease.
Elevated pulmonary TGFB expression levels have been found in animal
models of BPD (102), and overexpression of TGFf1 in neonatal mouse
lung recapitulates the histological appearance of BPD (95). Furthermore,
TGFp is elevated in the lungs of premature human neonates with lung
injury, and this correlates with BPD severity (103). While altered TGFf3
signalling could be both a driver and result of the pathophysiological

processes in BPD, inhibition of TGFB signalling rescues the abnormal
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alveolar and microvascular appearance of mice in the hyperoxia model
of BPD (88). This finding raises the possibility of modulating TGFf
signalling as a therapeutic approach in BPD. However, more work is

required to dissect the exact roles of TGFf3 in BPD.

1.7 G protein signalling activates TGFf

1.7.1 G protein coupled receptor signalling

G protein coupled receptors (GPCRs) are widely expressed in every
mammalian tissue. There are over 800 GPCRs, which comprise
approximately 5% of the human genome (104), and the stimuli that
activate GPCRs consist of a diverse array of molecules including
biogenic amines, amino acids, ions, peptides, proteins, and photons
(104). Given this diversity, GPCRs are involved in numerous
physiological processes, including neurotransmission, cellular
metabolism, cellular differentiation, proliferation, inflammation, and
immune responses (104). The study of GPCR signalling is therefore

relevant to numerous physiological and pathophysiological conditions.

GPCRs consist of a polypeptide chain that crosses the plasma
membrane seven times, and they are associated with heterotrimeric
guanosine triphosphate (GTP)-binding proteins (G proteins) on the
intracellular aspect, which consist of a, 3, and y subunits (105). Ligand
binding to a GPCR results in a conformational change in the receptor,
stimulating the exchange of guanosine diphosphate (GDP) for GTP on
the a subunit, and the dissociation of the a and By subunits from the

GPCR (105). Both a and By subunits induce downstream signalling
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pathways. These signals are terminated when the intrinsic GTPase
activity of the a subunit hydrolyses GTP to GDP, reverting the GPCR to
an inactive state (105) (Figure 1-5). G protein signalling is also modulated
by regulatory proteins which alter the GTP binding status of the a subunit.
GTPase activating proteins (GAPs) enhance hydrolysis of G protein-
bound GTP to GDP, and guanine nucleotide exchange factors (GEFs)
promote G protein-GTP binding, driving G proteins into “off’ and “on”

states, respectively (106).

Intracellular Intracellular
signalling signalling

Figure 1-5: Heterotrimeric G protein signalling

In the inactive form, the a, 8, and y subunits are associated with the
GPCR, and the a subunit is GDP-bound (top left). GPCR activation by
ligand binding results in the exchange of GDP for GTP on the a subunit
(top right). The By and a subunits then dissociate and initiate
downstream signalling pathways (bottom right). Signalling is terminated
when the a subunit-bound GTP is hydrolysed to GDP, and the
heterotrimeric G protein components return to the inactive form (bottom
left). Figure adapted from Kamato et al 2017 (105).
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While there are hundreds of mammalian GPCRs, these converge on just
four Ga subunit protein families which propagate downstream signalling.
These Ga subunits are thought to determine the main properties of a
GPCR (107). Therefore, focussing on the study of Ga families rather than
individual GPCRs could enhance our understanding of numerous

diseases and physiological processes.

1.7.1.1 Heterotrimeric G protein families

The four mammalian heterotrimeric G proteins families, Gai, Gaos, Ga12,
and Gaq, are classified according to the sequences and functional
homology of the a subunit (107). The tissue expression of the members
of the Ga subunit families is widespread, however this does vary between

individual Ga subunits (Table 1-3).
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Table 1-3: Mammalian G protein a subunits and tissue expression.
Adapted from Offermanns 2001 (107)

G Protein  Subtype Gene Expression
Family
Gas Gas Gnas Ubiquitous
Gaolf Gnal Brain, olfactory epithelium
Gai Gait Gnai-1 Widely expressed
Gai2 Gnai-2 Ubiquitous
Gaiz Gnai-3 Widely expressed
Goao Gnao Neuronal, neuroendocrine
Gaz Gnaz Neuronal, platelets
Gagust Gnag Taste cells, brush cells
Gat-r Gnat-1 Retinal rods, taste cells
Gatc Gnat-2 Retinal cones
Gagq Gaq Gnaq Ubiquitous
Ga11 Gna-11 Almost Ubiquitous
Ga14 Gna-14 Kidney, lung spleen, testis
Ga1s Gna-15 Haematopoietic cells
Ga12 Ga12 Gna-12 Ubiquitous
Ga13 Gna-13 Ubiquitous

The four Ga subunit families are reviewed below.

1.7.1.2 The Gai and Gas families

The Gai and Gas families influence adenylyl cyclase activity and cyclic
adenosine monophosphate (CAMP) levels (107). Gai- and Gas—coupled
GPCRs detect a variety of stimuli, but are predominantly associated with
special senses and the nervous system (107), and have not been heavily
implicated in myofibroblast activity, pulmonary fibrosis, or lung

development. Conversely, the Gaq family members Gag and Ga11, and the
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Ga12 members Ga12 and Gat3 have been implicated in GPCR-mediated

profibrotic pathways, and therefore will be the focus of this study.

1.7.1.3 The Gaq family

Gaq and Ga11 are the most widely expressed members of the Gaq family.
They have 88% amino acid sequence homology, share many functions,
and have similar tissue expression profiles apart from in platelets and the
central nervous system (107-110) (Table 1-3). Due to these overlapping
functions and cellular co-expression, Gaq and Ga11 are usually studied

together and are collectively referred to as Gag/11 (109).

Upon activation by upstream GPCR stimulation, Gag11 triggers
phospholipase C (PLC) signalling, which hydrolyses membrane bound
phosphatidylinositol-4,5-bisphosphate (PIP2) to diaglycerol (DAG) and
inositol-1,4,5 triphosphate (IP3). IP3 induces the release of calcium ions
(Ca?*) from the endoplasmic reticulum, and DAG and Ca?* activate
protein kinase C (PKC) (105, 111). The subsequent changes in cytosolic
calcium concentration and phosphorylation of other molecules by PKC
induce several downstream signalling pathways that alter cellular activity
(Figure 1-6). In addition to this classical Gag/11 signalling pathway, Gag/11
also activates the small GTPase Rho and its target, the serine-threonine
kinase Rho-associated, coiled-coil containing kinase (ROCK) via PLC-
and calcium-dependent and -independent mechanisms (112). As will be
discussed in detail later, Rho-ROCK signalling is thought to be important

for TGFB activation in the lung (74, 113).

64



m\ A AN

Figure 1-6: Gagr11 Signalling

Gag/11 signalling activates PLCp3, leading to the hydrolysis of PIP2z into
IPs and DAG. IPs induces calcium release, which activates MAPK
signalling via PYK2, Src, and Ras GEF. MAPK signalling also occurs
directly downstream of DAG. Gag/11 Can also directly activate
Rho/ROCK signalling, independent of PLC activity. Figure adapted from
Kamato et al 2015 (114).

PLC = phospholipase C; PIP2 = phosphatidylinositol-4,5-bisphosphate;
DAG = diaglycerol; IP3 = inositol-1,4,5 triphosphate; MAPK = mitogen-
activated protein kinase; ROCK = Rho-associated, coiled-coill
containing kinase; PYK2 = protein tyrosine kinase 2; PKC = protein
kinase C; MEK = MAPK/ERK kinase; Erk = extracellular signal-
regulated kinase;

1.7.1.4 The Ga12 family

Similar to Gaq and Ga11, Ga12 and Ga13 are usually studied in a pair,
although the sequence homology is lower between Ga12 and Ga13 than it
is between Gogq and Ga11 (67% vs 88%) (115). Gat2/13 expression is
ubiquitous, and the primary signalling pathway downstream of this G

protein family is the Rho-ROCK cascade. Ga12/13 activates Rho/ROCK
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signalling through the activation of RhoGEFs including p115RhoGEF,
PDZ-RhoGEF, leukaemia-associated RhoGEF (LARG), and lymphoid

blast crisis (Lbc)-RhoGEF, in addition to other pathways (106, 116-118).

Ga1213 and Gag/11 can both activate Rho/ROCK signalling, which is an
essential mediator of cellular contraction, and thus ECM remodelling and
TGFp activation. This indicates a potential key role for Ga12/13 and Gag/11

in myofibroblast function, which is discussed below.

1.7.1.5 Rho-ROCK signalling occurs downstream of Gag11 and
Ga12/13
Rho is activated when bound to GTP, a process catalysed by Rho
guanine nucleotide exchange factors (RhoGEFs) (106). GTP-bound
RhoA activates ROCK, which triggers further downstream signalling via
the reorganisation of the actin cytoskeleton (Figure 1-7). Activated ROCK
stimulates the conversion of globular (G) actin monomers to filamentous
(F) actin polymers, which form the F-actin stress fibres. During this
process, G-actin releases the associated myocardin related transcription
factor —A and -B (MRTF-A, MRTF-B), allowing these transcription factors
to translocate to the nucleus and coactivate serum response factor

(SRF)-mediated gene expression (119-121).
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Figure 1-7: Rho-ROCK signalling occurs downstream of Gagi11 and
Ga12113

Stimulation of GPCRs linked to Ga12/13 and Gag/11 results in the
activation of RhoGEFs. RhoGEFs stimulate the exchange of GDP for
GTP on RhoA, which induces ROCK activation. ROCK stimulates the
formation of F actin polymers, which form F-actin stress fibres from G
actin monomers. This liberates MRTF-A and MRTF-B from G-actin.
MRTF-A and MRTF-B translocate to the nucleus and induce SRF-
mediated gene transcription. Genes transcribed by SRF-mediated gene
transcription include the genes for connective tissue growth factor
(CTGF), aSMA, and collagens (7, 120), all of which are important in the
myofibroblast phenotype.

Figure adapted from Xiang et al 2014 (106)

GPCR = G protein coupled receptor; MRTF = myocardin-related

transcription factor; SRF = serum response factor

In addition to influencing gene expression, ROCK-generated actin stress
fibres are contiguous with focal adhesion complexes, which exist at the

cell membrane and are composed of talin, vinculin, paxillin, and other
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accessary proteins (122). Focal adhesion complexes associate with
integrins to provide a transmembrane link between the intracellular and
extracellular environments, and are essential signalling components in

the crosstalk between myofibroblasts and the ECM (122).

Rho-ROCK signalling-induced aSMA expression, actin cytoskeletal
reorganisation, stress fibre formation, and focal adhesion assembly are
all key components of the myofibroblast phenotype (119, 120, 123). As
myofibroblasts play key roles in pulmonary fibrosis and fibrosis, Rho-

ROCK signalling also likely to play key roles in these processes.

The Rho-ROCK pathway is upregulated in pulmonary fibrosis (123, 124),
and inhibition of ROCK signalling is protective against animal models of
pulmonary fibrosis (123, 125). However, no developmental lung
abnormalities have been reported in mice with genetic deficiency of
either ROCK isoform (125). Therefore, while Rho-ROCK signalling is
central to pulmonary fibrosis, the role of this key myofibroblast pathway

in lung development is less clear.

1.7.2 GPCR signalling in pulmonary fibrosis

Given the widespread expression and physiological functions of GPCRs,
it is unsurprising that disturbed GPCR signalling has been described in
multiple pathophysiological states, including fibrosis. Several GPCR
agonists have been implicated as drivers in IPF through fibroblast
activation, including endothelin, thrombin, lysophosphatidic acid (LPA),

serotonin, angiotensin, and spinghosine-1-phosphate (S1P) (74, 118,
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126-132). In this thesis, LPA will be discussed as the prototypical GPCR

agonist.

1.7.2.1 LPA in pulmonary fibrosis

LPA is a bioactive phospholipid released following injury, and is produced
either from the membrane phospholipids of cells or platelets or from
surfactant phospholipids (133, 134). LPA is generated via two enzyme-
mediated pathways involving autotaxin or phospholipases Al or A2
(135). Different species of LPA exist and have different biological
activities (135). In this study, the oleoyl form of LPA was used, which is

felt to be a predominant and bioactive form in the lung (135).

LPA is elevated in the lungs of mice subject to bleomycin-induced
pulmonary fibrosis and humans with IPF (127, 129, 134, 136). LPA can
induce many of the key pathophysiological mechanisms of IPF, such as
alveolar epithelial cell apoptosis, fibroblast recruitment and persistence,
vascular leak, and activation of latent TGF (74, 127, 129, 133). LPA also
promotes alterations in shape, contraction, and migration of numerous
cell types (137-139), processes which often occur via activation of Rho-
ROCK signalling (121) and may be relevant to the tissue remodelling

observed in pulmonary fibrosis.

LPA activates seven known GPCRs (LPA1-7), and both LPA1 and LPA:2
have been implicated in the pathogenesis of pulmonary fibrosis. LPA1 is
the predominant LPA receptor on lung fibroblasts and is thought to be

responsible for the promotion of epithelial and inhibition of fibroblast
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apoptosis (127). LPA2 has been shown to mediate LPA-induced TGFf
activation in epithelial cells (74) and fibroblast-to-myofibroblast transition
(140). Furthermore, blockade of LPA1 or LPA:2 is protective against
bleomycin-induced pulmonary fibrosis (127, 140, 141). Importantly, LPA
signalling induces TGF@ activation in lung epithelial cells (74),
suggesting that modulation of LPA signalling has therapeutic potential in

pulmonary fibrosis.

Gagr11, Ga12/13, Gas and Gairo all signal downstream of LPA receptors (111),
and Gag11 signalling has been found to mediate LPA-induced TGFf
signalling in lung epithelial cells (74). However, the role of Ga subunit
signalling downstream of LPA receptors in mesenchymal cells in

pulmonary fibrosis is unknown.

1.7.2.2 LPA in development

LPA may play a role in late lung development, as mice lacking the LPA1
receptor exhibit alveolar simplification, disorganised alveolar elastin, and
altered tropoelastin production by fibroblasts and myofibroblasts (142),
all of which are hallmarks of disturbed alveolarisation. This effect is not
common to all LPA receptor knockouts, as developmental lung
abnormalities have not been reported in mice lacking LPA2 (140). These
findings, along with the observations that both mice lacking LPA1 and
LPA: are protected from pulmonary fibrosis (127, 140, 141), imply both
overlapping and distinct roles for the LPA receptors in different biological

processes. This may be explained by different Ga subunit signalling
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pathways downstream of different LPA receptors, which warrants further

investigation.

1.7.3 Heterotrimeric G proteins are essential for survival

The fundamental role of Ga12/13 and Gag/11 in @ number of physiological
processes is exemplified by the phenotypes of transgenic mice lacking
the genes for these G proteins (107). Germline knockouts of Ga12/13 and
Gagi11 (Gnal2’;Gnal3” and Gnaq”’;Gnall”, respectively) die in utero
with a range of defects (Table 1-4). While these studies of global gene
deletion indicate that Gag11 and Ga1213 play essential roles in
development, their functions in cell- and organ-specific processes could

not be determined by these studies.
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Table 1-4: Phenotypic characteristics of mice deficient in G protein

a-subunits (107)

Mouse Phenotype

genotype

Gnaq™’ Cerebellar ataxia (109)
Defective platelet activation, increased bleeding
times (108)

Gnall” No phenotype observed (143)

Gnaq™ ; Gnall

-
Gnag*-;
Gnall”
Gnaq™’;
Gnall*"
Gnaq*-;
Gnall*"
Gnal2”
Gnal3™

Gnal2*-;
Gnal3”
Gnal2”’;
Gnal3*-
Gnal2*-;
Gnal3*
Gnal2”’;
Gnal3”"

The transgenic mouse studies summarised

Myocardial hypoplasia, die embryonic day 11 (143)
Cardiac malformations, die shortly after birth (143)
Craniofacial defects, cardiac malformations, die
shortly after birth (143)

No phenotype observed (143)

No phenotype observed (117)

Defective angiogenesis, embryonically lethal day
10 (144)

Embryonically lethal day 9.5 (117)

Embryonically lethal day 10.5 (117)

No phenotype observed (117)

Embryonically lethal day 8.25 (117)

in Table 1-4 also

demonstrate the functional redundancy and compensatory function of Ga

subunit pairs. For example, Gnal2”’- animals are viable and show no
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abnormal phenotype, but at least one Gnal2 allele must be present for
a Gnal3* animal to survive (117), suggesting some functional
interaction between Gat12 and Ga13. This observed compensation and
redundancy is not restricted to within G protein families, as mice lacking
both Ga12and Gaq die in utero at embryonic day 13, whereas mice lacking
just one of these G proteins are viable at birth (117). Many individual G
protein functions are unclear because of this functional redundancy and
compensation. Studies using tissue specific Ga subunit deletions may
identify roles for individual G proteins in specific developmental and

pathophysiological processes.

1.7.4 GPCR signalling as a therapeutic target
1.7.4.1 GPCR inhibition

Several clinical trials have investigated the inhibition of individual GPCRs
(Table 1-5). Unfortunately, many of the promising antifibrotic effects
observed in preclinical studies have not been recapitulated in humans.
This may be due to differences between human IPF and animal models
of pulmonary fibrosis such as stage of disease, different
pathophysiological mechanisms, and disease complexity (5).
Furthermore, given the convergence of GPCR signalling onto just four
Ga subunit families, inhibition of a single GPCR may still allow other
GPCRs to activate the same downstream pathways, blunting any
antifibrotic effects of individual GPCR inhibition. In addition, IPF is a
complex disease where the lungs are likely to be affected by a plethora

of profibrotic mediators simultaneously, many of which signal via GPCRs
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(145), and it is likely that multiple GPCRs are abnormally active

simultaneously. Finally, GPCR signalling may be active to different

degrees in patients with different IPF endotypes, making single GPCR

inhibition an over-simplistic therapeutic approach for these patients.

Alternative approaches to GPCR inhibition must therefore be considered

to enhance the antifibrotic effects of this approach.

Table 1-5: GPCR-targeting drugs tested in pulmonary fibrosis.

Adapted from Haak et al 2020 (145)

GPCR Activity Drug Outcome Phase Trial reference
agonist
Endothelin ETa and Bosentan No benefit (/1 NCT00071461
ETs agonist 1] (146)
NCT00391443
(147)
Macitentan No benefit Il NCT00903331
(148)
ETa agonist A Ambresentan | Detrimental | Il NCT00768300
(149)
LPA LPA1 BMS-986020 | FVC Il NCT01766817
agonist improved. (150)
Study
terminated,
adverse
effects
Fatty acids GPR40 PBI-4050 Drug well Il NCT02538536
agonist / tolerated (151)
GPR84
antagonist
Fatty acids GPR84 GLPG1205 Not Il NCT03725852
antagonist reported (152)
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Angiotensin | AT Losartan FVC Pilot NCT00879879

antagonist improved (153)
Adrenaline B2 agonist Formoterol Improved Pilot EudraCT:2013-
FEV1 004404-19
(154)
Leukotriene | Leukotriene | Tipelukast Not Il NCT02503657
antagonist reported (152)

(recruiting)

Approaches to enhance to efficacy of GPCR blockade in IPF may also
have significant limitations. While polypharmacy, where several GPCR
inhibitors are used simultaneously, could reduce compensatory GPCR
signalling, this is likely to increase side effects and would be associated
with a significant pill burden for patients (145). Personalised medicine,
where therapy is tailored to the overactive disease pathways in an
individual, will become more common in the coming years but is not
currently in widespread clinical use (5, 145), thus this method does not
yet benefit patients. As a solution to these issues, therapeutic targeting
of signalling pathways downstream of GPCRs has been proposed, and

may be a feasible approach in IPF.

1.7.4.2 Targeting downstream mediators of GPCR signalling

A key antifibrotic approach in the management of pulmonary fibrosis
may be to reduce the abnormally elevated TGF signalling that drives
the disease. While abnormal GPCR signalling contributes to TGFf
activation, TGFB blockade is likely to be very toxic given the broad

physiological functions of TGFB, and individual GPCR inhibition has
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proven to be ineffective (Table 1-5). There are several other signalling
pathway components between GPCR activation and TGF[ signalling
that could serve as effective targets for antifibrotic drugs (Figure 1-8). For
example, ROCK1 and ROCK?2 inhibition blocks fibroblast activation and
experimental pulmonary fibrosis in mice (125), although the widespread
expression and pleiotropic effects of ROCK is cause for concern
regarding side effects with ROCK inhibition (145). Furthermore, ROCK
can be activated by non-GPCR-related signalling, increasing the
likelihood of unintended off-target effects. Alternative GPCR downstream
signalling pathway components should therefore be considered for

therapeutic targeting.

The Ga subunits, which act directly downstream of GPCRs, have not
been inhibited therapeutically in humans, although this is a theoretically
promising approach for pulmonary fibrosis (Figure 1-8). A single GPCR
can activate multiple Ga subunit families, which induce different biological
effects. For example, the thrombin receptor protease activated receptor-
1 (PAR1) couples to Gaio, Gaq, Or Ga12/13, but only Gaq is important for
thrombin-induced CCL2 expression in fibroblasts (155). Additionally,
LPA induces fibroblast migration via Gai, but if Gai is inhibited LPA inhibits
cell migration through Ga12/13-coupled signalling (127). These studies
suggest that the activity of the Ga subunits themselves should be studied

to improve our knowledge of IPF and develop novel therapeutics.
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Figure 1-8: Potential benefits and limitations of inhibiting GPCR
signalling components

Inhibition of several components of GPCR signalling pathways could
have antifibrotic effects. This figure shows the signalling pathway
components that could be targeted in pulmonary fibrosis, and the

potential problems with these approaches.

GCPRs relevant to fibroblast profibrotic activity signal via Gio, Gag/11, and
Ga12/13 (145, 156), although Gaq11 and Ga12/13 are the best studied Ga
subunits in fibrosis. While small molecular Gqq inhibitors exist, they have
not been assessed in humans or pulmonary fibrosis animal models (114).
Furthermore, there are no chemical inhibitors of Ga12/13. Although the
animal models of Ga subunit knockdown suggest that caution should be
exercised with this approach, Ga subunit inhibition, particularly if
restricted to certain organs, tissues, or cell types, may be an effective
antifibrotic approach. As mesenchymal cells are so fundamental to
pulmonary fibrosis, research into the roles of mesenchymal cell Gog/11

and Ga12/13 signalling in fibrosis-related signalling may reveal new
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therapeutic approaches for this disease. Furthermore, these studies may
also clarify the roles of Ga subunit signalling in lung development, which

may share common G protein-mediated signalling pathways with IPF.

1.8 Mechanical signals in lung fibrosis and development

1.8.1 Mechanical forces in the lung

Research investigating the pathogenesis of pulmonary fibrosis has
traditionally focussed on the effect of chemical signals on fibrogenesis.
These studies are usually performed by using cells grown on rigid and
static tissue culture plastic. This artificial environment is very different to
that found in the lungs, where the cellular surroundings are softer and
there is constant mechanical force generated by breathing-related
cyclical mechanical stretch (CMS) and contraction of nearby cells. These
mechanical forces are known to influence multiple cellular processes,
including cellular differentiation, adhesion, proliferation, migration, and
gene expression (157-159). There is increasing evidence to suggest that
myofibroblasts are exquisitely mechanosensitive and can both respond
and contribute to mechanical stimuli, influencing both lung development

and fibrogenesis, which will be reviewed in the following section.

1.8.2 ECM stiffness influences fibrogenesis

The ECM consists of proteins, such as elastin, collagen, and fibronectin,
which act as load-bearing molecules than transmit mechanical stress
(160). The elastic modulus (stiffness) of the ECM is defined as the force
per unit area (stress) required to deform (strain) the material (161), and

is influenced by the composition, organisation, and degree of cross
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linking of ECM components (160). There is increasing evidence that the
elastic modulus of the ECM is not only increased by profibrotic signalling,

but also acts as a fibrosis-promoting stimulus itself.

In pulmonary fibrosis, areas of fibrotic lung have a higher elastic modulus
that normal lung parenchyma (100kPa in fibrotic lung compared to 3-
5kPa in healthy lung), resulting in in “stiffening” of the lungs and a
restrictive ventilatory defect (113, 162, 163). The increased ECM
stiffness in fibrosis primarily results from fibroblast- and myofibroblast-
generated excessive ECM protein production and cellular contraction,
however there is increasing evidence indicating that increased tissue
stiffness itself contributes to fibrosis. For example, fibroblasts cultured in
stiff environments have enhanced myofibroblast differentiation (164-
166), higher ECM protein synthetic activity (162, 163), and reduced
matrix degradation enzyme production (162) compared with cells
exposed to softer environments. Additionally, fibroblast contractility is
enhanced in stiff environments (167), which promotes the activation of
TGFB sequestered in the ECM and generates further profibrotic
signalling (168). In addition to being more active in stiff environments,
fibroblasts preferentially accumulate in stiff areas when cultured on a
stiffness gradient through a process called durotaxis (162, 169). The
increased tissue stiffness in fibrosis is therefore both a driver of
fibrogenesis and a result of cell-driven processes, and this feedback loop
of increased tissue stiffness and enhanced myofibroblast activity drives

the progression of pulmonary fibrosis.
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Exposure to stiff environments also has lasting effects on the activity of
myofibroblasts, which retain a “memory” of the high stiffness-driven
phenotype even when returned to environments with physiological
mechanical properties. Cells primed on stiff tissue culture substrates
behave in a more fibrotic manner even when transferred to softer
substrates (53). Furthermore, cells primed on soft substrates and
transferred to stiffer substrates are partially protected from developing a
high stiffness-induced fibrotic phenotype (53). These data demonstrate
how the mechanical environment can cause lasting changes to cellular
behaviour, even if resolution of scarring occurs. However, the
mechanisms by which cells detect matrix stiffness are incompletely

understood.

1.8.3 Cellular contractility modifies ECM organisation

Fibroblasts and myofibroblasts are essential modulators of ECM
organisation, which is another key driving factor in IPF. ECM organisation
occurs secondary to small repetitive low-force fibroblast contractions,
which increase with matrix stiffness and myofibroblast activation (161).
Myofibroblasts activate latent TGFB sequestered in the ECM via
contraction of the actin cytoskeleton and integrin tethering to the large
latent TGFB complex, and these cells are more efficient at these
processes than the fibroblasts that they differentiate from (168, 170).
Highly organised ECM provides greater mechanical resistance to cellular
contraction, further enhancing TGFf activation. Active TGF[3 promotes

myofibroblast differentiation, a process that is increased in stiffer
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environments (165), creating a positive feedback loop of heightened
ECM stiffness, increased myofibroblast activity, and TGFB activation

(Figure 1-9).
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Figure 1-9: Myofibroblast activation results in a positive feedback
loop of TGFB activation enhanced by myofibroblast contractility
and ECM properties

TGFp stimulates fibroblast-to-myofibroblast differentiation.
Myofibroblasts are more contractile than fibroblasts, and create stiffer
and more organised ECM than fibroblasts, thus are more efficient at
liberating active TGF[ from the latent TGF3 complex. This results in a
positive feedback loop of myofibroblast differentiation, ECM deposition,
and TGF activation.

GPCRs may be involved in this self-sustaining loop of fibrosis. For
example, the profibrotic GPCR agonist LPA has been found to induce
cellular contraction in vitro, and this promotes TGF[ activation (74, 137,
171). Previous studies have shown that Gag/11 and Gailo mediate LPA-

induced cellular contractility in epithelial cells (74, 171). However, the role
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of LPA in fibroblast and myofibroblast contractility and TGF activation,

and the Gq subunits that drive this, is unknown.

1.8.4 Cyclical stretch may promote pulmonary fibrosis

Breathing-related cyclical mechanical stretch (CMS) is a ubiquitous and
physiologically relevant force in the lungs that may contribute to
pulmonary fibrosis. Breathing-induced CMS forces are heterogeneously
distributed in the lung, with the greatest forces occurring in the posterior
and basal areas of the lung. These areas also correspond to the locations
where fibrotic changes are first seen in patients with IPF, raising the
possibility that stretch itself may initiate or propagate pulmonary fibrosis

(172).

While no specific studies of lung CMS have been performed in patients
with IPF, these patients are prone to acute exacerbations of their disease
and worsening lung function if they receive mechanical ventilation (173-
175), an intervention associated with repetitive stretch of the lungs. This
is thought to occur secondary to alveolar collapse in areas of fibrosis,
with overdistension of the remaining, non-collapsed alveoli with
breathing (176), resulting in considerable force on epithelial cells
secondary to the repeated alveolar opening and collapse (177). This
could be exacerbated by the surfactant abnormalities reported in IPF,
which may cause perturbations to surface tension and alterations in
stretch force distribution (178). Breathing-related CMS is therefore a
common stimulus that may contribute to the self-perpetuating lung injury

and progression of pulmonary fibrosis.
82



TGFp is likely to be a key driving molecule in CMS-related fibrogenesis.
Lung stretch via mechanical ventilation increases the expression of
mesenchymal cell markers in the lung (179), a process likely to involve
TGFp as stretch increases TGF activation in fibrotic lung tissue (113).
Stretch also promotes TGF[ expression and activation in a number of
different cells types, including vascular and airway smooth muscle cells
(180-182), chondrocytes (183, 184), trabecular meshwork cells (185),
gingival and dermal fibroblasts (186, 187), renal tubular epithelial cells
(188), hepatic stellate cells (189), and Achilles tenocytes (77). The
presence of high levels of active TGFB may also modulate the cellular
response to stretch (190), further driving the fibrotic response. Therefore,
stretch is a well-established stimulus of TGF activity. However, the role
of breathing-related CMS in TGFf signalling in lung fibroblasts, and the
mechanisms of stretch detection in these cells, have not been

investigated.

CMS is also likely to interact with the altered ECM properties found in
pulmonary fibrosis to further promote disease progression. For example,
the degree of stretch-mediated TGFB activation has been reported to
correlate with the stiffness of lung tissue (113). Furthermore, stretch-
induced production of the ECM component a1 procollagen is influenced
by the ECM protein used to coat cell culture plates (191), and cells unable
to produce fibronectin have repressed stretch-induced RhoA activation
(192). Matrix density is also an important factor in stretch-induced Rho-

ROCK signalling (193), suggesting that ECM organisation modulates
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cellular responses to CMS. The current hypothesis for the mechanisms
underlying this apparent interaction between ECM properties and
responses to stretch is that stiff fibrotic ECM provides more mechanical
resistance to stretch-induced release TGF( from the LLC (113). In
addition, matrix components such as fibronectin may act as integrin
ligands leading to Rho-ROCK signalling and TGFf activation (113, 182).
CMS should therefore be considered alongside ECM properties in

studies of pulmonary fibrosis.

Existing studies on the role of CMS on pulmonary fibrosis-related
signalling has focussed on whole lung models (113), whereas the effect
of mechanical strain on mesenchymal cells specifically has not been

investigated previously.

1.8.5 Mechanical forces are important in lung development

In addition to the potential pathophysiological roles that mechanical
forces play in the lung, ECM properties and CMS are also essential for
normal lung development. Mechanical forces are known to regulate cell
fate decisions during organogenesis (194, 195), however are there
currently few studies investigating the role of mechanical forces in lung

development.

The ECM serves as a scaffold that directs lung development, and is
constantly remodelled throughout organogenesis (22, 196). The ECM in
foetal, neonatal, and adult lung is distinct, and temporally regulates the

shape, migration, and differentiation of resident cells to drive
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developmental processes (22). Important roles for ECM structural
proteins and remodelling enzymes in alveolarisation have been identified
using transgenic mice (196), and these components are known to
influence the mechanical properties of the ECM. Traction forces, which
increase with ECM rigidity, enhance branching during generation of the
salivary glands (194), which undergo branching morphogenesis in a
similar manner to the lungs, suggesting a role for ECM stiffness and
cellular contraction in organogenesis. However, the role of ECM stiffness
in lung development, in particular late lung development, has not been

investigated.

Stretch of the lung is also an important stimulus of lung development and
growth (191, 197, 198). Oligohydramnios, a condition where there is an
abnormally low amniotic fluid volume, and congenital diaphragmatic
hernia both result in lung hypoplasia (11, 22). This is thought to be due
to restricted lung expansion, which usually begins in utero as the foetus
inhales amniotic fluid (11, 22). Therefore, lung stretch is an important
mechanical force in early lung development. As alveolarisation occurs
predominantly postnatally, and breathing-related CMS increases
dramatically at birth, it is reasonable to hypothesise that CMS is an

important stimulus in alveolarisation.

Published data do indicate an important role for mechanical forces in
alveolarisation. During normal development, mechanical stress exerted
onto the elastic fibres found along the saccular walls of the developing

lung is believed to induce the protrusion of elastin fibres, leading to new
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septum formation (47). In BPD, the amount of lung elastin increases with
increasing severity of respiratory distress, but this elastin is disorganised
and found in aberrant sites away from the alveolar septa (22). These
abnormal elastin locations, such as the saccular-alveolar duct junction,
are thought to represent the sites of the highest mechanical stress (22),
suggesting that force distribution contributes to this disease.
Furthermore, mechanical ventilation may uncouple elastin synthesis and
assembly, resulting in defective lung alveolarisation and vascular
development (13), key features of BPD. These data indicate that stretch-
related signalling is essential for normal alveolarisation and may be
disturbed in BPD, however the exact mechanisms underlying this are

unclear.

1.9 How are mechanical signals detected?

Mechanotransduction is the process by which cells sense and respond
to mechanical stimuli (157). This process encompasses the receptors
which detect mechanical signals and the communication of this
information to produce a cellular response, which includes intracellular
and extracellular signalling components. These processes often involve
the conversion of mechanical forces to biochemical signals (199), and

will be discussed here.

1.9.1 Cell surface mechanoreceptors
Receptor-mediated mechanosensing is essential for a plethora of cellular
processes that drive normal development and disease, including cellular

activation, differentiation, apoptosis, and proliferation (199). Mechanical
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stimuli are usually applied to cell surface receptors that are in direct
physical contact with the ECM or adjacent cells (199). A number of
mechanically sensitive cell surface receptors (mechanoreceptors) have
been identified, including ion channels, integrins, GPCRs, and
membrane-associated enzymes such as phospholipase A2 (200, 201). It
Is beyond the scope of this thesis to discuss each of these extensively,
and this work will focus on mechanical signalling mediators related to

GPCRs.

Integrins associate with intracellular G proteins (202), and are key
components of GPCR agonist-induced TGF activation (74). The integrin
family consists of 18a and 8B subunits which combine to form 24 af
heterodimeric membrane receptors that link the cytoskeleton to the ECM,
and are key mechanosensors (159, 199, 203). Fibroblasts and
myofibroblasts express the avp1, avp3, av5 and av@8 integrins, all of
which may be important in mechanosensation, and are able to activate
latent TGF (9). Mechanical forces may induce conformational changes
to integrins, altering ligand binding affinity and strengthening the bonds
between integrins and ECM components (204-206), with important
implications for profibrotic signalling. Furthermore, integrins have been
found to be essential for stretch-induced TGFf activation (113, 207), and

therefore may be important in pulmonary fibrosis and lung development.

1.9.2 Intracellular mechanical signalling
A number of intracellular signalling mediators convert mechanical stimuli

into biochemical signals including adaptor and scaffolding proteins, such
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as talin, and vinculin, kinases and phosphatases, such as focal adhesion
kinase (FAK), cytoskeletal components including actin filaments, myosin,
and microtubules, and transcriptional coactivators, such as YAP/TAZ,
and transcription factors, such as MRTF-A and MRTFB (157, 159).
These will be discussed below in terms of their common effects on the

actin cytoskeleton and Rho/ROCK signalling.

Components of the actomyosin cytoskeleton and associated proteins,
such as vinculin and talin, constitute the “molecular clutch” (159). The
molecular clutch is used to transmit forces to the surrounding matrix,
resulting in the generation of biochemical signals. Increased matrix
stiffness enhances activity of this molecular clutch via increased
mechanical loading on talin, which intensifies its binding affinity for
vinculin and elevates force transmission (203, 208). The actomyosin
cytoskeleton is a critical mediator of both sensation of the mechanical
environment and cellular propulsion towards stiff areas (209), and
consideration of the mechanisms that induce cytoskeletal change is

important to the study of mechanobiology.

Although a diverse array of signalling and transcriptional programmes is
activated by mechanoreceptors, a common effect on RhoGTPases and
actin cytoskeletal assembly is often seen (145). Rho-ROCK signalling
increases matrix stiffness through activation of profibrotic genes
transcription via YAP/TAZ and MRTF-A and -B activity (145), and is a
key component in the detection of ECM stiffness. Stiff ECM increases

the activity of RhoA and ROCK in fibroblasts (119), and knockdown of
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both ROCK1 and ROCK2 abrogates aSMA fibre assembly in cells grown
on stiff tissue culture matrices (120). In addition, RhoA/ ROCK inhibition
abrogates stiff matrix-induced actin cytoskeletal reorganisation, MRTF
nuclear translocation, myofibroblast differentiation, and contractile
function of IPF fibroblasts (119, 167). Furthermore, Rho-ROCK signalling
Is required for CMS-induced stress fibre formation and stretch-induced
TGF signalling in fibrotic lung (113, 193). This evidence suggests an
important role for ROCK signalling in the detection of mechanical signals

including matrix stiffness and CMS.

Given the key roles of Rho/ROCK signalling in mechanically-induced
myofibroblast function, Rho/ROCK signalling is likely to be important in
both lung fibrosis and development. However, the situation is complex,
as ROCK may play different roles in the maintenance of the
myofibroblast phenotype in different mechanical environments as, unlike
the situation observed on stiff substrates, ROCK inhibition does not alter
F-actin stress fibre formation on soft matrices (120). In addition, complete
loss of aSMA stress fibre assembly is only seen when both the ROCK 1
and ROCK?2 isoforms are absent, suggesting that each isoform plays
independent roles in sustaining the myofibroblast phenotype (120). The
balance between ROCK 1 and ROCK 2 isoforms is also significant, as
knockout of one isoform paradoxically increases aSMA expression in
myofibroblasts grown on stiff matrices (120). An understanding of how

Rho/ROCK signalling is regulated in lung development and becomes
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dysregulated in fibrosis may identify mechanisms by which lung

regeneration can be induced following injury.

1.9.3 GPCRs as mechanosensors

There is growing evidence that GPCRs are mechanosensitive, and thus
can transmit intracellular signals in response to mechanical stimuli.
Mechanosensitive GPCRs include the angiotensin Il receptor 1 (AT1R),
bradykinin receptor (B2R), parathyroid receptor 1 (PTH1R), histamine
receptor 1 (H5R), and the muscarinic receptor M5R (200). In addition,
several GPCRs that have been implicated in the pathogenesis of
pulmonary fibrosis, including those for thrombin, lysophosphatidic acid
(LPA), and spinghosine-1-phosphate (S1P), have been found to activate
RhoA signalling (74, 118, 126-128). The activation of this
mechanosensitive pathway by the activation of fibrosis-related GPCRs
suggests that GPCR mechanosensation may be important in pulmonary

fibrosis.

G proteins may patrticipate in mechanotransduction through interactions
with cell surface molecules or GPCRs. Intracellular G proteins are
involved in the integrin-mediated “outside-in” signalling by which integrins
transmit signals from the extracellular area to the intracellular
environment that stimulate cell spreading, retraction, migration,
proliferation and survival (202). There is significant crosstalk between
GPCR and integrin signalling, for example GPCR activation increases
Ga13 binding to the integrin 1 and B3 subunits, which then augments

integrin-mediated signalling (202). This evidence suggests that G
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proteins may have a role in facilitating mechanosensitive pathways

mediated by cell surface molecules.

In addition, GPCRs may be intrinsically mechanosensitive. Membrane
tension resulting from mechanical forces is thought induce
conformational changes in some GPCRs (200, 210), precluding the need
for a GPCR agonist in GPCR activation. For example, the Gaq/11-coupled
angiotensin Il receptor AT1 has been found to transduce signals involved
in vascular constriction and cardiac hypertrophy in response to high
intraluminal pressures in the absence of the GPCR agonist angiotensin
II, in vascular smooth muscle cells and cardiomyocytes, respectively
(211-215). The role of intrinsic GPCR mechanosenstivity in the lung has

not been previously studied.

As the Rho-ROCK signalling pathway is integral to both the myofibroblast
phenotype and mechanical signal transduction from cell stretch and
matrix stiffness, and Gag11 and Ga12/13 both signal via the Rho-ROCK
cascade, Gag11 and Ga12/13 could be hypothesised to be mechanical
signalling components. Ga1213 is traditionally thought of as a
mechanosensitive G protein family because of its well-established
relationship with Rho-ROCK signalling and the actin cytoskeleton. The
role of Ga12/13 stretch-mediated signalling is best understood in cardiac
fibrosis, where Gui13 mediates stretch-induced expression of fibrogenic
factors (216, 217). In cardiomyocytes, stretch induces Ga1213-mediated
RhoGEF12 activity, which subsequently activates the Rho-ROCK

cascade (217). In a pressure overload-induced cardiac fibrosis model,
91



Ga1213 was found to mediate stretch-induced expression of collagen,
CTGF, and TGFf genes, as well as the TGF[3 protein (216). In addition,
Ga12/13 transmits signals in response to stretch in renal epithelial cells, via
Rho and the actin cytoskeleton (218). However, the role of stretch

mediated Ga12/13 in lung homeostasis and disease is not known.

While Rho-ROCK signalling is not the major pathway downstream of
Gagr11, these G proteins can also couple to specific RhoGEFs and induce
RhoA signalling (118). In addition, many GPCRs that induce RhoA
signalling via Ga12113 also couple to Gag and PLC, suggesting that
collaborative signalling between the two G protein families may be
common (118). Furthermore, mice lacking alveolar epithelial Gag/11 are
protected from ventilator-induced lung injury through reduced stretch-
mediated TGF activation (219), suggesting a role for Gag/11 in detecting
CMS and the subsequent activation of a profibrotic signalling mediator.
Loss of this mechanosensitive pathway results in loss of lung
homeostasis, demonstrated by emphysema in mice deficient in alveolar
epithelial Gag11 signalling (219). Interestingly, mice lacking Gat2/13
signalling in alveolar epithelial cells exhibited no abnormal lung
phenotype in this study (219), demonstrating different roles for lung
epithelial Ga12/13 and Gag/11 in vivo. The role of mesenchymal cell Gag/11
and Ga12/13 in the detection of mechanical signals in the lung, and how

this influences lung development and IPF, has not been investigated.
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1.10 Animal models of lung disease

Much of our understanding of the pathophysiology of lung disease, such
as IPF and BPD, and normal lung development has come from in vivo
models. The following section will discuss the common animal models

used in these areas.

1.10.1 Pulmonary fibrosis models

Rodent models of pulmonary fibrosis are commonly used to elucidate
disease mechanisms and for early investigation of potential antifibrotic
compounds. There are a number of methods used to induce pulmonary
fibrosis in animals models including bleomycin, radiation, fluorescein
isothiocyanate (FITC), and transgenic expression of profibrotic mediators
(220). The bleomycin-induced pulmonary fibrosis (BIPF) model is the
most commonly used and is considered by some to be the best available
model, as it can be performed over a shorter timeframe and with less

specialised equipment relative to other models (220, 221).

Bleomycin is a chemotherapeutic agent used for haematological
malignancies, and its use in pulmonary fibrosis research is based on the
lung toxicity that occurs in some patients that receive bleomycin
chemotherapy. Bleomycin is thought to induce pulmonary fibrosis by
enhancing free radical formation and overproduction of reactive oxygen
species (222). BIBF is controversial as the evidence suggests that, unlike
IPF, BIPF resolves with time (220), and many therapeutics tested with

“prophylactic” timing in the BIBF model have proven to be ineffective in
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IPF clinical trials (222). However, it should be noted that no animal model

exactly recapitulates the pathogenesis of IPF (220).

Pathophysiological mechanisms of IPF have also been implied from
studies of transgenic mice, where animals lacking a key profibrotic
mediator are found to be protected from BIBF. BIPF is usually induced in
mice aged 6-8 weeks, and animals must be sufficiently robust at this age
to withstand the acute lung injury induced by bleomycin in order to get
meaningful results from a study (74, 223). Therefore, the phenotyping
and observation of any new transgenic mouse strains that are intended
for use in the BIBF model, particularly for baseline lung abnormalities
induced by gene manipulation, must be performed before the BIPF

model is considered for this kind of study.

1.10.2 BPD models

There is no perfect animal model for BPD, as BPD is a clinical entity and
the BPD animal models are defined by their ability to disturb lung
alveolarisation (13). A common animal model used to recapitulate the
abnormalities seen in BPD is the hyperoxia rodent model, where mice or
rats are exposed to high FiO2 (60-100%) for around 14 days after birth

(40).

Mechanical ventilators may also be used to mimic the mechanical
ventilation of the preterm neonate. These can be used in rodents, but
lamb and baboon models allow long-term ventilation and are also used

in BPD research (40). Larger mammal models also permit the
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manipulation of other BPD risk factors, such as induction of
chorioamnionitis by intraamniotic administration of E.Coli toxin during

pregnancy, but require specialist skills and facilities.

1.10.3 Transgenic mouse models

Transgenic mice with alterations to the genes for various signalling
components have been widely used to imply mechanism in both
pulmonary fibrosis and BPD. However, relevant to this project, the global
genetic deletion of Gag11 Or Ga12/13 IS embryonically lethal (page 71),
therefore the roles of these G proteins in normal lung development and

fibrogenesis have not been determined in vivo.

Cell-specific expression of DNA recombinases allows gene knockout in
specific cell types, which is useful when global gene deletion is
unfeasible. The Cre-lox system is the most widely used method of cell-
specific gene targeting in mice (224). In this system, loxP sites, which are
34bp DNA sequences containing two 13bp inverted repeated and an
asymmetric 8bp spacer region, are the targets of DNA recombination
(224). A gene with loxP sites either side of one or more essential exons
is called a “floxed” (flanked by loxP) gene, and DNA sequences flanked
by loxP sites will be excised in the presence of Cre recombinase, a DNA
recombinase (224). In the conditional knockout model, Cre recombinase
is expressed under the control of a gene expressed only by a certain cell
type, and in cells where Cre recombinase is present floxed genes are
deleted (225), resulting in cell type-specific gene knockout. Cell type-

specific gene knockout can occur from conception, in germline Cre-Lox
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models, or can be induced at a time point appropriate for the
investigation, for example with tamoxifen-inducible Cre recombinase
expression (226).

lox lox
p Target gene p

- Promoter Cre

.

Target gene exons
Cre excised

recombinase

lox

Figure 1-10: The Cre-lox method for cell type-specific gene
knockout

Cre recombinase expression is driven by a cell-specific promoter,
leading to cre recombinase expression only in certain cell types. The
target gene is flanked by loxP site (floxed). Cre recombinase excises
DNA between the loxP sites, resulting in inactivation of the target gene.
Figure adapted from Kohan 2008 (224)

The Cre-lox system has previously been used to induce cell type-specific
knockout of Gag11 and Ga12113 (219, 227). Given the key roles of
mesenchymal cells in lung development and fibrogenesis, mesenchymal
cell-specific Gag/11 and Ga12/13 knockout mice may be incredibly useful

tools to assess the roles of Gag/11 and Ga12/13 in these processes.

1.11 Summary
Numerous pathways are shared between the pathogenesis of IPF and

normal lung development, including those induced by both chemical and
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physical stimuli. Gagi11 and Ga12/13 are G protein families that signal
downstream of many GPCRs implicated in both lung development and
IPF, and mesenchymal cells, particularly pericytes and myofibroblasts,
are key cells in both of these processes. However, the exact roles of
Gagi11 @and Ga12/13 in the chemical and mechanical signalling pathways
that drive mesenchymal cell differentiation and function, and how these
affect lung development and pulmonary fibrosis, are unclear. A better
understanding of these signalling pathways may identify novel
therapeutic targets that could improve the outcomes for patients with IPF

and BPD.
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2 Aims and Hypothesis
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2.1 Aims

The overall aims of this study were to:

1)

2)

3)

Understand the roles of mesenchymal cell Gagi11 and Ga12/13 in
mediating chemical and mechanical signals in the pathogenesis
of pulmonary fibrosis.

Establish murine models of mesenchymal Gog11 and Ga12/13
knockdown to investigate the roles of these molecules in the
pathogenesis of pulmonary fibrosis.

Determine any potential toxic effects related to reductions in
mesenchymal cell Gag/11 and Ga12/13 signalling that may occur if
this approach is pursued as a therapeutic strategy for pulmonary

fibrosis.

2.2 Hypothesis

The two hypotheses underlying the work presented in this thesis are:

Mesenchymal cell Gag11 and Gar213 play central roles in the
pathogenesis of pulmonary fibrosis, and these functions may

occur via different molecular mechanisms.

Inhibition of mesenchymal cell Gag/11 and Gar2/13 In Vivo may be
protective against experimental pulmonary fibrosis, but this

approach could be associated with adverse effects.
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3 General methods
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3.1 Methods
Techniques that were used to generate data for several results chapters
are discussed here. Any chapter-specific methods are discussed in the

relevant results chapters.

3.2 Materials

All materials and suppliers are listed in the Appendix (page 367).

3.3 In vitro experiments
3.3.1 Cells

3.3.1.1 Murine embryonic fibroblasts

Wild-type (WT), Gnag”’; Gnall’, and Gnal2’;Gnal3’ murine
embryonic fibroblasts (MEFs) were a gift from Stefan Offermanns
(Germany). These cells and were derived from mouse embryos with the

appropriate genotypes at the founding laboratory (117, 228).

3.3.1.2 Human lung fibroblasts

Human lung fibroblasts (HLFs) from donors with and without pulmonary
fibrosis were obtained from a cell bank at the University of Nottingham
NIHR Respiratory Biomedical Research Centre. These cells were used

at passage 5-6.

3.3.1.3 Transformed mink lung cells
Transformed mink lung cells (TMLCs) that express luciferase under the
control of the TGFB-induced gene plasminogen activator inhibitor (Pai-1)

were used for the luciferase reporter assays (229).
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3.3.2 Cell culture

3.3.2.1 Cell culture mediarecipes
The cell culture media recipes used for in vitro experiments are shown in

Table 3-1.

3.3.2.2 Cell culture

All cells were cultured at 37°C and 5% CO2 and confirmed to be
mycoplasma negative prior to experiments. Cell culture media was
changed every 2-3 days to ensure removal of waste products and

adequate supply of growth mediators.

Cells were passaged when 80% confluent. At passage, cells were
detached from cell culture flasks with trypsin-EDTA solution and the
trypsin was neutralised with full media. The cell suspension was then
centrifuged at 11000rpm for 5 minutes, and cells resuspended at the

desired concentration in full media.

Prior to experiments, cells were growth arrested for 24 hours in either 0%
foetal calf serum (FCS) or 1% FCS in Dulbeccos Modified Eagles
Medium (DMEM), according to the specific protocols. Growth arrest was
performed to ensure that all cells were at the same stage of the cell cycle,

and to remove confounding by signalling mediators present in full media.
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Table 3-1: Cell culture media recipes

Culture media

Components

Full media DMEM supplemented with 10% FCS, L-glutamine
(4nM), penicillin (100 units/ml), streptomycin (0.1
mg/ml)

0% FCS DMEM supplemented with L-glutamine (4nM),

DMEM penicillin (100 units/ml), streptomycin (0.1 mg/ml)

1% FCS DMEM supplemented with 1% FCS, L-glutamine

DMEM (4nM), penicillin (100 units/ml), streptomycin (0.1
mg/ml)

TMLC media DMEM supplemented with 10% FCS, L-glutamine

(4nM), penicillin (100 units/ml), streptomycin (0.1
mg/ml), G418 (25ug/ml)

Antibiotic-free

full media

DMEM supplemented with 10% FCS, L-glutamine
(4nM)

Transfection

media

DMEM supplemented with L-glutamine (4nM),
transfection reagent (assay-dependent
concentration), SIRNA (assay-dependent

concentration)

Antibiotic-free
1% FCS
DMEM

DMEM supplemented with 1% FCS, L-glutamine
(4nM),

Antibiotic-free
0% FCS
DMEM

DMEM supplemented with L-glutamine (4nM)

Freezing
media

90% full media, 10% DMSO

FCS= foetal calf serum; DMEM = Dulbeccos modified eagles

medium
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3.3.2.3 Preparation of cells from donated human lung tissue

HLFs were originally derived from donated human lung tissue, from
either living surgical lung biopsy or post-mortem tissue samples. Non-
diseased human lung fibroblasts were obtained from donors without

pulmonary fibrosis, from areas of lung with a normal appearance.

Lung tissue was cut into Imm? fragments which were placed 10mm apart
on the surface of 10cm tissue culture dishes. These fragments were
allowed to dry for 5 minutes to encourage adherence to the culture
surface, then a small volume of full media with 2.5ug/ml amphotericin B
added to each tissue fragment. 2ml full media with amphotericin B was
added to each culture dish, and the fragments were left in a humidified
incubator at 5% CO2 overnight. After 24 hours, when the tissue fragments
were firmly adhered to the dishes, a further 8ml full media with
amphotericin B was added to each dish. Media was changed every 3-5
days, and tissue fragments removed and disposed of when they

detached from the plate.

Fibroblasts could be observed growing from tissue fragments after
around 7 days. When they reached 80% confluency, cells were detached
from the dish surface using 0.25% Trypsin/ Ethylenediaminetetraacetic
acid (EDTA). Cell suspensions were centrifuged at 300 x g for 5 minutes,
the supernatant discarded, and pellet resuspended in 30ml full media.
This suspension was split equally between two T150 flasks and marked

as passage 1 (P1).
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When the P1 cells reached 80% confluency each T150 flask was split
into 3 T150 flasks and designated P2, and for each subsequent passage
each T150 flask was divided into 3 T150 flasks. Cells were frozen for

long term storage at P1 or P2.

3.3.2.4 Cryopreservation of cells

As primary cells can undergo only a finite number of passages before
becoming senescent, cell stocks were frozen to a temperature of -180°C
in liquid nitrogen until they were needed. In this process, the
cyropreservative agent dimethyl sulphoxide (DMSO) is included in the
freezing media to lower the freezing point of the solution and to prevent
the formation of intracellular ice crystals, which would result in cell death
(230). A specialised freezing chamber, such as the “Mr Frosty” is used,
which is filled with isopropanol. The isopropanol cools at a rate of around
1°C per minute when placed in a -80°C freezer, which is within the 1-3°C

per minute cooling rate that is optimal for cell cryopreservation.

Prior to freezing, cells were suspended in freezing media at 5 x 10° cells
per cryogenic vial. Vials containing cell suspension were placed into a
“Mr Frosty” containing isopropanol. This was kept at -80°C overnight,

then cells were transferred for long-term storage in liquid nitrogen.

When frozen cells were to be thawed, the vials were placed in a water
bath at 37°C for 1-2 minutes. When the cell suspension had defrosted,
this was added to 30ml of warm media in a T150 flask, and the cells

incubated as normal.
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3.3.2.5 Cell counting

The cell number in a cellular suspension was determined using a
haemocytometer. 10ul of cell suspension was distributed under the
coverslip of the haemocytometer. Cells were counted by viewing the
haemocytometer under a light microscope, and counting the number of
cells in each of the four corner squares. The mean cell number of the
four corner squares was taken and multiplied by 1 x 104 to give the

number of cells per ml of cell suspension.

3.3.2.6 Lung tissue donor characteristics

The demographic details for the donors of lung tissue from which the

HLFs were derived are shown in Table 3-2.

Table 3-2: Demographic details of human lung fibroblast donors

Donor Condition Sex Age (years)
code (MIF)

RS11009 Non-fibrotic M Not recorded
RS11010 Non-fibrotic F 73

RS11013 Non-fibrotic M 75
ALS09002 Non-fibrotic M 64
ALS09004 Non-fibrotic M 68

RS10005 Non-fibrotic M 57

RS09004 IPF M Not recorded
RS12017 IPF F 59

RS10006 IPF M 56

RS12020 IPF M 43
AT260615 IPF F Not recorded
RS09001 IPF F Not recorded
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3.3.3 Cell stimulation experiments

3.3.3.1 General principles

All in vitro experiments were performed on cells grown on six well cell
culture plates, unless otherwise stated. Each experimental condition was
performed in duplicate during every experimental replicate. For
experiments where protein expression was measured, samples from two
wells were pooled to generate a protein sample for analysis. For
experiments where gene expression was measured, samples from each
well were processed separately, and mean gene expression calculated

from both wells.

For assays measuring the TGF[3 activation response using pSmad2
expression, control wells were stimulated with 2ng/ml TGFB1 for 1 hour

to give a positive control sample for pSmad2 expression.

Prior to all experiments where cells underwent chemical or stretch
stimulation, cells were growth arrested in either 0% or 1% FCS DMEM
according to the assay. This process synchronises all cells into the same
phase of the cell cycle, and removes any chemical mediators found

within FCS that could alter cellular signalling.

3.3.3.2 LPA preparation
In this study, the oleoyl form of lysophosphatidic acid (LPA) was used as

this is felt to be a predominant and bioactive form (135).

Solid LPA was dissolved to make a 11.4mM stock solution in 0.1% bovine

serum albumin (BSA) in phosphate-buffered saline (PBS). This was

107



agitated on a roller at room temperature for 30 minutes, to ensure the dry
compound had completely dissolved. Reconstituted LPA was stored at -

20°C.

3.3.3.3 Inhibitor experiments

For experiments involving the use of a chemical inhibitor, the inhibitor
was applied in growth arrest media appropriate to the individual
experimental protocol 30-60 minutes before the experimental stimulus
was applied. If an inhibitor was reconstituted in DMSO, an equivalent

concentration of DMSO without inhibitor was used as a negative control.

3.3.3.4 Chemical inhibitor preparation

Chemical inhibitors were prepared as described in Table 3-3.

Table 3-3: Chemical inhibitors

Inhibitor Target Diluent Stock Storage
concentration

Y27632 ROCK Water | 10mM -20°C
YM-254890 @ Gag/11 DMSO | 10mM 4°C
SB-525334 | AIK5 DMSO | 50uM -20°C
U73122 PLC DMSO 1.9mM -20°C
CWHM-12 av integrins DMSO | 10mM -20°C
AEBSF Serine proteases | Water | 100mM -20°C
NOTT199SS | B1 integrins DMSO | 10mM -20°C
GM-60001 Matrix DMSO 2.5mM -20°C

metalloproteinases
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3.3.4 siRNA transfections

3.3.4.1 Principle of method

RNA interference is a method used to induce transient posttranslational
gene silencing in vitro. In this method, synthetic non-coding double
stranded RNAs called small interfering RNAs (siRNAs) are designed to
target mMRNA sequences specific to the gene that is to be knocked down.
SiRNAs consist of an antisense (guide) strand, which is the reverse
complement the intended target mMRNA, and a sense (passenger strand).
These 21-nucleotide long RNAs form a duplex long with a two nucleotide
overhang at the 3’ end of each strand (231). The siRNA can be
transfected into cells via a number of methods, including using cationic
liposome- or polymer-based transfection reagents, electroporation, or
viral-mediated delivery methods. Once within the cell, the SiRNA
becomes incorporated into the RNA-induced silencing complex (RISC)
and is unwound to form single stranded RNA (231). The antisense single-
stranded siRNA component then guides and aligns the RISC complex
onto the target MRNA which is cleaved through the action of catalytic
RISC protein (231). The target mRNA is thus temporarily unavailable for

translation into protein.

3.3.4.2 Method

SIRNA was used to induce GNAQ and GNA11l or GNA12 and GNA13
knockdown in HLFs. Commercially available pooled siRNAs for human
GNAQ, GNA11, GNA12 and GNA13 were used. SiIRNAs were applied to

cells in pairs according to the G protein family under investigation (i.e.
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Gagi11 Or Gat2/13). Control (non-targeting) siRNA was applied to control

cells at 25nM, as per the manufacturer’s instructions.

Prior to first use, siRNA was resuspended in 1x siRNA buffer, which was
diluted from a commercial 5 x siRNA buffer (Dharmacon) to make 5nmol
stocks. Working stocks of 20uM siRNA were made in RNAse-free water

prior to each experiment.

GNAQ, GNA1l, GNA12, and GNA13 siRNAs were used at assay-
specific final concentrations, diluted in antibiotic-free 0% FCS DMEM.
SiRNA suspensions were mixed with Dharmacon Transfection Reagent
1™ diluted in antibiotic-free 0% FCS DMEM (final concentration of
transfection reagent 4ul/ml), and incubated for 20 minutes at room
temperature. 1.6ml of antibiotic-free 10% FCS DMEM was added to each
well of a six well plate, and 400pl of the siRNA/ transfection mixture
added to each well. After 24 hours, the transfection media was replaced
with antibiotic-free 10% FCS DMEM. The growth arrest protocols for the
SsiRNA experiments were assay-specific and are detailed in the relevant

chapters.

3.3.5 Sample collection

3.3.5.1 Samples for protein analysis

The cell culture media was aspirated and cells were washed with ice cold
PBS. The lysis buffer consisted of 10x lysis buffer diluted 1:10 in sterile
water and supplemented with phosphatase inhibitors (Phos-stop, 1 tablet

per 5ml of lysis buffer), protease inhibitors (Complete Mini, 1 tablet per
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5ml of lysis buffer), and phenylmethane sulfonyl fluoride (PMSF, final
concentration 2mM). Cells were lysed in 150ul lysis buffer per well of a

six well plate, and samples immediately stored at -20°C.

3.3.5.2 Sample collection for mRNA analysis

The cell culture media was aspirated and cells washed with PBS. Cells
were lysed with RAL lysis buffer supplemented with B-mercaptoethanol,
and samples stored at -20°C until RNA isolation. The RA1 buffer and
RNA isolation columns and materials were from a commercially available
kit (Machery-Nagel Nucleospin RNA isolation kit), and was used

according to the manufacturer’s instructions.

3.3.6 Western blotting

3.3.6.1 Principle of assay

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) is a method for separating proteins within a sample according to
the molecular weight by loading protein samples onto a polyacrylamide
gel and applying a current. In this method, samples are boiled in lamellae
buffer, during which SDS binds to and denatures the proteins, and -
mercaptoethanol reduces any disulphide bridges contributing to tertiary
protein structure, resulting in fully-denatured and negatively-charged
proteins in each sample. When a current is applied to the polyacrylamide
gel, the negatively charged protein-SDS complexes move towards the
anode, but as smaller proteins pass more easily through the pores of the

resolving gel, the proteins become separated by molecular weight (232).
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The separated proteins can then be transferred to a membrane by
electroblotting, where the protein-containing polyacrylamide gel and a
polyvinylidene fluoride (PVDF) membrane are arranged between two
electrodes and a current passed through this “sandwich”. The protein
within the gel moves towards the anode on application of this current,

and is transferred onto the PVDF membrane (232).

Before the blot is probed with a primary antibody, it is incubated in a
protein solution (e.g. 5% non-fat dried milk or BSA) to block any
remaining hydrophobic binding sites on the PVDF membrane (232). The
blot is then incubated with an IgG antibody that will bind to the protein of
interest, which can then be detected by chemiluminescence and indicate

whether the protein is present.

3.3.6.2 Western blot buffers
Western blot buffers were made in house, and the recipes for these are

shown in the Appendix (page 376).

3.3.6.3 Protein quantification using the BCA assay

3.3.6.3.1 Principle of assay

The bicinchoninic acid (BCA) assay depends on colour changes created
by incubating a protein sample with the BCA reagent. The peptide bonds
of protein present in the sample being tested react with the copper ions
(Cu?') in the BCA reagent to produce Cu*, which reacts with bicinchoninic
acid and creates a purple colour (233). The degree of colour change is

determined by the concentration of protein within the sample. The colour
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change is quantified by measuring absorbance of the sample/BCA at
560nm, and comparing these values to the absorbance of a standard

curve of samples of known concentration.

3.3.6.3.2 Method

A commercial BCA protein assay kit was used, as per the manufacturer’'s
instructions. The BCA working reagent was made by diluting Reagent A
with Reagent B from the BCA assay kit at a 50:1 ratio. 5ul of each sample
was incubated with 95ul BCA working for 30 minutes in a 96 well plate,
and the absorbance at 560nm read on a BMG plate reader. The protein
concentration was calculated from a bovine serum albumin (BSA)
standard curve using Omega software (BMG Labtech). Each sample was
analysed in duplicate and the absorbance value corrected to a “blank”
sample consisting of water only, and the mean sample protein
concentration calculated. The BCA assay was performed immediately
before western blots were performed to avoid protein degradation

secondary to freeze-thawing of samples.

3.3.6.4 Western blot gel casting

A BioRad Protean Tetra gel casting system was used for gel casting. A
10% resolving gel was prepared (components listed in the Appendix,
page 378) and pipetted into the casting system, leaving approximately
2cm at the top of the casting system. Isopropanol carefully layered over
the resolving gel solution to disperse any bubbles at the top of the gel.
The gel was left to polymerise for 30 minutes at room temperature, and

the isopropanol poured away. A stacking gel solution was prepared
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(components listed in the Appendix, page 378) and poured on top of the
resolving gel to fill the casting system, and a 10 or 15 well comb inserted.
This was left to set for around 30 minutes, the comb removed, and the

gels placed into the running tank in 1 x running buffer.

3.3.6.5 Sample preparation
4x lamellae buffer (components listed in the Appendix, page 376) was
mixed with samples in a 1:3 ratio. The samples were then incubated at

100°C for 5 minutes before being loaded onto the polyacrylamide gels.

3.3.6.6 Running

For experiments where pSmad2 was measured, the first lane of each gel
was loaded with the TGFf positive control sample. This was to ensure a
distance between the positive control sample and experimental samples,
so that any low-grade pSmad2 expression in the experimental samples
was not masked by the positive control. 10ul of rainbow molecular marker
was loaded into the second well, and the subsequent lanes loaded with
experimental samples containing 15-25ug protein. For each experiment,
all wells were loaded with an equal amount of protein as determined by

the BCA assay.

The running tank was filled with 1x running buffer (components listed in
the Appendix, page 376) to the indicator mark, and a voltage of 150V
applied for 70 minutes. Adequate separation of the rainbow molecular

marker, which give different coloured bands according to the molecular
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weight of its components and can be viewed with the naked eye, was

confirmed visually before moving to the transfer step.

3.3.6.7 Transfer

Gels were washed in 1x transfer buffer (components listed in the
Appendix, page 377) for 5 minutes, then sandwiched into the transfer kit
with foam, filter paper, and PVDF membrane. The PVDF was activated
by soaking in methanol for 15-30 seconds. Protein was transferred from
the gel to the PVDF by applying a voltage of 110V for 1 hour in 1x transfer
buffer. Ice blocks were used to prevent the transfer buffer from

overheating during the transfer process.

3.3.6.8 Blocking

For most western blots, the membrane was blocked with 5% blotto non-
fat milk made up in Tris (tris(hydroxymethyl)aminomethane) buffered
saline plus 0.1% Tween20 (TBST) (components listed in the Appendix,
page 377) for one hour, then incubated with primary antibody in 5% non-

fat milk in TBST overnight at 4°C.

For Ga12 western blots, the membrane was blocked with 3% BSA in TBST

rather than with milk.

3.3.6.9 Protein detection

In this study, horseradish peroxidase (HRP)-conjugated secondary
antibodies and enhanced chemiluminescence (ECL) were used to detect
protein on the PVDF membrane. In this method, the blot is incubated with
an HRP-conjugated secondary antibody specific to the IgG of the species
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of the primary antibody, resulting in HRP at the position where the protein
of interest is found. When this blot is incubated with ECL solution, the
HRP oxidises the luminol contained in the ECL, resulting the production
of light (232). This light is detected by holding the blot against
photographic film, which is then developed and shows dark bands where
HRP activity occurred (232). The positions of these bands are compared
to the position of the coloured bands created by the molecular weight
marker on the PVDF membrane, and proteins identified according to their

molecular weight.

3.3.6.9.1 Antibodies

The following primary antibodies were used for western blots, with the
dilutions and concentrations, if available, in brackets: rabbit anti-
phospho-Smad2 (pSmad2) antibody (1:1000), rabbit anti-Smad2/3
(1:1000), rabbit anti-aSMA (0.5ug/ml), rabbit anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody (1:10000, 0.1485ug/ml),
rabbit anti-Ga12 antibody (1:100), rabbit anti-Ga13 antibody (1:1000), goat
anti-Gaq antibody (0.1pg/ml), and rabbit anti-Ga11 antibody (1:1000,

0.63ug/ml).

Excess primary antibody was removed by washing the membrane in
TBST, and secondary antibody applied in blocking solution (either 5%
non-fat milk in TBST, or 3% BSA in TBST) for 1-2 hours at room
temperature. The goat anti-rabbit and rabbit anti-goat secondary
horseradish peroxidase-conjugated antibodies were used at a

concentration of 0.25ug/ml.
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3.3.6.9.2 Protein detection

Membranes probed for pSmad2 and Smad2/3 were incubated with
BioRad Clarity enhanced chemiluminescence (ECL) western blotting
substrate for 5 minutes. Membranes probed for all other proteins were
incubated with ECL Western blotting detection reagent (Amersham) for
1 minute. Membranes were exposed to hyperfilm and developed using
Carestream® Kodak® autoradiography developer/ replenisher and fixer/

replenisher solutions.

Where membranes were probed for two different proteins of the same
molecular weight, i.e. the pSmad2 and Smad2/3, the membrane was
stripped after analysis of pSmad?2 using the commercial Western Restore
Stripping Buffer™ for 1-2 minutes and re-blocked with 5% non-fat milk
before application of the Smad2/3 antibody. Removal of the first antibody
was confirmed after stripping by incubating the membrane with

secondary antibody and exposing to hyperfilm as described above.

3.3.6.10 Densitometry of western blots

The densitometry method of western blot quantification depends on the
principle that the size and intensity of a protein band is proportional to
the amount of protein present. Image processing software can be used
to detect the number of pixels in an area of interest, in this case over a
protein band (232). The pixel counts for the protein of interest and a
loading control protein can be used to calculate the relative protein

expression for each sample.
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Densitometry was performed using ImageJ software (National Institutes
of Health) on scanned western blot films. Images were saved in JPEG
format and converted into greyscale images. The “rectangle” tool was
used to draw around each protein band and create densitometry plots.
The software was used to calculate densitometry values for each protein
band relative to the other bands analysed, i.e. a value of how much
“density” each band contributes to the total amount of density created by
all of the bands thought to represent the protein of interest on the film.
These relative densitometry values were used to calculate the

expression of pSmad2 relative to total Smad2 using the equation:

pSmad2 relative to Smad2 = pSmad2 densitometry value

Smad?2 densitometry value

The relative densitometry value was used rather than the absolute
densitometry value as it is not possible to develop western blot films for
pSmad2 and Smad2 simultaneously, thus differences in exposure would

impact absolute densitometry values.

For proteins where the loading protein and protein of interest cold be

visualised on the same film, absolute densitometry values could be used.

3.3.7 Molecular Biology

3.3.7.1 RNA extraction
RNA extraction was performed using the NucleoSpin RNA extraction kit
according to the manufacturer’s protocol. Briefly, in this column-based

assay cells are lysed, guanidinium thiocyanate used to inhibit RNAses
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and promote protein denaturation, contaminating DNA removed, through
a DNAse incubation step, and RNA precipitated in ethanol and bound to
a silica membrane (234). Washing steps ensure the removal of
contaminants such as salts and cellular components, and pure RNA is

eluted in nuclease-free water (234).

3.3.7.2 Reverse transcriptase PCR

3.3.7.2.1 Principle of assay

The reverse transcription polymerase chain reaction (RT-PCR) is used
to create complementary DNA (cDNA) from mRNA template through a
reverse transcription reaction. In this process, the RNA isolated from cell
lysates is incubated with and oligo-dT primer, which binds to the multiple
adenosine residues (poly A tail) found at the 3’ end of an RNA molecule
(235). The synthesis of cDNA occurs by extension from the oligo-dT
primer by deoxynucleotide triphosphates (ANTPs), and is catalysed by a
reverse transcriptase enzyme (235). An RNAse inhibitor, such as

RNAsin, is usually included in these reactions to inhibit RNA degradation.

3.3.7.2.2 Method

The concentration of isolated RNA was determined by UV
spectrophotometry using a nanodrop. At 260nm 1 absorbance unit
equates to 40pg/ml RNA. The following calculation is used to determine

the concentration of RNA in a sample.

RNA concentration (pg/ml) = 40 x Azeo
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RNA samples were diluted in nuclease-free water to make samples with
200ng RNA in 10ul. 1.25pl oligo-dT primer (200pug/ml), 1ul dNTPs
(10mM), and 0.75ul nuclease-free water was added to each sample.
Samples were incubated at 65°C for 5 minutes, then incubated on ice for

1 minute.

The following RT reaction components were added to each reaction: 1l
RNAsin, 1yl DTT (0.1M), 1l Superscript IV (SSIV) enzyme, and 4pl
SSIV buffer (Superscript IV kit). The samples were then incubated at
55°C for 10 minutes, then 80°C for 10 minutes. Resulting cDNA samples

were immediately used for gPCR analysis, or stored at -20°C.

3.3.7.3 Quantitative PCR (qPCR)

3.3.7.3.1 Principle of assay

In quantitative PCR (gPCR), cDNA generated from mRNA template is
amplified and quantified through the incorporation of a DNA-binding
fluorescent dye, such as SYBR green. With each PCR cycle, the cDNA
is denatured (at around 95°C), annealed to primers designed according
to the gene of interest (at around 60°C), and extended in a buffer
containing dNTPs (at around 72°C). The amount of dye incorporated into
DNA increases with each PCR cycle, and thus the degree of
fluorescence emission from the dye correlates with the amount of DNA
(235). When the fluorescence reaches the crossing threshold (Ct) value,
this value is recorded by the machine, and used in later calculations to
guantify mRNA expression. A melting curve, where the temperature of

the PCR product is gradually increased until the double-stranded PCR
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product denatures is used to ensure the amplification of a single PCR

product.

3.3.7.3.2 Method

1.5ul cDNA was used for each gPCR analysis, and each sample was
analysed in triplicate. Primers sequences are shown in Table 3-4, and
were used at a final concentration of 0.2uM. Primers were confirmed to
amplify specific genes by running the sequences through the Primer

BLAST software (National Institutes of Health).

Amplification was performed using the MxPro3000 gPCR machine with
MxPro software with Kapa SYBR fast Taq polymerase at a denaturation
temperature of 95°C, an annealing temperature of 60°C, and an
elongation temperature of 72°C, repeated for 40 cycles. A standard curve
for each primer set was performed to confirm a primer efficiency of 90-
110%. With each qPCR run, a “no template control” containing water in
place of cDNA was run to ensure no cDNA contamination of the other

reaction components.

Table 3-4: QPCR Primer Sequences

Mouse primers

Gene Primer sequence

Hprt F 5 —TGA AAG ACT TGC TCG AGATGT CA-3’
Hprt R 5 — CCA GCA GGT CAG CAAAGAACT 3
Tgfbl F S'TTG CTT CAG CAG CTC CACAGAGA 3
Tgfbl R 5 TGG TTG TAG AGG GCA AGG AC 3'

Pai-1 F 5'AGT CTT TCC GAC CAAGAG CA 3

Pai-1 R 5'ATC ACT TGC CCC ATG AAG AG 3
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Acta2 F

5 -GGG ATCCTGACG CTGAAGTA-3

Acta2 R 5 - GAC AGC ACAGCCTGAATAGC -3
Gnaq F 5 — CAG ACAATG AGAACCGCA-3
Gnag R 5 -GGAATACATGATTTTCTCCTCT -3
GnallF 5 -TCAAGA CGC TGT GGAGTGAC -3
GnallR 5 AAA CGG GTACTC GAT GAT GC -3’
Gnal2 F 5 TGAACATCT TCG AGACCATCG -3’
GnalZ2 R 5 -ACAGACTTCACCTTCTCCACC-3
Gnal3 F 5 -TGATGG CAT TTG ATACCCGC -3
Gnal3 R 5 -ACCACTGTCCTCCCATAAGGCT-3
Eln F 5' GAT GGT GCACACCTT TGT TG 3

EIn R 5'CAG TGT GAG GAG CCATCTCA 3
Collal F 5'AGC TTT GTG CAC CTC CGG CT 3'
Collal R 5'ACA CAG CCG TGC CAT TGT GG 3

Ctgf F 5'AGC AGC TGG GAG AAC TGT GT 3'

Ctgf R S'TGG TATTTG CAGCTGCTT TG 3'

Human prime

rs

Gene Primer sequence

B2M F 5 — AATCCAAATGCGGCATCT - &

B2M R 5 — GAGTATGCCTGCCGTGTG - 3
TGFB1 F 5 — AAG GAC CTC GGC TGG AAG TG -3’
TGFB1 R 5 -CCCGGGTTATGCTGG TTGTA-3
PAI-1 F 5- TCTGCAGACCTGGTTCCCAC -3’

PAI-1 R 5- AGCCCCGTAGTTCCATCCTG -3’
ACTA2 F 5 — GCT AGG TGG GTG ACG AAG CAC -3
ACTAZ2 R 5 — CAT AATTTG AGT CATTTTCTC -3
GNAQ F 5 — GGACAGGAGAGGGTGGCAAG - 3
GNAQR 5 —TGGGATCTTGAGTGTGTCCA -3
GNA11 F 5 — CCACTGCTTTGAGAACGTGA -3
GNAl11R 5 GCAGGTCCTTCTTGTTGAGG -3’
GNA12 F 5 TGAACATCT TCGAGACCATCG -3
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GNA12 R 5 -ACAGACTTCACCTTCTCCACC-3

GNA13 F 5 -TGATGG CATTTG ATACCCGC -3

GNA13 R 5 —-ACCACTGTCCTCCCATAAGGCT-3

F = forward; R = reverse

3.3.7.4 Gene expression quantification

The AACt method was used to quantify gene expression normalised to a
control sample. Expression values for the gene of interest were
normalised to the housekeeping genes hypoxanthine-guanine
phophoribosyltransferase (Hprt) or $2-microglobulin (B2M) in mouse and

human samples, respectively, using the following formula:

ACtsample = Ctgene - Cthousekeeper

The AACt was calculated using the following formula:

AACt = Ctsample — Ctcontrol

Relative gene expression was calculated using the following formula:

Relative gene expression = 2-24Ct

3.4 In vivo methods

3.4.1 Animals

Pdgfrb-Cre*- mice were a gift from Neil Henderson (University of
Edinburgh). Mice with a germline Gnall knockout and floxed alleles for
Gnaqg (Gnag™M;Gnall”), and mice with a germline knockout of Gnal2
and floxed alleles for Gnal3 (Gnal2”-; Gnal3") were supplied by Stefan
Offermanns (Max-Planck Institute of Heart and Lung Research,
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Germany). Pdgfrb-Cre/ERT2*- mice were purchased from Jackson
Laboratories. All mice were bred onto a C57BL/6 background for at least

6 generations.

Animal work was performed in accordance with the Animals (Scientific
Procedures) Act 1986 and approved by the Animal Welfare and Ethical

Review Board at the University of Nottingham.

3.4.2 Generation of transgenic mice
The generation of Pdgfrb-Cre*, Pdgfrb-Cre/ERT2*-, Gnagf:Gnal1,
and Gnal2”/;Gnal3"f mice has been reported previously (55, 117, 143)

(236, 237), and will briefly be discussed here.

3.4.2.1 Gnag"":Gnall” mice

To generate Gnall’ mice, a Gnall-targetting construct designed to
replace exons 3,4, and a portion of exon 5 with the Pgk::Neo transgene
was introduced to mouse embryonic stem cells (ESCs). Gnall*- ESCs
were then injected into C57BL6 blastocysts to generate chimeric mice,
which were then bred with C57BL6 or 129/Sv mice to generate Gnall*-
offspring. Intercrosses of these heterozygous mice resulted in Gnall’

mice (143).

A Gnaq allele containing three loxP sites and a cassette containing a
neomycin resistance (NeoR) gene and the thymidine kinase (tk) (Gnag®)
was created by gene targeting of ESCs. Cre-mediated recombination in
these ESCs converted the Gnag®@ allele to Gnaqgf, which lacks the
neoR/ta sites and contains just two loxP sites which flank exon 6 of Gnag.
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Gnaq™® mice were then generated through a similar breeding process to

that described for Gnall.

Gnaq®;:Gnall”’- mice were generated by cross breeding Gnaq"® and
Gnall’ animals in the founding laboratory (Offermanns lab, Max Planck

Institute for Heart and Lung Research, Germany).

3.4.2.2 Gnal2’;Gna13"" mice

A targeting construct for Gnal2 was generated by replacing a 701-bp
fragment of exon 4 with a Pgk::Neo gene in the reverse orientation. The
construct was introduced into mouse ESCs by electroporation. ES cells
with the null mutation in one Gnal2 allele were injected into C57BL/6
blastocysts, and chimeras were bred with C57BL/6 and 129/Sv mice to
generate Gnal2*- mice. Further intercrosses of the heterozygous mice

produced Gnal2’ mice (117).

For Gnal3" mice, a similar method to that described for the generation
of Gnag™ mice was used. A Gnal3® allele containing three loxP sites
and a cassette containing the NeoR and tk genes was generated by gene
targeting of ESCs (236). The Gnal3® allele was converted into the
Gnal3f allele, in which exon 2 is flanked by loxP sites, and Gnal13"f mice

generated by interbreeding as described above.

Gnal27;Gnal3"" mice were generated by cross breeding Gnal2”/- and
Gnal3ff animals in the founding laboratory (Offermanns lab, Max Planck

Institute for Heart and Lung Research, Germany).
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3.4.2.3 Pdgfrb-Cre*- mice

Pdgfrb-Cre*"- mice were generated by pronuclear injection of a Pdgfrb
gene fragment and a cDNA encoding Cre recombinase followed by an
SV40 polyadenylation signal, a process involving the injection of DNA
into the pronucleus of a fertilised oocyte (55). The animals used were of

a mixed 129/ C57BL6 genetic background (55).

3.4.2.4 Pdgfrb-Cre/ERT2"- mice

A bacterial artificial chromosome (BAC) containing the entire murine
Pdgfrb gene was modified by the insertion of a CreER™ fusion gene into
the start codon of Pdgfrb (237). This BAC was microinjected into fertilised
mouse oocytes, resulting in a Pdgfrb-Cre/ERT2*- founder line with a
transgenic insertion on Chromosome 5 (237). This transgenic mouse line

was maintained through several generations of inbreeding (237).

3.4.3 Animal husbandry

Mice were housed in specific pathogen free conditions, with a 12-hour
light/ dark cycle, in temperature- and humidity-controlled conditions.
Food and water were available ad libitum. Standard rodent chow was
used, unless specified for tamoxifen-induced gene knockout

experiments.

At the end of each study, or if humane endpoints were reached, mice
were humanely killed by intraperitoneal (IP) injection of pentobarbital

(Euthatal) and exsanguination.
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3.4.4 Mouse genotyping
3.4.4.1 DNA extraction

3.4.4.1.1 Principle of technique

In this method, DNA is recovered from cells within a tissue sample using
a detergent- and proteinase-containing extraction buffer that will cause
cell rupture without DNA breakdown. DNA is then precipitated in
alcohols, and redissolved in 10mM Tris (pH 8) for storage until analysis

(234).

3.4.4.1.2 Method
Ear biopsies were taken from mice at the age of 2 weeks. DNA was
extracted by incubating these tissue samples in DNA extraction buffer

(recipe shown in the Appendix, page 379) at 56°C overnight.

DNA was precipitated in 100% isopropanol, then 75% ethanol, with
centrifugation at 21,0009 for 5 minutes after each precipitation step. The

DNA pellet was dissolved in 75ul 10mM Tris pH 8 and stored at 4°C.

3.4.4.2 Genotyping PCRs

3.4.4.2.1 Principle of assay

The polymerase chain reaction (PCR) is a method used to amplify a
precise fragment of DNA relevant to a specific gene from a sample of
DNA. Using the known sequence of the target gene or DNA region, two
oligonucleotide primers are designed to be complementary to a stretch
of DNA to the 3’ side of the DNA region of interest (one for each DNA

strand). In the denaturation step, the double stranded DNA template is
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denatured by heating the reaction to over 90°C, making the target DNA
region accessible (235). In the annealing step, the reaction is cooled to
a reaction-specific temperature of 40-60°C, which allows the
oligonucleotide primers to bind to their complementary sites that flank the
target DNA (235). The primers provide a free 3’ hydroxyl group for the
thermostable Taq DNA polymerase to act upon. In the extension step,
the temperature of the reaction is increased to 72°C, and DNA synthesis
from the primers and along beyond the target DNA occurs, catalysed by
the thermostable Taq DNA polymerase (235). This process is repeated
for 30-40 cycles, resulting in exponential amplification of the target DNA.
The amplified target DNA will have a defined length, facilitating later

detection methods.

3.4.4.2.2 Method

The genotype of each mouse was determined by PCR using allele-
specific primers (Table 3-5), PCR reaction components (Table 3-6), and
thermocycler conditions (Table 3-7). For each PCR run, a negative
control containing no DNA sample and a positive control of known

genotype was included.
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Table 3-5: Primer sequences for genotyping PCRs

Gene | Primer Primer Sequence PCR Product
Cre 0IMR1084 | 5- GCG GTC TGG CAG TAA Cre
AAACTATC -3 transgene =
0IMR4085 | 5’ - GTG AAA CAG CAT TGC 100bp
TGTCACTT -3
0IMR7338 | 5 - CTA GGC CAC AGA ATT Internal
GAAAGATCT -3 positive
o0IMR7339 [ 5 - GTA GGT GGA AAT TCT control =
AGC ATCATCC-3 324bp
Gnal2 | 12INC 5 -GTG CTC ATC CTT CCT WT (from
GGTTTCC-3 12INC and
1092R 5- CGG GTC GCC CTT GAA 1092R) = 441
ATC TGG -3’ bp
Neo B 5 — GGC TGC TAA AGC GCA | KO (from
TGC TCC =3 12INC and
NeoB) =
314bp
Gnal3 | Lox 3.2 5 - GCC ACAGAG GGATTC | WT =400bp
AGC AC-3 Floxed allele
13Seql |5 -GCACTCTTA CAG ACT =470bp
CCCAC-3
Gnall | TW24 5 — AGC ATG CTG TAA GAC WT = 820bp
WT CGTAG-3%
TW25 5 — GCC CCT TGT ACA GAT
GGCAG -3
Gnall | 116EXAS | 5’ - CAG GGG TAG GTG ATG KO= 450bp
KO ATT GTG -3’
Neo A 5 — GAC TAG TGA GAC GTG
CTACTTCC-3
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Gnag |TVQFL1L |5 -GCATGCGTGTCCTTT WT = 600bp
ATGTGAGYZ Floxed allele
QIN6C 5 - AGC TTAGTC TGG TGA | =700bp
CAG AAG -3
WT = wild-type, KO = knockout, bp = basepairs
Table 3-6: PCR reaction components
Allele Cre Gnal2 |[Gnal3 |Gnall | Gnall | Gnaq
WT KO
PCR buffer (56X | 5ul 5ul 5ul 5ul 5ul 5ul
Green GoTaq
Flexi Buffer,
Promega)
25mM MgCl2 1.7l | 1.7u 1.7u 2.1l 1.5ul 2.1ul
(Promega)
10mM dNTPs 0.5ul | 0.5l 0.5ul 0.5ul 0.5ul 0.5ul
(Promega)
10mM primers | 1pl 1pl 1l 1pl 1pl 1l
(Table 3-5,
Eurofins)
Go-tag enzyme | 0.125 | 0.125pl | 0.125pl | 0.125pul | 0.125u | 0.125pl
(Promega) pl I
Water 11.67 | 12.675u | 13.675u | 13.275 | 13.875 | 13.275ul
5ul I I pl pl
DNA 2ul 2ul 2ul 2ul 2ul 2ul
Total volume 25ul | 25pl 25ul 25ul 25ul 25ul
WT= wild-type, KO = knockout
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Table 3-7: Thermocycler conditions for PCR reactions

Gene | Stage | Temperature Number of
cycles
Cre 1 94°C - 3 minutes 1
2 94°C — 30 seconds 35
56°C — 1 minute
72°C — 1 minute
3 72°C — 2 minutes 1
Gnal2 (1 94°C - 5 minutes 1
2 94°C — 30 seconds 35
65°C — 30 seconds
72°C — 1 minute, 30 seconds
3 72°C — 2 minutes 1
Gnal3 |1 94°C - 5 minutes 1
2 94°C — 30 seconds 35
56°C — 30 seconds
72°C — 1 minute
3 72°C — 10 minutes 1
Gnall (1 94°C - 3 minutes 1
WT 2 94°C - 30 seconds 30
60°C — 1 minute
72°C — 1 minute
3 72°C — 10 minutes 1
Gnall (1 94°C - 3 minutes 1
KO 2 94°C — 30 seconds 30
57°C — 30 seconds
72°C — 1 minute
3 72°C — 10 minutes 1
Gnagq |1 94°C - 5 minutes 1
2 94°C — 30 seconds 35
60.5°C — 30 seconds
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72°C — 1 minute 30 seconds
3 72°C — 10 minutes 1

For the tamoxifen-inducible Cre recombinase mouse colonies a
commercial genotyping service (Transnetyx, USA) was used. Identical
primers and PCR conditions were used for Gnall, Gnaqg, Gnal2, and

Gnal3, as described in Table 3-5, Table 3-6, and Table 3-7.

Pdgfrb-CreERT2 genotyping was performed as recommended by Jackson
Laboratories, using the primer sequences shown in Table 3-8, PCR
reaction components shown in Table 3-9, and thermocycler protocol

shown in Table 3-10.

Table 3-8 — Primer sequences for Cre/ERT2 genotyping

Gene Primer Primer sequence PCR
name product
Cre/ERT2 30968 5- GAACTG TCA CCG | 400bp
GGAGGA -3

0IMR9074 5 - AGG CAAATT TTG
GTGTACGG -3

Internal oIMR8744 5 -CAAATGTTG CTT | 200bp
positive GTCTGG TG -3
control

0IMR8745 5 - GTC AGT CGA GTG
CACAGTTT -3
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Table 3-9: PCR reaction components for Cre/ERT2 genotyping

Reaction component Volume
PCR buffer (56X Green GoTaq Flexi Buffer, Promega) | 5ul
25mM MgCl2 (Promega) 2.6ul
10mM dNTPs (Promega) 0.5ul
10mM primers (4 primers, Table 3-8, Eurofins) 1l
Go-taq enzyme (Promega) 0.125ul
Water 10.775ul
DNA 2ul
Total volume 25ul

Table 3-10: Thermocycler protocol for Cre/ERT2 PCR reaction

Step Temperature (°C) [ Duration Special notes
1 94 2 min

2 94 20 sec

3 65 15 sec 1 0.5°C per cycle
4 68 10 sec

5 Repeat steps 2-4 for 10 cycles

6 94 15 sec

7 60 15 sec

8 72 10 sec

9 Repeat steps 6-8 for 28 cycles

10 72 2 min

11 10 hold

133



3.4.4.3 Electrophoresis of DNA samples

3.4.4.3.1 Principle

Electrophoresis is used to separate DNA molecules within an agarose
gel according to size. In a similar principle to SDS-PAGE, when a current
is applied across the gel the negatively charged DNA travels towards the
anode at a rate proportional to the size of the DNA molecule, creating
distinct bands of DNA of different sizes (238). The gel contains ethidium
bromide, which binds to DNA and fluoresces when illuminated with
ultraviolet light (238). Samples are run alongside a “ladder” sample which
contains DNA of defined lengths. The position of the bands is compared
to the bands of known size of the ladder sample to identify the size of the

PCR product.

3.4.4.3.2 Method

The buffer recipes for the electrophoresis of PCR products are detailed
in the Appendix (page 379). Agarose was dissolved in 1x Tris base,
acetic acid and EDTA (TAE buffer, components listed in Appendix page
379) by heating in a microwave to make a 1% agarose solution in TAE.
5ul ethidium bromide was added per 100ml of 1% agarose in TAE
solution. The 1% agarose solution was poured onto the gel casting
system, a comb inserted into the apparatus, and the gel allowed to set at
room temperature. The gel was then submerged in 1 x TAE in the
electrophoresis apparatus. 7.5ul of a 100 basepair (100bp) DNA ladder
was added to the first well, and the entire PCR product of each sample

added to subsequent wells. The electrophoresis equipment was run at
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100V for 30 minutes. DNA bands were illuminated using UV light in a
G:BOX gel docking system, and images acquired using GeneSnap

(Syngene) software.

3.4.5 Organ collection

Organs were collected immediately after mice had been humanely killed.
Organs were placed in an aqueous 4% formaldehyde solution (10%
formalin, commercial reagent from VWR) immediately following
collection, a process which kills the cells within the organs but maintains

the tissue structure for histological staining.

The internal organs were exposed by a midline incision and cutting
through the sternum. The lungs were cleared of blood by injecting
heparin (40 units/ml in PBS) into the right ventricle. Lungs were inflated
by cannulating the trachea and filling the lungs with 10% formalin under
gravity. The trachea was tied off with thread to keep the formalin within
the airways, and the heart and lungs removed en bloc. Livers, hearts and
kidneys were dissected from surrounding tissues. Organs were kept in
10% formalin for 24 hours before being paraffin embedded (service
provided by Nottingham Biobank, and the Translational Medicine
department, Nottingham University Hospitals). Fine slices of the paraffin
embedded tissue (3-5um) were cut using a microtome, and tissue slices

were mounted onto glass slides and dried in an oven overnight.
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3.4.6 Histology

3.4.6.1.1 Principle

Histological staining protocols use the principle that different dyes bind
to different tissue components with variable affinities, thus allowing
certain tissue components to be highlighted in different colours to
facilitate the identification of different structures when the tissue is viewed

microscopically.

3.4.6.1.2 General method

3um (lung and kidney), and 5um (liver and heart) formalin-fixed paraffin
embedded tissue sections were used for staining. Haematoxylin and
eosin (H&E), Verhoeff van Gieson, and picrosirius red staining were
performed using buffers and stains prepared in house (components
described in the Appendix, page 380). Periodic acid Schiff (PAS) staining

was performed using a commercially available kit.

For all protocols, paraffin embedded tissue sections were deparaffinised
in two changes of xylene and rehydrated in graded alcohols (100%
ethanol x 2 for 3 minutes, 70% ethanol x 2 for 3 minutes, distilled water
1 minute). Following staining, tissue sections were dehydrated in graded
alcohols (75% ethanol x 1, 100% ethanol x 2) and cleared in two changes
of xylene (3 minutes each). Slides were mounted using a distyrene,
plasticiser, and xylene -containing resin (DPX mountant), and covered

with glass coverslips, and allowed to dry overnight before being viewed.
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3.4.6.2 Histology buffers
The components of the histology solutions made in house are listed in

the Appendix (page 380).

3.4.6.3 Haematoxylin and eosin (H&E) stain

3.4.6.3.1 Principle

This staining method is commonly used to show the general structure of
the tissue sections. Haematoxylin stains nuclei blue, and eosin stains the
cytoplasm pink, allowing the general tissue structure of histological

sections to be visualised.

3.4.6.3.2 Method

After being deparaffinised and rehydrated, tissue sections were
submerged in Mayers haematoxylin for 2 minutes, then acid/alcohol
solution to remove excess alcohol and further define the nuclei for 1
minute, then 1% eosin solution for 3 minutes. Sections were rinsed with
tap water between each step, then dehydrated and mounted as

described above.

3.4.6.4 Elastin (Verhoeff Van Gieson) stain

3.4.6.4.1 Principle

In this technique, the Iron(lll) chloride and iodine within the Verhoeff's
stain oxidise haematoxylin to haematin, which is retained by elastin in
the tissue being stained (239). Excess iron (lll) chloride is used to
differentiate the tissue, then sodium thiosulphate is used to remove

excess iodine (239). The van Gieson counterstain stains muscle and
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collagen fibres, and further differentiates the tissue (239). In this method,

elastin fibres and nuclei stain black.

3.4.6.4.2 Method

Lung sections were deparaffinised and hydrated to distilled water, then
stained in Verhoeff's solution for 1 hour until the tissue was completely
black. Sections were differentiated in an aqueous 2% ferric chloride
solution until elastin fibres were seen on a grey background under the
microscope, incubated in 5% sodium thiosulphate for 1 minute, then
washed in running tap water for 5 minutes. Sections were then
counterstained in Van Gieson’s solution for 5 minutes, then dehydrated

and mounted as described above.

3.4.6.5 Periodic Acid Schiff (PAS) stain

3.4.6.5.1 Principle

In this method, periodic acid oxidises polysaccharides, resulting in the
formation of aldehyde groups. These aldehyde groups react with the
Schiff reagent to give a purple colour to “PAS-positive” areas (240).
Haematoxylin is used to stain nuclei blue. PAS-positive structures
include polysaccharides and glycoproteins, and mucins, and the PAS

stain is useful for the demonstration of basement membranes (240).

In liver staining, diastase (a-amylase) is used to break down glycogen
prior to the periodic acid step. The diastase digestion step removes
glycogen stores in the liver, to allow the differentiation between glycogen

and other PAS-positive components of the liver (240).

138



3.4.6.5.2 Method

Kidney and liver sections were PAS stained using the Abcam PAS stain
kit according to the manufacturer’s instructions, with the omission of the
bluing reagent and light green stain steps. Briefly, sections were
submerged in periodic acid for 10 minutes, rinsed in four changes of
distiled water, then submerged in Schiff's solution for 30 minutes.
Sections were rinsed in running hot tap water, then distilled water. Tissue
sections were counterstained in haematoxylin for 3 minutes, washed in

distilled water, then dehydrated and mounted as described above.

Liver sections were stained with and without diastase digestion, which
was performed by incubating slides in 0.5% diastase solution for 20

minutes at room temperature prior to the periodic acid step.

3.4.6.6 Picrosirius red stain

3.4.6.6.1 Principle

Picrosirius red is an anionic dye that associates with cationic collagen
fibores and enhances their natural birefringence under cross-polarized
light. Under normal light microscopy, collagen fibres appear red, but
under polarised light collagen fibres appear yellow or green on a black

background, allowing visualisation of the collagen network (241).

3.4.6.6.2 Method
Lung, kidney, and heart sections were deparaffinised and hydrated.
Nuclei were stained with Weigert's haematoxylin for 8 minutes, then

washed in running tap water for 5 minutes. Sections were incubated in
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picrosirius red for 1 hour, washed in two changed of acidified water, then

dehydrated and mounted.

3.4.6.7 Immunohistochemistry (IHC)

3.4.6.7.1 Principle

In IHC, a primary 1gG antibody incubated with tissue sections will bind to
the protein of interest if present in the tissue. A biotinylated secondary
antibody against the IgG of the primary antibody species is then
incubated with the tissue and will bind to the primary antibody (242). The
avidin peroxidase within the avidin-biotin complex (ABC) binds to the
biotin on the secondary antibody, as well as other avidin-biotin
complexes within this reagent, and amplifies the signal to be detected in
the next step (242). Diaminobenzidine (DAB) is then added, and acts as
a substrate for avidin peroxidase, resulting in a brown colour change at

the positions where antibody is bound to the tissue (242).

In IHC, several steps are taken to facilitate antibody binding and reduce
non-specific staining. Heat-mediated antigen retrieval is performed by
boiling tissue sections in citric acid. This process exposes the antigenic
sites on the fixed tissue that will have been masked by the fixation
process, facilitating later antibody binding (242). To reduce non-specific
background staining, tissue sections are incubated in hydrogen peroxide
to block endogenous peroxidases within the tissue (242). Non-specific
antibody binding is reduced by incubating tissue sections in serum from

the same species as the secondary antibody to be used (242).
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3.4.6.7.2 Method

Tissue sections were deparaffinised and rehydrated as described above.
Heat-mediated antigen retrieval was performed by boiling sections in a
microwave for 20 minutes in 10mM citric acid buffer (pH 6.0).
Endogenous peroxidase activity was blocked by incubating sections in
3% hydrogen peroxide in methanol for 30 minutes. Nonspecific binding
was blocked with 5% goat serum in 0.1% BSA/PBS. Sections were
incubated with primary antibody in 5% goat serum overnight at 4°C,
followed by incubations for 60 minutes with secondary antibody, and 30
minutes with avidin-biotin complex. Sections were then stained with
diaminobenzidine, counterstained with Mayers haematoxylin, and
mounted in DPX. Slides were washed in PBS) between incubation steps.

Primary and secondary antibodies are detailed in Table 3-11.
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Table 3-11: Immunohistochemistry Antibodies

Target | Primary Primary Secondary | Secondary | Blocking
antibody antibody [ antibody antibody reagent
dilution dilution
aSMA | Ab5694 1:500 Biotinylated | 1:200 Goat
(Abcam) goat anti- serum
Ki67 Ab15580 1:1000 rabbit IgG | 1:200
(Abcam) (BA1000,
CD31 [ Ab182981 | 1:2000 Vector) 1:200
(Abcam)
SPC Ab3786 1:2000 1:200
(Sigma)
TGFB2 | Proteintech | 1:3000 1:200
Cat#
19999-1-
AP

3.4.6.8 Microscopy

Images of H&E, elastin, IHC, and PAS staining were taken using a Nikon

90i microscope and NIS-Elements software v3.2. Polarised light and

matched brightfield imaging of picrosirius red stained samples was

performed using a Zeiss Axioplan microscope and MicroManager 1.4

software.

3.4.7 Histology image analysis

For quantification of histological staining, 5-10 images were assessed

per set of lungs, covering all lobes and avoiding major airways, large
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blood vessels, and tissue cutting artefacts. All quantification was

performed by an observer blinded to genotype.

For all analyses, Pdgfrb-Cre*-;Gnaqg®™;:Gnall”- or Pdgfrb-Cre/ERT2*"
;Gnag"f;Gnall” mice were compared with Pdgfrb-Cre”-;Gnaq";Gnal1-
I-~or Pdgfrb-Cre/ERT2";Gnaq;Gnall” control littermates, and four
animals per genotype were assessed. Control mice (Pdgfrb-Cre”
;Gnag";Gnall” or Pdgfrb-Cre/ERT2";Gnaq";:Gnall”) are referred to
as Gnall” controls throughout this thesis. These control groups were
chosen because Gnag™f;Gnall’ mice that do not possess an allele for
Cre recombinase expression express Gnaq normally and do not express
an abnormal phenotype (219). Furthermore, Gnall” littermates would
have the same genetic background and environmental exposures as
mice with the genotypes of interest, reducing potential confounding

factors. Male and female mice were included in the analyses.

Morphometric analyses were performed using NIS Elements software
v3.2, except for peripheral pulmonary vessel and cardiac wall thickness
measurements and TGF32 staining quantification, which were performed
using CaseViewer 2.3 software. For quantification of other
immunohistochemistry and elastin staining, the “count” feature of ImageJ

was used.
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3.4.7.1 Mean linear intercept (MLI) distance

Mean linear intercept (MLI) analysis of airspace size was performed as
previously described (219). Briefly, 10x magnification images were taken
and overlaid with a 100um grid, and “intercepts” between gridlines and
airspace walls counted. The length of each gridline was divided by the
intercept count to calculate the MLI value. The mean MLI value was
calculated from all measurements across all images from an individual

mouse and used for data presentation.

3.4.7.2 Alveolar wall thickness

Images were taken at 40x magnification. Five equally spaced horizontal
lines were overlaid across each image, and the alveolar wall thickness
measured at points where lung tissue crossed the line. Mean alveolar
wall thickness values were calculated from all measurements across all

images and used for data presentation.

3.4.7.3 Quantification of secondary crests

Ten images were taken at 20 x magnification. The counting tool was used
to quantify the number of secondary crests per image. Secondary crests
were defined as tissue projections from the alveolar walls into the

alveolar space.

3.4.7.4 Quantification of Elastin Stain
Ten 40x magnification images were analysed per mouse. Elastin fibres,
identified as thin black fibres, and elastin positive secondary crests,

identified as any secondary crest with black staining that was not a cell
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nucleus, were counted. If there was any doubt about whether an area of
staining was elastin or a cell nucleus, the area was not included in the
count. The proportion of elastin-positive secondary crests was calculated

relative to the total number of secondary crests.

3.4.7.5 Pulmonary vessel wall thickness

Ten randomly selected peripheral pulmonary vessels were analysed per
mouse. Vessels were identified as circular hollow structures with an inner
layer staining positively for CD31. Large central pulmonary vessels were
excluded. Maximum and minimum wall thickness was measured for each

blood vessel, and the mean value of each lung recorded per lung.

3.4.7.6 Cardiac wall measurements

The left and right cardiac ventricles were identified on H&E stained
tissue. The left ventricle was identified as having a thicker wall, and
having the interventricular septum bulge away from it and towards the
right ventricle. Left and right ventricular wall thickness was measured,

and the right: left ventricular wall thickness ratio calculated.

3.4.7.7 aSMA [HC
Ten 40 x magnification images were per mouse. aSMA positive
secondary crests were identified by brown staining, and the proportion of

secondary crests that were aSMA positive was calculated.
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3.4.7.8 Ki67
Five 40x magnification images were taken per mouse. Ki67-positive
nuclei were identified by brown staining and counted. The proportion of

Ki67-positive nuclei relative to the total number of nuclei was calculated.

3.4.7.9 Pro-SPC

Five 40x magnification images were taken per mouse. Pro-SPC-positive
cells were identified by brown staining and counted. The total number of
was quantified by counting the number of cell nuclei. The proportion of
pro-SPC-positive cells was calculated relative to the total number of cells

for each image.

3.4.7.10  TGFp2

For quantification of TGFB2 staining, the scoring system in Table 3-12

was used. 7 fields (20x magnification) per mouse were analysed.

Table 3-12: TGFB2 Scoring System

Cells stained per 20x field | Staining intensity | Score
No staining - 0
1-25 Low 0.5
1-25 High 1
26-50 Low 15
26-50 High 2

>50 Low 2.5
>50 High 5
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3.4.7.11 External assistance with histology interpretation

Lung histology was interpreted in house at the Division of Respiratory
Medicine at the University of Nottingham. Kidney histology was
interpreted with the assistance of Prof Katalin Susztak and Dr Mathew
Palmer (University of Pennsylvania). Liver histology was interpreted with

the assistance of Dr Tim Kendall (University of Edinburgh).

3.5 Statistical analyses

Statistical tests were performed using GraphPad Prism software version
8.2. For comparisons between two groups, a Students T test was
performed for parametric data of sample sizes of six or more, or a Mann-
Whitney U test for nonparametric data or for sample sizes of fewer than
six. For comparisons between multiple groups, a one-way ANOVA was
performed if the data followed a normal distribution and for samples sizes
of six or more. For comparisons between multiple groups of non-
parametric data or with sample sizes of less than six, a Kruskal Wallis
test was performed. A Wilcoxon signed rank test was performed to test
for differences between matched samples if the data were non-
parametric or the sample size lower than six. A Chi squared test was
used to assess whether mouse birth frequencies were different to the
expected Mendelian frequencies. A result was considered statistically

significant with a p value <0.05.
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4 The In Vivo Roles of
Mesenchymal Gagi11 and

Ga121131n Development
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4.1 Introduction

Several lines of evidence suggest that Gagqi11 and Gai2/13 may play
important roles in fibrogenesis, as discussed in the Introduction (Chapter
1). However, the embryonic lethality of Gnag”’;Gnall”’- and Gnal2"
;Gnal3”’ mice means that the study of the in vivo roles of Gag11 and
Ga12/13 in health and disease has been limited, as these animals do not

survive to an age appropriate for inclusion in disease models (143, 243).

Conditional gene knockout systems, where cell-specific expression of
DNA recombinases results in gene knockout in defined cell types, can
be useful when global gene knockout proves to be embryonically lethal,
as is the case with Gnag”’;Gnall’ and Gnal2”/;Gnal3" mice. Cre-lox
systems involving mice with floxed Gnaq and deleted Gnall alleles
(Gnaq:Gnal1"), or deleted Gnal2 and floxed Gnal3 alleles (Gnal2
:Gnal3"M) have been used to generate mice with cell type-specific Gag/11
or Ga12/13 knockout, respectively (236, 244, 245). These models utilise
the fact that Gnall”’ and Gnal2’ mice develop normally and do not
differ phenotypically from wild-type mice(107). The floxed Gnaq and
Gnal3 alleles allow for full Gagi11 and Ga12/13 deletion in predetermined

cell types only, defined by the Cre driver gene.

Mesenchymal cell-specific gene knockouts have been generated for in
vivo fibrosis models using Pdgfrb-Cre*- mice, which express Cre
recombinase under the control of the platelet-derived growth factor-8
(Pdgfrb) promoter (48, 246). These animals express Cre recombinase in

Pdgfrb-expressing cells, including myofibroblasts, pericytes and smooth
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muscle cell lineages (48, 247-249). However, mice with mesenchymal
cell specific knockdown of Gag11 and Ga12/13 have not previously been
studied, and the role of mesenchymal Gagq11 and Ga1213 in Vivo in

development and disease is unknown.

4.2 Aims and Hypothesis

This work aimed to:

e Understand the effects of germline mesenchymal Gaq11 and
Ga12/13 knockout on normal development in vivo

e Establish the suitability of germline mesenchymal Gog11 and
Ga12113 knockout mice for use in the bleomycin model of

pulmonary fibrosis

The hypothesis underlying this work was:

Mesenchymal cell-specific knockout of Gag17 and/ or Gar2/13 Will
protect against pulmonary fibrosis, but may be associated with

developmental abnormalities

4.3 Methods

4.3.1 Breeding strategy
Pdgfrb-Cre*- mice were crossed with Gnal2”/; Gnal3"f or Gnaqff:

Gnall’ mice in two-stage breeding strategies.

For the Gag/i11 colony, Pdgfrb-Cre*- mice were mated with Gnaq™f;Gnal1l-
- mice to produce Pdgfrb-Cre*;Gnag*™;Gnall*- offspring (F1
generation). F1 mice were bred back onto the Gnaqg"f;Gnall” founder
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mouse generation, which resulted in eight possible genotypes in the
offspring (F2 generation) (Figure 4-1). These genotypes were expected

to have an equal probability of occurring.

Pdgfrb-Cre*/- Gnag™/f; Gna11”-
Founder generation - /“ . /_
Pdgfrb-Cre*"; Gnaq*f; Gnal1*" J‘ Pdgfrb-Cre”"; Gnaq*/f; Gna11*"

| D D
1 generation . / . l %

I No further breeding |

Cross breeding

Pdgfrb-Cre*/-; Gnaq™"; Gna11/-
Pdgfrb-Cre*"; Gnaq™"; Gnal11*"

Pdgfrb-Cre*"; Gnaq*/™; Gnall”
. - /- /. /-

F2 generation 8 possible _| Pdgfrb-Cre”; Gnag™'"; Gnal1®
—> Pdgfrb-Cre”"; Gnag™f; Gnal1”

enotypes
L / Benotyp Pdgfrb-Cre”"; Gnaq™f; Gna11*/-
Pdgfrb-Cre”"; Gnag*/f; Gnal11”/

Pdgfrb-Cre”; Gnaq*/f; Gna11*"

Figure 4-1: Breeding strategy to generate Pdgfrb-Cre*-
:Gnag":Gnall’” mice

A two stage breeding strategy was used to generate mice lacking
mesenchymal Gug/11 (Pdgfrb-Cre*-;Gnaqg™f;Gnall”). This strategy
generates eight possible genotypes of F2 mice (box bottom right).

A similar strategy was used to generate Pdgfrb-Cre*-;Gnal2”/-;Gna13""
mice, however founder animals were heterozygous for Gnal2 and
homozygous for the Gnal3 floxed allele (Gnal2*-;Gnal13"M) due to poor
breeding of Gnal2”- animals. Twelve different genotypes were possible
in the F2 generation from this breeding strategy (Figure 4-2), which were

expected to occur at equal frequencies.
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Pdgfrb-Cre*/ Gnal2*"; Gna13f/f

Founder generation ° /“ ° /__

Pdgfrb-Cre”"; Pdgfrb-Cre*/;
Gnal2*"; Gnal2*+;
Pdgfrb-Cre*/"; Gna12*-; Gna13*/f Gna13+/* Gna13+

| ® D
F1 generation P / ) l /

| No further breeding |

Cross breeding

Pdgfrb-Cre*/; Gnal2/-; Gna13™"/f
Pdgfrb-Cre*”; Gnal2*; Gna13%/f
Pdgfrb-Cre*"; Gna12**; Gna13/1
12 possible | Pdgfrb-Cre*; Gnal2”-; Gna13*/*
- genotypes~ | Pdgfrb-Cre*”; Gna12*/-; Gna13+/#
/ Pdgfrb-Cre*’"; Gna12*/*; Gna13*/"

Pdgfrb-Cre”"; Gnal2"; Gna13f/f
Pdgfrb-Cre”"; Gnal2*/; Gna13/fl
Pdgfrb-Cre”; Gnal12*/+; Gna13"/f
Pdgfrb-Cre”-; Gnal2"/-; Gna13*/fl
Pdgfrb-Cre”~; Gnal2*/; Gna13*/fl
Pdgfrb-Cre”-; Gnal2*/*; Gna13+"

F2 generation

Figure 4-2: Breeding strategy to generate Pdgfrb-Cre*-;Gnal2"
:Gnal3" mice

A two stage breeding strategy was used to generate mice lacking
mesenchymal Ga12/13 (Pdgfrb-Cre*-;Gnal2”;Gnal3"M). 12 different
genotypes were possible in the F2 generation from this breeding

strategy (box).

The genotype ratios from each colony were compared with the expected
Mendelian frequencies (12.5% and 8.3% per genotype in the Gag/11 and

Ga12/13 colonies, respectively).

4.3.2 Germline mesenchymal Gag/11 and Ga12/13 mouse phenotyping

Phenotyping assessments were performed by an observer blinded to

genotype.
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F2 mice from the Gnaq"f;Gnall”- x Pdgfrb-Cre*"- colony were weighed
and disease severity scored at 2 weeks of age. These mice were
humanely killed at 2 weeks old and organs were collected as described
in the General Methods (Chapter 3). Lungs and kidneys were weighed,
and organ weights corrected to total body weight to give a relative organ

weight using the following calculation:

Relative organ weight = organ weight (mg) / total body weight (g)

All F2 mice from the Gnal2”-;Gnal3"f x Pdgfrb-Cre*”- colony, and a small
portion of F2 mice from the Gnaq";Gnal1”- x Pdgfrb-Cre*- colony, were
observed twice weekly from weaning age (3 weeks old), with weight
monitoring and disease severity scoring. At 8 weeks of age, organs were
collected from these mice for histological analysis as described in the

General Methods (Chapter 3).

4.4 Results

4.4.1 Mesenchymal Gag/11 deletion causes a detrimental phenotype

To establish the impact of germline mesenchymal Gag/11 knockout in vivo,
the genotype ratios from the F2 generation of the Pdgfrb-Cre*- x
Gnaq:Gnall”- breeding were analysed. It was assumed that a birth
rate less than the expected Mendelian frequency (1 in 8) for any
genotype indicated death in utero or in early life. There were fewer
Pdgfrb-Cre*-;Gnag™";Gnall’ mice than any other genotype with at least
one intact Gnag or Gnall allele (Figure 4-3). Pdgfrb-Cre*-

:Gnag™™:Gnall”’ mice were born at less than the expected frequency of
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12.5% (6.6% vs 12.5%, x? = 22.03, p<0.005, Figure 4-3). Conversely,
mice with at least one functional mesenchymal Gnaqg or Gnall allele
reached genotyping age at rates closer to the expected Mendelian
frequencies (Figure 4-3). Pdgfrb-Cre*-;Gnaq"f;Gnall” mice were not
viable beyond 3 weeks old (n=2), therefore further analyses were

performed in 2 week old mice.

A)

42 =22.03,df 7
p<0.005

Pdgfrb-Cre -/-; Gnaq +/fl; Gna11; +/-
Pdgfrb-Cre -/-; Gnaq +/fl; Gna11; -/-
Pdgfrb-Cre -/-; Gnaq fl/fl; Gna11; +/-
Pgdfrb-Cre -/-; Gnaq fl/fl; Gna11 -/-
Pdgfrb-Cre +/-; Gnaq +/fl; Gna11; +/-
Pdgfrb-Cre +/-; Gnaq +/fl; Gna11; -/-
Pdgfrb-Cre +/-; Gnaq fl/fl; Gna11; +/-
Pgdfrb-Cre +/-; Gnagq fl/fl; Gna11 -/-

0 20 40 60
Number of mice with genotype

Figure 4-3: Mice lacking mesenchymal Gagi1are born at less than
the expected frequency

A) Frequency of mice born with each genotype from the Pdgfrb-Cre*- x
Gnag™™:Gnall” mouse crosses. Red line indicates the expected
number of mice calculated from an expected Mendelian frequency of
12.5% per genotype. Total number of mice 241, 34 litters, mean litter
size 7.4. x?>= 22.03, degrees of freedom (df)=7, p<0.005.

In addition to being born less frequently than expected, Pdgfrb-Cre*-
;Gnag"f;Gnall” mice were significantly smaller than littermates with at
least one intact mesenchymal Gnall or Gnaq allele (Figure 4-4A, C).
Pdgfrb-Cre*-;Gnag™f;Gnall’ mice had a mean weight 1.9-3.2g lower

than all other genotypes (5.49 vs 7.3-8.4qg, p<0.03, Figure 4-4A). This
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difference was not be explained by the slightly different proportions of
male and female mice between genotypes, as the weights of 2 week old
male and female mice from this colony did not differ significantly (p=0.65,
Figure 4-4B). On gross examination, Pdgfrb-Cre*-;Gnaq™:Gnall” pups
were also visibly smaller in physical size compared with control animals

(Figure 4-4C).
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Figure 4-4: Mice lacking mesenchymal Gag11 are growth restricted
A) Body weights of F2 pups from the Gnag™®;Gnall” x Pdgfrb-Cre*-
colony by genotype at 2 weeks old. Data shown as mean * standard
error of the mean (SEM). Statistical analysis performed using a one-
way ANOVA with Tukey’s multiple comparisons test, n = 12-43 per
group).

B) Body weights of all pups from Pdgfrb-Cre*- x Gnagf/f;Gnal1-
crosses by sex. Data shown as mean + SEM. Statistical analysis
performed using an unpaired Students T test. 88 female and 102 male
mice.

C) Photographs of a representative Pdgfrb-Cre*-;Gnagf;Gnal1-
mouse (left) and a Pdgfrb-Cre*-;Gnaqg™®;Gnal1l- littermate (right).
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A proportion of F2 mice with at least one intact mesenchymal Gnaq or
Gnall allele, i.e. those with genotypes other than Pdgfrb-Cre*-
:Gnaqf™:Gnall’, were observed untii 8 weeks of age. No gross
phenotype or evidence of ill health was identified in 33 out of 34 of these
animals (3-6 mice per genotype, Figure 4-5). One Pdgfrb-Cre*-
;Gnag*™:Gnall*- mouse was humanely killed at 34 days old due to
abdominal distension and respiratory distress, and was found to have
evidence of a bowel obstruction on necropsy. However, two other mice
with the same genotype survived to the end of the observation period
without evidence of ill health, and no similar observations were made in
Pdgfrb-Cre*";Gnaqf;:Gnall”’ mice, suggesting that this may have been

a coincidental occurrence unrelated to genotype.
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Figure 4-5: Mice with at least one intact Gnag or Gnall allele in
mesenchymal cells do not have evidence of ill health at 8 weeks
old

Weights of F2 mice from the Pdgfrb-Cre x Gnaq"f;Gnall” breeding

programme at 8 weeks old, by genotype.
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Overall, these data indicate that mesenchymal Gag/11 deletion causes a
detrimental phenotype compared with mice than possess at least one
intact mesenchymal Gnaq or Gnall allele. Subsequent work aimed to
identify the underlying reason for the poor condition of the Pdgfrb-Cre*

;Gnaqf;Gnall’ mice.

4.4.2 Mice lacking mesenchymal Gag/11 have abnormal lungs

To assess for pulmonary abnormalities in Pdgfrb-Cre*-;Gnaq"f:Gnal1--
mice, histological analysis of lung tissue was performed. Pdgfrb-Cre*"
;:Gnag"™;Gnall”’ mice had an abnormal lung appearance (Figure 4-6A).
This included enlarged airspaces (mean linear intercept distance of
63.47um vs 36.43um in controls, p=0.03, Figure 4-6C), thickened
alveolar walls (12.2um vs 7.0um, p=0.03, Figure 4-6D, and a reduced
number of secondary crests (53.7 vs 107.2 per field, p=0.03, Figure 4-6B)
compared with Pdgfrb-Cre”-;Gnaqg"f;Gnall” (from here referred to as
Gnall”) controls. Furthermore, Pdgfrb-Cre*-;Gnaqg"f;Gnall” mice had
increased lung weight relative to total body weight compared with Gnal1l-

I~ controls (16.5 vs 14.3mg/g total body weight, p<0.01, Figure 4-6E).
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Figure 4-6: Mice lacking mesenchymal Gag11 have disturbed
alveolarisation

A) H&E staining of lung tissue from a Pdgfrb-Cre*-;Gnaqgf;Gnal1-"
(Gnall”, control) mouse (left) and a Pdgfrb-Cre*-;Gnag"f;Gnall"
mouse (right). Arrows indicate secondary crests. Representative
histology images from four mice per group.

B-D) Quantification of the number of secondary crests (B), mean linear
intercept distance (C), and alveolar wall thickness (D) from lung H&E

staining (n=4 per group).
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E) Lung weights relative to total body weight (n=5-7 per group) of 2
week old Pdgfrb-Cre*-;Gnaq;Gnall” and Gnall”- control pups.

Comparisons made between Pdgfrb-Cre*-;Gnaq;Gnall’- and control
Pdgfrb-Cre”-;Gnaq1Gnall”- (Gnall’) mice. Data shown as median +
interquartile range. Statistical analyses performed using two-tailed

Mann Whitney Tests.

The abnormal histological appearances and morphometric analyses of
Pdgfrb-Cre*;Gnaq®Gnall’ lungs suggested a defect in alveolarisation
in mice lacking mesenchymal Gag11. As cellular proliferation is a key
driver of normal alveolar development (86), immunohistochemical
staining for Ki67, a proliferative marker, was performed. Pdgfrb-Cre*"
;:Gnaq®Gnall’ mouse lungs exhibited less Ki67 staining than Gnall-
control lungs (median proportion of Ki67 positive cells 16.08% vs
21.14%, p=0.03, Figure 4-7A-C). These data suggest reduced cellular

proliferation in mesenchymal Gag/11 knockout lungs.

160




A)

Gna11*

Pdgfrb-Cre*";
Gnaq""; Gna11™

W p=0.03
3
=3
T =
o
=
]
g 10
=
;
N N
& 0&"
&
o"‘(\
0(‘
x'-
s
&

Figure 4-7: Mice lacking mesenchymal Gag11 have reduced cellular
proliferation in the lungs

A,B) Ki67 immunohistochemistry of Gnall”- control (top) and Pdgfrb-
Cre*;Gnag™f;Gnall”’ (bottom) mouse lungs at low (A) and high (B)

magnification. Representative histology images from four animals per
group.

C) Quantification of Ki67 positive cells in Gnall’ and Pdgfrb-Cre*-
:Gnaqf™:Gnall’ mouse lungs. Data shown as median * interquatrtile

range. Statistical analysis performed using two-tailed Mann Whitney
Test.
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Overall, these data indicate that mice lacking mesenchymal Gag/11 have

defective alveolarisation.

4.4.3 Myofibroblast differentiation and function are altered in
mesenchymal Gaq/11 knockout lungs

Myofibroblasts play essential roles in alveolar development through the

deposition of extracellular matrix scaffolds and the formation of

secondary crests (9, 25, 47). Therefore staining was undertaken to

assess myofibroblast differentiation and function in Pdgfrb-Cre*-

;Gnag":Gnall” lungs.

Immunohistochemical staining of the myofibroblast marker aSMA,
demonstrated fewer myofibroblasts in the lungs of 2 week old Pdgfrb-
Cre*;Gnag™;Gnall’ mice compared with Gnall’ controls (Figure
4-8A,B). Quantification of aSMA-positive secondary crests in the lungs
demonstrated a small, but not statistically significant, reduction in the
proportion of aSMA positive secondary crests in Pdgfrb-Cre*-
:Gnag"™:Gnall” compared with Gnall lungs (0.69 vs 0.84 in controls,

p =0.2, Figure 4-8C).
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Figure 4-8: Mesenchymal Gagi11 knockout lungs contain fewer
myofibroblasts

A,B) Low-magnification (A) and high-magnification (B) images of lungs
stained for aSMA from representative Gnall” (left) and Pdgfrb-Cre*"
;Gnaqf;:Gnall” (right) mice.

C) Quantification of the proportion of secondary crests that stained
positively for aSMA in 2 week old Gnall” and Pdgfrb-Cre*-
:Gnaq™:Gnall”’ lungs. Data shown as median * interquartile range.

Statistical analysis performed using a two-tailed Mann Whitney Test.
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To investigate whether Gog11 deficiency influences myofibroblast
differentiation from precursor cells, murine embryonic fibroblasts (MEFs)
that were wild-type (WT), Gag11 deficient (Gnag’;Gnall”) or Ga12/13
deficient (Gnal2’;Gnal3") were assessed for aSMA protein and mRNA
(Acta2) expression. MEFs with a long-term deficiency in Gaq/11 had lower
Acta2 mRNA (relative expression compared to WT MEFs 0.48, p=0.03,
Figure 4-9A) than WT MEFs. Furthermore, Gnaq’;Gnall”- MEFs had
lower aSMA protein expression compared with WT MEFs (relative
densitometry value 0.4 arbitrary units (AU) in Gnaq’;Gnall”’ MEFs
compared with 0.8AU in WT MEFs, p=0.03, Figure 4-9B,C). This
suggests that Gag/11 plays a role in the development of the myofibroblast

phenotype.
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Figure 4-9: MEFs lacking Gagi11 have a less myofibroblast-like

phenotype than wild-type cells.

A) Acta2 mRNA expression in WT, Gnal2/;Gnal3", and Gnaq’
:Gnall’ MEFs assessed by gPCR.

B) Representative western blot showing aSMA expression in wild-type
(WT), Gnal2/;Gnal3", and Gnaq”’;Gnall”’ MEFs.

C) Densitometry of western blots of aSMA expression in wild-type
(WT), Gnal27;Gnal3", and Gnaq”’;Gnall”’ MEFs.

Data shown as median * interquartile range, n=4 per group. Statistical

analyses performed using two-tailed Mann Whitney tests.

Having determined that mesenchymal Gag11 deficiency reduces
myofibroblast differentiation in the lungs, work was undertaken to assess
the effect of this genetic alteration on the pulmonary ECM scaffold

structure.
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Staining for elastin revealed fewer elastin fibres (7.4 vs 24.9 fibres/ field,
p=0.03) and fewer elastin-positive secondary crests (57.5% vs 84.8%,
p=0.03) in 2 week old Pdgfrb-Cre*-;Gnaq™;Gnall’ mouse lungs
compared with Gnall” controls (Figure 4-10A-C). In addition, Gnaq’
;:Gnall’ MEFs had lower elastin (EIn) mRNA expression than WT MEFs
(relative Eln expression relative to WT MEFs 0.36, Figure 4-10D).
Furthermore, picrosirius red staining revealed that 2 week old Pdgfrb-
Cre*;Gnag™™;Gnall”’ mouse lungs contained less collagen than the
lungs of Gnall”- control mice (Figure 4-11A,B). This finding was
supported by lower Collal and Col3al mRNA expression in Gnaqg”
;Gnall’” MEFs than WT MEFs (Collal and Col3al relative mRNA
expression 0.63 and 0.74 compared with WT MEFs, respectively; Figure

4-11C,D).
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Pdgfrb-Cre*"; Gnaq™; Gna11*

Figure 4-10: Mice lacking mesenchymal Gag/11 have abnormal
elastin production and organisation

A) Representative images of Verhoeff van Gieson staining of 2 week
old Gnall’ and Pdgfrb-Cre*-;Gnaqg™f;Gnall’- mouse lungs. Nuclei
and elastin shown by black staining. Yellow arrows indicate elastin
fibres.

B, C) Quantification of elastin staining from 2 week old Gnall” and
Pdgfrb-Cre*-;Gnaq:Gnall’ mouse lungs. Data presented as the
proportion of secondary crests that stained positively for elastin (B), and

the number of elastin fibres per field (C).

D) Relative EIn mRNA expression in wild-type (WT) and Gnag”;Gnall-
I MEFs.

Data shown as median * interquartile range. N=4 per group. Statistical
analysis performed using a two-tailed Mann-Whitney test.
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Figure 4-11: The lungs of mice lacking mesenchymal Gaq11 CONtain

less collagen

A) Representative low magnification brightfield (top) and the
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corresponding polarised light (bottom) images of picrosirius red staining
of Gnall” (left) and Pdgfrb-Cre*;Gnaq"";Gnall" (right) mouse lungs.
Collagen stains red, and shows as yellow/ green under polarised light.
B) Representative high magnification images of picrosirius red staining
of Gnall’ and Pdgfrb-Cre*-;Gnag™";Gnall” mouse lungs.

C,D) Relative Collal (C) and Col3al (D) mRNA expression in wild-type
(WT) and Gnaq’;Gnall’ MEFs.

Data shown as median * interquartile range. N=4 per group. Statistical

analysis performed using Mann-Whitney test.

Overall, these data suggest that there are defects in lung ECM protein
production and organisation by mesenchymal cells deficient in Gog11,

and this may occur due to altered myofibroblast differentiation.

4.4.4 Lungs lacking mesenchymal Gagq11 contain abnormal blood
vessels

In addition to the alveolar abnormalities described above, abnormal

peripheral pulmonary vessels were observed in the lungs of Pdgfrb-Cre*

:Gnag"™;Gnall” mice (Figure 4-12A). The walls of these vessels were

thickened compared with peripheral vessel walls of Gnall”- controls in

both the minimum (4.5 vs 7.3um, p=0.03, Figure 4-12B) and maximum

(16.4 vs 7.3um, p=0.03, Figure 4-12C) dimensions.
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Figure 4-12: Mice lacking mesenchymal Gagi11 have thickened
peripheral pulmonary vessels

A) Representative H&E stained lung section from a Pdgfrb-Cre*
:Gnaqf™:Gnall’ mouse lung demonstrating abnormal blood vessels.
Scale bar shows 100um.

B,C) Peripheral vessel wall thickness in minimum (B) and maximum (C)
dimensions in Pdgfrb-Cre*-;Gnaq";Gnall”- and Gnall” mouse lungs.
Data shown as median * interquartile range, n=4 per group. Statistical
analyses performed using a two-tailed Mann Whitney test.

170




Further staining was performed to characterise the abnormal Pdgfrb-
Cre*;Gnag™M;Gnall” pulmonary vessels. The vessel walls did not
contain significant elastin or collagen layers (Figure 4-13A,B), indicating
that the increased vessel wall thickness was not due to excessive ECM
deposition. The thickened vessel walls consisted of a thin endothelial
layer (CD31*, Figure 4-13C) surrounded by a thickened vascular smooth
muscle layer (aSMA*, Figure 4-13D), without a high degree of
proliferation, determined using Ki67 staining (Figure 4-13E). This
suggests that the vascular smooth muscle layer was hypertrophic rather
than hyperplastic. Overall, the appearances were reminiscent of that

seen in pulmonary arterial hypertension (PAH) (250).
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PR - Polarised light

Figure 4-13: Pulmonary vessels in mesenchymal Gagi11 knockout
lungs have appearances consistent with PAH

Lung sections from 2 week old Pdgfrb-Cre*-;Gnaqf;Gnal1” mice were
stained using various techniques.

A) Verhoeff van Gieson stain for elastin. Elastin and nuclei stain black.
Scale bar = 50um.

B) Picrosirius red (PR) staining of same tissue section viewed under
brightfield (left) or polarised light. Collagen fibres stain red and appear
yellow/ green under polarised light. Scale bar = 10um.

C-D) Immunohistochemistry for CD31 (C), aSMA (D), and Ki67 (E).

Scale bars = 10um.

Representative images from four mice shown.

To assess for the cardiac complications associated with PAH, the hearts
of Pdgfrb-Cre*;Gnag™M;Gnall’ mice were examined for evidence of
right ventricular hypertrophy (Figure 4-14). There was no difference in
the right: left ventricular wall thickness ratio between Pdgfrb-Cre*-
;Gnag";Gnall”’- mice and Gnall’ controls (right: left ventricular wall

thickness ratio 0.66 in both Pdgfrb-Cre*-;Gnag™";Gnall”’ mice and
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Gnall” controls; Figure 4-14B). This suggests that Pdgfrb-Cre*-
:Gnaqf:Gnall’ mice had no gross cardiac abnormality that would be

consistent with PAH.

A) B)

RV:LV wall thickness
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Pdgfrb-Cre*-;
Gnaq"; Gna11-

RV wall

Figure 4-14: Mice lacking mesenchymal Gag11 do not have

evidence of cardiac complications of PAH.

A) Representative images of H&E stained hearts from a Gnal1l” (top)
and Pdgfrb-Cre*;Gnag™f;Gnall” (bottom) mouse. Scale bars =
1000pm.

B) Right: left ventricular wall thickness ratio in Gnall”- and Pdgfrb-
Cre*";Gnag™M;Gnall’ mice. Data shown as median % interquartile

range, n=3.

4.4.5 Mesenchymal Gagi11 knockout mice show evidence of altered lung
epithelial differentiation

Tight control of mesenchymal-epithelial cell crosstalk is essential for

organogenesis, and AECII-to-AECI differentiation is an essential

component of normal lung development (195). Therefore, the lungs of 2
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week old Pdgfrb-Cre*-;Gnag®;Gnall’- mice were assessed for the

AECII marker pro-surfactant protein C (pro-SPC).

Pdgfrb-Cre*-;Gnag™f;Gnall’” lungs contained fewer pro-SPC-positive
cells than Gnall” control lungs (8.9% pro-SPC positive cells in Pdgfrb-
Cre*;Gnag"™:Gnal1” lungs, compared with 12.8% in Gnall” lungs,
p=0.03, Figure 4-15A,B). This finding suggests that Pdgfrb-Cre*"
;Gnag";Gnall” lungs have a reduced AECII pool to act as progenitor
cells for AECIs, which may be detrimental to normal lung development

and repair.
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Figure 4-15: The lungs of mice lacking mesenchymal Gagi11 cONtain
fewer type Il alveolar epithelial cells

A) Representative pro-surfactant protein C (pro-SPC)
immunohistochemistry of lung sections from 2 week old Gnall” (left)
and Pdgfrb-Cre*-;Gnaq";Gnall- (right) mouse lungs.

B) Quantification of pro-SPC staining, shown as the percentage of cells

staining positively for pro-SPC per image.

Data shown as median * interquartile range, n=4 per group. Statistical

analysis performed using a two-tailed Mann-Whitney test.

4.4.6 Mice lacking mesenchymal Gag/11 have abnormal kidneys
At necropsy, it was noted that the kidneys of Pdgfrb-Cre*-
;Gnaqg"M;:Gnall”’- mice were smaller and paler than those of their Gnall-

- littermates (Figure 4-16A). As kidneys undergo branching
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morphogenesis in a similar manner to the lungs (251), and renal failure
could explain the poor condition and failure to thrive of Pdgfrb-Cre*-
;Gnag";:Gnall”’ mice, further work was carried out to investigate for

kidney abnormalities.
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Figure 4-16: The kidneys of mice lacking mesenchymal Gaq11 have
an abnormal macroscopic appearance

A) Photograph of representative kidneys from a Pdgfrb-Cre*-
:Gnag"™:Gnall”’ mouse and a Gnall” littermate.

B) Relative kidney: total body weight ratios of Pdgfrb-Cre*-
;Gnaqi™:Gnall’” and Gnall”’ mice. Data shown as median +
interquartile range, n=4-5 per group. Data analysed using a two-tailed

Mann Whitney test.
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On closer examination, the relative kidney weights of Pdgfrb-Cre*-
:Gnaqf;:Gnall’ mice were similar to those of Gnall’ mice (median
kidney: total body weight ratio 7.3 in Pdgfrb-Cre*-;Gnaqf;Gnall’ mice
and 6.5 in Gnall” controls, p=0.55; Figure 4-16B), arguing against the
possibility of chronic renal impairment. However, on histological staining
Pdgfrb-Cre*;Gnaq"":Gnall" kidneys had neoplasm-like
hyperproliferation of the medullary tubular epithelium (Figure 4-17A-E).
This resulted in loss of the normal space within the Bowman’s capsule
(Figure 4-17A), and the appearance of crowding in the medulla (Figure
4-17B,C). There was also evidence of abnormal mitoses (Figure 4-17C),
and greater Ki67 staining in the medulla suggested increased
proliferation (Figure 4-17E). The overall appearance was consistent with

a neoplastic process within the kidneys.
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Figure 4-17: The kidneys of mice lacking mesenchymal Gagi11 have
abnormal medullary tubular epithelial proliferation

A-C) PAS stained kidney sections at the cortex (A), corticomedullary
junction (B), and medulla (C) of representative 2 week old Gnall”

(left) and Pdgfrb-Cre*-;Gnaqf:Gnall" (right) mice. Yellow arrow
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shows an example of ongoing mitosis.

D,E) Ki67 staining at the cortex (D) and medulla (E) of Gnall” (left)
and Pdgfrb-Cre*-;Gnaq™;Gnall’ mice (right)

Representative images from four mice per group.

With thanks to Professor Katalin Susztak and Dr Matthew Palmer,
University of Pennsylvania, for assistance with the interpretation of the

renal histology.

Overall, these data imply a role for mesenchymal Gag/11 Signalling in the
control of epithelial proliferation in the kidney, and suggests that

mesenchymal Gaq/11 Signalling is important for tumour suppression.

4.4.7 Mice lacking mesenchymal Gag/11 have a normal liver appearance
As the lung and kidney histology suggested a multisystem phenotype in
Pdgfrb-Cre*-;Gnag™®;Gnall-- mice, the livers of these animals were also

examined histologically.

H&E, picrosirius red, and PAS staining did not reveal any abnormality in
Pdgfrb-Cre*;Gnaq™:Gnall’ mice (with thanks to Dr Tim Kendall,
University of Edinburgh for interpretation of the liver histology; Figure
4-18). These data suggest that mesenchymal Gag11 signalling is not
required for normal liver development or homeostasis in the first 2 weeks

of life.
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Figure 4-18: Mice lacking mesenchymal Gag11 have normal liver
appearances

Livers from 2 week old Gnal1- control (left) and Pdgfrb-Cre*-
:Gnaqf™:Gnall’” mice were stained histologically.

A) H&E staining.

B) Periodic acid Schiff (PAS) stain with no diastase digestion.

C) Periodic acid Schiff (PAS) stain with diastase digestion.
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D) Picrosirius red stain.

Representative images from four mice per genotype shown.

4.4.8 Mice with mesenchymal Ga12/13 deficiency are born at a lower
frequency than expected
To generate mice lacking mesenchymal Gai2/13, a similar breeding
strategy was used to that described for Pdgfrb-Cre*-;Gnaq"f;Gnal1"-
mice, but involving Pdgfrb-Cre*- and Gnal2”/-;Gnal3"f mice. Just one
mesenchymal Ga1213 knockout mouse (Pdgfrb-Cre*-;Gnal2--;Gnal3/M)
reached genotyping age, despite a total of 110 animals being born and
an expected Mendelian ratio of 8.3% per genotype (expected absolute
number of mice = 9 per genotype) (Figure 4-19A). These data imply that
mice with a mesenchymal deletion of Ga12/13 are more likely to die in utero
or in early life than a mouse with at least one intact mesenchymal Gnal2

or Gnal3 allele.
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A) 42 =352, df 11
Pdgfrb-Cre -/-; Gna12 +/+; Gna13 +/fl p<0.005
Pdgfrb-Cre -/-; Gna12 +/+;Gna13 fl/fl
Pdgfrb-Cre -/-; Gna12 +/-; Gna13 +/fl
Pdgfrb-Cre -/-; Gna12 +/-; Gna13 fl/fl
Pdgfrb-Cre -/-; Gna12 -/-; Gna13 +/fl
Pdgfrb-Cre -/-; Gna12 -/-; Gna13 fl/fl
Pdgfrb-Cre +/-; Gna12 +/+; Gna13 +/fl
Pdgfrb-Cre +/-; Gna12 +/+;Gna13 fl/fl
Pdgfrb-Cre +/-; Gna12 +/-; Gna13 +/fl
Pdgfrb-Cre +/-; Gna12 +/-; Gna13 fl/fl
Pdgfrb-Cre +/-; Gna12 -/-; Gna13 +/fl
Pdgfrb-Cre +/-; Gna12 -/-; Gna13 fl/fl
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Figure 4-19: Mice lacking mesenchymal Ga12/13 are born at a lower
than expected frequency

A) Mouse genotype frequencies from Pdgfrb-Cre*- x Gnal2”;Gnal3f/
mouse crosses. Red line indicates the expected absolute number of
mice according to the expected Mendelian frequency of 8.3% per
genotype (expected n=9). Total number of mice 110, 18 litters, mean
litter size 6.1. Chi squared value = 35.2, degrees of freedom 11,
p<0.005.

B) Pdgfrb-Cre*-;Gnal2’;Gnal3"! mouse had a tail deformity (arrow).
Photograph shows mouse at 8 weeks old.

The single surviving mouse with a mesenchymal cell specific deletion of
Ga12/13 had a shortened tail (Figure 4-19B). It was not clear whether this
tail abnormality represented a congenital defect related to the genotype
or occurred secondary to an injury that occurred shortly after birth. This
mouse had a similar growth rate to littermates with at least one intact
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Gnal2 or Gnal3 allele, and normal lung and kidney histology. These
findings suggest that animals lacking mesenchymal Ga12/13 that survive
the perinatal period can develop normally, however the exact role of

mesenchymal Ga12/13 in development is unclear.

4.5 Discussion

The results of this study demonstrate essential roles for mesenchymal
cell Gagi11 and Ga12/13 in development. While the specific developmental
roles of mesenchymal Gai2/13 cannot be concluded from this work, this
study has identified essential roles for mesenchymal Gaq11 in normal

alveolar development as well as tumour suppression in the kidneys.

The role of Gag11 in alveolar development has not previously been
investigated, primarily because the Gnaqg’;Gnall” is embryonically
lethal (107, 143) and murine alveolarisation occurs entirely postnatally
(14). Studies of cell type-specific Gnaq and Gnall deletion in a number
of tissues have identified manifestations ranging from no phenotype to
profound cardiac abnormalities associated with perinatal death (Table
4-1). However, abnormalities of lung development have not been
described in germline or conditional Gagi11 knockout mice, implying a

unigue role for mesenchymal Gag/11 in alveolar development.
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Table 4-1: Studies of Conditional Gagi11 Knockout Mice

Study Cre Target tissue Phenotype

Babwah et al GnRH-Cre | GnRH positive | Subfertility (male),

(252) neurones Infertility (female),

delayed puberty

Broicher et al Camkcre4 | Forebrain Lack of maternal

(253) behaviour, reduced

Wettschureck et seizure threshold

al (254)

Coulon et al

(255)

Dettlaff-Swiercz | PO-Cre Neural Crest Craniofacial defects

et al (256)

Gangadharan et | SNS-Cre Sensory Attenuated LPI-

al (257) neurones induced pain

sensitisation

Hoyer et al (258) | MLC2a- Cardiomyocytes | Resistance to

Cre diebtees-induced
cardiac hypertrophy

John et al (219) | SPC-Cre Type 2 alveolar | Emphysema (age-
epithelial cells related)

Kero et al (259) Tg-Cre Thyrocytes Hypothyroidism (age-

related)

Li et al (260) Sim-1-Cre | Periventricular | Hyperphagia, obesity,
nucleus of inactivation of
hypothalamus hypothalamic-pituitary-

adrenal axis

Ogata et al (261) | Collal- Osteoblasts Increased bone

Cre volume and turnover in

response to PTH
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Reiken et al cd-19-cre | B cells No phenotype
(262)

Sassmann et al Rip-Cre B cells Impaired glucose
(263) tolerance
Tappe-Theodor SNS-Cre Sensory Reduced nociception.
et al (264) neurones Viable, normal

development.

Wettschureck et | MCL-2a- cardiomyocytes | 75% perinatal death,

al (244) Cre myocardial hypoplasia

Wettschureck et | Nestin-Cre | Sensory Failure to establish

al (265) neuronal and normal breathing at
glial cell birth, perinatal death,
precursors normal lung

appearance
Wettschureck et | PTH-Cre Parathyroid Growth retardation,
al (266) cells early postnatal death,

hypercalcaemia,
skeletal abnormalities

LPI = Lysophosphatidylinositol; PTH = parathyroid hormone; GnRH =
gonadotrophin releasing hormone; SPC = surfactant protein C

The evidence presented here suggests that the key mechanisms
underlying the failure of normal alveologenesis in Pdgfrb-Cre*-
;Gnag";Gnall”’ mice are abnormalities in pericyte-to-myofibroblast
differentiation and loss of myofibroblast synthetic function. This was
evidenced by the existence of fewer lung parenchymal myofibroblasts in
Pdgfrb-Cre*-;Gnag™f;Gnall’ lungs, which differentiate from pericytes
and migrate away from the perivascular area (247, 267, 268).

Furthermore, Pdgfrb-Cre*-;Gnaq";Gnall”- lungs contained reduced
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amounts of collagen and elastin compared with controls, and
mesenchymal cells lacking Gaq/11 express less Collal, Col3al, and Eln
MRNA than cells with intact Gag/11 signalling. As myofibroblasts induce
secondary septation by depositing ECM proteins at the tips of developing
secondary septa (269), these data suggest that mesenchymal Gaq/11-
induced myofibroblast differentiation and ECM production are required

for normal alveolar development.

In addition to reduced myofibroblast differentiation and activity, Pdgfrb-
Cre*";Gnag™™:Gnall”’- mice showed evidence of altered epithelial cell
differentiation. Pdgfrb-Cre*;Gnaqf™:Gnall’- mouse lungs contained
fewer pro-SPC-positive AECII cells. AECII cells are widely accepted to
be epithelial progenitor cells in the lung which differentiate into the AECI
cells that form the gas exchange surface of the alveoli (270, 271). AECII
cells are essential for both normal developmental and repair processes
in the lung, and the defect in their differentiation in Pdgfrb-Cre*-
:Gnaqf™:Gnall’ mice implies that mesenchymal Gag11 signalling helps
to drive epithelial cell activity in the lungs. The mechanisms underlying
the lower numbers of AECII cells in this study are not certain, however a
previous study found that a Pdgfra®* mesenchymal cell population
supported the growth and differentiation of ATII cells (270). While the
current study does not prove a mechanistic link, these data support a role

for Pdgfrb* cells in supporting AECII cell growth.

Furthermore, the epithelial abnormalities were not restricted to the lungs

of Pdgfrb-Cre*-;Gnaqg?™;Gnall’ mice, as animals with mesenchymal
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Gag11 knockout also exhibited neoplasm-like renal tubular epithelial
proliferation. This, along with the pulmonary findings, suggests that
mesenchymal Gaq11 signalling plays tissue-specific roles in the
regulation of epithelial differentiation and growth. Further study of the
mechanisms underlying this mesenchymal-epithelial crosstalk could
have implications for the study of both developmental and malignant

diseases.

A key process in alveolarisation is secondary septation, where primitive
sacculi are divided by myofibroblast-driven outgrowths, which eventually
form the alveoli. Secondary septation is a complex process involving
interactions between AECI, AECII, endothelial, and mesenchymal cells,
and is a period of high cellular proliferation (272). Mesenchymal Gag/11
knockout mice exhibited lower degrees of staining for Ki67, a proliferative
marker, in the lungs compared with control mice. While these data do not
indicate which cell types have an altered proliferative rate with
mesenchymal Gag11 deletion, the overall reduction in proliferation in
mesenchymal Gaq/11 knockout lungs suggests that this may be a driving

factor for the abnormal lung appearances.

In addition to failed myofibroblast differentiation from precursor cells,
Pdgfrb-Cre*-;Gnag™f;Gnall’ mouse lungs showed evidence of altered
pericyte migration. Pdgfrb-Cre* ;Gnaq"":Gnall”- lungs contained
abnormal peripheral pulmonary vessels characterised by a hypertrophic
vascular smooth muscle layer. This suggests that pericyte Gag/11 deletion

may prevent pericytes from migrating away from the perivascular region
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to the alveolar parenchyma, and could result in dysregulated vascular
smooth muscle growth. However, pericytes are also known to signal to
the endothelium and can influence endothelial activity and
vasculogenesis (273), indicating that altered mesenchymal-endothelial
crosstalk could also have contributed to the abnormal vascular
appearances observed in Pdgfrb-Cre*-;Gnag™f;Gnall” lungs. Further
study is required to confirm the cell types and signalling pathways
involved in generating the abnormal peripheral pulmonary vascular

appearances in Pdgfrb-Cre*;Gnaq™;:Gnall’ mice.

Furthermore, as the abnormal pulmonary vessels observed in Pdgfrb-
Cre*";Gnag"™;:Gnall”- mice were similar to those seen in PAH (250), and
disturbed GPCR signalling can increase hypoxia-induced pulmonary
vascular remodelling (274), Pdgfrb-Cre*-;Gnaqf™:Gnall” mice could
have had PAH secondary to hypoxia caused by the abnormal alveolar
architecture. Pdgfrb-Cre*-;Gnaq";Gnall- mice did not exhibit signs of
respiratory distress at 2 weeks of age, and cardiac histology did not show
evidence of right ventricular hypertrophy. This supports the former
hypothesis of altered pericyte crosstalk with endothelial and smooth
muscle cells. However, firm conclusions on the cause of the abnormal
peripheral pulmonary vessels in Pdgfrb-Cre*-;Gnaq";Gnall” mice
cannot be drawn from this study, and this hypothesis requires further

investigation.

Pdgfrb-expressing cells include pericytes, fibroblasts, myofibroblasts,

and vascular smooth muscle cells (48), therefore the conditional Gag/11
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knockout in this model will have affected a wide range of cell types. It is
not possible to dissect the precise roles for each cell type in the
phenotype observed in Pdgfrb-Cre*;Gnaqg™";Gnall-- mice. However, as
pericytes are a major mesenchymal precursor cells for fibroblasts,
myofibroblasts and smooth muscle-like cells in the lung (267), it is
reasonable to hypothesise that pericyte Gogqi11 knockout may be the
primary cause for the abnormalities seen in Pdgfrb-Cre*;Gnaqg™";Gnal1-

- mice.

The role of PDGFRa-expressing mesenchymal cell precursors in the
development of the secondary crest myofibroblasts that drive
alveolarisation has been established by previous work (275). However,
a role for PDGFRB-expressing cells in alveolar development has not
been described prior to this study. It is possible that secondary crest
myofibroblasts derived from a PDGFR[B-expressing precursor, possibly
losing the expression of this receptor, however it was not possible to
perform lineage tracing studies as part of this project. Further work is
required to better characterise the role of PDGFR[B-expressing precursor

cells in alveolar development, and the cell lineages involved.

The underlying mechanism by which mesenchymal Gag11 signalling
controls the activities of numerous cell types in addition to pericytes and
myofibroblasts is likely to be related to TGFf signalling. Gag/11 signalling
induces TGFf activation in epithelial cells (74, 219), and TGFf regulates
cellular proliferation, differentiation, and ECM generation, all of which are

essential for normal lung development (54, 59). All three TGF isoforms
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are expressed at high levels during development with distinct spatial and
temporal expression patterns (82). The importance of tightly regulated
TGF signalling in alveolar development is well established, with both
over- and under-activity being implicated in disturbances to
alveologenesis (87-97). However, the role of mesenchymal cell Gag/11-
mediated TGFf activation in lung development has not been investigated

previously.

There are several mechanisms by which Goag11 could induce TGFf
activation in alveolar development. Mechanical stretch of the lungs
induces TGFf activation via Gag/11 Signalling in the epithelium (219), and
pericyte YAP/TAZ, another mechanosensitive signalling pathway, has
been found to be important in alveolarisation (272). However, the role of
mesenchymal cell stretch in TGFB activation is unknown. Additionally,
several Gagi11-coupled GPCRs are known to induce TGFf signalling, and
mice with a global knockout of LPA receptor 1, which induces Gag/11
signalling, have abnormal alveolarisation similar to the appearance of
Pdgfrb-Cre*";Gnaq®™:Gnall’- mouse lungs described here (142). The
roles of G proteins in interpreting these stimuli in mesenchymal TGF(3

signalling will be explored in subsequent chapters of this thesis.

While mesenchymal Gaqi11 knockout was clearly detrimental, Pdgfrb
expression, and thus pericytes, are found in many tissues, therefore the
exact cause of the demise of Pdgfrb-Cre*-;Gnaq";Gnall’ mice is not
certain. Pdgfrb-Cre*-;Gnaq"f;Gnall’ mice did not have overt signs of

respiratory distress, thus it is unlikely that the pulmonary abnormalities
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were the only cause of death. The profound renal abnormalities may
have been sufficient to cause renal failure, which could have been the
primary cause of deterioration of the Pdgfrb-Cre*;Gnag™";Gnall”- mice
at around 3 weeks old. Renal mesangial cells are specialised pericytes
that form an essential part of the glomerular functional unit in the kidneys,
providing structural support and growth factors essential for endothelial
cell and podocyte function (276). The failure to thrive of Pdgfrb-Cre*-
;Gnag”’;Gnall mice could be consistent with renal dysfunction,
culminating in electrolyte imbalance and/ or uraemia as the final cause
of death. Further study is required to determine the precise biochemical
consequences of mesenchymal Gag11 deletion in vivo, specifically the

effect of this genotype on renal function.

An alternative explanation for the failure to thrive of Pdgfrb-Cre*;Gnaq”
;Gnall"M mice could be nutrient malabsorption secondary to gut
dysfunction. PDGFR} is expressed in the gut (268), and defective gut-
related blood vessel formation could reduce the efficiency of nutrient
absorption from the gut. This hypothesis is supported by the accelerated
deterioration of Pdgfrb-Cre*-;Gnag”’;Gnall animals at around 3
weeks of age, when pups have usually weaned from their mother’s milk
and start taking a normal diet consisting of more complex nutrients. While
the gut appearances of Pdgfrb-Cre* ;Gnaq’;Gnallf® mice were
macroscopically normal at necropsy, histological analyses of the bowel

were not performed, thus the contribution of gut defects to the Pdgfrb-
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Cre*;Gnag”’;Gnall"" mouse phenotype cannot be determine by this

study.

While it could be argued that the severe phenotype observed in Pdgfrb-
Cre*~:Gnag™™;Gnall’ mice should have been anticipated prior to
breeding, the Pdgfrb-Cre*- mouse has been used for several studies of
fibrosis, malignancy and tissue repair without seriously detrimental
phenotypes from gene knockout in Pdgfrb-expressing cells (48, 49, 57,
277). Similarly, cell type-specific Gagq11 knockout mice have been
generated in a number of cell types without severe developmental
phenotypes (Table 4-1). It is likely that the combination of Cre
recombinase expression in pericytes, key cells for normal development,
alongside the knockdown of a central signalling mediator, Gag/11, in this
study explains the severe phenotype seen in Pdgfrb-Cret-

:Gnag"f;Gnall’ mice.

The abnormalities in Pdgfrb-Cre* ;Gnag";Gnall’- mice were
sufficiently significant to cause the animals with this genotype to be
unviable beyond 3 weeks of age. Additionally, the lower numbers of
Pdgfrb-Cre*-;Gnag™f;Gnall’- mice reaching genotyping age (2 weeks)
suggests that these mice were also more likely to die in utero or in early
life compared with mice with at least one intact mesenchymal Gnag or
Gnall allele. Similarly, mice lacking mesenchymal Gai2/13 were born at
much lower than the expected frequency, suggesting either death in
utero or in early life. There are fewer published studies of cell type-

specific Ga12/13 knockout mice (Table 4-2). From the data presented here,
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it is unclear what precise effects mesenchymal Ga12/13 deletion has on

normal development.

Table 4-2: Studies of Conditional Ga12113 Knockout Mice

Study Cre Target tissue | Phenotype

Dettlaff- PO-Cre Neural Crest | Cardiac

Swiercz et al malformations,

(256) embryonic lethal

Herroeder et Lck-cre T cells Lymphadenopathy,

al (278) increased weight
and cellularity of
thymus

Moers et al Nestin-Cre Neurons Death between

(279) P10-P40
Abnormal

development of
cerebrum and

cerebellum

Reiken et al CD-19-Cre B cells Fewer splenic
(262, 280) marginal zone B
cells, reduced

antibody

production

P = postnatal day

A single Pdgfrb-Cre*’;Gnal2’;Gnal3""mouse reached genotyping age,
and besides a tail deformity this animal behaved normally and grew in a
comparable manner to its littermates. It is unclear whether this tail
abnormality occurred secondary to an injury, or whether this reflects a

role for Ga12/13 in normal tail development. Gnal2- mice have no visible
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phenotype, but Gnal3’ embryos die in utero at embryonic day 10 due
to defective vasculogenesis (144). No reports of abnormal tail formation
in Gnal3”- mice were reported in the studies that characterised these
germline mutant animals, but as the tail bud normally appears at around
embryonic day 10 (281), it is possible that these animals died before any
tail abnormality could be detected. Given that fibroblast-like cells from
Gnal3’ mouse embryos have impaired migratory responses (144), it is
possible that Pdgfrb-Cre*-;Gnal2/;Gnal3" mice have defective tail
development because of a key role of Ga12/13 in tail elongation. However,
firm conclusions cannot be drawn from the single Pdgfrb-Cre*-;Gnal2
;Gnal3™ mouse observed in this study. As there were limited organ
samples to pursue any mechanistic studies to further define any
abnormalities, these experiments were not pursued. While the effects of
mesenchymal Ga12/13 deletion on development cannot be concluded from
this study, these data clearly demonstrate that the breeding of Pdgfrb-
Cre*;Gnal2”’;Gnal3" mice for a bleomycin model of pulmonary

fibrosis would not be feasible.

The presumption that most Pdgfrb-Cre*-;Gnal2”;Gnal3"f animals die
in utero is seemingly contradicted by the lack of detrimental phenotype
in the surviving Pdgfrb-Cre*~;Gnal2”/-;Gnal3"" mouse. However, in
previous work using a surfactant protein C (SPC)-Cre model with the
same Gnal2”’;Gnal3"! mice used in this study found that Spc-Cre*";
Gnal2’; Gnal3"f animals were born at approximately half the expected

Mendelian frequency, but did not show any detrimental phenotype (219).
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This suggests that other factors may influence whether Pdgfrb-Cre*-

;Gnal2’;Gnal3" mice can overcome any detrimental phenotype.

The hypothesis underlying the work presented here was that interrupting
mesenchymal Gagi11 Or Gat2/13 signalling would be protective against
pulmonary fibrosis. The phenotypes of Pdgfrb-Cre*-;Gnag;:Gnal1-"
and Pdgfrb-Cre*-;Gnal2”-;Gnal3" mice were sufficiently detrimental to
preclude the use of these animals in the bleomycin model of pulmonary
fibrosis. This is because mice lacking mesenchymal Gag/11 Would not be
fit enough to withstand bleomycin administration, and mice lacking
mesenchymal Ga12/13 could not be bred in sufficient numbers for a well-
powered study. Therefore, it is not currently possible to conclude whether
mesenchymal Gag/11 Or Ga12/13 blockade is protective against pulmonary
fibrosis in vivo. The abnormalities observed in Pdgfrb-Cre*-
:Gnag"™:Gnall”’ and Pdgfrb-Cre*-;Gnal2”-;Gnal3" mice are thought
to be due to disturbances in developmental processes, and the
exaggerated wound healing responses seen in IPF are often driven by
the same pathways that drive normal lung development (282). Therefore,
an inducible Cre expression model may allow us to test the original study

hypothesis. This approach will be evaluated later in this thesis.

4.6 Limitations

The main limitation of this work is the single timepoint at which Pdgfrb-
Cre*";Gnag™;Gnall’- mouse tissue was assessed (2 weeks old).
Analysis of lung histology at several timepoints would have pinpointed

the time point at which alveolarisation began to fail in the lungs, and when
195



the renal abnormalities began to appear. These assessments would also
rule out destructive processes leading to the normal lung appearance in
Pdgfrb-Cre*";Gnaq™:Gnall’- mice, as pericytes have been implicated
in the immune response to lung injury (283). Furthermore, assessment
of neonatal lung and renal tissue would have ascertained whether the
abnormalities were present at birth or developed postnatally.
Unfortunately, it was not feasible to obtain tissue from Pdgfrb-Cre*-
:Gnaqf:Gnall’ mice at multiple timepoints because of the low numbers
of mice born with this genotype and the ethical considerations of
breeding large numbers of animals with such a severe phenotype. In
addition, the primary aim of this study was not to perform detailed
phenotyping, but to assess whether these animals developed normally
enough to undergo experimental pulmonary fibrosis studies. On
discovery of the detrimental phenotype, assessments were performed to
describe the abnormalities as well as possible to avoid these animals
being bred again for ethical reasons, but in-depth developmental studies

were beyond the scope of this project.

Due to technical issues, it was not possible to confirm the Gaq knockout
in Pdgfrb-expressing cells in Pdgfrb-Cre*-;Gnaq:Gnall- mice. Other
studies have shown that Pdgfrb-Cre*- mice do not undergo Cre-
mediated DNA recombination in lung epithelial and endothelial cells
(272). However, Cre recombinase efficiency can vary according to the
characteristics of the floxed gene, such as DNA tertiary structure (224),

and it is therefore possible that Cre-mediated recombination occurred in
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cells other than pericytes, myofibroblasts, fibroblasts, and smooth

muscle cells, which hasn’t been reported previously.

In this study histology was used to phenotype Pdgfrb-Cre*-
;Gnag"f;Gnall” mice, however it could be argued that this approach is
not sufficient. The Wellcome Sanger Institute uses multiple assessments
when phenotyping a new transgenic mouse line, including body weight,
hair morphology, grip strength, indirect calorimetry, glucose tolerance,
auditory brainstem response, radiological imaging, and slit lamp
examination and ophthalmoscopy for eye morphology (284). However,
all of these examinations other than body weight occur at 4 weeks old or
later, which would not have been possible for the Pdgfrb-Cre*
:Gnag"™:Gnall” mice, which did not survive beyond 3 weeks of age.
Hence, while it is possible that some abnormalities have been missed by
the approach taken in this study, many of the aforementioned
phenotyping tests would not have been feasible in Pdgfrb-Cre*

:Gnag"™:Gnall” mice.

4.7 Conclusion

This is the first study to generate mesenchymal Gagq11 and Gat2/13
knockout mice, and this work has demonstrated important roles for these
G proteins in normal development. Specifically, mesenchymal Gag/11
signalling is essential for normal alveolar development and tumour
suppression in the kidney. Animals with germline deletion of Gagi11 Or

Ga12/13 In mesenchymal cells are not suitable for use in the bleomycin
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model of pulmonary fibrosis, and alternative investigations should be

performed to ascertain the role of these G proteins in fibrogenesis.
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5 The Role of Gagi11 and
Ga12/13 10 Driving

Myofibroblast Activity
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5.1 Introduction

The data presented in Chapter 4 demonstrated that deficiency of Gag/11
or Ga12113 signalling in Pdgfrb-expressing cells results in severe
developmental phenotypes, including abnormal alveolarisation in
mesenchymal Gagi11 knockout mice. These phenotypes may have
occurred due to altered TGFB signalling and myofibroblast activities,
which could make mesenchymal Gag11 Or Ga12/13 deficiency protective
against pulmonary fibrosis. In addition, many of the signalling pathways
that drive normal lung development are reactivated during fibrogenesis,
and TGFp signalling is essential for both processes, suggesting that
mesenchymal Gag11-deficient lungs may be resistant to developing
pulmonary fibrosis. However, mice deficient in mesenchymal Gag11 and
Ga12/13 were not suitable for us in in vivo experimental pulmonary fibrosis
models, and the exact roles of mesenchymal Gog11 and Gai/13 in
myofibroblast function and TGFB signalling remain unclear. In vitro
methods to assess the role of mesenchymal cell Gag/11 and Ga12/13 in
TGFB signalling and myofibroblast function could reveal important

mechanisms of both normal lung development and fibrosis.

Myofibroblasts are key cells in both fibrogenesis and normal lung
development. These cells differentiate from fibroblasts in response to a
range of stimuli, including TGF signalling and increased stiffness of the
surrounding extracellular matrix (ECM) (164-166). In turn, myofibroblasts
organise and generate increasingly stiff ECM, and activate latent TGFf3

from the ECM through cellular contraction (161). In normal wound
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healing or development, myofibroblast activity is tightly controlled,
however in fibrosis myofibroblast activity is exaggerated, resulting in a
positive feedback loop of fibrogenesis (9). Investigations of the
mechanisms that induce mesenchymal cell TGFB signalling and
myofibroblast differentiation in response to matrix stiffness are key to
understanding how pulmonary fibrosis progresses. However, the roles of
Gagi11 and Gat2/13 in these processes have not been investigated prior to

the current study.

To model the effects of mesenchymal Gagq/11 and Ga12/13 knockout in lung
development and pulmonary fibrosis, an in vitro G protein coupled
receptor (GPCR) agonist-induced TGF[ activation system relevant to
both conditions is required. The bioactive phospholipid LPA is a GPCR
agonist that activates TGFB in epithelial cells (74) and is found at
elevated levels in the lungs of patients with IPF (127). Furthermore, mice
with impaired LPA signalling due to LPA receptor 1 (Lpal) knockout
exhibit abnormal alveolarisation (142). Therefore, LPA-induced TGFf
signalling experiments are ideal to model the influence of mesenchymal

Gag/11 and Ga12/13 signalling on myofibroblast activities.

5.2 Aims and Hypothesis

The aims of this work were to:

1) Establish an in vitro model of GPCR agonist (LPA)-induced TGF(

signalling in mesenchymal cells.
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2) Understand the roles of Gag/11 and Ga12/13 in LPA-induced TGFf3
signalling.

3) Understand how mesenchymal cell Gag/11 and Ga12/13 are involved
in the detection of matrix stiffness and how this affects the

myofibroblast phenotype.

The hypotheses underlying this work were:

Gag11 @and Ga12/13 mediate TGFf signalling in response to the GPCR

agonist LPA via Rho-ROCK signalling in mesenchymal cells.

Gag11 @and Gqr2/13@re important for the detection of matrix stiffness

by mesenchymal cells.

5.3 Methods

5.3.1 LPA stimulations of MEFs

WT, Gnag”’;Gnall’, and Gnal2’;Gnal3”’- MEFs were seeded at 2 x
10° cells per well of a six well plate in full media, allowed to adhere
overnight, then growth arrested in 0% FCS DMEM for 24 hours. Cells
were stimulated with 50uM LPA in 0% FCS DMEM for 4 hours, then lysed

for protein analysis.

To assess the role of ROCK signalling in this system, cells were treated
with 10uM of the ROCK1/2 inhibitor Y27632 for 1 hour prior to and

throughout a 4 hour 50uM LPA stimulation.
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5.3.2 LPA stimulation of HLFs with and without Gag11 or Ga12/13
knockdown
HLFs were seeded at 1.5 x 10° cells per well of a six well plate in

antibiotic-free full media and allowed to adhere overnight.

15nM per siRNA of GNAQ and GNA11 siRNA, or GNA12 and GNA13
SiRNA, were applied with 4pl/ml DharmaFECT 1 transfection reagent in
0% FCS DMEM. A non-targeting control siRNA was applied to control
cells at 25nM, as per the manufacturer’s protocol. After 24 hours, the
transfection media was replaced with antibiotic-free full media, then 24
hours later this was replaced with 0% FCS DMEM to growth arrest the
cells. Cells were stimulated with 50uM LPA for 4 hours, and cell lysates

collected for protein analysis.

5.3.3 Matrix stiffness experiments
5.3.3.1 Generation of soft tissue culture substrates

5.3.3.1.1 Principle

Cellular activity can be influenced by the mechanical properties of the
environment, therefore work to generate tissue culture substrates with
modifying elastic moduli has increased over recent years. In the method
used in this thesis, silicone-based propriety polymers were mixed in pre-
defined ratios, resulting in a reaction that generates a polymer of a known

elastic modulus.
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5.3.3.1.2 Method

Silicone cell culture substrates were generated using a proprietary
method in the laboratory of Dr Boris Hinz (University of Toronto,
Canada). Substrates were generated by mixing “Polymer A” and
“‘Polymer B” at pre-defined ratios to achieve substrate with the desired
elastic modulus (Table 5-1: Components of soft tissue culture gels. Each
batch of the proprietary polymers was validated as producing the correct

polymer stiffness in house.

Table 5-1: Components of soft tissue culture gels

Stiffness (kPa) 5 36 100
Polymer A: Polymer B 1.8:1 |1.2:1 |0.67:1
ratio

An appropriate volume of Polymer B was mixed with a polymerisation
retardant (proprietary, University of Toronto, 0.3-0.6% of the final total
volume of Polymers A and B), on a THINKY centrifugal mixer for 3
minutes at 1600rpm. Polymer A was added to the Polymer B/ retardant
mixture, and mixed for 3 minutes at 1600rpm. A syringe pump was used
to dispense 600ul Polymer A/ Polymer B mixture into the centre of 35mm
dishes, or 100ul onto the centre of each well of a 24 well plate, and the
polymer mixture allowed to spread evenly on a flat surface overnight.

Substrate-coated plates were then baked at 60°C for 4 days.
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5.3.3.2 Functionalisation and protein coating of soft substrates

To overcome the hydrophobicity of the polymerised silicone, the
substrates were plasma oxygen treated for 25 seconds using a Plasma
Etch system (Plasma Etch, USA). Plasma oxygen treatment results in
the formation of a hydrophilic layer on the surface of the polymer due to
the formation of high energy surface groups produced by the reactions
between the surface of the polymer and reactive plasma species (285).
As the hydrophilization of the polymer surface is unstable, the polymer
was immediately covered with 10ug/ml gelatin in PBS, and incubated
overnight at 37°C. The gelatin solution was aspirated just before cells

were seeded for experiments.

5.3.3.3 Cell culture on soft substrates

Cells were seeded on gelatin-coated tissue culture plastic or soft silicone
substrates of 5kPa, 36kPa, and 100kPa stiffness, at 1 x 102 cells per
35mm dish in full media. Cells were allowed to grow for 6 days, then

lysed for protein analysis.

5.3.3.4 LPA stimulations on soft substrates

Cells were seeded on gelatin-coated tissue culture plastic, or soft silicone
substrates of 5, 36, and 100kPa stiffness, at a density of 2 x 10% cells per
well of a 24 well plate, and allowed to adhere overnight. Cells were
growth arrested in 0% FCS DMEM for 24 hours before stimulation with

50uM LPA for 4 hours. Cells were lysed for protein analysis.
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5.3.4 Online data repository searches

LungMAP (286) and IPF Cell Atlas (287, 288) are online repositories of
single cell RNA sequencing (scRNASeq) and proteonomic data from
developing and adult lungs, respectively. These repositories were
searched for PDGFRB and LPA receptor (LPAL1, LPA2, LPAS3, LPAA4,
LPA5, and LPA6) gene expression in developing and adult lung

mesenchymal cells in mice and humans.

The GPCRdb website (289, 290) was used to identify the Ga subunit

family couplings to mammalian LPA receptors.

5.4 Results

5.4.1 Murine embryonic fibroblasts (MEFs) and human lung fibroblasts
(HLFs) express PDGFRB

To establish which cell type would be most appropriate to model the

mesenchymal Gaqi11 and Ga12113 knockout in the Pdgfrb-Cre murine

models reported in Chapter 4, IPF Cell Atlas and LungMAP were used to

identify cells that express PDGFRB in humans and mice.

RNASeq data from LungMAP showed that mesenchymal cells in mouse
lung consistently express higher levels of Pdgfrb than epithelial,
endothelial, and immune cells (Figure 5-1A). This mesenchymal Pdgfrb
expression peaks on postnatal day 7 (P07), a time when alveolarisation
is underway (14), thus supporting the role of Pdgfrb-expressing
mesenchymal cells in alveologenesis. While pericytes have the highest

Pdgfrb expression, lung fibroblasts also express Pdgfrb (Figure 5-1B).
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This evidence suggests that mouse fibroblasts are appropriate tools for
in vitro models of molecular signalling in Pdgfrb-expressing cells. Murine
embryonic fibroblasts (MEFs) were chosen for these in vitro models, as
they are an immature cell that would be present during developmental
processes. Furthermore, MEFs with stable Gnaq and Gnall (Gnaq”
:Gnall”), and Gnal2 and Gnal3, knockdown (Gnal2”/;Gnal3"’ MEFSs)
are available, allowing the investigations of the role of mesenchymal

Gagi11 and Gat2/13 in developmental and fibrotic pathways in vitro.
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Figure 5-1: Pdgfrb gene expression is highest in mesenchymal
cells during lung development.

A) Pdgfrb expression in mouse lung cells during development. Data
generated from RNA Seq analysis of sorted cells. Data shown is mean
gene expression value from 16-24 C57BL6 mice per age group. Data
and graph from LungMAP (286).

B) Single cell RNA Seq data showing mean Pdgfrb expression in
mouse lung cells during development in different cell types. Data shown

as mean = standard error of the mean. Data and graphs from LungMAP
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(286).
E = embryonic day; P= postnatal day

To increase the translatability of any in vitro models used in this study to
human lung development and disease, the LungMAP and IPF Cell Atlas
data repositories were searched for PDGFRB expression in developing
and mature human lung cells. In a similar pattern to developing mouse
lungs, human lung mesenchymal cells consistently expressed the
highest levels of PDGFR[ protein (Figure 5-2A) and PDGFRB mRNA

(Figure 5-2B) compared with other cell types during development.
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Figure 5-2: PDGFRB is expressed at high levels in mesenchymal
cells in the developing human lung

A) Proteonomic data from sorted cells showing PDGFR[ protein
expression in different lung types at different developmental stages in
the human lung. Data shown as mean + standard error of the mean,
n=2 for 1 day, 6 day, and 20 months old, n=1 for other ages (286).
B) RNA-Seq data from sorted human lung cells at different stages of
development. Data shown as mean + standard error of the mean. Data
from lungs from 2 subjects at 1 day, 6 day, and 20-month-old data
points. Data for other timepoints from 1 donor each. Data and graphs
from LungMAP (286).
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Furthermore, in adult human lungs affected and unaffected by pulmonary
fibrosis mesenchymal cells continued to be the only cell types with
significant PDGFRB expression (Figure 5-3A-C). Pericytes, fibroblasts,
myofibroblasts, and smooth muscle cells had the highest PDGFRB
expression levels (Figure 5-3D). These data confirm that HLFs are ideal
for use for in vitro experiments that investigate the functions of Gag11 and
Ga12113 signalling in PDGFR-expressing cells in development and

disease.
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Figure 5-3: PDGFRB expression in different cell types in the adult
lung

A-C) Uniform Manifold Approximation and Projection (UMAP) images
showing PDGFRB expression in A) stromal cells, B) immune cells, and
C) epithelial cells. Gene expression on left side and key of cell types on
the right of each image. Yellow colour indicates higher gene
expression, indigo indicates low gene expression. 312,928 cells from
32 IPF, 18 COPD, and 28 control donor lungs. Each dot represents a
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single cell.
D) Single cell RNASeq data of PDGFRB expression in adult lung cells.
Single cell RNASeq data and graphs from IPF Cell Atlas (287, 288).

VE = vascular endothelial cell; VE(A) = venous; VE(B) = capillary A;
VE(C)= arterial; VE(D) = Capillary B; VE(E) = peribronchial,
DC=dendritic cell; mono= monocyte; ILC = innate lymphatic cell; AT1 =
alveolar type 1 epithelial cell; ATII = alveolar type Il epithelial cell.

5.4.2 Gnaq’;Gnall”’ and Gnal2’;Gnal3” MEFs are appropriate for
models of mesenchymal Gag/11 and Ga12/13 Signalling in vitro.
To confirm the suitability of Gnag”-;Gnall” and Gnal2”;Gnal3" MEFs
for the mechanistic experiments that were used in this chapter, the Gag/11
and Ga1213 expression status of Gnaq’;Gnall”’ and Gnal2”/;Gnal3"
MEFs was validated. Gnag”; Gnall’ MEFs were confirmed to have
significantly reduced Gnag and Gnall mRNA expression (Figure
5-4A,B) and complete Gaq and Ga11 protein knockout (Figure 5-4C,D).
Gnal2’;Gnal3’ MEFs did not have reduced Guq and Ga11 protein

expression compared with WT MEFs (Figure 5-4C-D).
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Figure 5-4: Gagi11 knockdown is confirmed in Gnaq”;Gnall” MEFs

A-B) Gnaqg (A) and Gnall (B) mRNA expression as assessed by
gPCR. Data shown as median * interquartile range of 4 independent
experiments. Statistical analysis performed using a two-tailed Mann
Whitney Test.

C-D) Guq and Ga11 protein expression in wild-type (WT) Gnal2”;Gnal3-
l-, and Gnag”;Gnall”’ MEFs. Western blots are representative of three

independent experiments.

Similarly, Gnal2 and Gnal3 mRNA expression were significantly
reduced in Gnal2’; Gnal3”’ MEFs compared with WT MEFs (Figure
5-5A,B), and complete Ga12 and Ga13 protein knockdown was confirmed
in Gnal2”’; Gnal3’ MEFs (Figure 5-5C,D). Gnaq”’;Gnall’ MEFs
expressed equivalent levels of the Ga12 and Ga13 proteins to WT MEFs
(Figure 5-5C-D).
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Figure 5-5: Ga12113 knockdown is confirmed in Gnal2”/;Gnal3"

MEFs

A-B) Gnal2 (A) and Gnal3 (B) mRNA expression as assessed by
gPCR. Data shown as median * interquartile range of 4 independent

experiments. Statistical analysis performed using a two-tailed Mann

Whitney Test.

C-D) Gu12 and Ga13 protein expression in wild-type (WT) Gnal2-

:Gnal3”, and Gnag”’;Gnall”’- MEFs. Western blots are representative

of three independent experiments.

These data confirm that the Gnag”-;Gnall” and Gnal2”/-;Gnal3”’- MEFs

were appropriate tools to investigate the role of mesenchymal Gag/11 and

Ga12/13 in TGFP signalling and myofibroblast function.
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5.4.3 LPA receptors are expressed by mesenchymal cells in developing
and adult lungs

To confirm whether in vitro studies based on LPA stimulations were an

appropriate model to assess the role of mesenchymal cell G protein

signalling in development and disease, the LungMAP and IPF Cell Atlas

repositories were searched for LPA receptor gene expression in

developing mouse and adult human lungs, respectively.

In the developing mouse lung, expression of all 6 mammalian LPA
receptor genes was detected in mesenchymal cells, and Lpal, Lpa4,
Lpab5, and Lpa6 were all elevated relative to earlier timepoints at P07
(Figure 5-6A-F), a key time point in alveologenesis. As the overall
expression of Lpal was the highest of all of the LPA receptor genes
(Figure 5-6), LPA1 may be the most relevant of the LPA receptors in
alveolarisation. These data confirm that murine mesenchymal cells can
respond to LPA stimulation in a manner relevant to alveolarisation, and
that MEFs are appropriate for use in LPA-induced TGF[p signalling

experiments.
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Figure 5-6: The expression of the LPA receptor genes in mouse
lung mesenchymal cells during development

LPA receptor gene expression in mouse lung mesenchymal cells at
embryonic days 16 and 18 (E16, E18), and postnatal days 7 and 28
(P07, P28).

A) Lpal, B) Lpa2, C) Lpa3, D) Lpa4, E) Lpa5, F) Lpa6

Data generated from RNA Seq analysis of sorted cells. Data shown is
mean gene expression value from 16-24 C57BL6 mice per age group.
Data and graph from LungMAP (286).
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To confirm the relevance of an LPA-induced TGF@ signalling model to
adult mesenchymal cell activity and fibrogenesis, the IPF Cell Atlas data
repository was searched for LPA receptor gene expression in human
lung. In a similar pattern to that seen in murine cells, LPA1 gene
expression was the highest of all of the LPA receptors in fibroblasts,
myofibroblasts, and pericytes in adult human lung (Figure 5-7A).
Furthermore, LPA1 was expressed more frequently in IPF compared with
non-IPF myofibroblasts and pericytes (Figure 5-7B), confirming the

relevance of this receptor to pulmonary fibrosis.

Unlike the genes for LPA1-5, LPA6 expression was found in endothelial
cells (Figure 5-7A). However, endothelial cells did not have high Pdgfrb
gene expression (Figure 5-3), and thus were unlikely to be relevant to

the Pdgfrb-Cre mice being modelled here.
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Figure 5-7: LPA receptor 1 has the highest expression of the LPA
receptors in mesenchymal cells

A) Uniform Manifold Approximation and Projection (UMAP) images
showing expression of LPA receptor genes (LPAL, LPA2, LPA3, LPA4,
LPA5, and LPAG) in mesenchymal cells of the adult human lung. Each
dot represents a single cell. Yellow indicates the highest gene

expression levels.

B) LPA receptor gene expression in mesenchymal cells from donors

with and without IPF. Dot size indicates the percentage of cells
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expressing the gene. Darker green colour indicates higher gene

expression.

Single cell RNASeq data and graphs from IPF Cell Atlas (287, 288). VE
= vascular endothelial cell; VE(A) = venous; VE(B) = capillary A;
VE(C)= arterial; VE(D) = Capillary B; VE(E) = peribronchial.

Finally, to confirm that the most relevant LPA receptor to lung
development and pulmonary fibrosis, LPA1, couples to G protein a
subunits relevant to these studies, the GPCRdb database was searched
for GPCR-G protein coupling data. LPA receptors 1,2,4, and 5 all couple
to both Gaqi11 and Ga12/13 (Figure 5-8). LPA3 couples to Gagi11 but not

Ga12/13, and LPAG6 couples to Ga12/13 but not Gag/11 (Figure 5-8B).
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Figure 5-8: Mammalian LPA receptors couple to Gagi11 and Ga12/13
A) A Venn diagram of GPCR-G protein a subunit family coupling data.
Numbers are the number of mammalian G proteins that couple to the G
protein a subunit families shown. Figure adapted from GPCRdb (289,
290)

B) GPCR-G protein a subunit family coupling data for the mammalian
LPA receptors. Data from GPCRdb (289, 290).

Overall, these data indicate that an in vitro LPA-induced TGFf signalling
model in MEFs and HLFs would be relevant to both lung development
and the pathogenesis of pulmonary fibrosis. As LPA1 couples to both

Gagi11 and Gait2/13, the LPA-induced TGFB signalling model was an
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appropriate model to assess the role of mesenchymal Gag/11 and Ga12/13

In processes relevant to alveolarisation and fibrogenesis.

5.4.4 Gagi11and Gatz13 mediate LPA-induced TGFf signalling

To assess the role of Gag/11 and Ga12/13 in LPA-induced TGF signalling,
WT, Gnal2”’;Gnal3”, and Gnaq”’;Gnall”’- MEFs were stimulated with
50uM LPA for four hours, and TGFp signalling assessed by measuring
Smad?2 phosphorylation (pSmad2) on western blots. The Gnag”’;Gnall-
- MEFs failed to significantly increase Smad2 phosphorylation in
response to LPA (pSmad2 relative to Smad2 densitometry values of
0.0AU in unstimulated Gnaq’;Gnall” MEFs, compared with 0.56 in
stimulated cells, p=0.2; Figure 5-9A,B) . Additionally, Gnal2”/;Gnal3"
MEFs also had an abrogated LPA-induced TGFf signalling response
(pSmad2 relative to Smad2 densitometry values of 1.0AU and 1.2AU in
unstimulated and stimulated Gnal2’;Gnal3’- MEFs, respectively.
p=0.99; Figure 5-9A,B). Conversely, WT MEFs demonstrated
significantly increased pSmad2 expression after LPA stimulation
(pSmad2 relative to Smad2 densitometry value of 0.46AU in
unstimulated cells and 3.8AU in LPA-stimulated cells, p=0.03; Figure
5-9A,B). These data suggest that Gag/11 and Ga12/13 are both essential

components of the LPA-induced TGFf signalling pathway in MEFs.
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Figure 5-9: Knockout of Gagi11 0r Ga12/13 reduces LPA-induced
TGFp signalling in MEFs

A) Representative western blot showing pSmad2 expression in wild-
type (WT), Gnag”;Gnall”’, and Gnal2”;Gnal3”- MEFs stimulated with
50uM LPA for 4 hours.

B) Relative expression of pSmad2 to Smad2 from densitometry of
western blots. Data shown as median * interquartile range from 4
independent experiments. Statistical analysis performed using two-
tailed Mann Whitney Tests.

- =0uM LPA; + = 50uM LPA

To assess whether Gag/11 and Ga12/13 are also important in LPA-induced
TGFp signalling in human mesenchymal cells, siRNA was used to induce
GNAQ and GNA11 or GNA12 and GNA13, knockdown in HLFs. With
GNAQ and GNA11 knockdown, LPA-induced Smad2 phosphorylation
was significantly reduced compared with cells treated with non-targeting
SiRNA (relative pSmad2 to Smad2 densitometry value of 3.8AU with
control siRNA compared with 0.3AU with GNAQ and GNA11l siRNA;
Figure 5-10A,B). Similarly, siRNA-induced GNA12 and GNA13
knockdown reduced LPA-induced Smad2 phosphorylation from a

relative pSmad2 to Smad2 densitometry value of 3.1AU with control
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siRNA to 1.6AU, although this was not the complete knockdown seen

with GNAQ and GNA11 siRNA (Figure 5-11A,B).
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Figure 5-10: Gagr11 knockdown reduces LPA-induced TGF
signalling in HLFs

A) Representative pSmad2 and Smad?2 western blots from human lung
fibroblasts treated with non-targeting (Scr) or GNAQ and GNA11 siRNA
and stimulated with 50uM LPA for 4 hours. SiRNA-induced GNAQ and
GNAL11 knockdown was confirmed by western blot.

B) Relative expression of pSmad2 to Smad2 from densitometry of
western blots. Data shown as median + interquartile range, 4
independent experiments on cells from different donors. Statistical
analyses performed using two-tailed Mann Whitney Tests.
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Figure 5-11: Ga12113 knockdown reduces LPA-induced TGFB
signalling in HLFs

A) Representative pSmad2 and Smad2 western blots from HLFs
treated with non-targeting (Scr) or GNA12 and GNA13 siRNA and
stimulated with 50uM LPA for 4 hours. Dotted line indicates that a
separate western blot was performed on the same samples to assess
Ga12 and Ga13 protein expression.

B) Relative expression of pSmad2 to Smad2 from densitometry of
western blots. Data shown as median * interquartile range from 4
independent experiments on cells from different donors. Statistical
analysis performed using two-tailed Mann Whitney tests.

- = OuM LPA; + = 50uM LPA

These findings demonstrate that Gagi11 and Ga12113 both act as key
components of the LPA-induced TGFf signalling pathway in mouse and

human mesenchymal cells.
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5.4.5 ROCK-dependent and ROCK-independent mechanisms are
involved in LPA-induced TGF signalling

Upon GPCR activation, both Gag/11 and Ga12/13 activate signalling via the

Rho-ROCK cascade. Therefore, the role of ROCK in G protein-mediated

TGFf signalling in mesenchymal cells was assessed using the ROCK1/2

inhibitor Y27632 in the LPA-induced TGF[ activation model.

ROCK inhibition reduced both baseline Smad2 phosphorylation, and
partially inhibited LPA-induced Smad2 phosphorylation in WT MEFs,
although this did not reach statistical significance (relative pSmad2 to
Smad?2 densitometry value reduced from 0.68AU to 0.46AU with ROCK
inhibition at baseline, p=0.1, and 2.4AU to 1.5AU with LPA stimulation,
p=0.4; Figure 5-12A-C). A similar pattern of reduced Smad?2
phosphorylation was seen in Gnal2’;Gnal3’ and Gnag”’;Gnall”
MEFs with ROCK inhibition (Figure 5-12D,E), but the differences
between LPA simulated and unstimulated cells were less clear due to the

blunted LPA-induced TGFp signalling response in these cells.
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Figure 5-12: ROCK inhibition partially reduces LPA-induced TGF@
signalling in MEFs

A) Representative pSmad2 and Smad2 western blot from wild-type
(WT), Gnag”;Gnall”’ and Gnal2”;Gnal3” MEFs stimulated with
50uM LPA for 4 hours with and without the ROCK inhibitor Y27632
(10pM).

B-D) Relative pSmad2 to Smad2 densitometry in all cell types (B), WT
(C), Gnal2”’;Gnal3" (D), and Gnaq’;Gnall”’ (E) MEFs. Data shown

as median * interquartile range, n=3.

These data suggest that LPA-induced TGFf signalling occurs at least in
part via the Rho ROCK cascade. However, the incomplete inhibition of
LPA-induced TGF signalling with ROCK inhibition suggests that other

LPA-induced signalling pathways may also be present.
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5.4.6 Gagi1 signalling influences the myofibroblast phenotype in
response to matrix stiffness, but this is not due to altered LPA-
induced TGFf signalling

As detection of surrounding matrix stiffness is a key characteristic of

myofibroblasts, and this mechanosensitivity is a key aspect of both

fibrogenesis and development, further experiments were performed to
assess the role of Gagi11 and Ga12/13 in detecting matrix stiffness. The
expression of aSMA was used as a measure of the myofibroblast
phenotype, as aSMA is a myofibroblast marker that is known to be
expressed at increased levels by fibroblasts grown in stiff tissue culture

environments (53).

When MEFs were transferred from tissue culture plastic (TCP; ~2GPa)
to soft tissue culture substrates designed to mimic normal (5kPa), earlier
fibrotic (36kPa), and late fibrotic (100kPa) lung, only Gnaq’;Gnall"
MEFs exhibited significantly reduced aSMA expression after 6 days of
culture on softer substrates (aSMA to GAPDH relative densitometry
values of 0.2AU and 0.4AU on the 100kPa and 36kPa substrates,
respectively, compared with 1.0AU on TCP, p<0.05; Figure 5-13A-D).
While Gnag”’;Gnall”’- MEFs transferred to the 5kPa soft substrates
exhibited reduced aSMA expression (median aSMA to GAPDH relative
densitometry value of 0.4AU compared with 1.0 on TCP), this did not
reach statistical significance (p=0.2, Figure 5-13D). Conversely, WT and
Gnal2”;Gnal3’ MEFs did not show any trend towards reduced aSMA

expression on transfer from TCP to soft culture substrates (Figure
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5-13B,C). Overall, these data imply that Gaq/11, but not Ga12/13, is required
to maintain the myofibroblast phenotype in response to the mechanical
environment, and that further loss of mechanical stimulus by transfer to
a softer environment tips cells towards a less myofibroblast-like
phenotype. Furthermore, Gag/i11 may also drive myofibroblast mechanical
memory.
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Figure 5-13: Gag11 iS important for detecting matrix stiffness

A) Representative aSMA and GAPDH western blot of wild-type (WT),
Gnal2/;Gnal3”, and Gnaq’;Gnall’ MEFs grown on tissue culture
plastic (TCP) or silicone gels of 100kPa, 36kPa, or 5kPa.

B) aSMA relative to GAPDH densitometry for MEFs grown on tissue
culture plastic or soft silicone substrates. Data shown as median +
interquartile range, n=4. Statistical analysis performed using a Kruskal

Wallis test with Dunn’s multiple comparisons test.

To assess whether the reduction of aSMA expression in Gnaq’;Gnall-

I MEFs in softer environments was due to further reduction in the ability
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of these cells to activate TGFB, LPA-induced TGFB signalling
experiments were performed in WT, Gnal2”’;Gnal3”’, and Gnaq’”

:Gnall”’ MEFs on soft tissue culture substrates.
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Figure 5-14: LPA-induced TGFf signalling in MEFs is not affected
by the mechanical properties of the surroundings

A-C) Representative western blots of wild-type (WT, A), Gnal2’
;:Gnal3’, and Gnaqg’;Gnall’ MEFs grown on tissue culture plastic
(TCP) or silicone gels of 100kPa, 36kPa, or 5kPa stiffness, and
stimulated with 50uM LPA for 4 hours.

D-E) Relative pSmad2 to Smad2 densitometry of western blots. Data

shown as median * interquartile range, n=3.

Short-term (36-48 hour) culture of MEFs on soft tissue culture substrates
did not reduce LPA-induced Smad2 phosphorylation in WT, Gnal2’"
;Gnal3”, or Gnaq”’;Gnall”’ MEFs (Figure 5-14). These data suggest
that a mechanism unrelated to TGF signalling causes the soft substrate-

induced reduction of aSMA expression in cells lacking Gag/11.
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5.5 Discussion

The work presented here has identified in vitro systems to model the role
of Gag/11 and Ga12/13 in myofibroblast functions in mesenchymal cells that
could not be fully explored in Pdgfrb-Cre*-:Gnaq"":Gnal1-- and Pdgfrb-
Cre*;Gnal2”;Gnal3" mice (Chapter 4). Specifically, this is the first
work to dissect the mechanisms of LPA-induced TGFB signalling in
mesenchymal cells, and it is also the first to find a role for G proteins in
detecting matrix stiffness. These findings have implications for the
understanding of both normal alveologenesis and the pathogenesis of

pulmonary fibrosis.

Online data repositories were initially used to establish which cells would
be appropriate for use in the in vitro models. Data from the LungMAP and
IPF Cell Atlas data repositories confirmed that both murine and human
lung fibroblasts express PDGFRB, and so would have had Cre-induced
Gnag or Gnal3 knockout in the in vivo model described in Chapter 4.
Although fibroblasts and myofibroblasts are different to pericytes, which
were the primary Pdgfrb-expressing targets of the in vivo models, they
differentiate from pericytes and perform fibrosis-driving functions (291,
292). MEFs and HLFs were therefore chosen for in vitro studies of the

role of mesenchymal Gag/11 and Ga12/13 in profibrotic signalling.

LPA is found at elevated levels in the lungs of patients with IPF (127), as
well as in other fibrotic tissues (293, 294), and drives many of the
exaggerated repair processes characteristic of fibrosis. LPA influences

the activities of several different cell types, such as by inducing vascular
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leak, fibroblast recruitment, epithelial cell apoptosis, and fibroblast
survival (127, 129). LPA is also known to induce TGFP activation in
epithelial cells via Gagi11 and RhoA/ ROCK signalling (74), however the
effect of LPA on TGFf signalling in mesenchymal cells, and the signalling

pathways involved, have not been reported previously.

The LPA receptors LPALl, LPA2, and LPA3 are thought to be the
predominant LPA receptors in pulmonary fibrosis (74, 127, 129, 140,
295), with both Lpal’” and Lpa2’ mice being protected against
pulmonary fibrosis (74, 127, 129, 140, 295). LPAL1 is also essential for
normal alveolarisation (142), indicating an overlap between LPA-induced
developmental and fibrogenic signalling. However, the LPA receptor that
drives these pathways in mesenchymal cells specifically is less clear.
Both murine and human lung mesenchymal cells express mRNA for all
6 LPA receptors (286, 287). Of all of the LPA receptor genes, LPAL
expression was the highest in both human and mouse Ilung
mesenchymal cells. As LPAL couples to both Gagi11 and Ga12/13 (289),
LPA stimulations of MEFs and HLFs was a model relevant to
fibrogenesis, alveolarisation, and the in vivo models described in Chapter

4.

LPA consistently increased TGFB signalling, as indicated by Smad2
phosphorylation, in both MEFs and HLFs. However, either Gaq11 Or
Ga12113  genetic inhibition significantly suppressed this response,
indicating that both G protein families are important for LPA-induced

TGFB activation in mesenchymal cells. The similar findings between
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murine and human, and immature and mature, mesenchymal cells
demonstrates the generalisability of LPA-induced TGF[ signalling across
species and suggests that this pathway may be involved in normal lung

development and fibrogenesis.

The results of this study are in keeping with previous work, which found
that LPA stimulation of epithelial cells results in TGF activation via Gag/11
in both lung and kidney (74) (296). However, the current study is the first
to investigate LPA-induced TGFB signalling in mesenchymal cells.
Furthermore, while Ga12/13 signalling is known to drive cardiac fibrosis
(216, 297), there was little previous evidence of a role for Ga12/13 in
pulmonary fibrosis prior to this study. This work demonstrates that Ga12/13
signalling is important in LPA-induced TGFB signalling, and may

therefore mediate a key process in pulmonary fibrosis.

The different LPA receptors signal via various combinations of Ga subunit
families, so it is likely that there is some crossover in the G proteins
involved in LPA-induced TGFf signalling. For example, siRNA-induced
Ga12/13 knockdown incompletely reduced LPA-induced TGFf signalling
in HLFs, which could reflect partial compensation by Gag11 Signalling.
However, this contrasts with the complete knockdown of LPA-induced
TGFp signalling observed in Gag11-deficient MEFs. While it was not the
aim of this study to investigate the role of specific LPA receptors in
mesenchymal LPA-induced TGF@ signalling, future studies may focus on
defining LPA receptor-specific responses in lung development and

fibrogenesis.
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Gag11 and Ga12/13 can both activate the Rho/ ROCK cascade, and LPA is
known to induce cytoskeletal reorganisation via ROCK activity, resulting
in traction-induced liberation of latent TGF from the ECM (74, 121, 296).
In the current study, ROCK inhibition incompletely abrogated LPA-
induced TGFB signalling in MEFs, implying that other signalling
mechanisms, such as PLC-, PI3K-, or Src-related pathways, may also be
activated downstream of Gagq11 and Gat2/13 (111). LPA also induces
signalling by a number of other pathways, including MAPK and PKC
signalling (298), and can activate a number of transcription factors, e.g.
NF-kB, AP-1, C/EBPS, all of which could modify TGF signalling. How
Gagi11 and Gat2/13 interact with these other signalling pathways in TGFf

activation in health and disease should be a topic for future studies.

Previous studies of LPA-induced Gag11 and subsequent ROCK-induced
TGFp signalling both found the avB6 integrin to be key to this process
(74, 296). However, the av6 integrin is found only in epithelial cells and
therefore cannot be involved in the LPA-induced TGFB signalling in
mesenchymal cells described here. The avB1, avf3, and avp5 integrins
are all expressed by fibroblasts and are known to be involved in TGFf
activation (9), and the avB5 integrin is involved in contraction-related
LPA-induced TGFB signalling in airway smooth muscle cells (137).
However, evidence for the integrin involved in LPA-induced TGF(

signalling in fibroblasts or myofibroblasts is currently lacking.

As Rho/ ROCK signalling is a mechanosensitive pathway (119, 120, 299,

300), and responses to matrix stiffness are characteristic of
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myofibroblasts, the roles of Gag/11 and Gat2/13 in matrix stiffness-induced
myofibroblast differentiation were investigated. When MEFs were
transferred from tissue culture plastic, which has an unphysiologically
high elastic modulus of around 2 GPa, to silicone substrates of stiffness
relevant to normal lung (5kPa), moderate pulmonary fibrosis (36kPa), or
advanced (100kPa) pulmonary fibrosis (162), only MEFs lacking Gag/11
reduced aSMA expression. This result indicates that Gagi11-deficient
MEFs become less myofibroblast-like when transferred to a softer
environment, and suggests that Gag/11 may be involved in detecting stiffer

surroundings.

Alternatively, Gag11 signalling could be involved in inducing the
“‘mechanical memory” of myofibroblasts, where a myofibroblast grown in
a stiff environment retains elevated aSMA expression even when
transferred to softer environments (53, 301). Conversely, Ga12/13-
deficient MEFs maintained a steady level of aSMA expression when
transferred to softer substrates. While there was no difference in aSMA
expression between cells grown on the 5kPa, 36kPa, and 100kPa
substrates, overall these data indicate a role for Gag/11 in modulating the
myofibroblast phenotype in response to the mechanical environment,
specific to this G protein family. There are a number of cell surface
mechanosensors, including integrins (302, 303), glycoproteins (304),
receptors (305), and mechanosensitive ion channels (305), but this is the

first study to find a role for G proteins in detecting tissue stiffness.
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In pulmonary fibrosis, the lungs become stiff as ECM deposition,
crosslinking, and remodelling increases (306). As a result, TGFf
activation increases in these stiffer environments, as greater traction
forces are possible if a cell contracts against a more rigid and organised
ECM (168, 170). Mechanical properties are also key for directing normal
lung development (307), a process to which TGFB signalling is also
essential. A potential mechanism for the reduction in aSMA expression
in Gag11-deficient MEFs on transfer to softer culture environments is that
MEFs lacking Gag/11 activate less TGFf3, leading to reduced myofibroblast
differentiation. However, this study found no change in Smad2
phosphorylation, either at baseline or with LPA stimulation, in WT, Gnaq
-Gnall”, or Gnal2’;Gnal3’- MEFs when transferred to soft tissue
culture environments. These data suggest that a mechanism unrelated
to TGFpB signalling regulates the loss of aSMA expression when cells
lacking Gag/11 are grown on soft substrates. While it is impossible to rule
out alterations to the production of second messengers that may
influence aSMA expression in Gag/11-deficient MEFs, the relatively short
period of culture of the cells on soft culture substrates in these
experiments supports the hypothesis that Gagq11 is itself
mechanosensitive. Future work should focus on the role of Gag11 In
detecting other matrix characteristics that are altered in pulmonary
fibrosis, such as the composition and organisation of ECM proteins (306),
and in driving stiffness-induced responses to tissue stiffness, such as
fibroblast proliferation, migration, and ECM production (162) (158, 308-

310).
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A number of studies have found that LPA receptor inhibition reduces
experimental pulmonary (141, 295, 311, 312) and non-pulmonary fibrosis
(313-315) in vivo. Furthermore, inhibition of autotaxin, an enzyme
involved in LPA production, is being investigated as a potential
therapeutic strategy in IPF (316, 317). Unfortunately, development of the
LPA1 inhibitor BMS968020 was stopped because of cholecystitis in
clinical trial participants, although this drug did reduce forced vital
capacity (FVC) decline in IPF (150). Cholecystitis was thought to be an
off-target effect unrelated to LPA1 antagonism, therefore alternative
ways of inhibiting LPA signalling may still be beneficial in fibrosis. Given
that numerous GPCRs are implicated in the pathogenesis of IPF, and
that different GPCR-driven processes may predominate in individuals

patients with IPF (5), Ga subunits may be beneficial targets in IPF.

5.6 Limitations

This study used LPA to assess the roles of Gagi11 and Ga12/13 in GPCR
agonist induced TGFf signalling. Although this pathway is relevant to
fibrosis, other GPCR agonists induce TGFB signalling in pulmonary
fibrosis, and they may do so via different pathways. While non-LPA
GPCR agonists may induce similar Gaq/11- and Ga12/13-mediated effects
to that observed with LPA, it is possible that other GPCR agonists may
induce other signalling pathways to different degrees. Therefore, the
results of this study should not be generalised to other GPCR agonists.

However, LPA is a GPCR agonist that can activate Gag11 and Ga12/13
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signalling, and thus the LPA models used in this study were appropriate

to meet the aims of this study.

Furthermore, while Gaqi11 and Ga12/13 were the only G protein families
investigated in this study, LPA1 is also known to signal via the Gaio family
of G proteins (289), and recent work has implicated LPAl-induced Guaino
signalling in profibrotic pathways (318). Future work should assess the
relative contributions and crossover between Gaio, Ga12/13, and Gag/11
downstream of LPAL in fibrosis and lung development, however it was
beyond the scope of this study to assess the role of Gaio in LPA-induced

TGFp signalling.

For the matrix stiffness experiments, the cells used had undergone long-
term culture on tissue culture plastic. This supraphysiological degree of
stiffness is known to alter cellular phenotypes which persist even when
cells are transferred back to softer environments (53), therefore it is
possible that a role for Ga12/13 in detecting matrix stiffness could have
been missed by this study. The culture of primary cells directly onto soft
culture substrates would have avoided stiffness-related changes in
cellular phenotype. However, only Gag/11- and Ga12/13-deficient MEFs that
had been cultured on tissue culture plastic were available for use in this
study. The effects of tissue culture plastic on cellular phenotype should
be considered when designing future studies investigating responses to

tissue stiffness.
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5.7 Conclusion

Mesenchymal cell Gag/11 and Gat2/13 are both mediators of LPA-induced
TGFp signalling, which occurs in a partially ROCK-dependent manner.
Myofibroblast differentiation in response to matrix stiffness is driven by
Gagr11, but not Ga12/13 signalling, and this does not relate to reduced ability
to activate TGFp signalling in cells lacking Gag11. These data indicate
important but unique roles for Gagi11 and Gat213 in key myofibroblast

functions that are important to lung development and fibrogenesis.
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6 The Roles of Gaqi11 and
Ga121131n Fibroblast

Contraction
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6.1 Introduction

Cellular contraction is essential for wound healing, a process that is
exaggerated in pulmonary fibrosis. The data presented in Chapter 5
demonstrated that the GPCR agonist LPA induces TGF signalling at
least in part via Rho/ROCK signalling. The Rho/ ROCK cascade
stimulates reorganisation of the actin cytoskeleton, which is essential for
cellular contraction. Prior work has found that LPA stimulation of
epithelial and airway smooth muscle cells results in TGFf signalling, via

integrin-mediated traction forces on the latent TGF complex (74, 137).

Human lung fibroblasts from patients with IPF are more contractile than
non-fibrotic fibroblasts (167, 319, 320). In fibrosis, fibroblasts differentiate
into myofibroblasts, a transition characterised by the acquisition of the
smooth muscle-like characteristics aSMA expression and increased
contractility (321). This contractility is a key phenotypic feature of
myofibroblasts (321), which are essential scar-forming cells in pulmonary
fibrosis. Myofibroblast contractility is essential for the ECM organisation,
increased matrix stiffness, and TGFf signalling that further drive fibrosis
(161, 168, 322-324). However, the mechanisms underlying enhanced
fibroblast contractility in IPF are unclear. Furthermore, while LPA has
been identified as a key driver in IPF, the role of LPA on human lung

fibroblast contraction has not been investigated previously.

Although there is no published research investigating the role of GPCRs
in fibroblast contraction, much work has been done on the role of GPCR

signalling in smooth muscle cells. Both Gaqi11 and Ga12/13 have been
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implicated in vascular and bladder smooth muscle contraction, playing
keys roles in several physiological processes (211, 325-328). As LPA is
a GPCR agonist that signals via Gag/11 and Ga12/13, and that can induce
smooth muscle cell contraction (137), it is possible that LPA-induced

fibroblast contractility is a pathophysiological mechanism in IPF.

6.2 Aims and Hypothesis

The aims of this study were to:

- Assess how lung fibroblast contraction is altered in IPF.
- Understand the role of Gagi11 and Ga1213 in LPA-induced lung

fibroblast contraction.

The hypothesis underlying this work was:

“LPA induces lung fibroblast contraction via Gaqr1 and Gar2/13

signalling, and this is an important disease mechanism in IPF”

6.3 Methods
6.3.1 Wrinkling assay

6.3.1.1 Principle

This assay depends on the principle that cells will create wrinkles on the
surface of a soft deformable polymer that they are adhered to when they
contract. Substrate wrinkling can be viewed using light microscopy, and
wrinkling can be visualised in response to contractile agonists and time-
lapse images obtained by taking a series of images at the same position

at several timepoints.
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Figure 6-1: The wrinkling assay

A representative image of human lung fibroblasts grown on wrinkling
substrates. When cells contract on the deformable silicone substrates,
wrinkles are created that can be visualised by light microscopy (bright

lines).

6.3.1.2 Method

6.3.1.2.1 Generation of wrinkling substrates

2kPa thin silicone substrates were made using a proprietary method in
the laboratory of Dr Boris Hinz (University of Toronto). Briefly, Polymers
A and B were mixed at a 2:1 ratio with a polymerisation retardant using
a THINKY mixer at 1600rpm for 3 minutes. 125ul of polymer mixture was
dispensed onto the centre of 35mm dishes using a syringe pump.
Substrates were spin casted at 1500rpm, with an acceleration of
1500rpm/s?, for 3.2 seconds. The spin casting process was repeated if
the polymer mixture had not reached the edges of the dish. Substrates
were left to settle on a flat surface overnight, then baked at 60°C for 4

days.
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6.3.1.3 Functionalisation and protein coating of wrinkling
substrates

To functionalise the hydrophobic silicone substrates so that cells would

adhere, substrates were plasma oxygen treated for 2 seconds using a

Plasma Etch machine. Surfaces were then coated with 2ug/cm? gelatin

in PBS overnight at 37°C. The gelatin solution was aspirated and cells

seeded for experiments without a rinsing step.

6.3.1.4 GPCR agonist-induced contraction experiments

HLFs from either non-diseased or IPF donors, and wild-type, Gnal2”
;Gnal3”, and Gnag”’;Gnall’~ MEFs were used for contraction
experiments. Cells were seeded at a density of 7.5 x 10* cells per 35mm
dish in full media, and allowed to attach for 6 hours, when the culture
media was changed to 0% FCS in DMEM. The wrinkling assay was

performed the following day.

6.3.1.5 Image acquisition

Low magnification images were obtained using a 4x objective on a Zeiss
Axioplan microscope and Zen 2.5 software. High magnification images
were obtained using a 10x objective and 1.6x magnifier on a Zeiss
Axiovert 135 inverted phase-contrast microscope and Micromanager
version 1.4 software. In both microscope systems, cells were maintained
in a live cell imaging chamber at 37°C and 5% CO2. The microscope
software and a motorised stage were used to program the coordinates of
each position to allow images to be taken at the same location at each

timepoint. Baseline images were obtained prior to stimulation with 30uM
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LPA in 0% FCS DMEM, and every 5 minutes at the same positions
following GPCR agonist stimulation for 30 minutes. Control (OuM LPA)
wells were treated with an equal volume of 0% FCS DMEM to the volume

of LPA added to the 30uM LPA wells.

Five images per well were taken for low magnification images, and 10
images per well were taken for the higher magnification images. Two
wells per condition were used per cell line for each experiment. Each
experiment was repeated 4 times for experiments on MEFs, and in at

least 4 non-diseased and 4 IPF HLF cell lines.

6.3.1.6 GNA12 and GNA13 siRNA
Pooled siRNAs for human GNA12 and GNA13 were used to knock down
Ga12/13 expression in HLFs. A non-targeting siRNA pool was used as a

control.

HLFs were seeded onto gelatin-coated silicone substrates at 7.5 x 10*
cells per 35mm dish in antibiotic-free full media and allowed to adhere
overnight. GNA12 and GNA13 siRNAs were applied together to HLFs at
a final concentration of 10nM per siRNA. Control sSiRNA was applied at a
final concentration of 25nM, as per the manufacturer’s instruction.
DharmaFECT 1 transfection reagent was used at a final concentration of
2ul/ml.  Both non-targeting sSiRNA and transfection media only
experiments were used as controls. Knockdown of GNA12 and GNA13

was confirmed by western blot. Transfection mixtures were removed
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from cells after 24 hours. The wrinkling assay was performed at 72 hours

after siRNA application.

6.3.2 Wrinkling assay quantification

6.3.2.1 Wrinkle counts

Images were opened in ImageJ, and the “count” tool used to count each
wrinkle in the silicone substrate. A wrinkle was defined as a single bright
line that was distinct from the cell edge or any defects in the silicone
substrates, and wrinkles usually ran perpendicular to the cell edges
(Figure 6-2). If it was unclear whether a line was a wrinkle or a cell edge,

it was not counted.
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Figure 6-2: Quantification of the wrinkling assay

A) Unmarked image of human lung fibroblasts grown on a thin wrinkling
substrate. Wrinkles appear bright and tend to run perpendicular to the
cell edge.

B) The same image as shown in (A) marked to show an example of a
wrinkle (highlighted in orange), a cell edge (highlighted in pink), and a
defect in the underlying substrate (yellow circle).

C) The same image following the wrinkle counting process using the
“‘count” tool in Image J. Each wrinkle identified is clicked, and a number
left on the image in this position. The total number of wrinkles is then

recorded for each image.

For both low and high magnification images, wrinkles were counted
before the addition of the GPCR agonist, and on a subsequent image

taken at the same position after 30 minutes of GPCR agonist stimulation.
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6.3.3 Immunofluorescence

Indirect immunofluorescence was performed to detect cellular antigens.
This method uses a similar principle to that described for IHC in the
General Methods section, but with fluorescent secondary antibodies.
Immunofluorescence staining was performed either immediately
following the winkling assay or on cells grown at seeded on 35mm plastic
dishes at low confluency (1 x 10% cells per well). Cells were fixed in 3%
paraformaldehyde in PBS at room temperature for 10 minutes. Cells
were then permeabilised with 0.2 Triton X-100 (TX-100) in PBS for 5
minutes, then washed once in PBS before staining. Samples were
incubated in primary antibody in PBS/ 0.02% TX-100 for 60 minutes at
room temperature, followed by three 10-minute washes with PBS/0.02%
TX-100. Secondary antibodies were applied in PBS/0.02% TX-100 for 60
minutes at room temperature, and 4',6-diamidino-2-phenylindole (DAPI)
(1:50) was added with the secondary antibody. This was followed by
three 15-minute washing steps in PBS/0.02% TX-100. Coverslips were
mounted using polyvinyl acetate (PVA) following a brief wash with

distilled water and left to dry overnight.

The following antibodies were used: mouse IgG2a anti aSMA (1:100),
anti-phalloidin Alexa Fluor 488 (1:100), anti-mouse IgG2a-TRITC

(1:200).

Imaging was performed using a Nikon 90i microscope and NIS Elements

software.
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6.3.4 Cell viability tests
The viability of cells following the wrinkling assay and GNA12 and
GNA13 siRNA treatment was assessed using two methods: the MTT

assay and trypan blue exclusion.

6.3.4.1 MTT assay

6.3.4.1.1 Principle

The assay depends on the principle that living cells with active
mitochondrial respiration will convert 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) to MTT-formazan. MTT formazan is
purple in colour, and can be detected using a plate reader. The degree

of colour change acts as an indicator of cell viability.

6.3.4.1.2 Method

500ug/ml MTT was prepared in 0% FCS DMEM. The culture supernatant
was aspirated and 1ml of MTT solution added to each 35mm dish. After
incubating in the dark at 37°C for 4 hours, the MTT solution was removed

and 1ml DMSO added to each well.

Absorbance at 596nm was measured for each sample. Each cellular
sample was assessed in triplicate, with 200pul of each sample transferred
to a well of a 96 well plate. “blank” water only samples were also run in
triplicate, and the absorbance from these wells used to generate blank-

corrected data for the calculation of cell viability.
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6.3.4.2 Trypan blue exclusion

6.3.4.2.1 Principle

This method uses the principle that the dark dye trypan blue will not be
taken up by cells with living cells, which have intact cell membranes.
Dead cells will stain blue in this method, thus allowing them to be

distinguished from living cells microscopically.

6.3.4.2.2 Method

0.4% trypan blue was mixed in 1:1 ratio with a cell suspension in normal
media. The cell suspension was then loaded onto a haemocytometer,
and the number of stained and unstained cells counted. The proportion

of viable cells was calculated using the following equation:

Viable cell proportion = Unstained cells / Total number of cells

6.4 Results

6.4.1 Human lung fibroblasts from IPF donors have enhanced
contractility
To understand how fibroblast contractility is altered in IPF, HLFs from
donors with and without IPF were grown on wrinkling substrates and
imaged without stimulation. IPF HLFs generated more substrate
wrinkling than non-fibrotic HLFs, with a median number of wrinkles per
lowered-powered field of 42 in non-diseased HLFs and 91 in IPF HLFs
(p=0.02, Figure 6-3A-B). These data demonstrate that IPF HLFs are

more contractile than non-IPF cells at baseline, and that the wrinkling
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assay can be used to assess IPF-associated alterations in lung fibroblast

contractility.

A) Non-diseased IPF

B)

200
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100

Wrinkles per field

.

Figure 6-3: Lung fibroblasts from donors with IPF have enhanced
contractility

A) Representative high-powered images of HLFs from non-diseased
(left) and IPF (right) donors.

B) Quantification of substrate wrinkling shown as the number of
wrinkles per low powered field generated by non-diseased and IPF
HLFs. Data shown as median + interquartile range, 5 donors per group.

Statistical analysis performed using a two-tailed Mann Whitney test.
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6.4.2 GPCR agonists induce contraction in HLFs

To identify the optimal timepoint for the assessment of LPA-induced
fibroblast contraction, a timecourse experiment of LPA stimulation was
performed on WT MEFs. Substrate wrinkling increased steadily
beginning 5 minutes after LPA stimulation, and reached a steady level at
around 30 minutes (Figure 6-4A,B). This was maintained for 4 hours
before reducing at 6 hours (Figure 6-4B). Based on this pilot experiment,
wrinkling was quantified at 30 minutes of LPA stimulation in all

subsequent experiments.
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Figure 6-4: LPA induces WT MEF contraction

A) Representative images of WT MEFs stimulated with 30uM LPA at
baseline (left) and 30 minutes (right). Red stars mark areas where
substrate wrinkling increased with LPA stimulation.

B) Wrinkling relative to baseline at 5-360 minutes in WT MEFs
stimulated with 30uM LPA. Wrinkles counted on 10 low magnification
images taken across two separate wells. Data shown as median *

interquartile range.

To determine whether LPA-induced fibroblast contraction is exaggerated
in IPF, non-diseased and IPF HLFs were subject to LPA stimulation in
the wrinkling assay. Both non-diseased and IPF HLFs exhibited an LPA-
induced increase in substrate wrinkling, with a median increase of 30.5
and 59.8 wrinkles per low-powered field in non-diseased and IPF HLFs,
respectively (p=0.03, Figure 6-5B,C). Although the absolute wrinkle

counts were higher pre- and post-LPA stimulation in IPF HLFs compared
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with non-diseased cells, the median fold increase in substrate wrinkling
with LPA was not significantly different between fibroblasts from non-
diseased and IPF donors (median fold increase of 1.9 for both groups,
p>0.99, Figure 6-5D). Overall, these data show that IPF fibroblasts are

more contractile than non-diseased HLFs.
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Figure 6-5: LPA induces an equivalent degree of contraction in
lung fibroblasts from non-diseased and IPF donors
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A) Representative images of HLFs from non-diseased (top) and IPF
(right) donors before (left) and after (right) 30 minutes of 30uM LPA
stimulation. Red stars indicate areas where wrinkling increased with

LPA stimulation.

B and C) The number of wrinkles per low-powered field at 0 and 30
mins 30uM LPA stimulation in non-diseased (B) and IPF (C) HLFs.
Data points are mean of 10 images per cell line. Statistical anlsyis
performed using a one tailed Wilcoxon signed rank test.

D) LPA-induced substrate wrinkling in non-diseased and IPF HLFs
expressed as fold icnrease over baseline. Statistical anlsyis performed
using a two-tailed Mann Whitney test.

5 non-diseased and 5 IPF donor cell lines were used for these

experiments.

6.4.3 Fibroblasts lacking Ga12/13 have reduced baseline contractility

To evaluate the role of Gag/11 and Ga12/13 in fibroblast contractility, WT,
Gnag”;Gnall”’ and Gnal2”’;Gnal3”’ MEFs were grown on wrinkling
substrates and imaged (Figure 6-6A-C). Gnal2”;Gnal3”- MEFs induced
fewer substrate wrinkles than WT MEFs, with a median of 2.4 and 7.6
wrinkles per field, respectively (p<0.01, Figure 6-6D). Conversely,
baseline wrinkling in Gnaqg’;Gnall’- MEFs was not significantly different
to that seen in WT MEFs, at a median of 4.5 wrinkles per image (Figure
6-6D). This implies that Ga12/13, but not Gag/11, plays a key role in baseline

MEF contractility.
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Figure 6-6: Ga12113 is important for baseline contractility in MEFs
A-C) Representative images of WT (A), Gnal2”/-;Gnal3” (B), and
Gnag”;Gnall” (C) MEFs on wrinkling substrates.

D) The number of wrinkles per low-powered field generated by WT,
Gnal2’;Gnal3", and Gnag”’;Gnal3’- MEFs. Data shown as median +
interquartile range of 4 independent experiments. Statistical analysis
performed using a Kruskall Wallis test with Dunn’s multiple

comparisons test.

To confirm the translation of this finding to human cells, HLFs were
subject to siRNA-induced knockdown of GNA12 and GNA13 and imaged
(Figure 6-7A). HLFs from non-diseased donors had significantly reduced
substrate wrinkling when treated with GNA12 and GNA13 siRNA
compared with cells treated with non-targeting siRNA (24.6 vs 7.4

wrinkles per image with control and GNA12; GNA13 siRNA, respectively,
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p<0.01, Figure 6-7B). Importantly, this occurred without significant
degrees of cell death induced by the siRNA protocol (Figure 6-7D,E),
suggesting that the differences in cellular contractility were due to GNA12

and GNA13 knockdown.

While the reduction in substrate wrinkling with GNA12 and GNA13 siRNA
did not reach statistical significance in HLFs from IPF donors (30.9 vs 7
wrinkles per image with control and GNA12; GNA13 siRNA, respectively,
p=0.09), four of the five IPF cell lines subject to siRNA-induced Ga12/13
knockdown had comparable degrees of wrinkling to siRNA-treated non-
diseased HLFs (Figure 6-7C). These data confirmed that fibroblast
Ga12/13 is important in GPCR agonist-induced fibroblast contraction.
Furthermore, inhibition of Ga12/13 signalling could reduce HLF contractility

to non-diseased levels in IPF.
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Figure 6-7: GNA12 and GNA13 knockdown reduces HLF
contractility without cell death

A) Representative images of non-diseased HLFs treated with non-
targetting (control, left) or GNA12 and GNA13 siRNA (right). Note fewer
wrinkles in the GNA12 and GNA13 siRNA treated cells.

B, C) The number of wrinkles per low powered field in non-diseased (B)
and IPF (C) HLFs, treated with control or GNA12 and GNA13 siRNA.
HLFs from 5 non-diseased and 5 IPF donors used. Data shown as

median + interquartile range. Statistical analyses performed using a
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two-tailed Mann Whitney test.

D) MTT assay of HLFs subject to the siRNA protocol used in the
wrinkling assay.

E) Trypan blue staining of HLFs subject to the siRNA protocol used in
the wrinkling assay. Data for MTT and Trpyan blue experiments from 5
independent experiments on cells from different donors. Data shown as

median * interquartile range.

6.4.4 Fibroblasts lacking Ga12/13 have reduced GPCR agonist-induced
contractility
In order to assess the role of Gag/11 and Ga12/13 in GPCR agonist-induced
fibroblast contraction, WT, Gnaqg”;Gnall”’ and Gnal2’;Gnal3”" MEFs
were stimulated with LPA and substrate wrinkling assessed. WT and
Gnag”;Gnall”’ MEFs generated 1.5 and 2.2 fold increases in substrate
wrinkling with LPA stimulation, respectively (p=0.03, Figure 6-8B).
Conversely, Gnal27’;Gnal3” MEFs exhibited significantly lower LPA-
induced wrinkling than WT MEFs (1.1-fold increase in Ga12/13-deficient

MEFs, compared with 1.5-fold increase in WT MEFs, Figure 6-8C).
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Figure 6-8: MEFs lacking Ga12113 have reduced LPA-induced
wrinkling

A) Representative images of WT (top panel), Gnal2”;Gnal3-- (middle
panel), and Gnag’;Gnall”’ (bottom panel) MEFs before (left) and after
(right) 30 minutes of LPA stimulation.

B, C) Wrinkling quantification of Gnal2”/-;Gnal3”- (B) and Gnag™
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;Gnall’ (C) MEFs compared with WT MEFs. Data shown as fold
increase over baseline. Data from 4 independent experiments, shown
as median * interquartile range. Statistical analyses performed using

two-tailed Mann Whitney tests.

To validate this finding in HLFs, GNA12 and GNA13 siRNA was used to
knock down Ga12113 expression, and the LPA-induced wrinkling assay
performed. HLFs with SiIRNA-induced Ga12/13 inhibition had a lower LPA-
induced wrinkling response compared with HLFs treated with control
SiRNA (Figure 6-9A). This finding was seen in HLFs from non-diseased
and IPF donors, which had LPA-induced substrate wrinkling of 2.6- and
3.6-fold over baseline, respectively, with control SiRNA. This reduced to
1.1- and 1.2-fold with GNA12 and GNA13 siRNA (p<0.03, Figure 6-9B,
C)). These data suggest that Gat2/13 is essential for LPA-induced

fibroblast contraction.
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Figure 6-9: Knockdown of GNA12 and GNA13 inhibits LPA-
induced wrinkling in HLFs

A) Representative images of non-diseased and IPF HLFs subject to
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control (rows 1 and 3) or GNA12 and GNA13 (rows 2 and 4) siRNA,
before (left) and after (right) 30uM LPA stimulation.

B) Quantification of wrinkling in non-diseased (B) and IPF (C) HLFs
subject to control or GNA12 and GNA13 siRNA and stimulated with
LPA. Data shown as fold increase in wrinkle counts over baseline.
HLFs from 4 non-diseased and 4 IPF donors used. Data shown as
median * interquartile range. Statistical analyses performed using two

tailed Mann Whitney tests.

6.4.5 Chronic Ga12113 deficiency is associated with an altered
cytoskeletal appearance
The actin cytoskeleton plays an important role in cellular contraction.
When immunofluorescence was performed on HLFs that had been
grown on wrinkling substrates, substrate wrinkles were observed
perpendicular to F-actin and aSMA stress fibres (Phalloidin staining,
Figure 6-10). This observation confirms that the cytoskeleton is important
in driving the wrinkling response observed in the experiments in this

chapter.
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TL Phase °

Figure 6-10: Substrate wrinkling occurs perpendicular to the actin
cytoskeleton and aSMA stress fibres

Example immunofluorescence images of a human lung fibroblast
contracting on a wrinkling silicone substrate. Substrate wrinkles can be
seen on TL Phase image as bright lines perpendicular to the actin
fibres.

Blue = DAPI; Green (488) = Phalloidin (F-actin); Red (647) = aSMA; TL
Phase = trasmitted light, phase 2 image; Merge= DAPI, Phalloidin,
aSMA, and TL Phase images merged.

To assess the effect of Ga12113 knockdown on the cytoskeleton,

immunofluorescence was performed on WT, Gnal2’;Gnal3", and
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Gnaqg’;Gnall’ MEFs. Phalloidin immunofluorescence revealed an
epithelial-like F-actin structure in Gnal2”;Gnal3”- MEFs, which was
clearly different to the more fibroblast-like F-actin appearance seen in

WT and Gnag”;Gnall’ MEFs (Figure 6-11).

A) B)

Gna12’;Gna13"-

C) Gnaq’;Gna11”’-

Figure 6-11: Long-term Ga12113 deficiency is associated with an
abnormal cytoskeletal appearance

Representative immunoflurescence images of wild-type (A), Gnal2-
:Gnal3”’ (B), and Gnaqg”’;Gnall” (C) MEFs.

Blue = DAPI; Green = Phalloidin (F-actin).

These results imply that chronic Gat2/13 deficiency is associated with
altered cytoskeletal arrangement, and that this may be the reason for the

reduced contractility observed in Ga12/13-deficient cells.
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6.5 Discussion

The results presented here confirm previous reports of increased
contractility in lung fibroblasts from donors with IPF compared with
fibroblasts from non-diseased individuals (167, 319, 320). This
consistency with previous work demonstrates that the wrinkling assay is
a suitable method for the investigation of IPF-related differences in

fibroblast contractility.

Fibroblast and myofibroblast contraction are important for several
profibrotic processes including TGFB activation, and enhanced
organisation and stiffness of the ECM (161, 168, 322-324). The exact
mechanisms that drive increased fibroblast contractility in IPF are not
certain, however increased matrix stiffness and TGFf signalling in IPF
lungs are known to increase fibroblast-to-myofibroblast differentiation,
and myofibroblasts are highly contractile cells (321). This is the first work
to identify a role for Ga12/13 in fibroblast contractility, and importantly
SiRNA-induced Ga12/13  knockdown reduced baseline fibroblast
contractility to near non-diseased levels in most IPF lung fibroblast lines
tested. This finding suggests that fibroblast Ga12/13 may be a good

therapeutic target that could prevent further ECM remodelling in fibrosis.

Much of the literature on G proteins in cellular contractility has focussed
on vascular smooth muscle cells (VSMCs). Several GPCRs have been
implicated in the myogenic response of VSMCs, which is essential for
inducing vasoconstriction in response to increased blood flow (325).

While this is secondary to GPCR agonist release in some cases (326), it
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can also occur independently of GPCR-ligand binding (212), suggesting
intrinsic mechanosensitivity of the receptors. As Ga subunits signal
downstream of GPCRs, these signalling mediators could also be
considered potentially mechanosensitive mediators of cellular

contractility.

The roles of Ga subunits in VSMC contraction is an ongoing area of
research. Both Gag11 and Ga12/13 have been shown to have roles in
VSMC contraction via PLC- and calcium signalling, and Rho/ROCK
signalling, respectively (329-331). Deficiency of either Gagi11 or Ga12/13 in
smooth muscle normalises age-related hypertension in mice, a condition
associated with vascular tone and vasoconstriction (328). However, mice
lacking Ga12/13 in the vascular smooth muscle of small arteries have a
complete loss of myogenic vasoconstriction (325), where animals lacking

VSMC Gag/11 have a response comparable to wild-type mice (325).

While evidence for the role of Gag11 In vascular smooth muscle
contraction appears inconsistent, Gag/11 has been found to have a role in
cellular contractility in other tissues. Gag11 mediates NK2-induced
bladder smooth muscle contraction via RhoA (327). Furthermore, Gag/11
can activate the contraction-associated Rho/ROCK signalling (74, 219,
327). There is also evidence for G protein-mediate cellular contraction in
respiratory disease. Expression of both Ga12 and Ga13 are increased in
the bronchial smooth muscle of airway hyper-responsive rats (332).
Furthermore, deficiency of Ga13 inhibits methacholine-induced bronchial

contraction in mice (333), and Ga12 plays a crucial role in human airway
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smooth muscle cell contraction (334). However, the role of Gagi11 and
Ga12/13in fibroblast contractility, and how this influences the pathogenesis

of IPF, was unknown prior to this study.

This study found that MEFs and HLFs lacking Ga12/13 had reduced
baseline and LPA-induced contractility. Conversely, MEFs lacking Gag/11
had comparable baseline levels of contraction to WT cells. Furthermore,
Gag/11 deficient MEFs exhibited increased LPA-induced contraction
compared with WT MEFs. This finding may have been driven by a
particularly high LPA-induced wrinkling response in one experimental
repeat that contributed to these data, however it is notable that three of
the four experiments showed LPA-induced wrinkling to be higher in
Gnag”;Gnall” than WT MEFs. While this phenomenon has not been
described in the smooth muscle cell literature, LPA-induced neurite
retraction has been shown to be reduced in primary neurones from brains
lacking Ga12/13, but paradoxically enhanced in Gag/11-deficient neurones
(335). This may indicate that there is compensation by Ga12/13-related
pathways in Gag11-deficient cells, or that signalling pathways driven by
Gag/11 Usually antagonise Ga12/13-driven effects. This finding emphasises
the possibility Ga subunit inhibition resulting in unintended adverse

effects caused by over-compensation by other Ga subunits.

The reduction in baseline and LPA-induced contraction in MEFs and
HLFs lacking Gat2/13 suggests that the Gat2/13-mediated LPA-induced
TGF signalling described in Chapter 5 probably occurs secondary to

cellular contraction, with resulting traction forces on the latent TGF(
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complex, and is in keeping with previous work on LPA-induced TGFf
signalling (137). Conversely, MEFs lacking Gagi1 did not exhibit
reductions in cellular contraction, suggesting that contraction-
independent pathways may be involved in Gagi11-mediated LPA-induced
TGFp signalling. The normal cytoskeletal appearance of Gag/11-deficient
MEFs suggests that the actin machinery is intact in these cells. However
other factors, such as altered cell surface molecule expression or
integrin-large latent TGF3 complex interactions, have not been assessed
in Gagr11-deficient cells and cannot be ruled out as playing a role in this

observation.

Previous work on LPA-induced VSMC contraction has suggested that
this occurs via a Gai-dependent signalling pathway downstream of LPA1,
and autocrine or paracrine signalling secondary to the release of
thromboxane A2 (336). It was beyond the scope of the current study to
assess the role of second messenger release in response to LPA, but it
is possible that LPA induces the production of another mediator that itself
induces contraction via Ga12/13 signalling. Alternatively, the production of
this second mediator could be dependent on Ga12/13. This should be
assessed in future studies investigating the pathways linking LPA and

contraction in fibroblasts.

The actin cytoskeleton is essential for cellular contractility. Actin exists in
two forms, with globular G actin monomers polymerising to form
filamentous F-actin (104). The extent of actin polymerisation, and thus

actin cytoskeletal structure, is controlled by actin binding proteins in
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response to a variety of stimuli (104). Cytoskeletal proteins such as
calmodulin, cAMP signalling, and RhoA have all been reported to act as

links between GPCRs and the actin cytoskeleton (104).

The signalling pathways required to form or maintain the actin
cytoskeleton structure are mediated by members of the Rho family of
small GTPases (122). Rho/ROCK signalling also regulates myofibroblast
contraction (337, 338), and is the classical signalling pathway
downstream of Ga12/13. As Ga12/13 deficiency has been associated with
reduced Rho activity and reduced wound-healing associated cellular
migration (339), it is unsurprising that cells with longstanding Ga12/13

knockdown had an altered actin cytoskeletal structure.

Previous work demonstrated that Ga12/13-deficient MEFs do not form
orientated, stable microtubules during wound healing in response to LPA
(339), and this may explain the reduced LPA-induced contraction
response in these cells. The previous report described only moderate
differences between the F-actin structure of WT and Ga12/13-deficient
MEFs, although phalloidin staining was reported to be reduced in Ga12/13-
deficient MEFs (339). However the images of Ga12/13-deficient MEFs from
the current study show a dramatic difference between the two cell types,
with an almost epithelial cell-like actin appearance in Gnal2/;Gnal3"
MEFs. It is difficult to compare the images from the work presented here
and the previous study, and it should be noted that the
immunofluorescence images from this research were obtained from

unstimulated cells, whereas the previous study presented images of cells
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after wounding. Additionally, the present work did not include staining for
all of the cytoskeletal components assessed by Goulimari et al (339). The
exact reason for the altered actin appearance in MEFs lacking Ga12/13 IS
presently unclear, but as contractile stimuli are known to induce the
formation of F-actin (340), the loss of ability to detect such stimuli via

Ga12/13 may be an important factor.

Actin stress fibre formation is governed by signals generated by the
physical and chemical characteristics of the ECM, and TGF signalling
(122). The data in this study are in keeping with work that showed that
Gaqr11-deficient fibroblasts form stress fibres normally in response to LPA
receptor activation, but that LPA-mediated stress fibre formation is
dependent on Ga13 (341), as LPA-induced contraction and the actin
cytoskeleton were altered only in Ga12/13-deficient cells. The role that
Ga12113 plays in detecting the physical surroundings, with resulting
influence on the cytoskeletal structure, is less clear, because culture on
soft substrates did not affect LPA-induced TGFB signalling in MEFs
lacking Ga12/13 (Chapter 5). Furthermore, Gnal2”-;Gnal3’- MEFs did not
respond to a transfer from tissue culture plastic to soft substrates in terms
of altered aSMA expression (Chapter 5). These data, although limited,
suggest that the altered cytoskeletal appearance in Ga12/13-deficient

MEFs is not related to altered detection of matrix stiffness.

Therapeutic targeting of fibroblast contractility has the potential to be
beneficial in pulmonary fibrosis, and this has been the topic of previous

investigation. While the exact antifibrotic mechanisms of pirfenidone, one
271



of the two drugs license for IPF, are unclear, this drug has been shown
to inhibit lung fibroblast contraction in vitro (342). In addition, relaxin
showed promise as an antifibrotic drug, and is thought to act by inhibiting
cellular contraction (343). Unfortunately, subsequent relaxin trials did not
replicate the benefits seen in earlier studies in terms of skin thickening
and stabilisation of lung function in systemic sclerosis (344, 345). The
results in this and earlier chapters of this thesis indicate that the inhibition
of mesenchymal Gai213 signalling may inhibit important
pathophysiological processes in IPF. However, the loss of Ga12/13-
mediated contraction in myofibroblasts could be anticipated to
significantly impact ECM organisation and TGF signalling, which could
have serious implications for wound healing and other physiological
processes. Therefore, an in vivo model of mesenchymal cell Ga12/13
inhibition is required to properly assess the antifibrotic effects of
mesenchymal Gai2/13 inhibition, as well as to understand any undesired

consequences of this approach.

In addition to playing a key role in fibrogenesis, cellular contraction is
important for lung development, in particular by the secondary crest
myofibroblasts that generate and organise the ECM proteins to form
secondary crests during alveolarisation (21, 346). Although the effect of
mesenchymal Ga12/13 in lung development was not determined in Chapter
4 because of insufficient numbers of mesenchymal Gai2/13 knockout
mice, it is likely that a loss of myofibroblast contraction is not the

underlying mechanism for the defective alveolarisation seen in Pdgfrb-
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Cre*;Gnag™M;Gnall” mice. This is because MEFs lacking Gag/11 could
contract with and without LPA stimulation, and therefore this mechanism
should have been intact in Pdgfrb-Cre*-;Gnaq™;Gnall”’ mice. The
working hypothesis of this study is that the altered ECM characteristics
seen in Pdgfrb-Cre*-;Gnag™f;Gnall”’ mice may be related to altered
ECM production and remodelling by enzymes rather than cellular
contraction. However, this must be confirmed with further mechanistic

work.

6.6 Limitations

The wrinkling assay used in this project has not been widely used to
assess cellular contractility. However, this method is based the
relationship between cellular contraction and the deformation of a soft
substrate, similar to the more well-established methods such as traction
force microscopy (TFM). Additionally, the wrinkling assay has been found
to be a comparable method to TFM in investigations by the founding
laboratory (347) , although TFM may be more sensitive to low degrees
of cellular contraction that are insufficient to generate substrate wrinkles.
While TFM may have detected some low-level contractility that was not
seen in this study, the overall finding of reduced contractility in Ga12/13-

deficient cells is unlikely to have changed.

There is a risk that the quantification method used for the wrinkling assay,
manually counting wrinkles on images, could have created bias by the
observer. While the wrinkles were counted by an observer blinded to cell

type the Ga12/13-deficient MEFs could be identified on appearance alone
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due to their morphological differences to WT cells, which may have
influenced the baseline contractility wrinkle counts. However,
independent observers agreed that Ga12/13-deficient MEFs appeared to
generate fewer substrate wrinkles. Furthermore, the observer that
counted the wrinkles was blinded to timepoint and LPA treatment status,
therefore observer bias could not explain the reduction in LPA-induced

substrate wrinkling in Ga12/13-deficient cells.

While automated image analysis may be used to reduce the risk of
observer bias, this was not possible for the images generated by this
study. An automated wrinkle quantification process was trialled on the
images from the wrinkling assay, however this required significant
manual image clean-up as the software was unable to distinguish cell
edges from substrate wrinkles. As this clean-up process itself could
generate significant bias, the wrinkle counting method, which required no

modification of the original images, was used.

This study established a role for Ga12/13 in fibroblast contraction, however
the individual roles of Ga12 and Ga13 were not assessed. Previous work
has found that LPA-mediated stress fibre formation is dependent on Ga13,
whilst endothelin-A (ETa) signalling induces stress fibre formation via
Ga12 (341). Furthermore, deficiency of Ga1s, but not Gai2, reduces
methacholine-induced bronchoconstriction (333), suggesting that
different receptors induce Rho activation via different Ga subunits even
within G protein families. Future work should analyse the individual roles

of Ga12 and Ga13 in fibroblast contractility in fibrosis, as a more targeted
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approach towards one of these G proteins may have similar antifibrotic

effects but with fewer adverse effects if applied in vivo.

This study evaluated only cellular contraction as a function of the actin
cytoskeleton. However, the actin cytoskeleton is essential for many other
myofibroblast functions such as focal adhesion assembly, ECM
organisation, wound contraction, tail retraction during cellular migration,
and transcriptional regulation (122). It is possible that these processes
are also altered in Ga12/13-deficient cells, and conversely that Gag/11-
deficient cells have functional abnormalities of the actin cytoskeleton not

identified by this work. This should be evaluated in future studies.

This chapter includes data from murine and human fibroblasts, however
cellular contractility is typically thought to be a function of myofibroblasts.
While fibroblasts can contract, it is likely that the cells used in this study
had differentiated into myofibroblasts secondary to long term culture on
tissue culture plastic (348). While similar experiments on freshly isolated
lung fibroblasts that have not been exposed to stiff culture environments
would be more relevant to the in vivo environment, the data presented in
this chapter has still established an important role for Ga12/13 in fibroblast

contraction.

Finally, this study evaluated the role of G proteins in cellular contraction
induced by just one GPCR agonist, LPA. Other GPCR agonists, such as
thrombin and the protease activated receptor agonists SFLLRN and

TFLLRN induced similar patterns of Gat2/13-induced cellular contraction
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(data not presented), although the analysis of these datasets is
incomplete. LPA is a good example of a GPCR agonist that is relevant to
both pulmonary fibrosis and lung development, and thus was appropriate

to use in the model presented here.

6.7 Conclusion

Ga12/13 signalling plays a vital role in mediating both baseline and LPA-
induced fibroblast contraction. Cellular contractility is exaggerated in lung
fibroblasts from donors with IPF, but this can be reduced to normal levels
by inhibiting Ga12/13 signalling. Ga12113 may therefore be a useful

therapeutic target that can normalise fibroblast activity in IPF.
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Mechanisms of Cyclical
Mechanical Stretch-
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7.1 Introduction

The data presented in Chapter 5 demonstrated that Gag/11 mediates LPA-
induced TGFp signalling in fibroblasts, therefore Gag11 inhibition may
protect against pulmonary fibrosis. However, mesenchymal Gag/11
deletion in vivo resulted in disturbed lung alveolarisation (Chapter 4).
Tight regulation of TGFB signalling is essential for normal lung
development (64, 89-91, 101, 102), and many developmental signalling
pathways are reactivated to drive the abnormal wound healing response
characteristic of IPF (22). Therefore, mesenchymal cell-driven Gag/11-
mediated TGFf activation may be a key driver of both fibrosis and normal

lung development.

Mechanical stimuli can activate TGF[3, and stretch has been shown to
induce TGFB signalling in numerous systems (113, 219, 349-354).
Cyclical mechanical stretch (CMS) in the lungs increases dramatically
after birth with the commencement of normal respiration. As
alveolarisation occurs entirely postnatally in mice (14), breathing-related
CMS-induced TGFp signalling may be an important pathway in normal
lung development. Furthermore, ventilator-related stretch-induced TGF(3
signalling is reduced in mouse lungs lacking Gag11 in type Il alveolar
epithelial cells (219), suggesting that Gaqi11 may have a role in stretch-
induced TGFf signalling. In epithelial cells, Gaq11 mediates LPA-induced
TGFp signalling via ROCK and the av36 integrin (74), and ROCK and
integrin signalling have been implicated in stretch-induced TGFf

signalling (113). However, the role of Gagq1t1 in CMS-induced TGFf3
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signalling in fibroblasts, and the molecular pathways involved, are

unknown.

7.2 Aims and Hypothesis

This worked aimed to:

e Understand the role of breathing-related CMS in TGFp
signalling in embryonic and adult fibroblasts.

e Dissect the molecular pathway from CMS to TGF signalling in
fibroblasts.

e Assess the contribution of breathing-related CMS to the

pathogenesis of IPF.

The hypothesis underlying this work was:

Breathing-related CMS induces TGFf signalling in fibroblasts via
Gag11, ROCK, and integrin signalling, and is an important driver of

IPF

7.3 Methods

7.3.1 Cyclical mechanical stretch (CMS) experiments

MEFs or HLFs were seeded at a density of 2 x 10° cells per well on
collagen I-coated Bioflex® six well culture plates in full media and
allowed to attach to the plate for 24 hours. The media was changed to

1% FCS DMEM for 24 hours prior to stretching.
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Figure 7-1: The Flexcell® cell stretching system

A) Cells are grown on Bioflex® plates, which have flexible bottoms.
These are loaded onto the Flexcell apparatus, which consists of loading
posts that are aligned with the centre of the cell culture well, and a
loading station. Cross-section of a well from an example Bioflex® plate
shown

B) When a vacuum is applied, the flexible bottom of the Bioflex® plate
is pulled downwards, stretching the attached cells.

C) View of a Bioflex® plate from above when stretch is applied. Cells
are subject to equibiaxial stretch, indicating that cells are stretched
equally in all directions.

D) A schematic showing a stretch regimen using a sine waveform

designed to mimic normal breathing.

Equibiaxial CMS was applied to cells in vitro using a Flexcell® system
(FX-5000T, Flexcell International Corporation), which applies a vacuum
beneath the flexible-bottomed Bioflex® cell culture plates (Figure 7-1).

CMS regimens were designed to mimic normal tidal breathing in the
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relevant organism, i.e. 1Hz (60 stretch cycles/ minute) in mouse cells,

and 0.3Hz (18 stretch cycles/ minute) in human cells.

TGFp signalling was measured using pSmad2 western blot and a TMLC
luciferase reporter assay. Fibrosis-related gene expression (PAI-1,
TGFB1, ACTA2, and CTGF) was measured using gPCR. TGFB1, TGFB2

and aSMA protein expression were assessed by western blot.

7.3.2 CMS regimens

For CMS time course experiments, WT MEFs were stretched for 4, 24
and 48 hours at 1Hz and 15% elongation. For CMS dose-response
experiments, WT MEFs were stretched at a frequency of 1Hz at 5%,
10%, 15%, and 20% elongation. For comparisons between WT, Gnaq
:Gnall’, and Gnal2”’;Gnal3’ MEFs, cells were subject to CMS at 15%
elongation and a frequency of 1Hz. All HLF CMS experiments were
performed at a frequency of 0.3Hz and 15% elongation for 48 hours,

unless otherwise stated. A sine waveform was used for all experiments.

Unstretched control cells were cultured on Bioflex® plates under identical
conditions to stretched cells alongside the Flexcell® apparatus. TGF[
stimulated positive control wells were treated with 2ng/ml TGFB (R&D

Systems) for 1 hour prior to cell lysis.

7.3.3 Chemical inhibitors used in CMS system

When used, chemical inhibitors were applied in 1% FCS in DMEM 30-60
minutes prior to the commencement of the CMS regimen, and remained
throughout the CMS regimen. 50uM SB-525334, an activin receptor-like
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kinase (ALKS)/ type | TGFB-receptor kinase inhibitor, was used as a
positive control for TGFB inhibition. Inhibitors of phospholipase C
(U73122), Gagr11 (YM254890), ROCK (Y27632), av integrins (CWHM-12),
B1 integrins (NOTT19955), matrix metalloproteinases (GM-6001), and
serine proteases (4-(2-Aminoethylbenzenesulfonyl fluoride
hydrochloride (AEBSF)) were used at varying concentrations. 48 hours
of CMS was used for all inhibitor protocols, except for the U73122
experiments. 24 hours of CMS was applied for the U73122 experiments

because of excessive cell death observed at the longer timepoint.

7.3.4 GNAQ and GNAL11 siRNA
Pooled siRNAs for human GNAQ and GNA11 were used to knock down
Gagr11 in human cells. A non-targeting siRNA pool was used under the

same conditions as a control.

Cells were seeded at 1.5 x 10° cells per well of a six well Bioflex® plate
in antibiotic-free full media. After 24 hours, GNAQ and GNA11l siRNA
was applied at a concentration of 15nM each with 4pl/ml DharmaFECT
1 transfection reagent, as per the manufacturer’s instructions. 24 hours
later, the transfection media was replaced with antibiotic-free full media.
At 48 hours after transfection, cells were growth arrested in 1% FCS
DMEM, and a 24 hour CMS regimen commenced 72 hours after the
transfection protocol began. Cell lysates were collected for protein
analysis at 96 hours post-transfection. The optimal conditions for Gag/11
knockdown were confirmed by western blot and gPCR in preliminary

experiments.
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7.3.5 TMLC stretch co-culture assay

7.3.5.1 Principle of assay

TMLCs are cells that have been permanently transfected and express
the enzyme luciferase under the control of the promoter for the PAI-1
gene (229). As TGFB is known to induce PAI-1 gene expression,
luciferase activity in these cells can be used to measure the amount of
active TGFB stimulating the cells. Luciferase activity is determined by
incubating TMLC lysates with luciferase substrate, resulting in the
emission of light that can be measured by a plate reader. The
concentration of active TGFp is used by comparing the luciferase activity

from experimental samples with that of a TGF(3 standard curve.

7.3.5.2 Method

HLFs were seeded on Bioflex® plates at 2 x 10° cells per well in full
media, allowed to adhere overnight, then growth arrested in 1% FCS
DMEM for 24 hours. TMLCs were seeded over the HLFs at 4 x 10° cells
per well in 1% FCS, and allowed to adhere for 2 hours. A 24 hour CMS
regimen was applied, then cells were lysed in Reporter Lysis Buffer, and
the plate stored at -80°C for at least 4 hours. Lysates were transferred to
a white luminometer plate, and luciferase activity determined using the
following protocol: 100ul luciferase assay reagent injected per well, 2
second measurement delay, 10 second measurement read time.
Luminescence readings were performed using an automated plate
reader with luciferase injection capabilities, and analysis was performed

with Omega software (BMG Labtech). A TGFB standard curve was
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applied for 24 hours to TMLCs seeded in normal tissue culture plastic six
well plates, to validate the TGF( activation response in these cells. As
controls, TMLCs were seeded on Bioflex® plates, and the effects of
stretch on TMLCs alone on luciferase activity subtracted from the

HLF/TMLC co-culture stretch luciferase activity.

7.4 Results

7.4.1 CMS of wild-type MEFs induces TGFJ activation

To identify the optimal conditions for the assessment of CMS-induced
TGF signalling in vitro, preliminary experiments were performed on WT
MEFs. When WT MEFs were subject to CMS at 1Hz and 15% elongation,
increased Smad?2 phosphorylation was seen at 48 hours of CMS (Figure
7-2A,B; unstretched vs stretched p=0.05). A similar magnitude of
pSmad2 expression was observed with 4 and 24 hours of CMS, but this
was less consistent than that observed at 48 hours (Figure 7-2A,B).
Therefore, 48 hours was chosen as the optimal duration for further CMS

experiments unless other experimental requirements precluded this.

The optimal degree of stretch for use in CMS-induced TGFf signalling
experiments was investigated by applying 1Hz CMS to WT MEFs with
increasing degrees of elongation, within the range possible in normal
tidal breathing. CMS at 5%, 10% and 15% elongation increased pSmad?2
expression compared with unstretched controls to a similar magnitude,
but this became inconsistent at 20% elongation (Figure 7-2, C,D; p=0.05

stretched vs unstretched).
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Figure 7-2: CMS induces TGF signalling in WT MEFs

WT MEFs were subject to 15% CMS at 1Hz for 4, 24 and 48 hours
(A,B), or 48 hours of 1Hz CMS at 5%, 10%, 15%, or 20% elongation
(C,D).

A) Relative pSmad2/Smad2 densitometry from 3 independent CMS

time course experiments.

B) Representative pSmad2, Smad2 and GAPDH western blot from

CMS time course experiments.

C) Relative pSmad2/Smad2 densitometry from 3 independent dose-

response CMS experiments.

D) Representative pSmad2, Smad2 and GAPDH western blot from
CMS dose-response experiments

Graphs show median + interquartile range from 3 independent
experiments. Statistical analyses performed using one-tailed Mann-
Whitney Test comparing each stretch condition with the corresponding
unstretched control. (-) = unstretched cells, (+) = stretched cells.

Western blots representative of 3 independent experiments.
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These data indicate that a CMS regimen of 15% elongation, at a
frequency of 1Hz, for 48 hours induces TGFf signalling in WT MEFs. As
15% elongation was estimated to represent a degree of stretch relevant
to breathing, and any alteration to the percentage elongation did not alter
the pSmad2 signal, this was deemed to be the optimal degree of stretch

for further CMS experiments.

7.4.2 CMS increases TGF activation in IPF lung fibroblasts to a greater
extent than non-IPF lung fibroblasts

Having found that breathing-related CMS induces TGFf signalling in

murine embryonic cells, experiments were carried out to assess the role

of CMS-induced TGF signalling in adult human lung fibroblasts.
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Similar to WT MEFs, breathing-related CMS increased pSmad2
expression in HLFs from donors with IPF and non-diseased controls at
48 hours (Figure 7-3A,B; p<0.01). Non-fibrotic HLFs exhibited an
increase in median pSmad2/Smad?2 expression of 0.01 (unstretched) to
1.24 Arbitrary Units (AU) (stretched) (Figure 7-3A,B, p<0.01). IPF HLFs
also increased the median pSmad2/Smad2 expression with cyclical
stretch from 0.06 to 2.97 AU (p<0.01), and this stretch-induced pSmad2
expression was greater than that observed in non-fibrotic HLFs (Figure
7-3; 1.24 vs 2.97U, p<0.01). A TMLC-HLF co-culture CMS system
confirmed a greater CMS-induced TGF[ signalling response in IPF HLFs
compared with HLFs from non-diseased donors (Figure 7-3C, 5 non-
fibrotic vs 5 IPF HLF lines, p=0.04). While CMS-induced TGFf3 signalling
was consistent in HLFs, this was less than that induced by 2ng/ml TGF3
for 1 hour (Figure 7-3D) and, in most cases, 500pg/ml TGFf signalling
(Figure 7-3E). These data indicate that breathing-related CMS induces
TGFB signalling in HLFs, and IPF cells generate a greater degree of
TGFB signalling in response to CMS. However, the degree of TGFp
signalling induced by CMS was often less than that observed with

500pg/ml TGF stimulation.
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Figure 7-3: Breathing-related CMS induces a greater TGFf
signalling response in IPF lung fibroblasts compared with non-
diseased cells

CMS was applied to HLFs from 5 non-fibrotic and 5 IPF donors at 15%
elongation and 0.3Hz for 48 hours.

A) Representative pSmad, Smad2/3 and GAPDH western blot of non-
fibrotic and IPF HLF cell lines subject to CMS.

B) Relative pSmad2/ total Smad2 densitometry from western blots of 5
non-fibrotic and 5 IPF HLF cell lines subject to CMS.

C) Luminescence from TMLC-HLF stretch co-culture assay using 5

non-fibrotic and 5 IPF HLF cell lines in independent experiments.

D) Representative pSmad2 and Smad2/3 western blot of HLFs subject
to CMS, alongside cells treated with 2ng/ml TGF{ for 16 hour.

E) Luminescence values from TMLCs treated with 31.25-500pg/ml
TGFp for 24 hours. Data shown as mean + SEM from 4 independent
TMLC standard curves.

Densitometry data shown as median + interquartile range. Statistical
analyses performed using two-tailed Mann Whitney test. NL = normal

(non-diseased), (-) unstretched, (+) stretched.
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To further assess the effect of CMS on profibrotic signalling, TGFB-
related gene expression was assessed in HLFs subject to CMS using
gPCR. 48 hours of CMS induced a significant increase in TGFB1 and
PAI-1 mRNA expression in non-fibrotic HLFs (median fold increase with
stretch 2.6 and 1.8 respectively, p<0.01; Figure 7-4A,C). A trend towards
increased TGFB1 and PAI-1 mRNA was also seen in IPF HLFs subject
to CMS (median fold increase with stretch 1.3 and 1.6 respectively) but

this did not reach statistical significance (Figure 7-4B,D).
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Figure 7-4: CMS induces PAI-1 and TGFB1 mRNA expression in

human lung fibroblasts

HLFs from non-diseased (NL) and IPF (IPF) donors were subject to 48
hours CMS at 1Hz and 15% elongation.

A, B) PAI-1 mRNA expression in non-diseased (A) and IPF (B) HLFs
subject to CMS

C, D) TGFB1 mRNA expression in non-diseased (C) and IPF (D) HLFs
subject to CMS

Data shown as median * interquartile range. Statistical analyses
performed using two-tailed Mann Whitney test. (-) unstretched, (+)

stretched.

Overall, these data demonstrate that breathing-related CMS induces
TGFpB signalling and TGFB-related gene expression in HLFs. CMS-
induced TGFp signalling is greater in fibrotic HLFs than in non-diseased
cells, but this may not translate to greater increases in TGFB-related

MRNA expression.
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7.4.3 CMS has no effect on total aSMA protein expression in MEFs or
human lung fibroblasts

TGFB is an established stimulus of fibroblast to myofibroblast

differentiation, a key process in the pathogenesis of IPF (69). As earlier

data demonstrated that CMS induces TGFf signalling, the effect of CMS

on the expression of aSMA, a myofibroblast marker, was assessed.

CMS did not increase total aSMA protein expression in WT MEFs
stretched between 5%-20% elongation at 1Hz for 48 hours (Figure 7-5A).
Similarly, neither IPF nor non-diseased HLFs increased total aSMA
protein expression in response to 48 hours of breathing-related CMS
(Figure 7-5B). Furthermore, mRNA analysis of HLFs subject to CMS
demonstrated a small decrease in ACTA2 mRNA expression with CMS
in IPF HLFs (median fold change in ACTA2 mRNA expression 0.68, IQR
0.52-0.91, p=0.03). However, this failed to reach statistical significance
in non-diseased cells (median fold change in ACTA2 mRNA expression
0.76, IQR 0.67-1.06; p=0.69) (Figure 7-5D). These data suggest that 48

hours of CMS does not significantly alter the myofibroblast phenotype.
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Figure 7-5: CMS does not affect aSMA protein expression in
murine embryonic or adult human lung fibroblasts

WT MEFs and HLFs were subject to 48 hours of breathing-related
CMS.

A) Representative aSMA and GAPDH western blot from WT MEFs

subject to CMS at 1Hz and increasing degrees of elongation.

B) aSMA and GAPDH western blot from 3 non-fibrotic and 3 IPF HLF
lines subject to CMS at 0.3Hz and 15% elongation. This result was
validated in a further 3 non-fibrotic and 3 IPF HLF lines.

C, D) ACTA2 mRNA expression in non-diseased (C) and IPF HLFs
subject to CMS at 0.3Hz and 15% elongation.

Data shown as median * interquartile range. Statistical analyses
performed using two-tailed Mann Whitney test. NL = normal (non-

diseased), (-) unstretched, (+) stretched.

7.4.4 Genetic knockdown of Gagi1 inhibits CMS-induced TGF(

activation in MEFs and HLFs

Subsequent experiments were performed to identify the molecular

mechanisms underlying CMS-induced TGFf signalling. The expression
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of pSmad2 in response to 48 hours of CMS in Gnag”;Gnall’- MEFs was
compared with that of WT MEFs. WT MEFs increased pSmad2
expression with CMS, with a median pSmad2/Smad2 expression
increase from 0.65 AU to 1.67 AU (p=0.03) with CMS (Figure 7-6A,B).
However, pSmad2 expression in Gnaq”’;Gnall”’ MEFs subject to CMS
was lower than that observed in WT MEFs (1.67AU vs 0.29AU; p=0.03)
(Figure 7-6A,B). Gnal2/;Gnal3”’- MEFs had a similar CMS-induced
increase in pSmad2 expression to WT MEFs (Figure 7-6A). These data
indicate that Gag/11 is a key mediator of CMS-induced TGF signalling in
embryonic fibroblasts, and that this is specific to the Gaq/11 family of Ga

subunits.
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Figure 7-6: Gagi11 mediates CMS-induced TGF signalling in MEFs
and HLFs

MEFs (A,B) and HLFs (C,D) with either intact Gag/11 Signalling or
genetic Gag/11 knockdown were subject to breathing-related CMS, and
TGFp signalling assessed by pSmad2 western blot

A) Representative pSmad2, Smad2, and GAPDH western blot from
wild-type (WT), Gnal2”’;Gnal3”, and Gnag’-Gnall’ MEFs subject to
CMS.

B) Relative pSmad2/Smad2 densitometry in WT, Gnal2/;Gnal3", and
Gnag”’-Gnall”’- MEFs subject to CMS

C) Representative pSmad2, Smad2/3, GAPDH, Gaq, and Ga11 Western
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blot in HLFs subject to siRNA-induced GNAQ and GNA11 knockdown
and CMS.

D) Relative pSmad2/Smad2 densitometry from western blots of HLFs
with siRNA-induced GNAQ and GNA11 knockdown subject to CMS
Data shown as median * interquartile range, n=4. Statistical analyses
performed using two-tailed Mann Whitney Tests. (+) CMS; (-)

unstretched

To validate this finding in adult lung fibroblasts, non-diseased HLFs were
subject to Gag11 knockdown using GNAQ and GNA11l siRNA. In these
experiments, 24 hours of cyclical stretch was used rather than the 48
hours used in other experiments, to ensure that the CMS regimens
occurred during the period of siRNA-induced GNAQ and GNAll
knockdown (72-96 hours after siRNA transfection). HLFs with SiRNA-
induced Gag/11 knockdown had a blunted TGF( signalling response to 24
hours of CMS compared to HLFs treated with non-targeting siRNA
(relative pSmad2 to Smad2 densitometry values of 2.1 AU with control
siRNA compared with 1.1 AU with GNAQ and GNA11 siRNA, p=0.03;

Figure 7-6C,D).

Converse to the above data, a chemical inhibitor of Gag/11, YM-254890,
did not inhibit CMS-induced TGF[ signalling in HLFs at concentrations

at the typically used concentration of 1uM (Figure 7-7).
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Figure 7-7: Chemical inhibition of Gag11 does not inhibit CMS-
induced TGF signalling

HLFs were subject to 48 hours of breathing-related CMS in the
presence of 1uM YM254890.

A) Representative pSmad2, Smad2/3, and GAPDH western blot

B) Relative pSmad2/Smad2 densitometry from 4 western blots.

Data shown as median * interquartile range, n=4. Statistical analyses
performed using two-tailed Mann Whitney Tests. (+) CMS; (-)

unstretched

Overall, these findings suggest that Gag/11 is @ key component of CMS-
induced TGFp activity in both embryonic and adult fibroblasts. However,
genetic knockdown of Gag/11 rather than chemical inhibition is required to

reduce CMS-induced TGFf signalling.

745 CMS induces TGFB signalling via a ROCK- and integrin-
independent pathway

As Rho-ROCK signalling occurs downstream of Gag/11 (74) and has been
implicated in stretch-mediated TGFB activation (113), the ROCK1/2
inhibitor Y-27632 was used in the breathing-related CMS system to

assess the role of ROCK in CMS-induced TGFf signalling in fibroblasts.
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ROCK1/2 inhibition did not reduce stretch-induced TGFf signalling in
MEFs or HLFs (Figure 7-8), even at concentrations far exceeding the
ICs0 of Y27632 (Ki=140nM (355)). This suggests that ROCK is not an

essential component of the stretch-mediated TGF[3 activation pathway in

fibroblasts.
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Figure 7-8: CMS-induced TGF signalling is a ROCK-independent
process

WT MEFs (A,B) and non-diseased HLFs (C,D) were treated with 10uM
of the ROCKZ1/2 inhibitor Y27632 then subject to breathing-related CMS
for 48 hours.

A) Representative pSmad2, Smad2, and GAPDH western blot of wild
type MEFs treated with Y27632 then subject to 48 hours of CMS.

B) Relative pSmad2/ Smad2 densitometry from western blots of wild-
type MEFs treated with Y27632 then subject to CMS.

C) Representative pSmad2, Smad2/3, and GAPDH western blot of
HLFs treated with Y27632 then subject to 48 hours of CMS.
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D) Relative pSmad2 to Smad2 densitometry from western blots of HLFs
treated with Y27632 then subject to CMS.

Data shown as median * interquartile range, n=3 for each experiment.
(+) stretched; (-) unstretched. AIK5 inh = 50uM AIK5 inhibitor
(SB525334).

As cell surface integrins play key roles in the activation of TGF[3, and
several integrins are expressed by fibroblasts and drive TGF[3 activation
(356, 357), the effects of integrin inhibition on CMS-induced TGFf
signalling in fibroblasts was assessed. The pan-av integrin inhibitor
CWHM-12 (a gift from Dr David Griggs, St Louis University) did not
reduce cyclical stretch-induced TGFf signalling in HLFs (Figure 7-9A,B).
Furthermore, B1 integrin inhibition with NOTT199SS had no effect on
CMS-induced TGFp signalling in human lung fibroblasts (Figure 7-9C,D).
Together, these results imply that CMS-induced TGFB signalling in

fibroblasts is integrin-independent.
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Figure 7-9: av and 1 integrins are not required for CMS-induced

TGFp signalling in human lung fibroblasts

Non-diseased HLFs were subject to 48 hours of breathing-related CMS

in the presence of inhibitors of av integrins (A,B) or 31 integrins (C,D).

A) Representative pSmad2, Smad2/3, and GAPDH western blot of
HLFs subject to CMS in the presence of increasing concentrations of
CWHM-12.

B) pSmad2/Smad2 densitometry of HLFs subject to CMS in the
presence of CWHM-12.

C) Representative pSmad2, Smad2/3, and GAPDH western blot of
HLFs subject to CMS in the presence of NOTT199SS.

D) pSmad2/ Smad2 densitometry of HLFs subject to CMS in the
presence of NOTT199SS.

Data shown as median * interquartile range, n=4. Statistical analysis
performed using two-tailed Mann Whitney Tests. (+) stretched; (-)
unstretched. AIK5 inh = 50uM AIK5 inhibitor (SB525334).

299




Overall, these findings indicate that breathing-related CMS-induced
TGFp signalling occurs via a ROCK- and integrin-independent pathway

in fibroblasts.

7.4.6 CMS-induced TGF[B signalling requires the activity of serine
proteases, but not matrix metalloproteinases

Protease activity can induce TGFf activation independently of integrins

(68), therefore the effect of serine protease and matrix metalloproteinase

(MMP) activity on CMS-induced TGFfB signalling in fibroblasts was

assessed.

The MMP inhibitor GM6001 did not inhibit CMS-induced TGF signalling
at any of the concentrations tested (Figure 7-10A,B). Conversely, the
serine protease inhibitor AEBSF inhibited CMS-induced TGF signalling
at 10uM and 100uM when compared with cells not treated with AEBSF
(CMS-induced pSmad2/Smad2 density values 0.20 and 1.10AU for
10uM and 100uM, respectively, vs 4.93 AU on untreated cells; p=0.03)
(Figure 7-10C,D). These data indicate that CMS-induced TGFf

signalling requires serine protease activity.
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Figure 7-10: CMS-induced TGF signalling requires serine
proteases but not matrix metalloproteinases

HLFs were subject to 48 hours of breathing-related CMS in the
presence of increasing concentrations of an MMP inhibitor (GM6001)
(A,B) or a serine protease inhibitor (AEBSF).

A) Representative pSmad2, Smad2/3, and GAPDH western blot from
HLFs subject to CMS in the presence of GM6001.

B) Relative pSmad2/ Smad2 densitometry from HLFs subject to CMS in
the presence of GM6001.

C) Representative pSmad2, Smad2/3, and GAPDH western blot from
HLFs subject to CMS in the presence of AEBSF.

D) Relative pSmad2/ Smad2 densitometry from HLFs subject to CMS in
the presence of AEBSF.

Data shown as median * interquartile range, n=4. Statistical analyses
performed using two-tailed Mann Whitney tests. (+) stretched; (-)
unstretched. AIk5 inh = 50uM AIK5 inhibitor (SB525334).
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7.4.7 Gagr11-deficient cells generate less TGF[32

Proteases can activate all three TGF[ isoforms, however TGF(B1 and
TGFB3 are preferentially activated by integrins (66, 68). Therefore, the
expression of TGFB2 in response to CMS and Gag/11 knockdown was

assessed in fibroblasts.

HLFs subject to siRNA-induced Gag/11 knockdown expressed less TGF32
protein than cells treated with non-targeting siRNA, with a median
pSmad2/Smad2 densitometry reduction from 1.41AU with non-targeting
SiRNA to 0.50 AU with GNAQ and GNA1l siRNA (p=0.03; Figure
7-11A,B). This observation was specific to TGFp2, as TGFB1 levels were
not altered by Gag/11 knockdown (median pSmad2/Smad2 densitometry
0.95AU with control siRNA and 1.05AU with GNAQ and GNA11 siRNA,
p=0.34; Figure 7-11C,D). 24 hours of CMS did not alter TGFB1 or TGF[2
protein expression (Figure 7-11A,C). Overall, these data suggest that
Gagr11 signalling contributes to TGFB2 production, which may then
subsequently be deposited in the ECM and amenable to protease-

induced activation.
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Figure 7-11: TGFB2 protein expression is reduced by Gaq/11
knockdown, but not affected by CMS

Non-fibrotic HLFs were subject to siRNA-induced Gagi11 knockdown

then 24 hours of cyclical stretch.

A) Representative TGFB2 western blot of HLFs subject to non-targeting
(Scr) or GNAQ and GNA11 siRNA, then CMS.

B) Relative TGFB2/ GAPDH densitometry from HLFs with Gag/11
knockdown then subject to CMS.

C) Representative TGFB1 western blot of HLFs subject to non-targeting
(Scr) or GNAQ and GNA11 siRNA, then CMS.

B) Relative TGFB1/ GAPDH densitometry from HLFs with Gag/11
knockdown then subject to CMS.

Data shown as median * interquartile range, n=4. Statistical analyses

performed using two-tailed Mann Whitney tests. (+) stretched; (-)

unstretched.
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7.4.8 Mesenchymal Gag11 knockout mouse lungs contain reduced
amounts of TGF(2

As the above data suggest that mesenchymal Gag/11 deficiency results in

impaired TGFB2 production, and TGFf signalling is essential for normal

lung development, TGFB2 expression in Pdgfrb-Cre*-;Gnaq";Gnall-

lungs was assessed using immunohistochemistry.
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Figure 7-12: The lungs of mice lacking mesenchymal Gag11 CcONtain
less TGFB2

A) Representative TGFB2 immunohistochemistry images from 2 week
old Gnall (left) and Pdgfrb-Cre*-;Gnaqg™";Gnall’ (right) mouse
lungs. Staining performed by Chitra Joseph, Division of Respiratory
Medicine, University of Nottingham.

B) TGFB2 immunostaining score of 2 week old Gnall”- and Pdgfrb-
Cre*;Gnag™M;Gnall’ mouse lungs. 4 mice per group, 7 images
analysed per mouse. Data shown as median * interquartile range.

Statistical analysis performed using a two-tailed Mann Whitney test.

Pdgfrb-Cre*-;Gnag™f;Gnall”’ mouse lungs contained significantly less
TGFB2 than Gnall’ controls (Figure 7-12), suggesting that
mesenchymal cell Gag11 may be involved in TGFB2 production. This

finding implies that the abnormal alveolarisation seen in Pdgfrb-Cre*-
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;Gnaqf™:Gnall’ mouse lungs may occur due to TGF deficiency, and

implies a potential isoform-specific role for TGFB2 in alveolarisation.

7.5 Discussion

TGFp signalling is a key factor in the pathogenesis of IPF and in normal
lung development. Mechanical stretch has been shown to induce TGF(3
signalling in several disease models (113, 180, 181, 183-186, 188, 219,
349-354). Breathing-related CMS is a ubiquitous stimulus in the lungs,
however the role of breathing-related CMS on TGFf signalling in lung

fibroblasts has not been previously investigated.

This work demonstrated that breathing-related CMS induces TGFf
signalling in both embryonic and adult fibroblasts, and that this occurs
via a previously undescribed ROCK- and integrin-independent pathway
that requires serine protease activity. The findings of this study also
suggest that Gag/11 signalling drives the production of TGFB2, and the
working hypothesis from these data is that this may lead to increased
TGFB2 deposition in the ECM which is then susceptible to protease-
mediated activation (Figure 7-13). One or several of these pathway
components may be dysregulated in IPF, leading to the excessive CMS-
induced TGF signalling in IPF lung fibroblasts observed in this study. A
greater understanding of these pathways may identify novel therapeutic
targets for use in the management and prevention of pulmonary fibrosis,

as well as developmental lung diseases such as BPD.
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Figure 7-13: The mechanisms of CMS-induced TGF signalling in
lung fibroblasts

Breathing-related CMS increases serine protease activity, potentially
via increased activity of existing proteases or increased serine protease
production (1). Gaqr11 signalling increases TGFB2 protein production (2),
leading to greater availability of latent TGFB2 in the ECM available for
protease-mediated activation (3).

LAP = latency associated peptide; LTBP = latent TGF[ binding protein.
Solid boxes arrows show mechanisms demonstrated by this study.

Dashed arrows show hypothesised pathways.

Initial experiments focussed on identifying the optimal CMS protocol, in
terms of duration and degree of elongation, for assessing CMS-induced
TGFB signalling. CMS at a physiologically-relevant rate (1Hz in murine
cells) consistently induced pSmad?2 expression in WT MEFs at 48 hours.
This time point was therefore used for most subsequent CMS

experiments, unless experiment-specific issues precluded this. CMS
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experiments involving siRNA-induced Gag/11 knockdown were performed
for 24 hours to ensure that CMS was applied while Gag/11 €Xpression was
reduced. Experiments involving the PLC inhibitor U73122 were also
performed using 24 hours of CMS, due to cell death observed at 48

hours.

In this work, no relationship between the degree of CMS elongation and
TGFB signalling was found in WT MEFs. Conversely, Froese et al
reported a dose-response relationship between the force applied to
fibrotic rat lung strips and TGFB activation (113). The results of the
present study are not comparable to this earlier work for several reasons.
Lung tissue slices consist of multiple different cell types and connective
tissue structures, unlike the fibroblast monolayers used in this study.
Additionally, Froese et al used a CMS frequency twice that used here
(2Hz vs 1Hz on animal samples), and TGFf signalling was assessed at
an earlier time point (15 minutes vs 48 hours). Therefore, direct
comparisons in terms of a dose-response relationship between CMS and

TGFp signalling, cannot be made between the two studies.

An alternative explanation for the lack of CMS-induced TGFf signalling
dose-response relationship observed in this study is that there is a
stretch threshold above which the degree of TGF[ activation does not
increase further. If this threshold is lower than the lowest degree of
stretch investigated in this study (5% elongation), then no CMS-TGFf
signalling dose-response relationship could be observed using this

model. However, as CMS with 5% elongation is at the lower end of the
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degree of stretch induced by physiological breathing (358), it is unlikely
that such a threshold of TGF[ activation would have been reached in

these experiments.

Following the initial dose-response experiments, 15% elongation was
used for further CMS regimens. This decision was based on the
consistent CMS-induced TGF signalling response to 15% elongation in
MEFs, and the published literature. Given the heterogeneous distribution
of mechanical forces in the lung (172), and the fact that cells adjacent to
fibrotic areas may be subject to increased stretch forces (113, 359), it is
difficult to estimate the degree of stretch a typical lung fibroblast is subject
to in vivo in health and disease. A study of ex vivo rat lung ventilation
reported that a 20% increase in epithelial basement membrane surface
area occurs with breathing at 40-90% of total lung capacity (358). The
15% elongation used in the present study lies within this range, although
unlike epithelial cells lung fibroblasts do not “pleat” at low lung volumes,
and therefore fibroblast stretch may have a different relationship to lung
inflation. In addition, several studies of lung disease have used 15%
elongation using the Flexcell® and other systems (113, 182, 190, 191,
198, 207, 360). Finally, in the present work 5% and 10% elongation
induced the same degree of TGFB signalling as 15% elongation,
therefore it is unlikely that the data would have changed even if 15% is
an overestimate of breathing-related CMS. 20% elongation gave
inconsistent TGFf signalling in the Flexcell® model, possibly because of

cell detachment, therefore was not used for further experiments.
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While the degree to which lung fibroblasts are stretched by breathing is
unclear, normal respiration was mimicked as closely as possible in this
study by using physiologically-relevant respiratory rates (60 or 18 stretch
cycles per minute in mouse and human cells, respectively). This is the
first study to investigate the effect of physiological breathing on TGFf3

signalling in lung fibroblasts.

The initial optimisation experiments investigating CMS-induced TGFf
signalling were carried out in MEFs, however previous work suggests
that embryonic cells have different TGFf3 signalling responses to stretch
compared with adult differentiated cells (361). 48 hours of breathing-
related CMS consistently induced TGFf signalling in HLFs, validating the
applicability of this Flexcell® CMS-induced TGFB signalling to both
developmental and adult disease models. Therefore, MEFs and HLFs

were used for the subsequent mechanistic experiments.

In this study, phosphorylation of Smad2, which occurs directly
downstream of TGF[ activating its receptor (7), was used as a measure
of TGFB activation. Previous studies of CMS-induced TGFB activity
measured TGF[ production, by assessing TGFB1 mRNA (180-184, 187,
190, 216, 362, 363) or protein expression by enzyme-linked
immunosorbent assay (ELISA) (181, 184, 186, 364, 365). Alternatively,
some groups performed TGFB-induced luciferase activity assays on
stretch-conditioned media, which often requires heat or acid-mediated
activation of TGFB within the samples (189, 366). However, these

methods do not indicate TGF( activation by the experimental conditions,
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nor do they confirm the induction of signalling downstream of TGFg.
While it could be argued that CMS could increase pSmad2 expression
via a non-TGFB-induced signalling pathway, for example via MAPK
signalling (367), a TGFB receptor inhibitor (SB-525334) completely
inhibited CMS-induced pSmad2 expression in all of the chemical inhibitor
experiments in this study. Additionally, TMLC-HLF co-culture
experiments and TGFB-related mRNA expression assays confirmed that
breathing-related CMS induces TGFB signalling under the same
conditions. Therefore, Smad2 phosphorylation was used as the primary

measure of TGFf signalling in this study.

It is likely that CMS induces low level TGFB signalling in fibroblasts,
based on the lower pSmad2 expression in CMS-stimulated samples
compared with 2ng/ml TGFB stimulated controls (Figure 7-3). This
relatively low TGF signalling compared with that seen in whole lung
slice models likely reflects the lower number of cells present in monolayer
culture (113). Additionally, lung slices contain epithelial cells, which
express a different integrin repertoire and therefore have different TGF3-
activating capabilities to fibroblasts (74, 126, 357, 368). It is impossible
to extrapolate the active TGFB concentration induced by CMS from the
western blots in this study, however previous publications have
suggested that CMS may induce active TGF concentrations as low as
75-100pg/ml (186). It could therefore be argued that the degree of CMS-
induced TGFB activation is too low to have any relevant effect.

Conversely, this study found that HLFs from IPF donors had elevated
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CMS-induced TGFf signalling compared with non-fibrotic HLFs using
two independent assays, suggesting that this is a disease-relevant
process. As breathing-related CMS is a continuous stimulus in all human
lungs, even low-level increases in TGFB signalling could facilitate
fibrogenesis over time. Therefore, breathing-related CMS of fibroblasts

may contribute to the pathogenesis of IPF.

The distribution of CMS forces is altered in the fibrotic lung, due to
alveolar collapse in fibrotic areas and corresponding over distension of
surrounding alveoli (176, 177). Mechanical forces are further disturbed
by surfactant abnormalities in IPF, which result in increased alveolar
surface tension and greater strain (178, 369-372). The fibroblast
monolayers used in this study would not have formed the mature lung
structure or established the architectural distortion of the surroundings
typical of IPF, yet were still more sensitive to CMS in terms of TGF(
activation. This novel finding supports the hypothesis that IPF fibroblasts
have inherent differences that increase their sensitivity to CMS, and
challenges the concept that fibroblasts merely respond to profibrotic
stimuli during fibrogenesis. Alternatively, IPF cells may produce ECM
with properties that facilitate CMS-induced TGF[B signalling, e.g. by
having greater stiffness (168, 373) or TGFB content. This study
demonstrates that fibroblast CMS-induced TGFB signalling is an
important driver of IPF, and may contribute to the progressive nature of

pulmonary fibrosis.
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The data from this study have several clinical implications. Patients with
IPF are prone to developing acute exacerbations when mechanically
ventilated (173-175), and a better understanding of the mechanisms
involved in stretch-induced TGF@ activation could identify targets for
novel therapeutics to prevent ventilator-associated acute exacerbations
in those at risk. Similar to IPF, genetic variants have been linked to
greater susceptibility to developing BPD if a baby is born prematurely
(43). It is possible that lung fibroblasts from BPD patients may behave
differently to healthy lung fibroblasts in response to CMS, and this could
explain inter-patient differences in the susceptibility to BPD. While this is
a speculative hypothesis, the response of BPD lung fibroblasts to CMS

warrants further investigation.

TGFB signalling is known to promote fibroblast to myofibroblast
differentiation (69), however this study found that aSMA protein
expression was not affected by CMS in MEFs or HLFs. While this seems
counterintuitive, this finding is consistent with previous work on stretch of
fibroblasts and myofibroblasts (190, 374, 375). It is possible that, while
the overall expression of aSMA is unchanged, CMS alters the
incorporation of aSMA into intracellular stress fibres, leading to a more
myofibroblast-like phenotype. Alternatively, the 48 hours of CMS used in
this study could be too early to see an increase in aSMA protein
expression. Additionally, CMS may activate TGF concentrations too low
to significantly increase aSMA expression. Conversely, previous work

has suggested that CMS reduces TGFB-induced aSMA expression at a
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supraphysiological TGFB (10ng/ml) concentration in lung fibroblasts
(190), and this was consistent with the mRNA data from this study.
Overall, the data from the present and previous studies suggest that

CMS itself does not enhance myofibroblast differentiation.

Having identified that CMS enhanced fibroblast TGF signalling in a
disease-relevant manner, further experiments focussed on the molecular
mechanisms of CMS-induced TGF signalling. MEFs and HLFs lacking
Gagr11 exhibited reduced CMS-induced TGF signalling, suggesting that
Gagi11 is a key mediator of this pathway. This was specific to the Gagi11 G
protein, as Gnal2”’;Gnal3” MEFs exhibited CMS-induced TGFf
signalling in a comparable fashion to WT MEFs. These data are
consistent with earlier work showing that type Il alveolar epithelial cell
Gagr11 is essential for stretch-mediated TGF( activation in a ventilator-
induced lung injury model (219), but this is the first study to identify a role

for Gag/11 in fibroblast CMS-induced TGF[ signalling.

It should be noted that Gag11-deficient MEFs and HLFs had lower
pSmad2 expression in unstretched control samples than cells with intact
Gagi11 signalling. This may reflect a lower baseline TGFf activation in
response to growth factors in the media or signals from the surrounding
extracellular matrix, both of which may signal via Gag/11. Despite the lower
baseline pSmad2 expression in Gaq11-deficient cells, the abrogated
CMS-induced pSmad?2 expression in cells lacking Gag/11 is clear, and the

data support a role for Gaq/11 in CMS-induced TGFf signalling.
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CMS-induced TGFf signalling was abrogated to a lesser degree in
Gagi11-deficient HLFs compared with Gnaqg”’;Gnall”’ MEFs. This less
prominent signal may be due to the short duration of siRNA-induced
Gagii1 knockdown in the HLF model, which typically lasted for 24-48
hours, compared with the stable knockdown in the Gag11”~ MEFs.
Furthermore, siRNA incompletely knocked down Gagi11 €xpression in
HLFs, as opposed to the complete knockdown in the Gag11”" MEFs.
Moreover, this longstanding Gag11 knockout could allow for significant
alterations to the mechanical and chemical properties of the deposited
ECM, or compensation by other signalling pathways that alter CMS-
induced TGF signalling. While the exact reasons for the differences in
CMS-induced TGFp signalling in Gag11-deficient MEFs and HLFs are
uncertain, this study clearly demonstrates an important role for fibroblast
Gagi11 iIn CMS-induced TGF signalling in both embryonic and mature

differentiated fibroblasts.

Although genetic knockdown of Gag/11 expression inhibited CMS-induced
TGF signalling, the chemical inhibitor of Gagq/11 YM254890 did not. These
data suggest that chemical and genetic inhibition of Gagq11 may have
different effects on cells in culture. One potential explanation is that
genetic Gag/11 knockdown leads to alterations in gene expression of other
genes involved in CMS-induced TGF signalling, either by compensatory
up- or downregulation, or through off target effects of the gene
knockdown strategy. Alternatively, the short half-life of YM-254890

(around 4 hours, information from discussion at American Thoracic
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Society Meeting 2018) could have prevented its effects being seen after
48 hours of CMS. Conversely, genetic Gagi11 knockdown approaches
may have longer lasting effects than chemical inhibition. Alternatively, no
assays were performed to confirm that the YM254890 had engaged with
its target, and it is therefore possible that the inhibitor was not working

correctly in this study.

Additionally, it was not possible to establish the role of phospholipase C
(PLC), which signals directly downstream of Gag11, in CMS-induced
TGFp signalling, as concentrations of the PLC inhibitor U73122 above
5uM (half maximal inhibitory concentration (ICso) 1-7uM (376-378))
resulted in cell detachment over the 24-48 hour timeframe required for a
CMS experiment. Despite these technical problems with chemical
inhibition of the Gag11 pathway, the data from genetic Gagi11 knockdown
gives strong evidence of an important role for Gagi11 in CMS-induced

TGFp signalling.

Previous work found that CMS-induced TGF signalling occurs via Rho-
ROCK signalling and av integrins, but not protease activity, in fibrotic lung
slices (113). Additionally, CMS of human airway smooth muscle cells
induced TGFB1 mRNA expression via RhoA and ROCK signalling in
work using a similar Flexcell® CMS regimen (12%, 0.3Hz) (379).
Furthermore, LPA-induced TGF@ signalling, another Gaq11-dependent
pathway, occurs via RhoA and avp6 integrin in epithelial cells (74). In
contrast, the present study showed that CMS of fibroblasts occurs

independently of ROCK and av integrins, but requires serine proteases.
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This discrepancy may be explained by a distinct CMS-induced TGFf
signalling pathway in fibroblasts compared to other cell types found in
the lung. It is likely that epithelial stretch-induced TGFB signalling
predominates in lung slices, because av36, an epithelial-specific integrin,
is a major driver of TGF signalling (74, 126, 223, 368, 380), and could
mask serine protease-dependent pathways triggered by fibroblast
stretch. Overall, these data suggest that regulation of TGF[ activation

may be cell type specific.

While the finding that CMS-induced TGFB signalling is ROCK-
independent in fibroblasts was unexpected, this is in keeping with data
presented elsewhere in this thesis. MEFs with longstanding Ga12/13
knockdown have an atypical cytoskeletal appearance, yet Gag/117- MEFs
have a similar cytoskeletal appearance to WT MEFs (Chapter 6). The
unaltered CMS-induced TGFB signalling in Ga12113”" MEFs despite an
atypical cytoskeletal appearance suggests that the cytoskeleton, and
thus ROCK signalling, is not involved in CMS-induced TGFf signalling

fibroblasts.

Several cell surface integrins can bind to and activate latent TGF,
including avp1, avB3, avp5, avp6, avB8, and a8B1 (357). In this study,
inhibitors of both av and 1 integrins did not affect CMS-induced TGFf
signalling in HLFs. While contrary to previous work in lung slices (113),
the independent experiments using both integrin inhibitors strongly
support the existence of a novel integrin-independent pathway of CMS-

induced TGFf signalling.
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Proteases are a diverse group of enzymes categorised according to their
structure and enzymatic activity (381), and several proteases including
MMPs, plasmin, urokinase-type and tissue-type plasminogen activators,
thrombin, elastase, and cathepsin, can activate TGF( by proteolytic
release of TGF@ from the large latent complex (357). As CMS-induced
TGFp signalling was integrin-independent, the role of proteases in CMS-
induced TGFf signalling was assessed. An MMP inhibitor, GM6001, did
not affect CMS-induced TGFf signalling, ruling out a role for MMPs in
this pathway. Conversely, the pan-serine protease inhibitor AEBSF
reduced CMS-induced TGF signalling in HLFs. Serine proteases that
activate TGFf include plasmin, thrombin, neutrophil elastase, chymase,
and tryptase (68), and CMS could enhance the activity of one or more of
these proteases by increasing production or activation, or by enhancing
substrate availability (160). Overall, these data imply that CMS induces
serine protease activity, resulting in subsequent TGFf activation, but the
exact mechanisms of stretch-induced protease activity in this model are

yet to be determined.

Protease activity is required for both normal alveolarisation during
development and lung homeostasis in the adult. The excessive ECM
accumulation seen in IPF is contributed to by an imbalance between
protease and antiprotease activity (381). In addition, the dysregulation of
several serine proteases has been implicated in the pathogenesis of
pulmonary fibrosis, including the coagulation proteases (thrombin, factor

Xa, activated protein C) (126, 128, 382-386), neutrophil elastase (387),
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and tryptase (388). Furthermore, coagulation proteases are known to
contribute to TGFP signalling via PARs (126, 381), GPCRs that can
signal via Gag11. Tight regulation of protease activity is required to
maintain lung homeostasis, and selective inhibition of just one protease
may further disturb lung homeostasis. In addition, broad protease
inhibition could alter other signalling pathways and ECM dynamics such
that fibrosis is worsened. Further work is therefore required to define the
role of CMS-induced protease activity in IPF before this can be

manipulated with therapeutic intent.

In addition to the potential role of CMS in the pathogenesis of IPF, CMS
also plays a key role in lung growth and development. CMS is known to
induce lung growth post-pneumonectomy (197). Furthermore, in
oligohydramnios, an abnormally low volume of amniotic fluid available for
inhalation results in lung hypoplasia (389). In addition, tight
spatiotemporal regulation of TGFB signalling is essential for normal
alveolarisation (102). Therefore, it is possible that disturbances to CMS-
induced TGFB signalling caused the abnormal lung development
observed in the mice lacking mesenchymal Gag/11 described in Chapter

4.

Protease activity is important in alveologenesis, and altered responses
to CMS-related protease activity may link the data presented in this
chapter to the abnormal lung appearance of mice lacking mesenchymal
Gagr11 (Chapter 4). Remodelling of the ECM is an important process in

secondary septation, and several proteases have been shown to be
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important lung development (390-393). Furthermore, protease activity
can be influenced by mechanical forces (394, 395). For example,
elastase inhibition in the vascular endothelium reduces mechanical
ventilation-induced TGFB signalling in neonatal mouse Ilungs,
demonstrating a link between CMS and protease-mediated TGFf3
signalling (396). Furthermore, thrombin is produced by vascular smooth
muscle cells in response to stretch (397), and may increase susceptibility
ventilation-induced lung injury by increasing epithelial cell stiffness (398).
Mechanical stretch of the lungs has also been shown to increase the
release of tryptase from mast cells, with associated increases in TGF(
activation (388), and enhances elastase activity alongside the availability
of binding sites on elastin (395). Further work is required to determine
the exact mechanisms by which fibroblast CMS influences protease

activity, and how this affects the healthy and diseased lung.

Having ascertained that CMS-induced TGFB signalling is integrin-
independent and serine protease-dependent in fibroblasts, further work
focussed on the TGFp isoform involved. Of the three TGF[ isoforms,
activation of TGFB2 is integrin-independent due to an absence of the
RGD motif in the LAP, but this isoform is activated by protease activity
(68). Gag/11-deficient fibroblasts expressed less TGFB2 protein, but had
unchanged levels of TGFB1, compared with cells with intact Gag/11. This
finding implies that Gag11 signalling is important for TGFB2 production in
fibroblasts, and that mesenchymal Gag11 deficiency may result in less

TGFB2 deposited in the ECM for protease-mediated activation.
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There is evidence for an important role of TGFB2 in fibrotic disease and
responses to mechanical signalling. In systemic sclerosis, epigenetic
upregulation of TGFB2 gene expression has been described, and this
leads to a profibrotic synthetic state in fibroblasts (399). Additionally,
CMS of mitral valvular interstitial cells results in increased TGFB2 mRNA
expression (400). Furthermore, in glaucoma, an ophthalmic condition
characterised by increased intraocular pressure, TGFB2 is found at
elevated concentrations in the aqueous humour (401). While suggestive,
the role of CMS on TGFB2 activation specifically is not conclusive from
the present study or the existing literature. Further work is required to
confirm the role of Gag11 in the production and activation of TGFB2, and
the specificity of activation of specific TGFf3 isoforms by cyclical stretch

of fibroblasts.

This is the first study to propose an isoform-specific role for TGFB2 in
mammalian alveolar development. TGFB32 was dramatically reduced in
mesenchymal Gaq11  knockout lungs, suggesting a previously
undescribed role for TGFB2 in alveolar development. Tgfb2/- mice die
shortly after birth from a range of developmental defects that do not
overlap with those seen in Tgfbl”- or Tgfb3”- mice (61, 63, 64). Tgfb2"
mice have no gross lung morphological abnormalities in late intrauterine
gestation, however collapsed conducting airways are found postnatally
(63). While the Pdgfrb-Cre*-;Gnaq:Gnall”’ mice generated in the
present study did not exhibit any of the developmental defects

characteristic of Tgfb2/- mice, it is possible that TGFB2 production by
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non-mesenchymal cells types is sufficient to allow normal prenatal
development. Additionally, as alveolarisation occurs entirely postnatally
in mice, it is possible that TGFB2 plays a role in alveolar development

that could not be observed in Tgfb27- mice due to perinatal death.

An alternative explanation to an isoform-specific role for TGFB2 in
alveolar development is that the abnormal alveolar appearances
observed in Pdgfrb-Cre*;Gnaq";Gnall’” mice occurs due to a
reduction in overall TGFf signalling. For example, Tgfb2 deletion can
reverse abnormalities in prenatal lung development associated with
excessive TGFB signalling (65). However, the non-overlapping
phenotypes observed in Tgfbl”, Tgfb2/, and Tgfb3” mice, and the
spatial- and temporal-specific expression patterns of each isoform in the
developing lung (82, 83, 402), suggest that there may be isoform-specific
roles for TGFB in lung development. What is clear is that loss of
mesenchymal Gag/11 dysregulates the precise control of TGFf signalling

in the lungs, resulting in abnormal alveologenesis.

7.6 Limitations and Suggested Future work
Several limitations must be considered when interpreting the work

presented in this chapter.

This study used in vitro cultures of a single cell type, fibroblasts, to model
breathing-related CMS. This is not truly reflective of any physiological
state, as no single cell type is subject to mechanical forces in isolation in

vivo. It could therefore be argued that work using lung slices, 3D cell
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culture, or in vivo models may be more appropriate. However, these
models limit the study of the contribution of individual cell types, and the
aim of the present study was to specifically understand the role of

fibroblast signalling in response to CMS.

In this project, the serine protease inhibitor AEBSF was used to establish
a role for serine proteases in CMS-induced TGFf signalling, rather than
using protease activity assays. Potential off-target effects of AEBSF
resulting in reduced CMS-induced TGFf signalling can therefore not be
ruled out. For example, AEBSF is known to inhibit Nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX), an enzyme complex
that contributes to the generation of reactive oxygen species and can
induce TGF activation (403-405). CMS has been shown to induce NOX
activity in type Il alveolar epithelial cells (406), but previous work reported
that NOX activity is induced by CMS at around 10 minutes (404). The
optimisation experiments used in this work found that the earliest time
point assessed, 4 hours of CMS, inconsistently increased TGFf(
signalling in fibroblasts. It is therefore unlikely that NAPDH oxidase
activation is the predominant source pf TGF[ signalling in this model,
although alternative methods of assessing serine protease activity, such
as protease activity assays, chemical inhibitors of specific serine
proteases, and measurements of protease production are required to

support this assumption.

Finally, the data presented here suggest that Gaq11 IS essential for

TGFB2 production, which would subsequently be available for CMS-
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induced protease-mediated activation. However, this study did not
directly assess the effect of CMS on TGF[32 signalling, and the use of a

TGFB2 inhibitor in this system is required to confirm this hypothesis.

7.7 Conclusion

CMS-induced TGFf signalling in fibroblasts is an important profibrotic
stimulus which is exaggerated in IPF. This is the first study to assess the
role of breathing-related CMS of TGFB signalling in fibroblasts, and
identified a novel CMS-induced TGFf signalling pathway in these cells.
This work is also the first to show enhanced TGF[ activation in response
to CMS in HLFs from patients with IPF, suggesting that this pathway may
be important in the pathogenesis of IPF. This study has also identified a
potential role for CMS-induced TGF[(2 activation, which can be modified
by Gag11 knockdown. These data have implications for Ilung
development, which is also influenced by mechanical forces and TGFf
signalling. Further dissection of the novel pathway described here may
identify therapeutic targets that could be exploited for the prevention and

treatment of developmental and fibrotic lung diseases.
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8 The Effects of
Mesenchymal Gagi11 and
Ga12113 Knockdown In Adult

Mice
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8.1 Introduction

The data presented in Chapters 4-7 demonstrated important and distinct
roles for fibroblast Gagq11 and Gat213 in fibrosis-related processes,
including stretch-mediated TGFB signalling, ligand-induced TGFf
signalling, detection of matrix stiffness, and fibroblast contraction.
However, it was not possible to test the role of mesenchymal Gag/11 and
Ga12/13 signalling in an experimental pulmonary fibrosis model in vivo
using mice with germline mesenchymal Gag11 and Ga12/13 deletion
because of the significant developmental abnormalities in these animals

(Chapter 4).

The Cre-lox system for cell-specific gene knockout can be further
modified to allow the temporal control of gene expression and the
avoidance of any developmental defects that occur with genetic
mutations, as gene knockdown can be induced in adulthood when
developmental processes are complete (224). The tamoxifen-inducible
Cre recombinase expression model is a widely used method for
spatiotemporal control of gene expression and depends on the
metabolism of tamoxifen in the liver into more potent metabolites 4-
hydroxytamoxifen (4-OH-TAM), and endoxifen (END) (407). In this model
CreFRT2 a recombinant fusion protein comprised of Cre recombinase and
a mutant ligand binding domain of the human oestrogen receptor, is
expressed under the control of a cell-type specific gene (407). CreER™? s
sequestered in the cytoplasm unless bound to a synthetic oestrogen
antagonist such as tamoxifen or its metabolites (407), when it
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translocates to the nucleus and induces the recombination of floxed

alleles (224) (Figure 8-1).

Cytoplasm

Tamoxifen
CreER CreER  (O)—
— Promoter Cre | LBDER — _|<;x Target gene I(;x -
Nucleus |
CrefER () ‘;X

Figure 8-1: The mechanism of CrefR™2-induced gene knockdown

Cre recombinase is fused to a mutant ligand binding domain of the
oestrogen receptor (LBD ER) to form CreER™2, |n the absence of
tamoxifen, CreER™2 s trapped in the cytoplasm. CrefRT? translocates to
the nucleus when bound to an oestrogen receptor antagonist, such as
tamoxifen or its metabolites, and catalyses the recombination of DNA
sequences flanked by loxP (floxed) genes. Image adapted from Kohan
2008 (224).

Transgenic mice with tamoxifen-inducible expression of Cre
recombinase in Pdgfrb-expressing cells (Pdgfrb-Cre/ERT2*-) have been
used in models of induced knockdown of floxed genes in Pdgfrb-
expressing cells, including pericytes (408-410), and are commercially
available. While studies involving Pdgfrb-Cre/ERT2*- mice could provide
valuable insight into the roles of mesenchymal cells in pulmonary fibrosis,
they have never been used to assess the functions of G protein signalling

in vivo or for fibrosis models.
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8.2 Aims and Hypothesis

The aims of this work were to:

Establish the breeding of mice with tamoxifen-inducible
knockdown of mesenchymal Gagi11 and Ga12/13.

Understand the impact of tamoxifen-induced mesenchymal Gag/11
and Ga12/13 knockdown on the lungs in adult mice.

Assess the feasibility of tamoxifen-inducible mesenchymal Gag/11
and Gat213 knockout mice for use in the bleomycin model of

pulmonary fibrosis.

The hypothesis underlying this work was:

The abnormalities observed in germline mesenchymal Gag77 and
Ga12/13 knockout mice occurred due to disturbances to normal
developmental processes, and tamoxifen-induced Gag77 and
Ga12/13 knockdown will not cause abnormalities that preclude

pulmonary fibrosis models.

8.3 Methods

8.3.1 Animals

8.3.1.1 Husbandry

Pdgfrb-Cre/ERT2*- mice were purchase from Jackson Laboratories, and

the generation of these animals has been described previously (409).

Mice were kept under standard conditions as described in the General

Methods, with food and water available ad libitum. Standard rodent chow
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was used outside of tamoxifen-induced Cre recombinase expression

studies.

8.3.1.2 Breeding strategy

To generate mice with a tamoxifen-inducible knockout of Gag/11 Or Gat2/13
in mesenchymal cells, a similar breeding strategy was used to that
described in Chapter 4, with the following modifications: Pdgfrb-
Cre/ERT2*- mice were used instead of Pdgfrb-Cre*"- mice, and F1 mice
were bred back onto Gnal2’;Gnal3f mice, rather than Gnal2*-

;Gnal3" mice, in the Ga12/13mouse colony breeding.
8.3.2 Tamoxifen-inducible Cre recombinase expression studies

F2 mice from the Gnag™f;Gnal1” x Pdgfrb-Cre/ERT2*-colony were kept
under standard conditions until aged 7 weeks. Food was then changed
to tamoxifen-containing rodent chow (400mg/kg tamoxifen citrate) for 3
weeks for mice of all genotypes. Mice were monitored daily with weight
and health score measurements. Mice were humanely killed after 3
weeks of tamoxifen, or if humane endpoints were reached, and organs

collected for histology (Figure 8-2).
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Birth 7 weeks 10 weeks
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Standard chow Tamoxifen-containing chow
(400mg/kg tamoxifen citrate)

Organ collection

Figure 8-2: Tamoxifen-inducible Cre recombinase expression
study protocol

Mice were kept under standard conditions until 7 weeks of age, when
rodent chow was changed to 400mg/kg tamoxifen citrate. After 3 weeks
of tamoxifen-containing chow, mice were humanely killed and organs

collected.

8.3.3 Histology

Lung and kidney tissue staining using haematoxylin and eosin (H&E) and
periodic acid Schiff (PAS) were performed as described in the General
Methods (Chapter 3). Mean liner intercept measurements, to assess
airspace size, were performed as described in the General Methods

(Chapter 3).
8.4 Results

8.4.1 The genotype that confers tamoxifen-inducible mesenchymal
Gag/11 deletion does not cause a developmental phenotype, and

mesenchymal Gag/11 knockdown is tolerated by adult mice

To establish whether the having the genotype that gives tamoxifen-
inducible  mesenchymal  Gagq11  knockout  (Pdgfrb-Cre/ERT2+
:Gnag"™;Gnall”) causes any developmental defect, the frequencies of

each genotype in F2 mice from the Pdgfrb-Cre/ERT2*- x Gnag™®;Gnal1-
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I- breeding were analysed. The supplier of the Pdgfrb-Cre/ERT2*- mice
reported an expected Pdgfrb-Cre/ERT2*- rate of 20% in offspring from
breeding of the Cre-expressing hemizygous mice with wild type mice
(237), rather than the 50% Cre positive rate observed in the germline
Pdgfrb-Cre* mouse colony. Therefore, this breeding strategy is
expected to result in 5% of F2 mice having any of the Cre-expressing
(Pdgfrb-Cre/ERT2*") genotypes, and 20% of F2 mice having any of the

non-Cre expressing (Pdgfrb-Cre/ERT27") genotypes.

Pdgfrb-Cre/ERT2*-;Gnaq"";Gnall” mice reached genotyping age at the
expected frequency, and represented 6.4% of all F2 mice born compared
with the expected 5% (total number of mice born 109; Figure 8-3). This
indicates that having the Pdgfrb-Cre/ERT2*-;Gnaq"f;Gnall”- genotype,
without administration of tamoxifen, does not cause any gross

developmental defects.
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Genotype ratios
Expected frequency

Gnaq*";Gna11"" B Pdgfrb-Cre/ERT2*" —

Pdgfrb-Cre/ERT27
Gnaq"":Gna11*"

Gnaq'";Gna11”

Gnaq""'";Gna1 17"

N D R R

Number of mice

Figure 8-3: Mice bred to have tamoxifen-inducible Gag11 knockout
are born at the expected frequency

Genotype ratios from Pdgfrb-Cre/ERT2*- x Gnaqf;Gnall’ breeding.
Expected genotype frequencies of the Pdgfrb-Cre/ERT2*- (red line) and
Pdgfrb-Cre/ERT27- mice (green line) are shown. 109 mice born in total

across 20 litters.

When a 3 week course of tamoxifen was administered to 7 weeks old
Pdgfrb-Cre/ERT2*-;Gnag™";Gnall”’ mice (n=4, 1 female 3 male), no
detrimental effect to health status was observed compared with littermate
controls treated with tamoxifen. Furthermore, Pdgfrb-Cre/ERT2*-
:Gnaq™:Gnall’ mice gained weight at the same rate as littermate
controls with the other genotypes during the tamoxifen protocols (median
weight on day 21 of tamoxifen 104.3% of day 1 vs 106.2% of day 1 in
other genotypes, p=0.71; Figure 8-4). A small but statistically insignificant
reduction in weight was observed in both mouse groups at around four
days of tamoxifen administration, as was expected with a change in diet
and in keeping with previous studies using tamoxifen-containing chow
(411). This tamoxifen-related weight loss was independent of genotype

and did not reach the 15% weight reduction humane endpoint that would
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have required an animal to be humanely killed. These data suggest that
short-term mesenchymal Gag/11 knockout is feasible and does not cause

gross physiological disturbances in vivo.

130- .
Pdgfrb-Cre/ERT2*"

2 1204 Gnaq""Gna11”-
©
-& Other genotypes
8 1104 genotyp
<
] 100
oy
o
() 90_
=
80 1 1 1 1
0 5 10 15 20

Day of tamoxifen administration

Figure 8-4: Tamoxifen administration does not affect weight gain
of mice with tamoxifen-inducible mesenchymal Gag11 knockdown.
Weights of Pdgfrb-Cre/ERT2*-;Gnaq";Gnal1" (red) mice and
littermates with all other genotypes (blue line) during 3 weeks of oral
tamoxifen administration. Data shown as percentage of weight

measured at baseline, median * interquartile range.

8.4.2 Mice with tamoxifen-induced knockdown of mesenchymal Gag/11

have lung abnormalities

As bleomycin-induced pulmonary fibrosis causes histological lung
abnormalities, the evaluation of which is important in assessing study
outcomes and may be complicated by any abnormalities present at
baseline, histological straining of lung tissue sections from tamoxifen-
treated Pdgfrb-Cre/ERT2*-;Gnaq";Gnall”- mice was performed. The
lungs of tamoxifen-treated Pdgfrb-Cre/ERT2*-;Gnaqf;Gnal1”-mice had

an emphysema-like appearance, with a small but statistically significant

333




increase in airspace size in Pdgfrb-Cre/ERT2*-;Gnag";Gnall” mice
after 3 weeks of oral tamoxifen (mean linear intercept distance 52.5um
in Pdgfrb-Cre/ERT2*-;Gnaq";Gnall’ mice compared with 39.3um in

Gnall” controls, p=0.03, Figure 8-5A,B).

Furthermore, 3 out of 4 of the Pdgfrb-Cre/ERT2*-;Gnaq;Gnall- mice
subject to 3 weeks of tamoxifen exhibited abnormal cellular aggregates
in the lungs, which predominated at the pleural surfaces and had an
appearance similar to collections of mononuclear cells (Figure 8-6).
Similar cellular aggregates were not seen in the lungs of littermate control

mice.
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Figure 8-5: Tamoxifen-induced mesenchymal Gagi11 knockdown

causes an emphysema-like appearance
A) H&E staining of representative Gnall” (left) and Pdgfrb-Cre/ERT2*-

;Gnaq:Gnall” (right) mice subject to 3 weeks oral tamoxifen, at low

(top) and high (bottom) magnification.

B) Mean linear intercept measurements from Gnall-- and Pdgfrb-

Cre/ERT2*-;Gnag"";:Gnall1”- mice subject to 3 weeks of oral tamoxifen.

Data shown as median * interquartile range, n=4 per group.
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A)

C)

E)

Figure 8-6: Mice with tamoxifen-induced mesenchymal Gag/11
knockdown have abnormal cellular aggregates in the lungs
Example images of H&E stained lung tissue sections from Pdgfrb-
Cre/ERT2%-;Gnaq"";Gnall-- mice after 3 weeks of oral tamoxifen.
A-C) low magnification H&E stained lung sections

D-E) high magnification H&E stained lung sections

Example images from three mice.
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Although  Pdgfrb-Cre/ERT2*-;Gnaq";Gnall’- mice treated with
tamoxifen showed no signs of respiratory distress on health screening,
these data demonstrate that even short-term knockdown of
mesenchymal Gag/11 signalling can disturb lung homeostasis sufficiently

to cause structural lung abnormalities.

8.4.3 Adult mice subject to tamoxifen-induced knockdown of

mesenchymal Gag/11 have normal kidneys

As mice with a germline mesenchymal Gagq11 knockout exhibited a
significant renal abnormality that significantly impacted the health of
these animals, renal histology was performed in Pdgfrb-Cre/ERT2*
;:Gnaqf:Gnall’ mice after 3 weeks of tamoxifen to assess for evidence

of kidney disease.

PAS staining revealed no obvious structural renal abnormality in Pdgfrb-
Cre/ERT2*-;,Gnag™;Gnall” mice subject to 3 weeks of oral tamoxifen
(Figure 8-7). This indicates that short-term mesenchymal Gag/11
knockdown does not induce the same renal abnormalities in adult mice
as those seen with germline mesenchymal Gag/11 knockdown, and that
the abnormalities observed in the germline mesenchymal Gag/11 knockout

animals may have been developmental in nature.
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Figure 8-7: Mice with adult-onset mesenchymal Gaq11 knockdown
have no kidney abnormalities

Kidney sections from Gnall” (left) and Pdgfrb-Cre/ERT2*-
:Gnaqf™:Gnall” (right) mice were PAS stained.

Representative images from the renal cortex (A), corticomedullary

junction (B), and renal medulla (C) shown.

Overall, these pilot studies of tamoxifen administration to Pdgfrb-
Cre/ERT2*;Gnaq"™;Gnall”- mice suggest that these animals may be
physically fit enough to undergo the bleomycin model of pulmonary

fibrosis.
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8.4.4 The genotype that confers tamoxifen-inducible mesenchymal

Ga12/13 knockout does not cause a developmental phenotype

As germline mesenchymal Ga12/13 knockout mice were unsuitable for use
in the bleomycin model of pulmonary fibrosis, Pdgfrb-Cre/ERT2*- mice
were bred with Gnal2’-; Gnal3" mice to generate Pdgfrb-Cre/ERT2*"
;Gnal2”’;Gnal3" mice, which are expected to have mesenchymal

Gua12/13 knockout with tamoxifen.

This breeding programme, which was expected to have a 5% yield for
the Pdgfrb-Cre/ERT2*-;Gnal2";Gnal3" genotype, generated the
expected number of Pdgfrb-Cre/ERT2*- animals (5.7% Pdgfrb-
Cre/ERT2%-;,Gnal2”;Gnal3" compared with 5% expected, Figure 8-8).
No physical abnormalities were observed in any of the F2 mice resulting

from the Pdgfrb-Cre/ERT2*- x Gnal2/;Gnal3" mouse breeding.
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Figure 8-8: Mice bred to have tamoxifen-inducible Ga12113”"
knockdown are born at the expected frequency

Genotype frequencies from Pdgfrb-Cre/ERT2*- x Gnal2’;Gnal3/
mouse breeding. Red and green lines show the expected frequency of
Cre-expressing (Pdgfrb-Cre*-, 5% for each genotype) and non-Cre-
expressing (Pdgfrb-Cre”-, 20% for each genotype) mice, respectively.

35 mice born in total across 3 litters.

These data suggest that it is feasible to breed mice for tamoxifen-induced

mesenchymal Ga12/13 knockdown.
8.5 Discussion

This work has shown that mice bred to have tamoxifen-inducible
mesenchymal  Gag11  Or  Gat2ns  knockout  (Pdgfrb-Cre/ERT2*-
:Gnag"f:Gnall” and Pdgfrb-Cre/ERT2*-;Gnal2”-;Gnal3"M,
respectively) are born at the expected frequencies and show no gross
physiological disturbance on health monitoring, indicating that major
developmental abnormalities are unlikely with either genotype. To test
the hypothesis that the abnormalities observed in germline mesenchymal

Gagr11 and Gat213 knockout mice were purely developmental and would

340




not occur if gene knockout was induced in adulthood, tamoxifen

administration studies were performed.

Pdgfrb-Cre/ERT2*-;Gnaq;Gnall” mice tolerated a 3 week course of
oral tamoxifen, and did not show any abnormalities on health surveillance
or weight monitoring compared with littermate controls. These
preliminary data indicate that short-term mesenchymal Gag/11 deletion is
feasible and does not cause life-threatening physiological disturbances

that would preclude the use of disease models in these animals.

The lungs of Pdgfrb-Cre/ERT2*-;Gnaq";Gnall” showed early
emphysematous change and inflammatory cell infiltrates, however these
mice did not exhibit signs of respiratory distress. The bleomycin model of
pulmonary fibrosis has been used in transgenic mice predisposed to
emphysema previously (412), and it is possible that Pdgfrb-Cre/ERT2+-
:Gnaqf™:Gnall’ mice would also tolerate this disease model. However,
the emphysematous changes in Pdgfrb-Cre/ERT2*-;Gnag";Gnall”
mice were present after a relatively short period of gene knockdown, and
the effects of an additional 3 weeks of mesenchymal Gag/11 knockdown
that would occur with a typical 21 day bleomycin protocol are unknown.
Any progression in the emphysema could increase the loss of animals
due to complications of bleomycin and complicate the analysis of fibrosis-
related abnormalities on histology. It was not possible to progress to the
bleomycin model in Pdgfrb-Cre/ERT2*-;Gnaq";Gnall”- mice because
of working restrictions associated with the COVID-19 pandemic, however

modified bleomycin doses and controls for the degree of baseline lung
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abnormalities in Pdgfrb-Cre/ERT2*-;Gnaq";Gnall”’- mice should be

considered for any future studies using these animals.

The emphysematous changes in Pdgfrb-Cre/ERT2*-;Gnag";Gnall”
mouse lungs suggest that short-term mesenchymal Gaq11 knockdown
can impair lung homeostasis sufficiently to cause structural lung
abnormalities. While further characterisation of Pdgfrb-Cre/ERT2*-
;:Gnaq™:Gnall’ mouse lungs was not performed, John et al found
emphysema and abnormal lung inflammation characterised by M2
macrophage polarisation in mice lacking Gaq11 in type Il alveolar
epithelial cells, and this was related to reduced stretch-induced TGFf3
signalling in the lungs (219). Furthermore, deficiencies in the TGFf
signalling pathway components Smad3 and TGFB receptor type I
(TGFBRII) result in emphysema (97, 412), and genetic polymorphisms
in genes involved in TGFf signalling have been associated with chronic
obstructive pulmonary disease (COPD), a disease that includes
emphysema (413, 414). Given the results in Chapters 5 and 7
demonstrating the roles of fibroblast Gag/11 in LPA- and stretch-induced
TGFB signalling, it is likely that Pdgfrb-Cre/ERT2*-;Gnaq;Gnall’ mice

also have altered TGFf signalling when administered tamoxifen.

Pdgfrb-Cre/ERT2*-;Gnaq"";Gnall’” lungs also contained abnormal
subpleural cellular aggregates. While the cells within these aggregates
had the appearance of mononuclear cells, further staining to clarify the
cell types was not performed. It was assumed that these cellular

aggregates reflected cellular recruitment due to disturbances to TGFf
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signalling, for example through an abnormal inflammatory process (415).
However a malignant expansion of immune cells or a granulomatous
condition, which are also associated with TGF[ dysregulation (416, 417),

cannot be ruled out with the current data.

The kidneys of Pdgfrb-Cre/ERT2*-;Gnaq";Gnall’- mice did not have
any histological abnormalities, which was in stark contrast to the severe
kidney abnormalities seen in mice with germline mesenchymal Gag/11
deletion (Chapter 4). It is possible that the kidney abnormalities in
germline mesenchymal Gag11 knockout animals occurred due to a
developmental abnormality that was avoided in Pdgfrb-Cre/ERT2+-
;:Gnaqf™:Gnall’ mice by inducing gene knockout during adulthood.
Alternatively, Pdgfrb-Cre/ERT2*-;Gnag"";:Gnall’mice may develop
renal abnormalities with a longer duration of gene knockdown than was
induced in this study. Should the Pdgfrb-Cre/ERT2*-;Gnaq;Gnall"
mice be taken forward for longer studies, close surveillance for renal

abnormalities must be performed.

Due to delays to the Pdgfrb-Cre/ERT2*- x Gnal2’;Gnal3f" breeding,
only two Pdgfrb-Cre/ERT2*-;Gnal2”;Gnal3"" mice were born before
breeding was stopped, despite Pdgfrb-Cre/ERT2*-;Gnal2’;Gnal3
mice being born at the expected frequency. As no Pdgfrb-Cre/ERT2*
;Gnal2/;Gnal3" mice underwent tamoxifen administration, it is not
possible to conclude whether these mice would be suitable for disease

models, as they were not assessed for physical abnormalities with short
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term mesenchymal Gai2/13 knockout. The effect of mesenchymal Ga12/13

deletion in adult mice should be confirmed in future studies.
8.6 Limitations

The limitations of this work predominantly relate to the small number of
animals available for study secondary to the nature of this breeding
programme and the cessation of animal work because of the COVID-19
pandemic. The results presented here are therefore preliminary, and
further optimisation of tamoxifen-induced mesenchymal Gaq11 and
Ga12/13 knockdown must be performed prior to any disease models being

performed.

A conclusion of this work is that the Pdgfrb-Cre/ERT2*-;Gnaq";Gnal1"-
and Pdgfrb-Cre/ERT2*-;Gnal2”;Gnal3"! mice would be suitable for
disease models following tamoxifen-induced mesenchymal Gag11 and
Ga12113 knockdown. However, the very low frequencies of these
genotypes (5% of each litter) means that the breeding programme would
have to be scaled up significantly to obtain enough mice for a disease
model experiment with sufficient power to detect relevant differences
between genotypes. Furthermore, the variability in litter size, frequency,
and genotype distribution means that several disease model
experiments with different mouse cohorts at different times may be
required, and the inclusion of both male and female mice, which is not
typical for bleomycin studies (418), may also need to be considered.
These factors indicate that disease model experiments with Pdgfrb-

Cre/ERT2*-;Gnag":Gnall’ and Pdgfrb-Cre/ERT2*-;Gnal2”;Gnal3f
344



mice, while theoretically possible, are impractical due to cost, time, high
variability between experiment cohorts, and the large numbers of animals

required.

Due to technical issues with histological staining for Gag, the extent of Goq
knockdown in Pdgfrb-Cre/ERT2*-;Gnaq";Gnall’ mice treated with
tamoxifen was not confirmed. Previous work using Pdgfrb-Cre/ERT2*"
mice (410) and other CreER™ lines found 3-4 weeks of tamoxifen
delivered via rodent chow to be sufficient to induce gene recombination
(411, 419-421). As Pdgfrb-Cre/ERT2*-;Gnaq;Gnall’ animals were
originally intended to continue oral tamoxifen during a 21 day bleomycin-
induced pulmonary fibrosis protocol, a 3 week loading period of
tamoxifen-containing chow was chosen for the initial induction of gene
knockdown. However, the efficiency of gene inactivation in CreERT2-loxP
models depends on a number of experiment-specific factors (Table 8-1)
(407, 422), therefore oral tamoxifen protocols from previous studies
should not be extrapolated to the Pdgfrb-Cre/ERT2*-;Gnag"";:Gnall”
mice. However, the lung phenotype observed in Pdgfrb-Cre/ERT2*"
;Gnag"f;Gnall” mice that received tamoxifen suggests that some gene
recombination occurred, even if complete mesenchymal Gnaq knockout

was not achieved.
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Table 8-1: Parameters that determine the specificity and efficiency
of gene recombination in Cre®R™-loxP models (407)

Parameter Experiment-specific factors

Tissue tamoxifen concentrations Tamoxifen protocol: dose,
duration, route of administration

formulation

Animal metabolism: Age, sex,

strain

Level of CreERT2 expression Specific to Pdgfrb-Cre/ERT2+-

mice

Variable recombination efficiency | Specific to Gnag™f;Gnall” mice
of floxed alleles due to chromatin

structure and epigenetic factors

The actual amount of tamoxifen ingested via tamoxifen-containing chow
can vary between animals due to variable oral intake, and the
mesenchymal Gag11 knockdown in Pdgfrb-Cre/ERT2*-;Gnag™:Gnall"
mice given tamoxifen may have been incomplete. Intraperitoneal (IP)
injection of tamoxifen may have been a more reliable method of
administration, and has successfully been used with Pdgfrb-Cre/ERT2*
mice (272). While IP tamoxifen administration is more practical in studies
of very young mice that may not reliably eat tamoxifen-laced chow,
embryonic development, or of very short developmental stages (272,
408), IP injections do cause stress to the animals and can have rare but
life-threatening complications such as abdominal organ damage.

Furthermore, tamoxifen-containing show has been found to have equal

346




efficacy to IP 4-hydroxytamoxifen (411). Given the small numbers of
Pdgfrb-Cre/ERT2*-;Gnaq™;Gnall”’ mice produced by this breeding
strategy, tamoxifen-containing chow was chosen to minimise procedure-

related adverse effects.

CreFR™2 models can be limited by Cre “leakiness”, where Cre
recombinase is expressed in cell types that do not express the Cre-
driving gene, in this case Pdgfrb, or in the absence of tamoxifen (422,
423). While the localisation of Cre expression was not investigated in this
study, the original work that generated these mice confirmed Cre-
mediated gene recombination in embryonic, postnatal and adult
PDGFRB+ cells, and Cre recombinase activity has been found in lung
pericytes in Pdgfrb-Cre/ERT2*- mice following tamoxifen administration
in newborn mice (272, 409). The cell types affected may be age-specific,
therefore the location of Cre recombinase activity should be assessed as

part of ongoing optimisation of this work.

In this study, Gnall’” mice that received tamoxifen were used as
controls, rather than Pdgfrb-Cre/ERT27;Gnall”;Gnaq" mice that did
not receive tamoxifen. While the latter option would have had the benefit
of matching the genotypes exactly and facilitating the identification of Cre
recombinase activity in the absence of tamoxifen (423), this approach
would have required more animals in an already challenging breeding
programme. ldeally, Pdgfrb-Cre/ERT27;Gnall”-;Gnaqg"f mice that did
not receive tamoxifen would be included as a second control group, but

this was not feasible and was beyond the scope of this study.

347



8.7 Conclusion

Mesenchymal cell Gag/11 is important for lung homeostasis, but short-term
mesenchymal Gagqa1 knockdown does not cause the same kidney
abnormalities as those seen in germline mesenchymal Gaq/11 knockout
mice. Mice lacking mesenchymal Gag/11 and Ga12/13 may be suitable for
use in disease models such as the bleomycin model of pulmonary
fibrosis, however more work is required to confirm the role of these

transgenic mice in disease models.

348



O General discussion
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9.1 Main findings

The aims of this work were to investigate the roles of mesenchymal cell
Gagr11 and Ga12/13 signalling in the pathogenesis of pulmonary fibrosis,
and to understand the potential consequences of inhibiting these G
proteins in vivo. This work identified a number of roles of Gaq11 and
Ga12/13 In detecting and propagating chemical and profibrotic stimuli, in
particular by mediating activation of the profibrotic cytokine TGF[.
However, whether inhibition of mesenchymal cell Gag11 of Ga12/13
signalling is a feasible therapeutic strategy remains unclear, as these
molecules clearly play important roles in normal development and tissue

homeostasis.

The main findings of this thesis on the roles of mesenchymal Gag/11 and
Ga12/13 can be divided into roles in normal development, fibrosis, and

tissue homeostasis. These findings are summarised below:

Development

e Gag11 signalling in mesenchymal (Pdgfrb-expressing) cells is
essential for normal alveologenesis via several processes,
including ECM protein production, control of myofibroblast and
epithelial cell differentiation, and control of cellular
proliferation.

e Mesenchymal cell Gag11 and Ga12113 mediate LPA-induced

TGFp signalling, which may be important in development.
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Breathing-related cyclical stretch may promote normal
alveologenesis through protease-mediated TGF[32 activation.
Mesenchymal cell Gagi11 signalling is important for TGFB2
production and deposition in the ECM.

Mesenchymal cell Ga12/13 is also likely to play a key role in
development, although the mechanisms and manifestations

remain undetermined.

Fibrosis

The response to and generation of mechanical signals by lung
fibroblasts is exaggerated in IPF, with increased stretch-
induced TGFf activation and cellular contractility.

Fibroblast Gag/11 is involved in the response to mechanical
signals, such as cyclical stretch or matrix stiffness, whereas
Ga12/13 is involved in mechanical signal generation, via cellular
contraction-induced ECM organisation and stiffening.

Gagr11 and Gat2113 both mediate LPA-induced TGFf signalling
in fibroblasts, but this is likely to occur via contraction-
independent and —dependent mechanisms, respectively.
Fibroblast Gaqi11 is important for the production of ECM
components that form the fibrotic matrix such as collagen, but
does not play a role in contraction-induced ECM organisation.
The breeding of mice for tamoxifen-inducible genetic inhibition

of Gag/11 and Ga12/13 Is feasible, but the potential antifibrotic
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effects and toxic consequences of this approach have not

been fully determined.

Tissue Homeostasis

e Mesenchymal cell Gag11 signalling maintains tissue

homeostasis in the lungs and other organs.

9.2 Study Hypotheses

There were two hypotheses underlying the work presented in this thesis:

Mesenchymal cell Gqgi711 and Gar213 play central roles in the
pathogenesis of pulmonary fibrosis, and this may occur via

different molecular mechanisms.

Inhibition of mesenchymal cell Gag/11 and Gar2/13 In Vivo may be
protective against experimental pulmonary fibrosis, but this

approach may be associated with adverse effects.

These hypotheses will be addressed in the following sections.

9.3 Mesenchymal cell Gagi11 and Gai2113 play distinct roles in
the pathogenesis of pulmonary fibrosis

In recent years mechanical signals such as stretch and increased matrix

stiffness have been determined to be important driving factors in the

pathogenesis of pulmonary fibrosis, in addition to the more well-

established profibrotic chemical mediators. While the role of increased

matrix stiffness in promoting fibroblast-to-myofibroblast differentiation,

and the contribution of resulting myofibroblasts to the stiff ECM, is well-
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established (53, 167, 170, 424), the role of G proteins as
mechanosensors had not been previously investigated. Furthermore,
although stretch of fibrotic lung tissue is known to activate TGF (113),
the contribution of lung fibroblasts and the role of fibroblast G proteins to
this response was unknown prior to this work. Finally, while LPA is known
to be a key pathogenic driver in IPF, the role of G proteins in LPA-induced
TGFp signalling in fibroblasts had not been reported previously. This
study has identified distinct and complementary roles for mesenchymal

cell Gag11 and Ga12/13 in the pathogenesis of pulmonary fibrosis.

Signalling by both Gag11 and Ga12113 increase TGF[( activation in
response to the profibrotic phospholipid LPA. Interestingly, the wrinkling
assay revealed that this is likely to occur via contraction-independent and
—dependent mechanisms, respectively, as LPA-induced contraction was
dramatically reduced in Ga12/13-deficient, but not Gaq11-deficient, cells.
The fact that ROCK inhibition only partially inhibited the LPA-induced
TGFB signalling response in wild-type cells supports the existence of
contraction-independent pathways in LPA-induced TGF[ signalling in
fibroblasts, but the exact mechanisms have not been determined by this

study.

This work confirmed that two aspects of mechanical signalling, stretch-
mediated TGFf signalling and fibroblast contraction, are altered in IPF,
as human lung fibroblasts from donors with IPF exhibited exaggeration
to both of these responses. In addition, this study found unique roles for

mesenchymal cell Gag/11 and Ga12/13 in mechanical signalling. Only Gag/11
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was involved in stretch-induced TGFf signalling and in reducing the
myofibroblast phenotype in response to softer environments.
Furthermore, only Ga1213 was important for fibroblast contraction, which
contributes to ECM stiffness and TGF[3 activation (161, 168, 322). These
unique roles for Gag11 and Ga1213 in profibrotic mechanical signalling
highlight several areas where novel therapeutics could inhibit
fibrogenesis. However, further work is required to elucidate the exact
molecular mechanisms underlying Gag/11 mechanical signal detection
and Ga12/13-mediated mechanical signal generation to identify these

therapeutic targets.

The roles of Gagi11 and Gat2i13 in profibrotic signal detection and
generation were established from in vitro experiments. While each
experiment of a single stimulus on isolated cells revealed a profibrotic
pathway that could act as a promising therapeutic target, it is likely that
these pathways interact. For example, traction force generation by
valvular interstitial cells is reduced by cyclical stretch (425), suggesting
that stretched cells may have altered contractility in the lung. Other work
has suggested a role for cyclical stretch in reducing the expression of
myofibroblast-associated genetic markers(190), again suggesting that
stretch could reduce contractility, by reducing the differentiation of the
most contractile cells. This study did not assess the effect of cyclical
stretch on lung fibroblast contractility, but it could be hypothesised that
contractile cells within the most highly scarred areas of lung experience

less cyclical stretch because of the increased stiffness of the
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environment. Furthermore, as responses to mechanical stress can be
sensitised by chemical stimuli such as LPA (426), it is possible that
increased LPA levels in the IPF lung further enhance profibrotic
responses to cyclical stretch. Future work should investigate the roles of
G protein signalling in the interactions between mechanical and chemical

profibrotic stimuli in pulmonary fibrosis.

9.4 Mesenchymal Gagn1 signalling is important for normal
alveolar development and tissue homeostasis

9.4.1 Gaqi11 represents a shared component of developmental and
profibrotic signalling

While the in vitro studies presented in this thesis provide evidence of a

role for mesenchymal cell Gagi11 in @ number of profibrotic pathways

relevant to pulmonary fibrosis, the two mouse models gave important

insights into the role of Gag/11 In lung development and homeostasis. In

particular, they indicated that Gag11 Signalling may represent a shared

pathway between physiological and pathophysiological processes.

Mice lacking mesenchymal cell Gagq11 exhibited significant lung
abnormalities that suggested defective alveolarisation. The lung scarring
characteristic of IPF occurs secondary to uncontrolled activation and
continuation of wound healing responses. The dysregulated reactivation
of developmental and regenerative processes is a key component of this
abnormal wound healing response (26), and several developmental
signalling pathways have been found to be overactive in IPF. It is thought

that the very different results of organogenesis and fibrogenesis occur
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due to different basal environmental conditions, such as cellular
senescence, mechanical constraints, and the microbiome in the
developing organism compared with fibrotic tissue, in addition to the
nature of the profibrotic injury (26). Establishment of the exact Gag/11-
mediated signalling pathways that are essential for normal
alveolarisation and fibrogenesis, could reveal signalling pathways that

could be manipulated for numerous therapeutic purposes.

A number of developmental signalling pathways are shared between
normal lung development and the pathogenesis of IPF, including Wnt,
Shh, TGFB, and FGF signalling (26, 282), and TGFB, WNT, FGF, and
BMP signalling have all been reported to be dysregulated in BPD (282).
While TGF signalling is likely to be a central player in the antifibrotic and
developmental roles of mesenchymal Gag11 signalling (discussed in the
section below), the Frizzled receptors for Wnt ligands are GPCRs, some
of which signal via Gaqi1 (289). It is likely that Gag/11 knockout disturbs a
number of GPCR-mediated signalling pathways with complex
interactions, and it is beyond the scope of this study to determine the
individual pathways involved in the phenotypes observed in the mouse

models generated here.

In addition to ligand-mediated signalling, mechanical signals are also
important in both normal lung development and IPF. For example, Yes-
associated protein (YAP) and transcriptional co-activator with PDZ-
binding protein (TAZ) signalling is essential for normal alveolarisation

(427), in addition to other developmental processes (428), and the
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pathogenesis of IPF (60). Relevant to the data presented in this thesis,
TGFB, YAP/TAZ, and Wnt signalling all converge and interact in
pulmonary fibrosis (60), and it is possible that all are involved in the
pathological manifestations observed in mesenchymal Gaq11-deficient
mice. Importantly, YAP/TAZ is a mechanosensitive signalling pathway
(429, 430), demonstrating that mechanical signalling pathways are
important in both normal lung development and pulmonary fibrosis. This
study is the first to propose mesenchymal Gaq/11 @s @ mechanosensitive
signalling pathway in both alveologenesis and IPF, adding to the existing

literature in this area.

A key difference between normal lung development and the
pathophysiological processes in IPF is control and timing (26). Normal
lung development is characterised by tight spatiotemporal control of
several signalling pathways, and the coordinated and controlled
response of various cell types at particular timepoints. Any disturbance
to the timing or control of these pathways can result in abnormal lung
development. In IPF, developmental signalling pathways are activated in
an unregulated and chaotic manner (26), explaining the differences in
structural manifestations between IPF and the developing lung. The data
from this study suggest that, while inhibition of mesenchymal Gag/11
signalling may have antifibrotic effects, inhibition of this pathway from
conception results in disturbance to normal lung developmental
pathways. This data necessitated the attempted to knockout

mesenchymal Gag/11 Signalling in adult mice in later experiments.
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9.4.2 Mesenchymal Gaq11 signalling maintains the balance between
tissue fibrosis and homeostasis
The tamoxifen-inducible model of mesenchymal Gag11 knockout
revealed that mice subject to Gag/11 knockdown in adulthood developed
emphysema and mononuclear cellular infiltrates, suggesting a role for
this G protein family in lung homeostasis. The evidence for mesenchymal
Gagi11 signalling in tissue homeostasis was further supported by the
neoplastic renal tubular epithelial proliferation observed in the germline
mesenchymal Goag11 knockout mice. Similar to the shared pathways
between IPF and normal lung development discussed above,
dysregulated TGFB, WNT, FGF, and BMP signalling have all been
reported in COPD, a disease that includes the pathological finding of

emphysema (282).

While TGFB signalling was the focus of this study, an alternative
explanation for the abnormal lung appearances in mice lacking
mesenchymal Gag11 IS altered protease activity. This study found that
stretch-mediated TGF[ activation occurs via serine protease activity, and
a number of proteases have been reported to regulate alveolarisation
and lung growth, including MMPs (390-392), and the serine proteases
neutrophil elastase (396) and chymotrypsin-like elastase (393). These
enzymes are also important in ECM remodelling in fibrosis, as well as
tissue destruction in emphysema (431, 432). It is therefore possible that
Gag/11 regulates protease activity, although more work is required to

confirm this.
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Protease activity is also key to ECM remodelling, a process that is central
to the development of emphysema, fibrosis, and lung development.
Some data presented in this thesis suggest that mesenchymal Gag/11 is
required for the production of the ECM proteins elastin, collagen I, and
collagen Ill. As ECM proteins themselves drive a number of
developmental, physiological, and fibrogenic processes, the possibility of
the ECM generated by Gaq/11-defiicent fibroblasts being less fibrogenic,

or less supportive for normal alveolarisation, should not be ignored.

9.5 TGFB activation is central to the effects of Gagi1
deficiency
Overall, the data from the animal studies suggest that mesenchymal
Gagr11 signalling is required to balance tissue repair and homeostasis, as
well as playing key roles in alveolar development and tumour
suppression. Should mesenchymal Gag11  signalling become
uncontrolled, fibrosis may result. However, interruption of mesenchymal
Gagr11 signalling as a treatment for fibrosis could cause wide ranging
adverse effects, including impaired wound healing, tissue destruction,

and malignancy.

TGFB is well established as a central player in fibrogenesis, normal
development, and tissue homeostasis (26, 433), while dysregulated
TGFp signalling has been described in IPF, emphysema, and BPD (282).
The data presented in this study suggest that mesenchymal Gag11
signalling may control the balance between these processes via the

control of TGF signalling, and that loss of control of mesenchymal Gag/11
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signalling can lead to a variety of manifestations driven by TGF3. More
work is required to establish the exact mechanisms of this control, and

how this could be manipulated to therapeutic potential.

9.6 Mesenchymal Ga1213 signalling is profibrotic

This study found that mesenchymal Ga12/13 signalling is also important for
multiple IPF-driving pathways. Fibroblast contractility, which was
increased in human lung fibroblasts from IPF donors, was dramatically
reduced by Ga12/13 knockdown, and Gai12/13-deficient fibroblasts had
attenuated LPA-induced TGFp activation. Unfortunately, mice with
germline deletion of Ga12/13 were not born in sufficient numbers to study,
suggesting a significant developmental defect in these animals. This may
be due to altered contraction-mediated ECM remodelling in these
animals, as this is essential for a number of developmental as well as
fibrogenic processes (21). Further work is required to confirm this

hypothesis.

The breeding of tamoxifen-inducible mesenchymal Ga12/13 knockout mice
did not progress to tamoxifen studies, therefore any potential adverse
effects of interrupting this signalling pathway postnatally remain
undetermined. Although the in vitro data show promise for Ga12/13
inhibition in mesenchymal cells as an antifibrotic strategy, significant

further study is required to confirm this.
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9.7 Working hypothesis

This study has found that Gag/11 and Gat2/13 in mesenchymal cells play
overlapping and distinct roles in detecting chemical and physical stimuli,
and contributing to the mechanical environment within the lungs. These
pathways include TGFfB signalling, ECM generation and organisation,
contraction, and cellular migration. Tight control of these pathways is
important for normal lung development and tissue homeostasis, and if
there is a loss of control of wound-healing signalling in mesenchymal

cells, fibrosis or tissue destruction may result.

With further dissection of these pathways, novel therapeutic targets could
be identified with potential uses in fibrotic, neoplastic, and developmental

diseases.

9.8 Strengths of this work

The main strengths of this work relate to the generation of the novel
germline and tamoxifen-inducible mesenchymal G protein knockout
transgenic mice, which contributed new data to the field on the role of
mesenchymal Gag11 and Gai12/13 in developmental processes that have
not previously been described. Although further work is required, the data
from this thesis consistently converge on Gag11 and Gat2/13 as being
regulators of TGFB signalling, which is consistent with a plethora of

previous studies.

These studies are also the first to describe an isoform-specific role for

TGFB2 in mammalian alveologenesis, a role of Gag11 in stretch-driven
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fibrogenesis as well as tissue homeostasis, to demonstrate that Ga12/13 IS
essential for fibroblast contraction, and that both Gag/11 and Ga12/13 drive
LPA-induced TGFf signalling in fibroblasts. These findings are likely to
be of interest not only to the fibrosis research community which was the
primary aim of this study, but also to researchers studying malignancy
and lung development. The findings of this work are therefore widely
applicable and may lead to significant discoveries and impact on the lives

of patients in future.

9.9 Limitations
Although the findings of this study are far-reaching, this study also has
several limitations. Many of these have been discussed in the individual

results chapters, but some general issues are discussed here.

Due to the broad nature of the findings presented in this study, the
precise molecular mechanisms governed by Gag/11 and Ga12/13 were not
always established by this work. For example, the signalling pathway
components up- and downstream of Gagi11 and Ga12/13, which could
include integrins, ROCK, transcription factors, second messengers, and
proteases, as well as the role of mesenchymal-epithelial interactions in
the observations made, were not determined by this study. It is likely that
the work presented in this thesis will lead to numerous further studies, in
which the exact molecular mechanisms of the processes described here

will be established.
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Finally, the fundamental hypothesis underlying this study was that
inhibition of mesenchymal Gag11 and Gat2113 signalling would be
protective against pulmonary fibrosis. While the in vitro data support this
assertion, it was not possible to complete experimental pulmonary
fibrosis studies in vivo due to the abnormal phenotype of the germline
mesenchymal Gag11 and Gatz13-knockout mice, and COVID-19
pandemic related constraints on animal breeding, which halted the
tamoxifen-inducible studies. These in vivo models are essential to

confirm the conclusions drawn from the in vitro studies presented here.

9.10 Proposed further work
Numerous research questions have been raised by this work, which

should be addressed by future studies. These include:

¢ How might deletion of mesenchymal cell Gagi11 or Ga12/13 in adult
mice affect the development of experimental pulmonary fibrosis?

e How do the Gag11- and Gai12/13- related stretch, contraction, and
GPCR agonist signalling pathways interact?

e What s the role of Gagi11 and Ga12/13 in generating and maintaining
the fibrotic and physiological ECM?

e Whatis the role of individual TGFf isoforms in lung development?

e How do Gagt1 and Gaiz13 affect the epithelial-mesenchymal

interactions that regulate fibrogenesis and lung development?

It is expected that the data presented in this thesis will form the basis of

some of these proposed studies.
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10 Conclusion
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10.1 Conclusion

Mesenchymal cell Gagi11 and Ga12/13 play key roles in the pathogenesis
of pulmonary fibrosis by mediating both chemical and mechanical
profibrotic signals to induce TGFpB signalling. Many of these pathways
are also likely to play important roles in normal mammalian development
and tissue homeostasis, making the findings of this work applicable to
diseases of lung development and malignancy. Inhibition of
mesenchymal cell Gag11 and Gat2113 may inhibit fibrogenesis, however
this approach could also be associated with significant homeostatic
dysregulation. More work is therefore required to clarify the therapeutic

role of Gat2/13 and Gag/11 inhibition in pulmonary fibrosis.
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11.1 Materials list

11.1.1 Transgenic mice and in vivo study materials

Mouse genotype Source

Pdgfrb-Cre*- A qift from Prof Neil Henderson, University
of Edinburgh

Pdgfrb-Cre/ERT2*- Jackson Laboratories, Cat # 029684

Gnaqg"f;Gnal1-" Gifts from Prof Stefan Offermanns, Max

Gnal2/;Gnal3f/ Planck Institute for Heart and Lung

Research, Bad Nauheim, Germany

Tamoxifen-containing | Envigo Cat# TD.55125.1
chow (400mg/kg

tamoxifen citrate)

11.1.2 In vitro experiment materials and reagents

Product Supplier Catalogue number
5 x siRNA buffer Dharmacon B-002000-UB-100
AEBSF (serine protease | Sigma SBR00015

inhibitor

Collagen | —coated Dunn Labortechnik | BF-3001C

Bioflex® six well tissue

culture plates

Complete mini protease | Sigma-Aldrich 04693124001

inhibitor tablets

CWHM-12 Gift from Dr David n/a
Griggs
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Control siRNA - ON-
TARGET-plus non-

targeting pool

Dharmacon

D-001810-10-05

DharmaFECT 1 Dharmacon T-200010-01
transfection reagent
Dulbecco’s Modified Sigma-Aldrich D5671
Eagle’s Medium
Foetal calf serum Thermo-Fisher 11573397
G418 VWR E859-1G
Gelatin Sigma G1393
GM6001 (MMP Sigma CC1010
inhibitor)
GNAQ ON-TARGET- Dharmacon L-008562-00-0005
plus SMARTpool siRNA
GNA11 ON-TARGET- Dharmacon L-010860-00-0005
plus SMARTpool siRNA
GNA12 ON-TARGET- Dharmacon J-008435-00-0005
plus SMARTpool siRNA
GNA13 ON-TARGET- Dharmacon L-009948-00-0005
plus SMARTpool siRNA
L-glutamine Sigma-Aldrich G7513-100ML
Lysophosphatidic acid Sigma L7260
NOTT199SS School of Chemistry | n/a

at the University of

Nottingham
Penicillin/ Streptomycin | Sigma P4333
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Phenylmethylsulfonyl Sigma 78830

fluoride (PMSF)

Phos-stop phosphatase | Sigma-Aldrich 04906837001

inhibitor tablets

Protein lysis buffer Cell Signaling 9803
Technology

Reporter lysis buffer Promega 4030

SB-525334 (Alk5 Sigma-Aldrich S8822

inhibitor)

TGFB1 (recombinant) R&D Systems 240-B-010

Trypsin/ EDTA Sigma-Aldrich T4049

Y-27632 (ROCK Sigma Y-0503

inhibitor)

YM254890 Wako 257-00631

11.1.3 Western blot materials and reagents

Product

Supplier

Catalogue number

Amersham ECL
Western Blotting
Detection Reagent

GE Healthcare

RPN2134

Ammonium persulphate | Sigma-Aldrich A3678
Blotto non-fat dry milk Santa Cruz SC-2325
Carestream® Kodak® Sigma-Aldrich P7167

autoradiography GBX

fixer/replenisher
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Carestream® Kodak® Sigma-Aldrich P7042
autoradiography GBX

developer/replenisher

Clarity western blotting Bio-Rad 1705061
ECL reagent

Full range molecular Amersham GERPNS8OOE
weight marker (rainbow)

Hyperfilm for western GE Healthcare 10752067
blots

Polyvinylidine Bio-Rad 162-0177
membrane

ProtoGel (30%) 37.5:1 Thermo-Fisher 12381469
Acrylamide to

Bisacrylamide solution

Western Restore Thermo-Fisher 21059

stripping buffer

11.1.4 Materials and reagents for molecular biology work

Product Supplier Catalogue number
100 basepair ladder | New England N3231S
Biosciences

Agarose ultra-pure

Thermo-Fisher

16500500

dNTPs (dATP, dCTP, | Promega U120A, U121A,
dGTP, dTTP) Ul122A, U123A
Ethidium Bromide Sigma-Aldrich E1510
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Green GoTaq Flexi Promega M7805

Buffer (5x) and Go

Taq enzyme

Kapa SYBR Fast Taq | Kapa Biosystems KK4618
polymerase

Nuclease-free water | Qiagen 129114
Oligo-dt primer Sigma-Aldrich 10814270001
Primers for PCR and | Eurofins Custom ordered
gPCR

Proteinase K Sigma-Aldrich P2308
RNasin Promega N2115

11.1.5 Histology materials and reagents

Product Supplier Catalogue number
DPX mountant for VWR 360292F
microscopy

Eosin, 1% VWR RAYLLAMB/100-D
Goat serum Sigma G9023

Mayers haematoxylin Thermo-Fisher 12698616
SIGMAFAST(TM) 3,3'- | Sigma D4418
Diaminobenzidine

tablets

Superfrost glass slides | Thermo-Fisher 10149870

11.1.6 Antibodies and immunofluorescence materials
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Product Supplier Catalogue number

Anti-phalloidin Alexa Invitrogen 10125092

Fluor 488

DAPI Invitrogen D1306

Goat anti-mouse Southern Biotech 1080-03

IgG2a-TRITC

Rabbit anti-phospho- Cell Signaling 3808L

Smad2 (pSmad2) Technology

Rabbit anti-Smad2/3 Cell Signaling 3102
Technology

Rabbit anti-a-smooth Abcam ab5694

muscle actin (aSMA)

Rabbit anti-GAPDH Abcam ab181603

Rabbit anti-TGF[31 Abcam ab92486

Mouse anti-TGF32 Abcam ab36495

Mouse IgG2a anti Sigma A5228

aSMA

Rabbit anti Ga11 Abcam ab153951

Goat anti-Gaq Abcam ab128060

HRP-conjugated goat- | Agilent P044801-2

anti-rabbit

HRP-conjugated Agilent P016002-2

rabbit-anti-goat

HRP-conjugated rabbit | Agilent P0260022-2

anti-mouse

Rabbit anti-CD31 Abcam ab182981

Rabbit anti-ki67 Abcam ab15580
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Rabbit anti-pro- Sigma Ab3786
surfactant protein C

Rabbit anti-TGF32 Proteintech 19999-1-AP
Biotinylated goat anti- | Vector BA1000
rabbit IgG

11.1.7 Commercial kits

Product Supplier Catalogue number
Nucleospin RNA Thermo-Fisher 12373368
preparation kit

(Machery-Nagel)

Superscript IV ThermoFisher 18090050
Periodic Acid Schiff Abcam ab150680
staining kit

Avidin-Biotin complex | Vector SP2001

kit

BCA protein assay kit | Thermo-Fisher 10678484
Luciferase assay Promega E1501
system

11.1.8 Chemicals

Product Supplier Catalogue number
Acid fuschin Sigma F8129
Direct red 80 Sigma 365548
Ferric chloride (Iron(lIl) Sigma 157740
chloride)
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Formalin Buffered 10% VWR 11699404
Glycerol Sigma-Aldrich G5516
Haematoxylin Sigma H3136
Heparin 500 units/ml Wockhardt FP1083
Hydrogen peroxide VWR 23619.264
lodine Sigma 326143
MTT (3-(4,5- Sigma M5655
Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium
Bromide)
Paraformaldehyde Sigma P6148
Phosphate buffered saline Sigma-Aldrich P4417
Picric acid (in aqueous VWR 84512.260
solution)
Potassium iodide Sigma 03124
Sodium dodecyl sulphate Sigma-Aldrich L3771
Sodium thiosulphate Scientific 72049
Laboratory
Supplies
Tetramethylethylenediamine | Sigma-Aldrich T9281
(Temed)
Tween20 Sigma-Aldrich P1379-500ML

11.1.9 Software

Software Publisher
MxPro Stratagene
Image J National Institute of Health (NIH)
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GeneSnap

Syngene

NIS Elements 3.2

Nikon

Micro Manager 1.4

National Institute of Health (NIH)

Case Viewer 3.2

3D Histech

Primer BLAST

National Institute of Health (NIH)

GraphPad Prism 8.2

GraphPad

Zen 2.5

Zeiss

Omega

BMG Labtech
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11.2 Western blot buffer recipes

11.2.1 4x Lamellae Buffer

Reagent Amount

0.5M tris HCL pH 6.8 5mi

100% glycerol aml

10% SDS 4ml
Bromophenol blue 40mg

dH20 ml

Just before use add 60ul/ml B-mercaptoethanol

11.2.2 Buffer 1

Reagent Amount

Tris base 18.5¢g

ddH20 50ml

10% SDS® 4ml

Adjust pH to 8.8, then add ddH20 to 100ml. Store at 4°C

11.2.3 Buffer 2

Reagent Amount
Tris base 69
ddHz20 60ml
10% SDS 4ml

Adjust pH to 6.8. Adjust volume to 100ml with ddH20

11.2.4 10x Running buffer

Reagent Amount
Tris base 24.29
Glycine 1449
SDS 10g

376




dH20 1000ml

Dilute 1:10 with dH20 before use

11.2.5 10x Transfer buffer

Reagent Amount
Tris base 24.4qg
Glycine 1449
dH20 1000ml

11.2.6 1x Transfer buffer

Reagent Amount
10x transfer buffer 200m|
Methanol 400ml
dH20 1400ml

11.2.7 10x Tris buffered saline/ Tween (TBST)

Reagent Amount
Tris base 24.4qg
Sodium chloride 87.69
dH20 1000ml
Tween20 10ml
Adjust pHto 7.4-7.6

Dilute 1:10 with dH20 before use
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11.3 Western blot gel recipes

11.3.1 Resolving gel

Reagent Amount
30% Bis/Acrylamide 6.66 ml
Buffer 1 5.2ml
dH20 7.92 ml
10% ammonium persulphate 200
Tetramethylenediamine (Temed) | 20 pl
11.3.2 Stacking gel
Reagent Amount
30% Bis/Acrylamide 1.3 ml
Buffer 2 2.5 ml
dH20 6.1 ml
10% ammonium persulphate 50 ul
Tetramethylenediamine (Temed) | 10 pl
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11.4 Buffers used for mouse genotyping

11.4.1 Tail lysis buffer
100mM NacCl

10mM Tris pH 8

25mM EDTA

0.5% SDS

0.15ug/ul proteinase K (added just before use)

11.4.250 x Tris Acetate EDTA (TAE)

Reagent Amount
Tris base 242¢g
Glacial acetic acid 57.1ml
0.5M EDTA pH 8.0 57.1ml
Adjust volume to 1000ml with ddH20

11.4.3 1% agarose gel

Reagent Amount
Agarose 1.5¢g

1 x TAE 150ml
Ethidium bromide Tul
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11.5 Histology buffer recipes

Solution

Components

Weigert’s iodine solution

Verhoeff’s solution

Van Gieson’s solution

Picro-Sirius Red solution

Weigert’s haematoxylin

Weigert’s solution A

Weigert’s solution B

Acidified water

Acid/ alcohol solution

0.5% Diastase solution

29 Potassium iodide

1g lodine

100ml Distilled water

20ml 5% alcoholic hematoxylin
8ml 10% ferric chloride

8ml Weigert’s iodine solution
5ml aqueous acid fuchsin
100ml Saturated aqueous picric
acid

Direct Red 80 (Sigma 365548)
05¢

Saturated aqueous solution of
picric acid 500 ml

1:1 ratio of Weigert’s solution A
and Weigert’s solution B

1% haematoxylin in 100%
ethanol

4ml 30% ferric chloride

1ml 12N hydrochloric acid
95ml water

5 ml glacial acetic acid

1 litre distilled water

70% ethanol, 0.1% hydrochloric
acid

0.25g a-amylase from porcine
pancreas (Sigma A3176)

50ml distilled water
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